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SUMMARY ABSTRACT

The Global Nuclear Vision Project at thes Alamos National Laboratory is
examining, using scenario building techniques, a range of long-term nuclear energy
futures. Theexploration and assessmentapitimal nuclear fuel-cycland material
strategies is an essenti@lement of theLos Alamos study. To this end, an

established global & energy/economics/ environmental) motials been adopted
and modified with a simplified, but comprehensive and multi-regi@t)l, nuclear
energy module. Consistemuclear energy scenari@e constructedising this

multi-regional B model, wherein future demands for nuclear power are projected in
price competitionwith other energysources under a wideange of long-term
(~2100) demographic (population, workforsgze and productivity),economic
(price-, population-, and income-determined demand for energy services, price- and
population-modified GNP, resource depletion, world-market fossil enaiggs),

policy (taxes, tariffs, sanctionsand top-level technological (energy intensity and
end-use efficiency improvements) drivers.

Long-term futuresare constructed and studied taito levels in a hierarchy of
scenario attributesChe higher levels attributes define external (to nuclear energy)
drivers €.g, demographicsglobal economicgrowth, trade policies, sanctions,
major technology advances) and largely determine the long- term policy-constrained
market demandor nuclearenergy.Within the context established by thasaper
hierarchal scenariattributes, lower-level attributes specitye nuclear fuetycle

per seand, therebythe internaldrivers of long-term demani@r nuclearpower at

both market and non-market levels. Using the framework provided by the gfobal E
model, the impacts of both external and internal drivers are investiJékedbility

to connect external and internal drivers through this modeling framework allows the
study ofimpacts and tradeoffs betweéwssil- versusnuclear-fuelburning, that
includes interactions betweetpst, environmental, proliferation, resource, and
policy issues.

With afocus on aange of nuclear energy demastenariosthe results reported
herein center on departuré®m a “basis scenario” andre presented in the
following order of increasingpecificity: a) definition and parametric variations of
the basis scenario; b) comparisortlad basis scenario witbther recenstudies of

this kind; c) parametricstudies based on variations thie upper-level hierarchal
scenario attributese(g, externaldrivers); and d) variations ahe lower-level
scenario attribute®(g, internaldrivers). This focudeads to the examination of a
range of nuclear fuel-cycle scenarias.g, once-throughplutonium recycle in
thermal-spectrum reactors, fast-spectrum plutorfwmmers,breederreactors), the
impacts of which are reflected back to the higher-level scenario attributes that define



the particular nuclear energyowth scenario under investigation. Kesnsitivities
between andptimal strategies associatedth external and internalirivers are
reported.Special attention is given tonderstandinghe role of nuclear materials
inventories (in magnitude, location, and form) in contributing to proliferatsin

to the long-term sustainability of nucleanergy, and to the economic
competitiveness of both conventional and advanced nuclear reactbeskroader
global and long-term competitiveness. Lastly, by combining econ@mé) and
proliferation-risk metrics with computed carbon-dioxide emission rates and a global
warming modeljop-level tradeoffs betweegconomicimpacts, proliferatiorrisk,
and global temperature risge evaluatedunder a range of carbon-tax driven
scenarios, wherein supply-side forces enhance nuclear-energy market share.

Using the basis scenario angbarametric departures therefrom, a series of
comparative/benchmarking scenarios are generated and evaluatetitlibeof the
present approach witically evaluatecand areas of futurerork and development

are identified. This report of the limited cases considered provitehicalbasis
document of work presented at a recent symposium on the nucleeydlesi The
material contained herein alserves as a bast®cumentor follow-on work that
attempts to define better the specific role of nuclear energy in stemming long-term
greenhouse warming.

* R. A. Krakowski, J. W. Davidson, C. G. Bathke, E. D. Arthamd R. L. WagnerJr.,

“Nuclear Energy and Materials in theS2Century, Intern. Symp. on Nuclear F@&cle and
Reactor Strategies: Adjusting to New Realities,” IAEA, Vienna (June 3-6, 1997).

R. A. Krakowski,“The Role of NucleaPower inMitigating Greenhouse Warming,” Los
Alamos National Laboratory document (in preparation, 1997).
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I. INTRODUCTION

Describing future roles of global nuclear energy dima horizon of 2050 and beyond in
one way or another reduces to a exercise in futurolbigg.main forcelriving an exercise
of this kind isthe desire taunderstand regional long-tenmpacts of front-end (including
reactor) and back-end nuclear fuel-cycle strategies on regional and global sheeet
assumed bywuclearenergy.The evolution of these markshares igletermined primarily
by an interdependent array of economécg( resource, R&Dcapital, operating, and
environmental costs) and policg.¢, R&D emphases, energy structurimgiclearmaterial
inventories, security constraintgtc) choices.These choices in turmare influenced
primarily by technologicalsecurity, andeconomicdriversthat describe and/odetermine
the state of the country or region.

Studies ofthe futurethat donot extend much beyond one generatierg( out to ~2020)
begin with an understanding of the present state of the world and the forces thatlstaped
world. Applications of these forces of change much beyond a generatoaalorizon are
subject increasingly to greater uncertainty. Impacts of these uncertaantiesodified

though the used dBcenario-building’techniques;2 wherein a range of possible futures

is quantified by means of a series of well-defined, simplified,gamebrally surprise-free
assumptions. While an array of alternative futures contributes little to resolving an uncertain
future, scenario building offers an improvementhe alternative - the painting of a single

and generally biased (either positively or pessimistically) picture of the future.

The characteristics or attributes of a particular scenario caxpressed in terms of a
hierarchal structure, at the top of which are placed demographic varialdespbpulation
growth, age structure, workforcesize and productivity, and inter-regional migration).
Population growth and the striving for improved living conditibarsregional populations
drive the demand for energy services, which in turn define the demand for secandary (
liquids, gases, solidg@ndelectricity)and primary €.g, oil, gas, solids, nucleasolar,

and hydroelectricenergies.Most of the attributes that characterize the nuclear energy
scenarios adopted in th&udy fall into the lower echelons of this scenario hierarchy,
which is elaborated in Sec. Il.A. The impact of key scenario attributschtlevel othis
hierarchy is examined by a simplified but consistent modélamgework. This framework

has as a basis eonceptually transparent and well-documentéd (&hergy/economics/



environmental) modélthat has been modified to include material-inventory, economic, and

nuclear-proliferation characteristics that ammique to nuclear enerdy;this model
framework is described in Sec. I1.B.

This study searches for answersthe following three genericquestions fornuclear
energy:

* Growth: To what degree is tearketshare ofnuclear energy determined by top-level
scenario attributes like: a) population growth; b) end-esg, (residential/commercial,
transportation, and industrial sectoesfficiency or energy intensity; c) environmental
(e.g, resource-depletion, extraction, carbon-emission) taxes; d) and top-level nuclear-
energy €.g, uranium resource, plant capital, operating, fuel-cycle) costs?

* Fuel Cycle: For agiven nuclear energgrowth scenario, aslefined primarily by
answers to the last question, what are: a) the time famggquirednuclear facility and
technology developments; b) nuclearaterial inventory (form, quantity, region)
impacts; c) and related economic, environmental, and prolifenasiks for arange of
fuel-cycleoptions €.g, once-through.WRs, plutonium recycle in thermal-spectrum
reactors, advance fast-spectrum plutonium burners, breeder reactors)?

« E3 Connectivity: What are the top-leviehdeoffs between: a)jsks associated with
nuclear energyeg.g, proliferation risk); b)environmental impacts of extensifessil-
fuel use €.g, greenhouse warming); c) and nuclear-energy share fracteogs (
carbon taxes)?

While these questions pertain primarily to nuclelactricenergy,non-electric applications
must ultimately be included irexplorations related to thérst and third questions,
particularly in assessingthe degree towhich nuclear energy canmpact long-term
environmental, resourcegnd cost barriers associated with fossil-fuel conversion and
burning. After defining and comparing a “basis scenario3ae.11.C., key responses too
the first “Growth” questionare reported inSec. Ill.A. The second set of key results
addressthe second “Fuel-Cycle” question isec. Ill.B. The results of atop-level
comparison between nuclear proliferatiisks and thegreenhouse-gas (GH@®@)itigating



attributes of nuclear energy are given Sec. Ill.C. Discussions of resultsinterim
conclusion, and future work are given in Sec. IV.






Il. APPROACH

This scenario-based study of a range of possible global nuclear energy futures conforms to
a hierarchy of scenario attributdsat are evaluatedith a modificatiod of an established
global, multi-regional (13) long-teri=-2100), B model3 This section describes both the

hierarchy of scenario attributes and tRetdel. The scenarios examined are referenced to

a “basis scenario”, which is also reported in this secfitve. basis scenario should be
considered a “point-of-departure” case that is used as a reference for subsequent variations.
While not adramatic departuréfom a moderately optimistituture, this basisscenario

should not be considered iimost-probable” terms; itgnain purpose is to provide a
reference with respect to scenario attribute variatiorsotif upper and lower parts of the
scenario-attribute hierarchy.

A. Scenario Hierarchy

1. Background

In presentingalternative images of directions imhich the future could unfold (.e.,
scenariosare not predictions offorecasts)geach scenarimust be defined by a consistent

and reproducible set assumptionsThese assumptions forthe basis of key driving

forces and inter-relationships for change. Scenariogshefkind considered here are
generated using formal (mathematical, computer) models. These scenarios can be classified

as both “descriptive” and/or “normative”A “descriptive” scenario evolvesia a rule-
basedmodel without significant geopolitical, policy/institutional, economic/market, or
technology changes. A “normative” scenario allows for (oitégractive) modifications of

these respective areas. In the contextiafdenario building, a “business-as-usual” (BAU)
scenario generally falls into the “descriptivefass, whereas scenaritisat areperturbed
relative to the BAU case amefused with“normative” elements. Ireithercase,the scripts
that drive a giverscenario are relativel§surprise-free”; deep globakcessionsglobally
extendedwvar, medical orfood-shortage epidemics, heavy exogenous events (arge
meteorimpacts,extra-terrestriainvasions),and most strongly nonlinear and evolutionary
interactions are not included in the scenario rulebase.



Relatively recent studies by the World Energy Council (WE®) by a cooperative effort
between the International Instituier Applied Systems AnalysiglIASA) and the WEG
provide excellent examples adcenario characterization. Theur WEC study scenarios
were generated to illustrateur possible world futures ammbntain no BAU scenariper

se even the Reference @ase Case (Case B) adopted thg WEC study? requires
significant improvements (decreases) in historical values of (aggregated) energy intensity:
EI(MJ/$) = PE/GDP, where PE(EJ) is the annual primary energy demand and GDP(T$) is
the Gross Domestic (World) Product. Population growth is assumedtie Isamédor all

WEC cases. Alsostatic per-capita energy consumption, anithe poverty so implied,
continues in someegions, inspite of major increases world energy consumption. The

large decreases in energyensity, particularly for the WE® Ecologically Driven Case
(Case C), infers massive programs of technology ancdpital transfers tothe REF

[Reforming (Eastern Europe and CEjhd DEV (Developingfountries. The energy mix
that results undeall four WEC scenarios is largelpased on fossil fuelgven with a
moderately increasing contribution from nuclear energsidotricity generatiofincreasing

from 5.5% oftotal primary-energy demand i£990 to 5.7%(Case A),5.9% (Case B),

6.1% (Case B), and6.2% (Case C) in 2020]. Generallgoal would supplant any
reduction in nuclear electric generation feasons based on (driven by) econorséafety,

waste, or proliferation concerns.

The follow-on WEC/IIASA study? considered the three WEises but: a) divided the

“High Growth” Case Ainto threehigh-growth options; b) re-caghe WECBase Case

(Case B) to function more as a BAU or “Middle-Course” Case; and c) consider two
distinctly different optiondor the “Ecologically Driven’Case (Cas&€). These scenario
distinctions and defining characteristics are summarizddlite 1and formthe basis for

the three nuclear energy variants adopted by the recent IAEA fuel-cycle and reactor strategy

study/ Comparisons between this IAEA study with results emerging from theAlansos

Nuclear Vision Projeéi8 have been reportédthe present repontepresentshe basis
document for the Ref.-9. comparative study.

2. Scenario Attribute Hierarchy

The two examples of scenario creations cited ab®derived from studiethat ostensibly
are independent gdosition on a given approach to providing primary eneryg [ oil,



gas, solidgcoal andbiomass), nuclear, solaand hydroelectric]. Whensed toexamine
possible futures from the viewpoint of a particular enexgyrce, acenario selection and
focusing process often (naturally) occurs in order to emphasize specific roles and niches for
that energy source. In the case of ibeentlAEA examination of nuclear reactor and fuel-

cycle strategied, the IAEA Working Group #2 (GlobaEnergy Outlook) adoptethree
casesidentified as:“High Variant” (HV, WEC/IIASA Case/Scenario & “Medium

Variant” (MV, WEC/IIASA Case/Scenario &5 and “Low Variant” (LV, WEC/IIASA
Case/ Scenario J, as described iffable I. This selectionprocess is useg@rimarily to

examine a range of “nuclear-energy scenarios” and related implicttairthiesescenarios
may suggest for nuclear-energy conceelated to uraniumesourcefuel-cycle facilities,
nuclear-material inventoriggocation, quantities, anéorm), and spent-fuelwaste. The
economics that led to the particular nuclear-energy dersaadarios remaingelatively
frozen in theassumptions othe original studies. The decoupling thatesult when an
investigation enters the problem fdown into a hierarchy of interdependent scenario
attributesrisks distortions offinal results throughthe loss of pertinent tradeoffs. A
recasting of the procedutesed togenerate thecenarios definitions (attributes) embodied
in the Ref. 5,6 studiesnto a hierarchal formagives more visibility to thispotential
problem, in addition to providing both a focus andraarcomparability to relatestudies.
This hierarchy of scenario attributes is ordered in a way that places at the top those scenario
rules or definitionghat have a reduced likelihoddr change, deviation, aronnectivity
with respect to rules or definitions residing at lov@rarchalrungs. Five hierarchical
levels for scenario rule/definition-making aeggested and defined Trablell. Examples

derived fromthe WE® and WEC/IIASA investigations aralso listedfor each of the
proposed five levels.

In addressingspecific questionsrelated to future demanfibr nuclear energy and the
impacts that specific technologiesd policies have othat demand, it isimportant to
understand where in the scenario definitional hierarchy describeabla Il one enters the
problem. Furthermorejmportant questions arise inconnection with this scenario
rule/definitional hierarchy. First and foremost the extent towhich this “reductionist”
(Descartian) model can hesed toprojectfutures through model-basedenarios, awell
as where irthe hierarchy is the modeler allowedeoter. The connectivity or “fuzziness”
between hierarchal levelgresents anothasoncern,particularly at thelower (working)
levels. Thisconcernexists, even at the higher level®e.g, the connectivity between



populationgrowth andper-capitaGNP(GDP)]. Lastly, issues dfoth technological and
geopolitical dynamics and stability enter with respect to assumptions dealing with:

» regional differences in economic growth;

» limits (if any) to human technological ingenuity;

* metrics needed tassesshe level of geopolitical “favorability” needed &ssurerapid
economicgrowth rates thaform the basis of some scenarios.¢, the WEC/IIASA
“High Growth” Case A, Table II);

» similar metrics used for the assessment of market “favorability”;

» rates of capital-stock turnovefor a given energy-service(ES) sector €.g,
residential/commerciaindustrial, and transportatiomeeded toassurethe assumed

rates of improvements (decreases) in energy intensity, and related dependetities on
and region.

B. Global Economics/Energy/Environmental (B) Model

1. Overview of ERB Model

The ERB (Edmonds, Reilly, Barns) modlia base on a behavioral market equilibrium that
internally balances energy production and usédfale simplified compared to the Linear-
Programming (LP) or hybrid modeldie ERB modeivasjudged to target adequately the
early needs of the present study, is available to the public, is adaptable to modification, and

is generally transparent and well documented.

The ERB modelwas developed nearly 25 years ago the Oak Ridge Associated
Universities Institute for Energy AnalysiEEA/ORAU) undercontract to thédOE for the
CO, Research Division antias been adapted to examine £@missions by several

institutions, including EPA, MIT, EPRI, and GRI. Although earlierversion isavailable

electronically through IEA/ORAU, the Battelle PacificNorthwest Laboratory (PNL)10
supports moreecentversions.The recursive ERB modegjives a “top-down” economists

view of highly aggregated 3 interactions, compared tothe “bottom-up”

engineering/technologists vieW;12and is comprised of four main parssipply, demand,



energy balance and GHG emissions (a postprocessor). Supptiemand are determined

for six primary energy categories: oil(conventional and nonconventional); gas(conventional
and nonconventional)solids (coal and biomass); resource-constrained renewables
(hydroelectric and geothermal); nuclé€éission, with fusionbeing included as a form of

solar energ$13; and solar (excludingiomass,includes solar electriayind, tidal, ocean
thermal, fusion, and advance renewable energy; sdfermal is included as #orm of
energy conservationlhe energy-balance modutssureghat supply equalsdiemand in

each globalregions, withprimarily electricalenergy assumed not to be tradezgf,
assumed to bgenerated andised within agiven globalregion). Figure 1 gives the
structure of the ERB model, as modified for the purposes of the present study (Sec. 11.B.2.
andRef. 4). The energy and economic (market-clearing) balances indicateEdyoid are
performed for 13 global regiordepicted schematically iRig. 2 (increased fronthe nine

used in the original ERB modiland for nine 15-year time stefist start in thdaseyear
1975 and moves out 2095. Energy balancecross regions is established by a set of

rules? for choosing the respect pricémt arerequired for supply t@qual demand ieach
energy-service group foeachfuel. The specific test of convergencequiresthat the
difference in regional sums of demand and supply for each of thefttagEprimary fuels
(oil, gas, and solids) be less than a specified value.

The ERB model originally trackeohly CO, emission, with Cl and NO being added

later. Appropriate carbon coefficients (GtonneC/EJ) are applied at points in the energy flow
where carbon is releasedtte atmosphere; carbdlows at points wherexidation does

not occur aralso taken int@account. Unlikethe nuclearmodel, evaluation ofGHGs is

made after the main computatiorsgquence is completed and economic equilibrium is
achieved at a givetime interval. While the GHG emissionsare computed after global
economic equilibrium and energy balance is achideedeach to the nind5-yeartime

steps,the nuclearcomponent, asnodified for use bythe presenstudy#15 must be
evaluated integrallyvith the iterativeapproach to economic and energy equilibritivat
forms the heart of the ERBnodel. In some respectfie nuclear-energy part of the
modified “top-down” ERB model has “bottom-up” characteristics.

The demandor energy isdetermined separateljpr each of the above-mentioned six
primary fuelsfor each of 13 globalegions and foreach of ninetimes. Five exogenous
inputs (including taxes and tariffsjletermine the locaknergy demandThe base



(exogenous) GNRlabor-force productivityx population) is used as andicator of both
(regional) economic activity and as an index of regional income. The base GNP is modified

through price elasticities to model energy-economteractions, withGNP [ price for

energy-rich regions an@NP [ 1/pricefor global regionghat must importenergy. Non-

price induced improvements in end-use energy efficiency are expressed in the original ERB
model as a time-dependent index of energy productivity that is independent of energy prices
and real income. This parameter is similar to the Autonomous Energy Efficiency

Improvement (AEElused inother more elaborate (inter-tempor4tp-down” modelst4
An option haseen incorporated into the ERB motigt exogenously forces a specified
(non-price-induced) decrease in energy intenstg [ ES/GNP] foreach globakegion.
Either approachallows scenarios to bexamined thaispanthe rangefrom continued
improvement to technologicatagnation,irrespective ofworld energy prices andeal
income. World energy pricdsr all fossil fuelsare establishethrough energy balance,
with regional (fossil) fuel prices being determined Wgcal taxes, tariffs,and transport
chargeslinterregionaltrade, however, doasot occurfor solar, nuclear, ohydroelectric
power.

The demand for energy services e(g, residential/commercial,industrial, and
transportation) for each of thirteen (Fig. 2) global regiordetsermined in ERB by: a) the

cost of providing these services; the level of incomel{ GNP); and c) the regional

population. Energy services are fueled by an array of four secondary fuels (lgpsds,
solids, and electricity). The mix of thessecondary fuels used to provideggi@en energy

service is determined byast-based market-share algoritBras is the demanir fuels
used to produce electricity and the share of oil and gas transformeddaband biomass.
The four secondary energy sources are generated from the six primanefgelsil, gas,
solids (coal andbiomass), nuclear, hydrand solar], with nuclearhydro, and solar
providing only electrical secondary energy; non-electrgolar is treated in ERB as a
conservation technology to reduce the denfandhe three marketefiiels €.g, oil, gas,

andsolids). The tracking of PE- SE - ES transformations is modeleding Leontief-

type formulationt®6 A secondimportant function of the energy demand module is to
maintain aset of energy flow accounts. As efaborated inRef. 15, the nuclear energy
module added to ERB, for purposes of the present study, replaces the Leontief equation for

10



nuclear, which originallywas based only on a scaled cost of uranium extraction (treated in
ERB in this regard like a fossil fuel), with one based on capital, operatingaintenance
(O&M), fuel-cycle, and decontamination and decommissio(@&D) costs.Thesecosts

are then fed back to the ERB demand module to determine the respective market-share
fraction for nuclear energy as a function ¢ime and region. As noted above, this
modification lends a “bottom-up”character to the nuclear energy part of the ERB
computation.

The energy supply module estimates: a)sieplies forall regions and fossil fuels forms
the basis forthe (iterating)world prices; b) the cumulative usage; c) and tlost of
recovery (including environmentabsts) at agiven resourcegrade.Energy supplies are
disaggregated into two categories: a) renewable (hydroelesdtar, biomassand nuclear
breeder); and b) non-renewable (conventional and unconventdnaaturalgas, coal,
and non-breeding nuclearfhe use of a graded resource base (for fossil anclear)
allows the importance of the fueésource base to be examined. Flikts oil shale(and
possibly fusion)can be considered “backstopgchnologies, irthat theypresent asmall
resource at a lowost, but aretransformed into a large resource at hagists. Agiven
resource isactiveand able to contribute to the demawdly if the primary-energy price
delivered to the energy supply module exceeds the prodwgiginand if theresource has

not been exhausted. The uranium resource model originally ugRB® for purposes of
the presenstudy, hasbeen replaced witthat suggested in Ref. 17, asterpreted in
Ref. 18; this extended uranium resource model is elaborated in the following section.

2. Additions to ERB Model

The main modifications made to tB&RB modelfor the purposes othe presenstudy are

the addition of an improved (higher fidelity) nuclear energy model and the increase in the
number of global regions from nine to thirteen. Figure 2 giveshamaticview to the
13-regionmodel presently beingsed toreflect contemporary geopolitical conditions; the

main regional shifts, compared to the original nine-region ERB ndodelude: a) moving
Canada out of the OECD-Eurogeouping; b) separating Eastern Europe fri@ FSU;
c) dividing Africa into northern and southern regions; d) separating India from of the

Southeast Asian region; and e) moviSguth Korea fromthe CHINA* region to the
OECD-Pacific region. The size of eaaygion onFig. 2reflects the respective lamdass.
In converting from a nine-region to a thirteen- regimodel, the manydemographic,

11



productivity, resourceand macroeconomidata originallyassembled as part of the ERB

modeB where scaled without update tmatch the new regional land masses and
populations.The population projectionsised inthe original ERB modelwhere also

increased somewhat (~10%) to conform with more recent U.N. projects used by tife WEC
and the WEC/IIASA studiescited above, withthe latterproviding a basis foeven more

recentlAEA nuclear fuel-cycle and reactor strategidies! Lastly, as subsequently
discussed (Sedll.C.), an analytic greenhouse-warmingnodel was added to allow the
CO, emission rates reported by the original ERB model to be interpreted in teaotsiaf

GHC atmospheric carbon-dioxide accumulations and attendant average global temperature
rise.

The nuclear model developed and operated “under” the ERB medelmsthree primary
functions: a) determines a “top-level” cesttimate in terms of eost of electricity that is
reformed into the Leontief coefficientssed todeterminecosts andmarket shares, as
described above; b) tracks thew of key nuclear materialshroughoutthe nuclear fuel
cycle [e.g, naturaluranium, low-enriched uranium, plutonium, and sgeet] for use in
subsequent nuclear-waste and proliferation-risk assessments; and c) perfowlis a
attribute utility (MAU) analysis of proliferation risk associated with the civilian nuclear fuel
cycle. The costing and material-streflows are described iRRef. 15, whereathe details
of the MAU-based proliferation-risessessmerdre elaborated ilRef. 19. Preliminary
results of this combinedegionally resolved modare given inRef. 4, with Sec. IIl.C.
giving a top-level comparison of (increased) proliferatisk with (reduced)global
warming attendant to increased use of nuclear energy.

a. NuclearEnergyModel

Before costs, material flows/inventories, or proliferation risks can be estimated,
characteristics of the fuel cydrust be specifiedlThe nuclear model reported Ref. 15

and evaluated herein is base only on the uranium/plutonium cycle, as utilized in each global
region ateach timeinterval by an economically determined ratio of LWR and LMR
systems. The LWR in a given global region operates along an exogenously enforces MOX
recycle trajectory of nomind{lOX core fraction, §;ox, versustime thatexponentially

transcends from an initial MOX core fraction to a fiMDX core fraction with a specified
time constant.TheseMOX recycletrajectories are specified as a functionregion. The
LMR system, if economics and technology diffustone constraints allow, isntroduced
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with a preassigned breeding ratio. tlre presentversion of the model, plutonium is
assumed to flow freely between global regions, where deficits in some regi@assume
to be corrected bylows from regions with excess plutonium, as longtlaes global
plutonium in theform required remaingositive. Detailed plutonium balance and control

remainsfor future work20 and moredetailed nucleamand costingmodels. Specifically,
inter-regional nuclear material®ow constraints, breeding ratios driven by inventory and
need requirements, and/or cost- and/or sanction-based selectiohdOXf recycle
parameters are important areas of futucek. Lastly, asdescribed in Appendix A, the
economic implications of the use of fast-spectrum neutrobsiteactinides insupport of

LWRs is also considerebec.l11.B.4.), with both LMRs and accelerator-basggstems

being examined; generically, these LWR support systems are called Fast Spectrum Burners
(FSBs), andwhile not necessarily economic as a stand-atmmemercialpower station,
generate and sell electricity to the grid to help defray expected high capital and O&M costs.

b. Costing

Costing ofnuclear energyboth LWRs and LMRSs) is based on a “top-level”, highly

aggregated algorith#a that accounts forannual capitalcharges,annual plant O&M
chargesand annual chargeslated to a nuclear fuelcle. The component of theost of
electricity, COE(mill/lkWeh), related to the placdpital costs is expressed terms of a
fixed chargerate, and aunit total cost, UTC($/We).The annualO&M charges are
expressed as a fractionthie total capitatost ofthe power plant.Differences inCOE for

LWR and for LMR are reflected primarily in differences in the respetdiV€ values and

that part of theCOE related to th&uel cycle per se as elaborated iRef. 15. Foreach
global region and time interval, the COE-minimizing fraction of nuclear energy delivered by
LWRs (at a given value of MOX recycle fractiogydy) is determined, and dnWR-LMR

composite nuclear energy price is returned to the ERB demand module for evaluation of the
respective market-share fractibor that particularregion and (iterated) market-clearing
world fossil-fuel price. Before thiguclear energy price is returnddr a given LWR

fraction, {\yr, however, a simplified technology diffusion mo#le?3is used to disallow

unrealistically large rates oLMR market penetration based solely oeconomic
considerations. Since global plutoniunilow model is presently in a rudimentary form
with respect to regional and (reactor) system allocation rules, particularly with respect to the
introduction of (high-inventory) LMR. Since most of the nuclear energy demand scenarios

considered in this study do not serioushpactknown resources (KRY of uranium on
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the timescale being considergd2100), the results presented herein do not allow the
economic introduction of theMR for the UTG r/UTC g ratios used ¥ 1.5); the

LMR as an advanced burner of plutoniumsupport of an LWR-baselicleareconomy,
however, isconsideredSec. 111.B.4.) asare alterations in scenario attributbést could
lead to the introduction of commercial LMR power plants (Sec. 111.B.3.).

c. MaterialFlows

The nuclear fuel cycle can tescribeg426 in terms of thefollowing sequence of
processes, with thattacheddesignators beingsed in subsequent diagrams and analyses:

Mining and Milling of uranium(MM) - Conversion of uranium oxide tthe volatile
fluoride (CV) - Isotopic Enrichment (ER)-» Fuel Fabrication(FF) - fissioning in

Reactor (R, REA)- Spent Fuel Cooling and storage (SF)ReprocessingRP, REP)—-

Repository (RS) directly as SF or as separated Fission Productar(@mR)}inorActinides

(MA). Figure 3 illustrates generic fuel cycle thatasbeen constructed from a series of
building blocks and representse above-describegrocessesThe simplified species-
resolved masbalances described iRef. 25 based othe kind of input-output analysis
depicted on the bottom of Fig. 3 is usedrtodel materiaflows in thispart of the nuclear
model inserted under the ERB model. As described in Ref. 25, unit and opecsiagre
applied to each of thprocesseslepicted inFig. 3, from which afuel-cycle costfor the

entire system can be determine; Ref. 15 describes an aggregated version of thighaethod
is used to estimate that part of the COE associated with the fuel cycle. Plutiavisnand
accumulations are monitored for each region as a function of time, with rpadtmmium,
separated plutonium in reprocessing and fuel fabrication,aaodmulated irspentfuel

being thefour major categories beingacked.The secondframe of Fig. 3 elaborates on
these (regional) LMR/FSB plutoniurflows, with the following inventory designators
being used: REA = reactor inventories; ACC = LWR-recyclable (less than N cycles) spent-
fuel plutonium; REC = LWR-nonrecyclable (greater than N recyclédAiRs, usable only

in FSBs) spent-fuel plutonium; SEP = separated plutonium in reprocessing (REBgland
fabrication (FF), with SEP = REP + FF. Figure 3B also indicates the regional and temporal
values of the MOX core volume fraction and the relevant plutonium concentratieashin

region required to approximate raaterial balance?’.28 Sectionslll.A. and Il.B. of
Appendix A elaborate on a continuuwersion ofthe plutonium balanceised in the
recursive relationshipthat advance th&RB computations in time. As imdicated in
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Sec. lll.B.2., anumber of the cycle-time-averaged neutronic paramassumed to
evaluate this model have impact on the computed matiewas/inventories. (Figs. 58 and
59). The plutonium inventories indicated &ig. 3B areused agart of the proliferation-

risk assessment associated with each global region as a function df #iiee,a specified
set of exogenous nuclear and ERB parameters.

d. ProliferationRisk

Two independent applications AU theon?9-31to theassessment of proliferatiamsk

from the civilian nuclear fuel cycle have beesported32-35 References 32 and 33
examined the value or utility to a potential proliferator of obtaining nuclear-explosive
materialsfrom specific points withirthe nuclear fuel cycle depicted dtig. 3. While
treating the nuclear fuel cycle in more aggregétedh, the MAU-basestudies reported in

Refs. 34and 35 treatedboth the political-environment (ENV) andhuclear-weapons-
aspiration (NWA) levels that set the stage for a national decision on proliferation, as well as
treating in more detail the method bich specific proliferatiorcriteria or attributes are
described and evaluated. The MAU methodoltigt results fromthe joining of theRefs.

32 and 33 andRefs. 34and 35 approaches to defining and evaluating proliferation-risk
metrics for application to the above-described nuclear model is elaborated in Ref. 19.

In evaluating the proliferation-risk model, the ENV and NWA parameters are specified for
each globategion as a function of tim@he ENV and NWA parameters anged,along
with attribute or criteridbasis(normalization) parameters, to establible shape ofutility

and subutility functions posited to describach of five (proliferator-based) criterigt
Development Time (DT)Warning Period (WP); Inhereritechnical Difficulty associated
with Material Processing (ITlp); InherentTechnical Difficulty associatedith Nuclear-
Weapons fabricatiorfITDpyy); and Cost(CST). Once ENV, NWA, and the state of
sanctions (SANC)are specifiedfor a given global region and time, andsing the
fmox—fLwr mix as a proxy for describinipe KN fuel cycle,the above-described j = 5

attributes are applied to each of i =(MEU, SPU, MOX, and SFT) nuclear material
streams. The fraction @il nuclear energy generation from LWRS jSjfr = 1 — L MR-

Plutonium undergoing fissioning in reactoRPU, isnot included at this point in the
proliferation-riskassessment, und#ére assumptiorthe reactor plutonium that @ctively
undergoing fission is “safe and secure”.

15



Using weightsgenerated from pairwise comparistathniques®.32,36weighted utilities
for each material stream are generated fametion oftime for each globalegion. These
material-stream utilities are then time-weight@iscounted) and summed to give a
Proliferation-Riskindex2°:32 PRk, for stream i, region |, antime m, for the Kh fuel
cycle. This PRialuerepresents a weighted averagehef particular LWR/LMRmix, as
determined by the cost-minimized, market-penetration-rate-constrained vajuyggofThe
material streamwith the maximumPRI is selected as the index to bmonitored,

PRI, = MAX{PRI,}. Lastly, pairwise comparison technigdésare againuse to

weigh the importance of region | compared to a reference régioteims of importance of

the respective value PRl and used t@enerate a global proliferation-riskdex, PR},

relative to a reference region at time m. It is this latter, highly aggregated metric that is used
in subsequent comparisons (S#t.C.), with the reference (perspective) region being
taken as USA.

C. Basis Scenario

The primary function of thébasis scenario” is to provide a point-of-departure to which
changes/shifts from top-level or lower-level hierarchal variations caaféeencedWhile

the utility of thebasis scenario is best served ifaflects a “most probabliture”, the
uncertainties associated with identifying a most probfahiee, particularlyfor the multi-
generationatime scale beingonsideredare too great to identify theasis scenario with
one that would mostlikely happen. Hugeauncertainties in regional demographics and
wealth generation couple with long-teshifts incultural attributes and valugystems to

drive these uncertaintieghile population projectionper sehave proven to beobust?

the “fine structure” that defines the demographicthatgrowth islargely unresolvable on

a multi-generational time scale.¢, evolving aging distribution, impacts of majority needs
on the political systems and the policies tyeyerate, shifts frormdustrial economies to
service economies, societal needs and problems related to age and gender shiftsria the
force, evolving differences in prioritieshat drive “younger” societiesversus “older”

societies, shifts in worker productivitiestc)2.

Major forces behind total primary energy demanel: a) populatiogrowth; b) workforce
makeup (fraction of population, age) and productivity as it dis&® growth; cland the
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efficiency withwhich primary energy is converted to secondary energyuéimiately to
provide energy services. These top-level scenario attributes are inter-related ithatway

not captured by most long-term3 Enodels. While these top-level scenario attributes
strongly impact energy demandhat part of the demand potentiakberved bynuclear
energy is determined in competitiowith alternative sources through economic,
environmental, and policy choices made further down the hierarchy descriBed.ih.A.
and Table II.

1. Description of Basis Scenario

The top-level scenario attributessed todefine thebasis scenarialerive with some
modification fromthe datebase used tdefine a‘business-as-usual” (BAU) cader the
ERB model, ashat modelwas applied to understandirtpe economics of carbon-dioxide

emission contro$:37-39 As summarized in Tabl, the basis scenario idefined byfour

top-level attributegpopulation,GNP, energy intensity, and energgsource), anid-level

attribute (taxes and tariffs), and lower level attributes related primarily to internal drivers for
nuclear energy (resource, capital, operating, and fuel-cycle costs). The population data base
originally used in ERBwas shifted upward (~10%) in this study reflect recentU.N.

projections2:6 The GNP projections used in ERB begin with base-year (1975) values, and
then scalesubsequent years according to populatgmowths, workforceproductivity
increases and energy service prices. The population growtmadied as note@dbove,
and theexogenouslydetermined productivity increases wéde# unalteredfrom the data
base originallyused in ERB.Energy intensity is specified indirectly in ERfBrough
improvements in efficiencies thatlate energy servicdES) demands tthe amounts of
secondary energy (SHBeeded taneetthese demandsigain,the ~1%/yr decrease in the
ratio ES/SEused in ERB for most dhe regions is also used in this study define the
basis scenariol'he relationship betweerost and gradéor fossil fuels used in ERB was
also used withoumodification in thisstudy, but the uraniunresource cosversusgrade
relationship given irRef. 17, howeverteplaces that originallpsed in ERB.Taxes and
tariffs as reported ithe ERB model remainnchanged, but, as discussed in 3£8.2,

the modelfor determining nuclear energysts for use by ERB testimate market-share
fractions isthatreported inRef. 19. As igndicated on the Table-lll summary apper-
hierarchal scenario attributariations,the main taxation variatiowas that applied at the
fossil-fuel consumptiorevel (versusthe level ofresource severance) to stem carbon
emissions; for the basis scenario, this carbon tax is Zafse IV lists key nuclear energy
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parametersised togenerate Leontief coefficient®r that part of theERB modelthat
determines market-share fractiofts the basis scenario anthe subsequent Table-llI
scenario variations.

Figure 4 gives the exogenous population growth used to drive the ERB motted iaisis
scenario conditions describatbove. Tosimplify datadisplays,the 13regions havéeen
aggregated into three macro-regions in accordance to the procedure adopteReih.-the
study: industrializeaountries,OECD =USA + CAN + OECD-E + OECD-Pyeforming
economies, REF = EEU + FSU; and developing countries, DEV = CHINA + ME + NAFR
+ SAFR + LA + IND +SEA (Fig. 2). The basis scenaricharacteristics thatsult from

this population growth are presented witlle additional comment, althougifomparisons
with the Ref.-5 and 7 results are given in Sec. 11.C.2. Figuresdivé&hebasisscenario

E3 parameters and respectigeowth rates that resultGNP (Fig. 5); primary energy
intensity (Fig. 6); global primary energy mifig. 7); total primaryenergy,along with a
comparison with scenarios usedRef.-7 (Fig.8); a summary of globajrowth rates of
population, GNP, total primaryenergy,and primary energy intensitfFig. 9); nuclear
energy growth at botthe aggregated ariB-region levelsalong with a comparison with
the Ref.-7 scenarios (Fig. 1@er-capitaprimary energy demand (Fig. 11) aper-capita
GNP (Fig. 12); ecorrelation between primary energy intensity ged-capita GNP for
three aggregateregions (Fig. 13A), asvell asfor each of the 13egions (Fig.13B);
electricity fractions(Fig. 14); evolution of global economiutistributions(Fig. 15); and a
summary of global and regional G@&missions (carbomass, Fig. 16). A subset tfese
basis scenario results is used fanare in-depth comparison withe Ref.-5,7 results in
the following subsection.

2. Comparisons with Other Studies

Although no special efforivas made to “force” thébasis scenario reportéerein to track

recent, moredetail studies?:6 a comparison of key higher-level scenario attributes with
other work is useful. Comparisons dbtal primary energy andtotal nuclearenergy

projections with the WEC resui8 vis a visthe Ref.-7 IAEA study have been already been
reported in Figs. 8 and 10, respectively. Both studiedJulske projections forpopulation
growth, albeit some regional differences exist becauskeecfnalytic algorithm introduced
into the ERB model tdacilitate (eventual) parametric investigations GNP-population
feedback effects. A comparison of the rates of GNP growth (specified WECstudies,
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computed in ERB) is given in Fig. 17 at both total (world) and aggregated (macro-regional)
levels. Asimilar comparison ofotal primary energy demandjrowth andthe rates of
energy-intensity decrease are givenHigs. 18and 19, respectively. LastlyFig. 20
compares the global conversion of primary energy to secondary energy, in the case of ERB

results, and “final energy”, in the case of the WEC/IIASA resulEor the ERB model the
improvement inuse of secondary energy to provgigen energy services is tie order

gjk ~ 0.01 1/yr for all but thefirst two time periods and forll regions (k = end-use

energy service, j = secondary energy fuel); the impact of linearly decregsingy from

0.01 in 2005 to zero in 2095 is also shown in Fig. 20.

Generally, while differences exist betwettye recursive, “top-down” ERBnodel and the
more detailed€.g, inter-temporal, combined top-down/bottom-up) motfelssed in the

WECI/IIASA studies? these differences are ndarge. Furthermore, fine-tuning of
exogenous input to the ERB model can bring better “agreement”, although the utility of this
kind of exercise is questionable - both modais limited by a common uncertainty in
attempting to projedrends ontomulti-generationatime scales. Fotthe purposes of the
presentstudy, the benchmarkingesults reported hereiield adequatecomparisons. The
results presented ie following sectionare based on departures fraime basisscenario

that are associated with: a) exterdelers (variations in upper-level parts tbe scenario
attribute hierarchy); and b) interrddivers (variations in attributebat reside at théower

rungs of the hierarchy.
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lll. RESULTS

Demandfor nuclear (electric) energy in thieasis scenarigSec. 11.C.) isdetermined
primarily by the upper-level hierarchal attributgec. 11.A., Tablell). Tablelll lists in
descending hierarchal order key scenario attributes identified for the nuclear energy demand
variations of interest to thistudy. The upper-level attributes define “exteraigivers” that
ultimately determine the nuclear-energy demand for the basis scenario. Departures from the
basis-scenario nuclear-energy demam@ caused by changes in these upper-level
attributes. The following subsection reports the sensitivities of demand to these upper-level
attributes. A range of “departure scenarios” result from variations in these exteveas.

The impacts ofiriversthat are internal to nucleanergy {.e., scenario attributethat are

lower in the scenario-attribute hierarchy) on the choice of optimal nuclear fuel-cycle
strategies and the relationship of these choices to the external drivers are exaniioal

the basis scenario and forrange of departurecenariosThe impacts ofdrivers that are
internal to nuclear energg.g, once-througlversusplutonium recycle in thermal-spectrum
reactors,advanced reactors and plutonilarning, fuel-cycle dependent inventories of
nuclear materials and relategbst, environmental, and proliferation impactstc) are
reported in the subsequent Secs. III.B. and 11.C.

A. Top-Level Hierarchal Variations: Impacts of External Drivers

The five external drivers (population, GNP, energy intensity, and taxes) are combined with
the top-level economic parameters [cap&ab (uranium) resource costs] Tiablelll to

define the main “external drivers” that are varied to explore possible nuclear energy demand
scenarios. Fothe purposes of thistudy, whichemphasizes intrinsic fuel-cyclssues in
identifying the main “internal drivers”, theapitaland resource costs aficlear energy are
characterized as externarivers. All upper-hierarchal variations are single-point
perturbations about thHeasis scenario, atefined in Tabledll and IV and elaborated in

Sec. II.C.; this basis scenario corresponds to a once-thrduR fuel cycle, with
variations thereon being reported as part of the internally dseenarios reported in
Sec. Ill.B. Nuclearmaterialflows and inventories fothe basis scenari@re reported in

Sec. III.B.1.

21



1. Population

The basis scenario and mostloé related departucenarios followthe U.N. population
project thatprojects nearly 12 billiorpersons orearth by the yeaR100. Asnoted in

Sec. 11.B.2., matching of the populatiogrowth originally used inthe ERB modél with

the U.N. projections required an overall ~10% increase in world populationmiiteging

was accomplished byssuming dinear growth rate betweerl5-year ERBtime intervals,
matching that linear growth with population growth over the first ER® interval (1975-

1990), and then forcing an exponential decrease in the ligeawth for subsequeriime
periods suchihat each of the thirteeregionsachieved a specified asymptotic population
relative to the population i1990. The regional asymptotic populatiolevel and the
associated decay rate of the inter-temporal ligeawth aretwo variables that can besed
conveniently to specify an endstate (2100) population, while providing a means to feedback
key regional economic parameteesgf, GNP) onthe populationgrowth. Adjusting this

asymptotic population in way that gives ~+17% variations inworld populations in 2100

relative to theU.N. projections results irthe shifts in primary- andnuclear-energy
demands given ifrigs. 21and 22, respectively.The respective demancurves for the

high, medium,and low (nuclear energy) variantssed inthe Ref.-7 studyare also

displayed.These single-point population variation wenadewithout adjustments to the
base (1975) GNP used in the ERB model.

2. Workforce Productivity (GNP)

As is indicated in Sec. I1.B.1the ERB model modifies base regionaGNP intime for:

a) population increase; b) an aggregated price for energy services usgigradependent

price elasticity;and c) an increase in workforce productivity, which is expressed as a
region- and time-dependent annual productivity enhanceraentGiventhe base (1975)

GNP and population growth as fixed input, the impact of GNP variations was examined by
means of thdatter productivity factor. Figure 23 givethe impact ofregion-independent

increase and decrease in productivity #480% for boththe world and forthe three

aggregated macro-regions (OECD, DEV, &fdF). The time atwhich GNPs for OECD

and DEV macro-regions are equal is pushed into the future at a rade26f yrper percent
(region-independent) decrease in workforce productivity; this productivity reflects evolving
workforce percentagéof total population),agedistribution, and skillevels,all of which

are expected tshow a strongegion dependenc@he impacts of thes&NP variations
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vis a vis the highly aggregatedorkforce productivityenhancement rate on primary- and
nuclear-energy demand is shownfigs. 24and25, respectively. Comparisons with the
Ref.-7 high, mediumand low (nuclear-energy) variangse also given.The impact of
GNP onenergy demand, fathe income elasticitieased inthe ERBmodel, are much
greater than that for single-poimt§, base GNP values not adjusted) population variations
(Figs. 21 and 22) alone.

3. Energy Intensity (End-Use Efficiency)

The ERB model varies (primary- or secondary-energy) energy intensity indirectly through a
technology improvement rate that relates an ever decreasiogndary-energy (SE)
requirement needed to satisfy a given energy service (ES) demand. The basis gsegrario

a regionally depended technology improvement ratg f 0.01 1/yr after1990, which is

unchanged fronthat in the originalERB data base3 As noted inSec. I1.B.2., this
technology improvement rate, is associated with non-price efficiency enhancements and is
related to theAutonomous Energy Efficiency Improvement (AEEI) Blef. 14. The
resulting ratio of second energy to primary endaythe basis scenarisvas compared to

the WEC/IIASA result® in Sec. II.C.2. orFig. 20. The variation andmpact of this
region- and time-dependent technology improvenrame are elaborated oRig. 26.

Generally,the decrease in the PE SE transformation/conversion efficiency dime
unfolds is a result ofegional populations (some more than others) demanding higher
forms of energyi(e., liquids andelectricity) toprovide the energy service demands of a
growing population that has more wealth. Plee-capitaGNP increase was shownFing.

12, albeit, thger-capitaGNP is far from achieving full equipartition on a globalis, as

is indicated on Fig. 15. Serious problems are associated with thepesecapitaGNP as

an index of human welfare, howevér.

The impacts of increases and decreases of the technology improvateemt the rate of
energy-intensity decrease is depicted on Fig. 27, with technology improvememhuates
below ~0.1%/yractuallyreversingthe desired decrease in global endarggnsity. Lastly,

the impacts of a range of technology improvement ratebotim primary- and nuclear-
energy demand arghown incomparison withthe Ref.-7 demand scenarios drigs. 28

and 29, respectively. A technology improvement rate as high as ~1.5-2.0%/yr tlackely
the “Ecologically Driven” Low-Variant scenario dRef. 7, whereasthe technology
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improvement ratenustfall to ~0.5%/yr (orlinearly decreased frorh.0%/yr tozero over
the period 2005 to 2095) to reproduce the “gluttonous” High-Variant case of Ref. 7.

4. Carbon Tax

Increasing population, increasi®@NP, ordecreasing technology improvement rates are
not theonly means to increasthe demandor nuclearenergy. In factthese upper-
hierarchy (external) drivers have the obvious disadvantage of riding on a wave of increase
energy use in general, and this increased usagenpésationsfor resourcedepletion and
environmental degradation. The imposition of a carborh#sthe effect of increasing the

cost of fossil fuelgparticularly coal), decreasindotal energy use and (somewh&NP,

while increasing the market shdoe reduced- or zero-carbon energgyurces.The impact

of applying a strong carbon tax rate (40 $/tonneC/15yr) on the global energy shown

in Fig. 30; the counterpart (energy-mix) informatitor the basis scenario igiven in

Fig. 7. Imposition of these (increasing) carbon taxes begin®05. The impact of
carbon taxes on primary- and nuclear-energy demand, along with the Ref-7 high-, medium-
and low-variantscenarios,are depicted orFigs. 31and 32, respectively. Lastly, the
impacts of thewo (20 and 40 $/tonneC/15yr) carbtex rates on globaémission of
carbon vyis a viscarbon dioxide only) intahe atmosphere ishown on Fig. 33. The
decrease in the carbon intensity (carbon emission per unibtabfprimaryenergy)shown

in Fig. 33reflects the increasase ofnuclear andsolar energies (and to a lessatent
hydroelectric), andhe significant decrease in thise of carbon-intensive co&tor these

and the basis scenarios, biomass is priced high and does not bec@oe eontributor to

the primary energy demand.

Although the ERB model can be used to assess economic impacts araffgaafearange
to “top-down” CG mitigation schemesthe modelwas limited to projecting climatic

impacts base solely on emission rates. Preliminary work using the ERB model is underway
to implement C@ accumulation and atmospheric temperaturemseleld242 to assess

better the relative costs and risks associated with greenhouse weaersngincreased use
of nuclear energy; preliminamesults in this regarare reported inSec. I11.C., which

elaborate Figs. 30-33 forf%,ox = 0.3 LWR scenario.
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5. Nuclear Economics

Although the details of nuclear energpst logically should betreated as an “internal
driver”, in the context of the discussion given in Sé&.2., and forthe purposes ofthis
study andthe focus given to nuclear fuel-cycléssues,the capitaland resource costs
associated with nuclear energy are included here as a “borderline external driver”.

a. CapitalCost

For the uraniumresource modelised’.18 and the unitcostsassociated withthe once-
throughLWR fuel cycle (OT/LWR) adoptetbr the basis scenari¢TablelV), the capital

costs assumed for nuclear energy is the main determinant of COE for nuclear power and the
market share returned by the ERB model. The capital cost is embodied in a single variable -
the unit totalcost, UTC($/We).The basis scenario adjusted UTC($/We) fioe first two

time steps (1975 and 1990) faachregion sothat ERB returned a nuclear energy
generationfor eachregion that approximated historical values; thé$€C($/We) values
typically are in the range 1.5-2.0 $/We. The basis case then increased UTieoperiod
2005-2095 to achieve an asymptote of 2.4 $/We. The impacts of increasing and decreasing
this asymptote to 3.0 and 2.0 $/We, respectivalgshown on Fig. 34All regions were

treated equallyfor times greater thar2005. The comparisonwith the Ref.-7 high-,
medium-, and low-variant cases given liy. 34 indicates that the range dis UTC
variation is sufficient to cover the scenarios suggest&ei 7. The impact ofthese UTC
variations on atmospheric carbon emissionglustrated onFig. 35. Comparing these
results with those ahe previous section on carbon tax@dg. 33) indicates that while
carbon taxes creates a favorable environrf@ntuclear energgrowth with reductions in

GHG emissionsthe cost-driven increase or decrease in nuclear endsggand, as
indicated by the forced market equilibrium modeE&B, alonehaslittle impact on GHG
emissions.

b. UraniumResource

The relationship between uraniunesource grade, resource amouamd costl’ as
summarized inRef. 18, isdepicted inFig. 36A. Aggregating into the Conventional
Resource (CR), Known Resource (KR), and Total Resource (TR) categories, as defined in
the caption to Fig. 36A, Fig. 36B gives a rangeunit cost scalinghatresults.The basis
scenario assumes ralationship between uranium resource depletion mmed/milled
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uranium orecosts undethe assumptiorthat the KR caselescribes reality. If uranium
resources are limited to the CR category, a higher unit costnad/milled (MM) uranium
oreresults, whereas lower costssult if Total Resources (TRareused. Foreithercase,

the weight fraction oB3%U in tailings, %, is determined by the minimum (optimuyst

conditiong4.25for the relativevalues ofmined/milled uranium unitost, UG ($/kgU),
as given in Fig. 36B for the respective uranium resource medglCR, KR, or TR) and
the unitcost of enrichment, U§\($/kgSWU), given in TablelV. While the time line of

this study shoulgpermit the development and introduction of technologjeg reduce
UCs($/kgSWU), such reductions are rintluded in the presemesults. As isndicated

on Table IV and Fig. 36B, U@y is given bythe expression Wy = U;MY,, where M,

is the accumulated (globalse of uranium, anthe constants | andv are dependent on

the uranium resource assumptieng, CR, KR, or TR). Aminimum price ofUCﬁ,”\,I =

100 $/kgU is enforced, however, for all resource categoriesthandptimum-cost tailings
fraction, x%, is used in all cases.

The dependence of [yl UCy\, and x on timeand uranium resource assumpt{@gain,

KR describeghe basis scenario) igiven in Fig. 37. Forboth KR and TR uranium
resource assumptionstaniumcostsremain at thethreshold pricefor the basisscenario
nuclear-energy demand, although departurghfethreshold price irthe lasttime step for

the KR case is indicated. The conservative €Be, however, shows amcrease in
uranium prices after the year 2050 for the basis scenario nuclear-energy demand, with these
increased uranium prices resulting in a decreased nuclear-energy demand and reduced
uranium consumption. This slightlyeduced uranium consumption and nuclear-energy
demand arshown on Figs. 3Aand 38. These decreases are small and oceuy after

2070, which is outside the timeframe considered by the Ref.-7 study.

Earlier studies of this kind usinthe ERB moddl were based on a resourdepletion

modeP> that is even more conservative that the CR case depict&igor86B. Higher
uranium prices resulted in higher overall fugtle costsearlier thanthoseindicated in
Fig. 37.

The introduction of a carbon tax (Sec. 11l.A.4.) and the resulting increareciear energy
demand also increases the rate of uraniesource depletion arte unitcost of uranium
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fuel; the impact of a 4@/tonne/15yr carbon tavate (Sec. 111.A.4.) onuranium depletion
and the unitcosts that result arealso included onFig. 37. Aswill be shown in
Sec. I11.B.3. introduction of a C@mitigating carbon tax increases the markieare for
nuclear energyFig. 30 versusFig. 7), depletes a given uraniumesource, andynder
some circumstance, accelerates the economic introduction of the breeder reactor.

6. Composite Impacts of External Drivers

The results of these upper-hierarchal variatiodgate that the demarfdr nuclearpower

can be influenced significantly by a number of global variathlas arefar removed from
nuclear energper se The impacts of these “exterrddivers” onthe demandor nuclear
power are shown in (selected) composite oRig. 39, which also includeshe high-
medium- and low-variants considered Ref. 7. Whether the nuclear energy demand
scenario is driven by GNP (workforce productivity), energy intensity (demand-side driver
through energy-service technology improvements), carbon taxes (supplyrsieg, or
top-level nuclear economic consideratioasy, UTC, supply-side driverthe impacts on
parts of the global environment that fall outside of areas related to nuclear materials and fuel
cyclesper secan bemportant. For exampldsig. 40illustrates the range of atmospheric
carbon emissions for some thie externally driven departuseenarios beingonsidered.

For reasons of consistency infipactand assumptionthe high and lownuclear energy
demand varianteelative to thebasis scenariare generatettom assumptions of low and
high rates of SE-~ PE transformation technology improvemersg,(1/yr). Figure 41
givesthe nuclear energy demafat the variantghatresult, asvell as comparisons with

related variants reported Ref. 7. The low-demand/higlag variant is equivalent to the

“Ecologically Driven” Case C ofRef. 5 (Table II), whereasthe high-demand/lovey

variant given on Fig. 41 is similar to the “High-Growth” Case A.

B. Lower-Level Hierarchal Variations: Impacts of Internal Drivers

This subsection examindise impacts of lower-level scenario attributes (Tdld)eon the
demandfor nuclearenergy. These lower-level attributes constitute “interdaivers” and
include: a) degree of plutonium recycle in LWRSs; b) breeding of plutoniurormmercial
LMRs; and c) theuse of Fast-Spectrum BurnefSSBs) in consorwith either once-
through or plutonium-recycling LWRs.
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1. Once-through LWRs

a. NuclearMaterialInventaies

Exceptfor the generation flows, and inventories of nuclear materials, thece-through

LWR scenario is described by the basis scer(@ez.Il.C.). Key global mass flows and
inventories are shown as a function of time for the basis scenakao#d?2. The majority

of the plutoniumresides in unrecycled spent-fuel forf8F = ACC). Since thebasis
scenario has negligible plutonium recycle, inventories of separated (SEP) and fully recycled
(REC) plutoniumarenil. The integratecemission of CQ to theatmosphere, awell as
preliminary estimates of proliferation utility, <u>, and risk index, PRI, are also included on
Fig. 42. The atmosphericesponsanodel described isec. 11l.C. isused torelate these
integrated emissiondco, (GtonneC, since 1975), to growiagmospheric inventories,

W (GtonneC),and attendant temperatuiee, ATK. The proliferation utility is evaluated

(weighted) relative the USA and uses irfpti(e.g, ENV, NWA, and related proliferation
utility parameters) that reflects a relatively homogenewooidd. A regional breakout of the
total plutonium inventory curve is given kg. 43, with Fig. 43A displaying thehirteen
regions and-ig. 43B. aggregating these regions into OEQREF, DEV. Most notably
from this figure isthe shift in plutonium accumulationfor the basis scenarioe(g,
OT/LWR) towards the developing regions, in spitete large “head starfbr the OECD
countries. Lastlythe global “concentration” (refer teig. 15captions for description) of
plutonium in its various forms is depictedkig. 44. While the globaldistribution oftotal
plutonium (mainly in LWR-recyclable spent-fuielrm, ACC) appears to movéowards
uniformity, plutoniumcontained in reactors (REAMitially becomes morauniform on a

regional basis, but thiarge growth indeveloping regiongmainly CHINA™) shifts global
REA plutonium concentration upward at later times.

b. DemandVariants

Total global plutonium accumulatiorfer the high- medium(basis-scenario)-, and low-
demand scenarios (Fig. 48 = 0.005, 0.01and0.015 1/yr,respectively) arshown in

Fig. 45, whichincludes theotal plutonium accumulationgported fromthe Ref.-7 study
for comparison. Figure 46 givelse uranium requirementsr these thre¢high, low, and
basis) scenarios, along with comparisons htRef.-7 projections. Ithese figures the
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HV(g, = 0.005 1/yr), MV§, = 0.010 1/yr), and L\g, = 0.0151/yr) designatorsire used
k k

to indicateHigh, Medium, and LowVariants that are counterpart to theesent study
because of the close agreement of the respective nuclear-energy demvasdwith those
of Ref.-7 €.g, Fig. 41).

c. BasisScenaridRealignment

Prior toexamining global plutonium inventorgsponses tplutonium recycle inLWRs,

LMR operation, and the implementation fedist Spectrum Burne(&SBs), refinements in

the “top-level” nuclear materials balan@égg. 3B) were madeThese refinements resulted

in slight shifts inthe timeevolution of thematerialinventories reported fothe OT/LWR

basis scenarioe(g, Figs. 42, 43, and 44T hese thresets of figuresare repeatetbr the
refined model in Fig. 47 (Fig. 43), Fig. 48 (Fig. 4apdFig. 49 (Fig. 44).Additionally,

Fig. 48A gives a regional breakout of reactor plutonium (REA) inventories of this realigned
OT/LWR basis scenario.

2. Plutonium Recycle in Light-Water Reactors (LWRS)

For each globaregion,the LWR recycle moddbrcesthe (volume) fraction of the LWR
core that is operated on MOX,dx, to follow a specific trajectory; the model in its present

form does not make the choice gffx based on economgrounds. Arange of functions
are used to drivejox, all of which arecharacterized by: a) theitial MOX core fraction,

f,SlOX; b) the finaIMOX core fraction,f,{,lox; c) the time atvhich the MOX trajectory is

initiated, f,0xo; and d) a nominal doublingme, Ty,ox, used todetermine therate,

Amox, at which f1ox approachesf,‘:,lox. Figure 50 gives jox trajectoriesfor the

tanh@Qpox t) driving function used in this studyyfbxo = 2005 and V,ox = 10. yr;
Table 1V lists other relevant parametefsy, arange of finalMOX core volumefractions,

fl]:/IOX' considered in this study. Most results are reporteq{j%( = 0.30.

Another model limitation is the absence of an inter-regional plutonium allocaioalel.
For each global region, the amount of plutonium residing in reactors (REA), in processing
or fuel fabrication as a separated fof8EP = FF + RP), oaccumulated irspent fuel as
either recyclable t&WRs (ACC) or fully recycled and of marginaise in athermal-
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spectrum reactofREC), is determined by the evolving (regional) demdiod nuclear
power. Depending on that demarhd thelevel of plutonium recyclelesired, asvell as
initial accumulatedinventories,the accumulated LWR-recyclable plutoniuimventory,
ACC, may or may not be sufficient toeetregionaldemands. Irthe casevhere ACC is
insufficient to meet demand, a negative inventory is recatttidreflects plutonium being
used in thoseegional reactorthat originatefrom outsidethat region. Since a rule-based

plutonium “clearinghouse” model is not fullyeveloped? the tracking of regionaiotal
plutonium inventoriesTOTAL = SEP +REA + ACC + REC, includes only positive
inventories, under the presumption that negative values of ACC would be met from regions
with surpluses through set of yet-to-be-determined allocatiomes. Whenever regional
totals arepresentedthey reflect an inflation related to thesaresolved “contributions”

from regions with surpluses in order to resolve deficits in atgions.These deficits are
resolved on a globdasis, however, whetotal plutoniuminventories are reported as
TOTAL(NET) values,rather than as TOTAL(GROSShplues. In essence, regiotisat
operate with negativdCC inventories are allowed toush forward withthe growth in
nuclear energy demand and increassd of MOX cores,but the requiredsubtractions

from regions with positive ACC inventories are made only at the global level, and not at the
regional level. When the world runs out of recyclable plutoniarng ( global ACCgoes to

zero), the resultsbecomeinvalid, with or with a plutoniumallocationmodel, unless the

exogenously drivenyfox is reduced:’.28 the ERB model in its presefdrm does not

incorporate this kind of feedback response.

Evolution of total plutonium inventories for the thirteen regions and the three macro-regions

(OECD, REF, and DEV), along with world totals, are shown‘ﬁ%x = 0.30 in Fig. 51.

The world totals fromthe (realigned)OT/LWR basis scenaricare also included for
comparison. Both the TOTAL(GROSS) ati TOTAL(NET)inventories areshown, but
the allocations of surplus plutonium from OECD regions to meet deficits arisDg\Wnor
REF regions (if anygare not reflected in the macro-regiomairves on Fig. 51BEach
regional curve ofTOTAL inventory (Fig. 51A) has not resolvedegional plutonium
deficits, wherehey exist, throughACC inventoryreductions in regions with surpluses;
these are “unallocated®urves. Generallythe (regionallyuniform) “turning on” of the
MOX option in year 2005 results in an initial decrease in accumula@e@, and TOTAL)
plutonium in those region@nainly OECD) where surpluses exist, dsesestocks are
depleted to supply MOX needs in both refitted existing LWRs arsijiplying new ones
that come orine. Depending on the regional ensemble of relagx@wvth rates in nuclear
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energy and MOX implementation, global plutonium inventories continue to decrease or can
increase again in later years.

The evolution of the global plutonium inventories accordingoton (ACC, REC, REA,
and SEP, aglefined in the caption) is displayed fnig. 52 atboth global and regional

levelsfor fl]:/IOX = 0.30. Most notably is the dip of therorld ACC inventoryaround the
period 2030-40, which isfollowed by a briefrecovery. Ultimately the global ACC

inventory is turned around whehe strong nuclear energy demand fro@HINA® is
manifested, iraccordance witlthe top-level attributes that define thasis scenario. The
buildup in REC (fully recycled for N = 4) and SEP (FF + RP) inventoriesied. For all
cases,the world is treated uniformlyinsofar asthe desirefor and level of plutonium
recycling in eaclregion is concernedlhe regional structureesponsible fothe global
ACC inventoriesultimately going to zerofor this exogenously imposeMOX demand

scenario (forall regions,f,{,,ox = 0.30, foxo = 2005, Tyox = 10 yr) after ~2080 is

given inFig. 52B, which also giveshe global ACC inventoryor the (OT/LWR) basis
scenario. Other frames in Fig. 52 give the time dependence of fully recycled (REQ, N
reactor (REA), and separated (SEP = FF + RP) plutomyart from plutoniumactively
undergoing fissioning in reactors, whigenerally can be considered to be “safe and
secure”,the major component of global plutonium inventories is in the multiply recycled

form (REC, deemed no longer usable byermal spectrumeactor), anduntil CHINA*
under the basis scenario conditions entieesnuclear energy market afte2050, most of
the REC inventoryesides inOECD countries(Fig. 52C); asimilar statement applies to
plutonium in theSEP form(Fig. 52D.). Lastly,evolution of the global concentration of
plutonium in theACC, REC, REA, SEPand TOTAL forms is shown in Fig. 53with
strong localization in the ACC and REC forms being indicated.

Generally,the trajectories illustrated iRig. 52 depend on regional “finetructure”, as
determined by technical motivatioand capability, economicstatus, and state of
international controls osanctions.The global ACC inventonthat supportsthe MOX
expansion for the conditions simulated is depleted somewha@y5, reboundbecause
of USA and OECD-E contributions to the “pool”, then in ~2080 goesocably negative;

unless the REC pool can be tapped for further LWR plutonium, a msgolike CHINA*
would have to pull back on plutonium recycle toNVRs, or introduce fast-spectrum
plutonium burners. One scenario examined attempts to accommodafersion to
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reprocessing in the USA with the growing needs of CHiN#&er 2050 by not recycling in
the former andhippingthe increased ACC inventories to tladter, as the needrises.

While this USA —» CHINA* scenario givesterim relief to theworld ACC demand, the

long-term difference in nuclear energy demand betvi#®A andCHINA® regions is too

large for the USA to eliminated out-year plutonium deficits in the CHikg%ion.

Decreasing the nominal value q\f%ox is anothemway toachieve a small but sustainable
ACC inventory. Figure 54 showthe impact on total globgblutonium inventories of
decreasing the final (nominaMOX fractions in thisregard. Figure 55 gives the
dependence of the (LWR-recyclable,s\4) ACC plutonium inventories oﬁ,‘;,lox, again
assuming a “uniform’world with regard toplutonium recycle inLWRs Lastly, the
comparison chart oRig. 56indicates respective impacts on (global) uranium requirement
and priceversustime asf,‘:,lox is varied; a comparison with the basis (once-thrdugr)
scenario is alsoshown. Although the unit fuel cyclecosts shown on Fig. 56,
UCk.Lwr LMR($/kgHM), are moderate without plutonium recycle, with recycle these costs

can experience an initi@loubling upon recycling, which diminish ithe outyears as
enriched uranium requirements decrease; these changing fueleogtieenter into the
overall energy costs for nuclear that are fed to the ERB model and used to deteankizte
shares. Figure 57 shows the impact of increased fuel-cycle costs aggregate demand

for nuclear energy. Interestingly, as will be shown in Sec. Ill.C. incredtéiag and the

attendant (slight) decrease in nuclear-energy demand, without a carbon tax, leads to slightly
increased use of fossil fuel and atmospheric GHG inventories.

The “top-level” neutronics modé€Fig. 3B) requires a number of highly aggregated and
time-averagedover the fueling cycle) parameters to gpecified.Most of the parameters
listed in Table IV are heldixed throughout thisstudy. Tworeactor-core parameters to
which the overall nuclear materials balance and inventories are particularly seasttive

a) the beginning-of-life plutonium loading the MOX part of the LWRcore, XEl?L; and

b) the fraction f4g of all fissions inthe MOX part of the LWR core that occur in the

“virgin” plutonium (versusMOX fissionsoccurring in bred plutonium). Thegarameters
are sensitive tdurnup, BUMWd/kgHM); MOX core volumefraction, f,ox; level of

recycle, N;etc Figures 58 and 5%how the sensitivity oftotal (world) plutonium
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inventories and the inventories of LWR-recyclapletonium, respectively, as bobkEl?L

and fyg are variedor fI{on = 0.30; the parametersf seems to béhe most sensitive in

extending ACC plutonium resources.

The LWR plutonium recyclaesults presented iRef. 9 are based on g = 0.5 and

xEl?L = 0.03. The timeevolution of the global plutonium inventories TOTAL(NET),

ACC, REC, SEP, and REA for these conditions is shown on Fig. 606mparison to the
(realigned) OT/LWR basis scenario (Fig. 48). Comparisons are also giveig.o60 with

the Ref.-7 High — Low Variantcaseghat eaclconsiderthe once-through(OT) and the

fmox = 0.30 MOX recycle cases.

The main point deriveffom Figs. 54-57are: a) plutonium recycHor the basisscenario

conditions (other than thaon-zerof,‘:,,ox) can reduce global plutonium inventories by

factors of 2-3 - this result is mgreementvith the Ref.-7 study (Fig60); b) asidefrom
“safe-and-secure” reactor plutoniuiREA), the main long-term plutoniunmventories can
be made taeside in the LWR-unusable REC categffor N = 4) by judicioustemporal

and regional choices of MOX recycle parametees (f,f,lox, tmoxor and Tyox) - for the

Ref.-9 conditions REC slightly exceeds ACC by the year 2095, but shifts in key neutronics
parametergFig. 59) can lead to the LWR-nonrecyclablerm (REC) beingdominant;

¢) the long-term impact of plutonium use in LWRstba uraniunmresource (and cost) for
basis scenario assumptiofR) is small,but not negligible(Fig. 56) -this observation,
however, is sensitive to the uranium resource category that is adoptslitggFig. 36B,

the basis scenario is based on KR);cdptinued andjrowing use of LWRs on global

scale at levels dictated by the nomibakis scenariattributes leads to a continued and
growing inventory ofplutonium in the REC categol§rig. 52A), evenfor the neutronics
parameters used for the Ref.-9 study (Fig. 60); e) increased fuel cycle costs associated with
plutonium recycle ilLWRs can have an (smaliinpact on the demand (markstare) for
nuclearenergy, agletermined by the ERB logit-based algorith(R$g. 57); and f) the
“top-level” material balance model used herein gnemauiltsthat aresensitive to thehoice

of aggregate reactor-core neutronics parameisesl,particularly the “virgin” (plutonium)

fission factor, fg, and the beginning-of-life plutonium loading in tMOX, xEl?L- the
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inter-dependence of these crugiilix) time-averaged quantities dBU, N, and fox

requires more attention in the context of the nuclear materials model used herein.

3. Liquid-Metal Breeder Reactors (LMRS)

The use of fast-spectrum burne(BSBs) to fissionmore completelyall isotopes of
plutonium and the minor actinides.¢, neptunium, americium, and curium)easamined
in the following section.Recentstudies ofthe use of fast-spectrum reactors to burn

plutonium and the minor actinides have been repdfeBefore the economics &SBs is
examined, this section reports dhe resource/economic conditiamecessary for the
introduction of the commercial LMRs, using the nominal nuclear and economic parameters
listed in TablelV. It is emphasized that trghort-comings othe inter-regional plutonium
supply-and-demandhodel discussedabove are magnifiedhen the startup demands of
commercial LMRs areconsidered. Furthermorehe integration of LMR breeding-
ratio/doubling-time scenarios witlthe economics of LWR displacement requires
considerable model development beyond that presently used in ERB.

As described irRef. 15,the cost of energy derived from nucleggsources used by the
ERB model to generate regional share fractions is determined by meansptinanation
procedure applied at each of the nine times separated by 1bvwgraals. This procedure
essentially examines a full range BVR/LMR mixes on aCOE basis todetermine the
fraction fl\wvg = 1 — f yr Of all nuclearpower for agiven region andime thatwould

minimize the overaltost of nuclear energy presentedite ERB market-sharagorithm.
For low uranium resource depletioe.@, low uraniumcosts), higher LMR capital and
fuel-cycle costs, and without imposing added external costsViiR-derivative plutonium
and waste accumulations, addition of LMRs at any non-zalee of {yr generally

increases the composit@mst of nuclear energy transmitted tiee ERB market-share
algorithms, forthe nuclear and economic parametesed (Table 1V). For scenario
attributes where non-zerpyjr values reduce the overall cost of nucleaergy,the rate at

which LMRs were introduced into a given regionlimited by atechnology diffusion

time:2L; both the economic and the technology-driven LMR introductions are reported.

For all previously presenterksults, anLMR having a unit directost relative toLWRs

UTC Mr/UTC \wr 2 1.5 wouldnot be economicallgompetitivewith LWRs under the

basisdemand scenario or uranium resoucoststhat follow a Known Resource(KR)
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scaling (Fig. 36). Within the context of the ERBnodel, three scenario attributes were
modified to stimulate the introduction of LMRs:

» use of the more conservative CR uranium resource model (Fig. 36);

» reduce the relative cost of the LMRytt = UTG yr/UTCLWwRr — 1,

» stimulate overall demand for nuclear energy:
— impose carbon taxes (Fig. 39);

— reduce the overall cost of nuclear energy (Fig. 39).

Time dependencies of economics- and technology-driven introduction of LMRs on a range
of scenario attributethat are favorable to LMRs are illustrated Brg. 61, where the
fraction of all nuclear energy generated from LWRs is determinelérthe assumption of
a homogeneous world.€., all factors determining the time-dependence @jd are

independent ofegion). All casesexamined use: d@he once-through gfiox ~ 0.0) LWR

basis scenario; and b) scaled uranium cost according to the more conservatso@ee
scenario (Fig. 36). The latter scenario attribute seems essentisdRointroduction under
realistic variations of the other attributes lissdabve. Undetheseassumptionseconomic
entry of the LMR occurs within the100-yrtime frame of this computation onlipr f ¢

< 0.1. Increasing the demarfdr nuclear energy (and uraniuresources undethe CR

scenario) by imposing a worldwide carbtax both decreasethe introduction date for
LMRs and/or increases tlw®st threshold as manifested througjyd (Cases B and C,
Fig. 61). Increasing theshare fraction ohuclear energy by decreasing overall casg(
the asymptotic value of UTGyr is decreased from the basis scenario value op/2\%& to
2.0 $/We, Fig. 39) has similar impact orLMR introduction asdoesthe imposition of a
carbon tax€.g, Cases WersusD on Fig. 61,both for {;7c = 0.1). Lastly, re-imposing
the basis scenario resource attribute (KR scakimy, 37) forthe Case D conditiongFig.
61, fytc = 0.1, UTC = 2.0$/We) pushesLMR introduction to beyondhe ~2100time
frame of this computation.

The main plutonium-inventoryimpact for scenarioattributes thatallows the economic
introduction of commercial, plutonium-burning LMRs flat plutonium accumulated
(ACC) from previous (once-through)WR operations istransferred tothe operational
bowels of the displacingLMRs. For the Table-IV parameters, in factfull global
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implementation of LMRsunderthe Case D(Fig. 61)scenario attributes is insufficient to
meet new-reactor- inventory demand, as is indicated on Fig. 62. This figure shows the time
dependence of global plutonium inventorfes a range of forms:ACC = accumulated
(REC = plutonium that has been fully recycled in LWRs, and is foerthe basisscenario
once-through fuel-cycle optiomsed); REA = activelyfissioning reactor inventories; and
SEP =non-LMR reprocessing andMR fuel fabrication associate with plutonium having
LWR origins. Increasing the LMR breeding ratio from unity to 1.2-1.3itti@simpact on
the plutonium deficit indicated on Fig. 62; the demancbew LMRs exceed any breeding
capacity on the timascales beingonsidered. Iraddition toshowing the basisscenario
(once-through LWR, but at reduced cosfaalitate comparison), &ase where LMRs are
implemented globallyonly in OECD countries is alsshown on Fig.62; non-OECD
regionsare excludedrom implementing LMRs inthis analysis by imposing higher
UTC yr Values.

4. Fast-Spectrum Plutonium Burners (FSBS)

a. Approach

The previous section constrained the introduction of LMRs odésés ofcompetitiveness

with LWRs andwasdriven primarily by considerations of uraniurasources antbasic

unit costs (differentials). Generally, it was found fiwe limited circumstances €(g,
scenario attributes) examined that fairly unusual or stringent conditions must exist before a
competitive LMRwould makeits debut before the ye@100. Analternative approach to
dealing with the plutonium inventories accumulatirgn LWRs, with or without high-N
recycle, is to fission this once-through andhogh-recycle material in dast-spectrum

burner (FSB).The use ofFSBs, like the LMR/IFR44:45 or accelerator-based (ATW$)47
systems, aplutonium-management elementsuld be pursued at some cost penalty, in
that these FSB systems are expected to have capital and O&M ctiraiyesuld force the
sale of (netkelectricalpowergenerated therefrom to be made dtigher cost than from
LWRs that are allowed to accumulate plutonium at low to moderate charges.

The primary questions addressed in this section are:

* To whatextentmust COE beincrementedor a LWR-basechuclear economy that is
supported by LMR- or ATW-based FSBs, whereftletion f-gg of the total regional
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nuclear energycapacity isprovided by the FSB system i[e., supportratio is
SRrps= (1 — £sp)/frsal?
* What is the(cost) impact on regionaind worldnuclear energy demand if the FSB

route to dealing with LWR generated plutonium is taken?

» To what extent and onwhat time scale are accumulated plutonium inventories
diminished by specifi¢cSB approachesand to whatextent is plutonium inventory
actually destroyedversusmerely shifted €.g, from accumulated LWRspent fuel to
active reactor inventories in FSBs)?

» Do significant “top-level” differences exidor ATW versus LMR approaches to
plutonium managemenis a visFSBs? With respect tahis question the following
issues must be considered:
— While generally efficient inerms of the fractiomy = nty(1 — 1/Q) of total
thermal power that appears for sale on the electrical grid, the LMR requires non-

zero conversion ratid$ for reasons oheutronic stabilityand, hence, a non-

zero internal “circulation” of plutonium and @rresponding diminution of
capacity to serve LWR client reactors; additionally, LMRs operate with high(er)
intrinsic plutonium inventories, which can be viewed either as an advantage or a
disadvantage, depending on degree to which sustactor materia{including
material circulating as part of any integral processing scheme) can be viewed as
“safe-and-secure”.

— Although the accelerator-based (ATVdpproach toFSBs has no intrinsic,
safety-driven need t&ecirculate” plutonium, and intrinsic inventoriesan be
considerably below that of the LMR, the ATW has a higher recirculaiovger

requirement¢.g, lower @ and a lowemp) and a highercapital cost, both
being burdensassociated withthe accelerator needed to drive subcritical
(proton - neutron)target/blanket system. somewhat “relaxed” neutron

economy mayalso allowthe more completéurning of minoractinides and
long-lived fission productsput flexibility is exercised at a pricéaccelerator

neutrons are expensive, amountingt®00 k$/moléb).

To begin addressing thegeestionsthe simplified model described &ec. I11.C.2. of
Appendix A was implemented as part of the ERB model, wherein the fagjeibly which
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the cost of LWR-base nuclear energy would be increasedused toeflect the economic
penalty associated with a particul®SB scheme back to the ERB market-share
determination. The factogfgis given byEq. (A-21) in Appendix A and is a function of

the share ratio, SRss = (1 — £sp)/fpsp Where Egp is the fraction of the total nuclear

capacity provided by thESBs in agiven global region at a given tim€he shareratio is
determined by @xogenously specified “prescriptiottiat gives the rate B (kgPu/yr) at

which accumulated plutonium (in either ACC or RE@ms) should orcould bereduced.
Additionally, the (maximum) magnitude and deploymeaté of FBS capacity, PESB and
€ESB PEFSB, respectively, must be constrained, whepgpg(1l/yr) is alinear rate of

implementation.

If the regional plutonium inventory at a given timggt + Irgc is to be reduced by some
factor fggin time intervalAt, then on averaged3 = frsg (Iacc + Ired/At. For an FSB

system having (requiring) a conversion ratio CR, a specific inventory Sl(kgHM/MWt), and
an effective concentration of active plutonium (including low-inventory integral processing)

XESB, a nominal material balance reflects the following

Rpu(kgPu/yr) = (<P,§SB>/n,§SB) [a pr 1— CR)+ & X522 Slps| (1)

Where<PESB> is the averag@ower required ovethe time incremenfAit anda = 0.39

kgPu/MWitlyr is defined in the Nomenclature. Sir( SB> ~ PE':SB (1 + egsy At/2),

FSB

where P=™" is theFSB capacity at théseginning of thetime increment,Eq. (1) can be

arranged to solve fathe growth rate,egpgg required tomeet theexogenously specified

average plutonium removal rate; ttegjuired expression for y & xEﬁB At/2 is given as
follows:

y? + (L+ A fitrsa)y + Dt(U/TFsg — 1/4tsys) = O, 2)
where,
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TrsBYN) = 2SksgXpy /la (1 - CR)F] | (3)
Tsyg(yr) = PEBSI x52/(2 n58 Rpy) . )

The parameters used to evaluate Eqg. (2) within the ERB modatlattimestep starting at
the year 2005 are listed in Tables IV and A-lll (Appendix A). The following constraints are
applied for each global region at each time:

* The value of implementation/deployment raé?Breturned byEq. (2) issubjected to

an exogenously determined upper limit;

» TheFBS capacity<PEFSB> implemented on averagwer a givertime incremeniit is

limited to aspecified fraction of the LWR capacit)F,"lgWR, for eachregion ateach
time;
* To avoid a “surge” in FSB demand upon first implementation (in 6@6), when the

LWR-generated plutonium inventories are thregest, only draction of thatinventory
is allowed to be processed through FSBs at that time.

These constraints and other parameters used in the preliminary evaluation of the impact
of FSBs are listed in Tables IV and A-lll (Appendix A).

b. Results

The limitedresults presented heresne based on departures fraime once-through LWR

basis scenario. More comprehensive analysis of optimal ways to manage civilian plutonium
must balance the costs of LWR recycle dsoat-end burner compared to more expensive
FBS systems having as a main attribute the ability to deal with plutonium fleatnsannot

be fissioned efficiently i WRs. Generallythe results ofthe constrainedmplementation
algorithm described above for any given region depend on the growth of nuclear power and
plutonium inventories inhatregion,and on the magnitude of tlvenstraints imposed on

FSB deployment rates and magnitudes (relative to LWRS). Figure 63 gives the regional and
temporal behavior of thEBS fraction. RegionfOECD) with a history ofnuclearpower

and accumulated plutonium begin at the constraif&B capacity, and depending on
subsequent growths in nuclear energy, fall below that limit. The FSU and EEU regions are
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intermediate in reaching for that limit, and the developing regions do not approach the FSB
capacity limit. Canada, withthe relatively low nuclear capacityand moderatenitial
inventories is always working #te imposedimit of frgg < 0.33 (SRgg > 2). For all

cases, Eq. (2eported an implementation rateat exceededby ~2-3)the maximum of

€ESB = 0.04 1/yr

The economic impact on COE, as determined by Eq. (A-21), is reporteddiaregion as

a function oftime in theform of 1 — £og on Fig. 64 forthe LMR(CR =0.6) FSB
scenario. For the LWRersusLMR financial and costing parameteused(Tables IV and
A-lll), the early deployment of LMR-basdéSBs, when the demand ishigh and the
support ratio is athe (constrainedi.e., it would go lower if allowed) low valughe cost
impact for this case is a significant ~30% for the OECD “heavy users”. Later in time, when
LWR-accumulated plutoniurhasdiminished €.g, eitherburned or deployed ithe high-
inventory FSBs), the cost impact approach thel0-15% level. Generallythe 1 — £o
dependencies depicted &ig. 64 are direct reflections ofhose for ggg in Fig. 63.
Shifting key FSB parameters in Eq. (A-21) will corresponding shift these results.

The nuclear energgosts passebdack to the determine mark&tareshave been increased
for eachregion ateach time by thdactor {-og given in Fig. 64. The impact of these

increasedcosts onoverall demandor nuclear energy ishown in Fig. 65which also
compares the impacts of thrE&B scenariosvith the demand that characterizes iasis
scenario, aswell as the IAEA High/Medium/Low-Variant nuclear-energy demand

scenariod. Also shown on Fig. 65 ishe impact ofreducing the unit-capital-cosatio
UTCgsgUTC g form 1.5 to 1.1The threeFBS scenariosire: LMR with CR = 0.6;
LMR with CR =0.2; and ATW [CR = 0.0, but reduced intrinsic plutonium inventory

(SlaTw xéJW), reduced engineering gainglQand increased unibtal cost (UTG1w)]-

Within the uncertainty othis highly aggregated costingodel, the LMR/FSB and the
ATW/FSB appear to trade internally recirculated plutonium for internally recirculated power
to give nominally the same (low) support ratio and elevated valugggf this result is in

agreementvith the simple analyticatesults discussed in Sekl.C.2. of Appendix A.
Generally,implementation ofany of theFSB schemes considered here providgaod

match to the IAEA Low-Variant cade.
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The temporal and regional impacts on LWR-accumulated plutonium inventorigbe
LMR(CR = 0.6) FSBscenario are illustrated oRig. 66, which presents comparison
frames with results from the basis scenario (once-through LWRshd&atedabove, for

all cases the constrained limit on deployment egigg wasencounteredor all regions at
all times. According to Fig. 66B, the constrained implementation rate is insufficient to hold

down the growth of accumulated plutonium in the CHN:&gion. While thedecreases in
LWR-accumulated plutonium are significant, a large part of this plutoniumeed tostart
up the high-inventorf MR/FSBs, as isndicated by the inventories of global plutonium
expressed on Fig. 67 as a functiontiofe and form [mainlyREA = reactors (both LWRs
and FSBs), and LWR-accumulated spieiel; REC = fully recycled an@EP =separated
(e.g, fuel fabrication andeprocessing) do not appefar this once-throughWR case,
wherethe FSBsareassumed to invokentegral processing]. It should beoted that the
comparison between thieasis scenario anthe FSB scenario mustaccommodate the
significant differences in demaridr nuclear energyprought about byhe expense of the
FSB scheme adopted here.

C. Integrated Risk Comparison: Nuclear ProliferationversusGlobal Warming

1. Approach

Sectionlll.A. reportsthe results of single-point variations tfie upper-level hierarchal
attributes €.g, external drivers of nuclear-energy demand), and Sec. III.B. pleaarily
the lower-level attributese(g, internaldrivers of nuclear-energgemand). Thissection
investigates the potential of nuclear energy as a meangigate greenhouse warming and
compares thigotential with accompanyingisks associated with nuclear proliferation.
Specifically, this relationship between proliferation risk and supply-side @b#@Ement is
examinedusing: a) the MAU-based ProliferatiorRisk Index (PRI)described inSec.
I1.B.2.d. and Refs. 4 and 19; and b) the global-warming meldébrated irRef. 12. The
PRI model is a combination and extension of MAU analyses descritbefén 32-35, and
the global-warming model is that reported in Ref. 42. The latter is a linear integral-response
model that use&HC concentration and temperatunepulse-response functiotisat have
been calibrated against computatioregults from coupled ocean-atmospheneulation

models49

41



A range of (supply-side) scenariage generatéhroughthe application of carbon taxes at
varying rates ($/tonneC/15yr) texamine the relationship betwedreduced) global
warming and (increasedRI asthe forced market-equilibrium and related enesppare
fractions adjust\is a visthe ERB algorithms) under the imposition of this consumer-based
carbontax. The primary “risk” variables being compared &&I and the long-term

increase in average atmospheric temperafliFéK). In terms of consequences (economic

or otherwise), both PRANdAT(K) are relativemeasures; foboth, actualconsequences
remain to be measured aadsessed. Hence,the presentevel of analysis, neeconomic
connection or assessment is made betweenHRK), andthe consequences on regional

and world economies of both the disposition of an entrxgynd the (market-determined)
use of otherwisemore expensive reduced- or non-carb®C) energy sources. The

PRIAT(K)/GWP (at the level of th&RB model) tradeffs examined hereithrough the

carbon-taxation route afenited primarily to thesupply side ofthe energy equation; the
impacts of demand reduction (Sec. 11l.A.3.), in the context of the present merdaln as

future work,>0 although preliminary parametriesults in this regar@re reportedrom a
highly simplified and aggregated model reported in Ref. 12.

2. Comparative Results

The point-of-departure scenariased to generate carbon-tax-driverscenarios for

uncovering explicit PRIT(K)/GWP relationships is that reported Ref. 9 (Figs. 58-60,

with fl(/IOX = 0.30, kg = 0.50, %, = 0.03,and N =4). Figure 68givesthe global and

regional CQ (carbon) emission ratefRco,, as a function of time. Figuré8A also
showsthe impact ofever-increasing rates of carbon-tax impositions ($/tonneC/15yr) on
Rco, (GtonneClyr); for all cases, application of this consumer-based cabbagins in
2005 andinearly increases at the indicateste. Also shown forthe zero-carbon-tax case
are the CQ (carbon) emission rates expressegencapitaand per-primary-energy usage
bases; the decrease in thtter ratio(kgC/GJ)reflects increased primary-energy efficiency
[decreased energy intensity)(MJ/$)], butthe per-capitause of fossil fuels ignitially
constant or falling, followed by an increase, as more-convenient, Higgleiorms are
used by an aggregated society that experiences apwsirgapitaGNP. Most notable from
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Fig. 68B isthe rapidrise and eventual dominance the CHINA™* region for thiszero-

carbon-tax case: CHIN®surpasses the USA region after the year 2020.

The impact of theno-carbon-tax C® (carbon) emissiorate on integrate@missions,

W (GtonneC),accumulated atmospheric gQarbon), W(GtonneCand average global
temperature risé)T(K), is shown on Fig. 69 (Y¥y is the atmospheric carbon inventory

at the start of the industriavolution, fgy = 1800).The relativelyslow increase of the
ratio AT/(W/Wry) , as determined from the linear integral-response mesid?2 is also
shown. A recapitulation of the time evolution of global plutonium inventories in a range of

forms is shown on Fig. 7&long withthe proliferation-risk(“grand”19) utility function
and the relatedihdex, PRI, and the integrated CQ(carbon) emissions, YV Figure 71

correlates these global plutonium inventories wihative CGQ (carbon) accumulation,
W/W Ry, or the temperature ris&T (K), thatresults;the latter is computefiom the year

tiry. The correlations depicted on Fig. 71 are central to subsequent comparisons of global-

climate-change (GCC), nuclear-proliferation (PRI), and econad@®\(P) impacts. These

graphs describe an “operating curve” that reflects increased inventories of miaieaals

(if nuclear energy is to play any role in providing energy mtedyating GHC emissions)

and increased atmospheric carbon inventories that inevitably accompany a world population
that is expanding both in numbers anghén-capitaenergy use.

The risks associated with increased global inventories of plutonium @hiss are
expressed in terms dhe PRI and AT parameters, andre correlated in theorm of a
reduced “operating curvddr the no-carbon-tax case Fig. 72. Asimportant as is the
need to translate botARI and AT into economic and soci@lonsequenceghe present

study does noadvancebeyondthe correlationshown given in Fig. 72. This “operating
curve” per seis not as important to understanding proliferation-risk/ GCC/GWP
connectivities as is thghifts inthe slopes andnagnitudes at a giveime askey scenario
drivers €.g, carbon tax rates) are changed. Figure 72 also compare&| impacts(for

the no-carbon-tax case) of plutoniuecycle G,‘:AOX = 0.30) and theuse ofthe once-

through (LWR) fuel cycle. Plutoniumecycle increases tifeRI by ~10% while havdittle

impact onreducing GCC impacts €.g, AT). Actually the lines of constantime (an
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isochrone for 2095 is shown dfig. 72) are almost verticalywith a slight off-vertical
orientation indicating that the small addeost associated witthe fI]:/IOX =0.0- 0.3
transition reducing slightly the demafat nuclearenergy,resulting in a small increase in

fossil-fuel use, and leading to slightly larger valueAD{< 0.05 K) for thef,{,lox =0.30

case.Significantly larger impacts are computed (carbon-tax)enhanceduse ofnuclear
energy (and other reduced- or non-carbon ensmyces) forced by imposingarbon
taxes, however.

Based orthe relatively transparent amanpirical market-equilibrium (clearing) algorithms
that form the basis ofthe ERB model, the reduced C§® emission rates depicted on

Fig. 68A as the carbon-tax rate is increased results from: a) a reductiendemand for
(more expensive) primary energy; and b) a shifth@ mix of primary energyources

towardsreduce- or non-carbasuppliers.More elaboratglong-term) models would also
reflect endogenous increases igither autonomous energyefficiency improvement

(AEEI14), if this concept is used, or induce reallocations of resources among key sectors in
each of thevorld economies as non-energy sectors adjust to increased erargy>!
The ERB model is capablenly of exogenous changes the AEEI-like parameter gy

(Sec. 1ll.A.3.), and for the present seriescafbon-tax-ratevariations, these demand-side
parameters are held fixed.

With these limitationgecognizedFig. 73 gives the impact ofcarbon taxrate on global
primary energy demandpor the limiting case of 50%/tonneC/15yr,(leading to a
300 $/tonneC tax by 2095) a 25%duction in PE is reported in the yef195relative to
the no-carbon-tax case. The economic impaetg,(reducedGWP) ofthese carbon taxes
are address subsequentlyhe shift in the mix of primary energysources [oil, gas,
solids(coal + biomass), nuclear, hydroelectric, and stiatjoccurs wherthe carbon tax
rate is increased from zero to 50 $/tonneC/15@hiswn on Fig. 74The strongdecrease
in marketshare forheavily taxed coal is accommodated in part dbgong increases in
nuclear and solar energies; the limited resources for hydroeligwitigts contribution, and
the initial decrease in the marlgttare for gas (which includeyngas from coal, as does

oil include syno#) as carbon taxes are imposed is overcome (relative to the no-carbon-tax
case) in the ouyears for this less carbon-intensifigel. The shifts in market shares
depicted in Fig. 74, however, must be viewed in the context of diminished overall primary-
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energy demand (Fig. 73). Increased use of nuclear and solar energies, vihéclhadntext
of the ERB model are both suppliers of electricity (solar thermal in ERB is treated as a form

of energy conservatigh translates into a greater fractiontofal primaryenergy delivered
as secondary energy (and eventuallymieet specific, income-dependent energy-service
demands) irthe form of electricity. The fraction of primary energysed aselectricity is
shown as function of time and carbon tax raté~@n 75. Whenexpressed on eommon
(thermal)basis,the fraction of primary energysed togenerate electricityncreases from

~40% to= 60% for the high-tax (HT) case in the out years. Lastlyjrtipact on a nuclear

energy of increased carbon taxatiorsi®wn on Fig.76; forthe HT case and a nominal
capacity factor of p= 0.8 (Fig. 76 displayannual nucleaelectricalenergy demand, not

capacity), a capacity build rate of ~80 GWe/yr would be required after the year ~2050.

A comparison of key GCC parameters fioe no-carbon-taYNT) andthe high-carbon-tax
(HT, 50 $/tonneC/15yr) cases is given bBig. 77. Carbortaxes imposed at the Hate,

while reducingAT in 2095 to ~1.3 K fronthe ~2.5 K forthe NT case, doesiot stem

global warming; the rate of warming at the end of the computational q@0688) amounts
to ~0.5 K/100yr (compared to ~2.8 K/100yryiear 2095 forthe NT case). As seefrom
Fig. 77, atmospheric CQ (carbon) in 2095 continues @ccumulate at a rate ofl1.6

Gtonnelyr (~1/3times present global emissioate). The impact ofcarbon taxrate on
global temperature rise is shown on Fig. 78.

The imposition of an increasing rate a#rbon taxation both reduc@sig. 73) and shifts

(Fig. 74) primary energy usage, while increasing the use of non-carbon energy sources like
nuclear and solar energy. For the unit cost parameters used, the role of biomass grows with
time, but remains relatively small. The economics model used in ERB does not re-inject the
carbon taxes into the economtlat areresponsible fotheir generation.The only direct
economic impact ohigher energy prices is to reduce global and regional productivity as
measured througDP(GNP).Figure 79 giveshe decrease iworld GNP as dunction

of the rate ofcarbon taxation. ThesBWP percentage decreases agpressed in two
forms: a) the percent decrease in the last-{2@95) GWP withand without a carbon tax
imposed at a given rate; and b) the percent decrease in the pregénof all GWPsover

the period1990-2095, using eonstant pure discounate of DR =0.04 1/yr; the former

gives AGWP/GWP}qg5 = — 4%, and thelatter gives AGWP/GWPpy, = -0.7%. The

ratio of the present value aficrementalGWP tothe present value odll carbon taxes
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collected over the computation period, again using DR = 0.04 1/yr, is nominally constant in
the range0.6-0.7; the present value ddll carbon taxescollected over the computation
period is about twice the present value of the GWP decrement.

Also shown on Fig.79A is the decrease in atmospheric JC&ccumulation(again,
W |ry = 594 Gtonne is the atmospheric carbon inventoryggr + 1800). Thisreduction

in global warming might be considered a benefit agamsich the decreased GWP
balances, albeit, more careful and consistent accounting of ¢béected carbon taxes
could reduce or reverse the GWP decrements computed from the present model. Lastly, the

percentage increase in proliferatioisk evaluated in the lasyear, QPRI/PRI}qgs5
associated with the increased implementation of nuclear energy is also shéwg @8A.
While APRI is small relative to PRI, nguantitative statement can be madth respect to

this increased proliferationsk attendant to increaseage ofnuclear energy t@batement
GHG accumulation until theconsequences of PRI withogarbon taxes arassessed.
Lastly, the second frame in Fig. 8minates the carbon taateper seand plotsdirectly

the “benefits” €.g, reduceAT or reduced W/\j%y,) against the “costs’e(g, decreased

GWP and increase®RI). This (relative) “benefit-to-costassessment, howevaemains
gualitative until these PRI, GWP, and temperature increments caatabex] to quantitative
social and economic consequences.

At the level of this analysis, the culmination of the comparatsle assessment the PRI
versusAT relationshipfor this special set of carbon-tax-drivéeupply-side) scenarios.
Resolution of the economic implications this particular set ofirivers, asmonitored
through GWP impacts, remains as future WBtkat must ultimately relate abatement costs

to achieve a given reduction&T to damage costs associated with accommodation to GCC

impacts; these costs are generally expressed as percentages ofIGMfR. context of the
present study, however, the evolution of the RRSUSAT “operating curves” depicted on
Fig. 80representshe finalresult. As discussed above, with or without a GHC-abating

carbon tax, both PRANdAT will increase withtime aspopulations in number and living

standard developThe first frame of Fig. 80 gives this PRIversusAT evolution with

increasing carbon tax rates, whereas the second Baemsesnore the increased nuclear-
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energy share under imposition of carliaration by giving the fractional increase in PRI

relative to the zero-tax case asfumction of AT. The added sensitivity of plotting

APRI/PRY, reveals that for a givetaxation ratg$/tonneC/15yr)the fractional increase in

PRI shows a maximum at ~20@%at is independent of the ratevatich the carbon tax is
applied. Generally, increased use of nuclear energy thrixggimposition of a carbon tax
slows the rate of global warming while increasing proliferation risk a few percent relative to
the zero-carbon-tax case.

Finally, to showexplicitly the impact of carbon-tax-stimulated implementation of nuclear
energy on reducing global warming in the y@805, the endpoints oneach curve in

Fig. 76 have been correlated with the resulting valuETofend points on Fig. 78) tgive

AT versusnuclear-energy demand kig. 81. Also shown isthe percentage increase in

PRI (relative to the zero-carbon-tax c#3g. 80B)that accompaniethis increasedise of
nuclearenergy, as ishe percentage decreaseGWP (both in 209%and present-value
terms) caused by the higher fossil energy prices. Figure 8Elatsusthe (demand-side)

impact ofincreasing the AEEIl-likgparametergy, from the basis scenarioalue ofg, =

0.0100 1/yr to 0.0125 1/yr. Ongoing work®0 is examining thesesupply-sideversus
demand-side approaches to mitigating GHG emissions.
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IV. SUMMARY AND CONCLUSIONS

A range of long-term futures for nuclear energy have been examined by building “surprise-
free” scenariosusing a consistent, but simplifieanodeling tool. Defining scenario
attributes are placed in a hierarchy tatides determinants of nuclear-energy futurés
external forces and forces that originate from within nuclear em@gge By varying the
former upper-level scenario attributes.g, population, workforce productivity, energy
intensity or end-use transformation efficiency, enetgyes), a widerange of nuclear
energy demand scenariaan be generated. Although these scenarios represent only
possibilities, andare notpredictions,they nevertheless provide a quantitatbasis and
connectivity for examining impacts of the lower-level internal drivers that influence directly
the economic and operation character of nucmawer. Furthermorethe upper-level
scenario attributethat lead to a given demaridr nuclear energy have economic and
environmental consequences into whaitbsequent lower-level scenaria®e embedded
and ultimately must consider.

The internal drivers on which the Los Alamos Nuclear Vision Project is focasimgr on

both the front-end (uranium resource, ready fuel inventoriesjrentdack-end (plutonium
inventories in a range of spent-fuekms, processing, waste disposal) partshef fuel
cycle. Estimates of theg(13) regional and(long-term, ~2100)temporal evolution of
plutonium inventories, both in form and in magnitude, along with attengesiiferation

risks, has been the magwoal of work performed to dateThree nuclear scenarios base on
variations in thlower parts ofthe attribute hierarchyere examined within the above-
described context: a) once-through and MOX-recycling LWRs; b) economically competitive
LMRs; c¢) and once-through LWRs beisgpported by plutonium burning (and storing)
FSBs. Synoptic interim conclusions derived from each level of this analysis include:

» Upper-Level Hierarchal Variationd\early identicalhigh, mediumand low nuclear-

energy variants can be generatefiom a wide range of external(demographic,
economic, policymarket) drivers; decisionsiade at thdower hierarchal levels on
drivers that are internal to nuclear energy should be cognizant of the external conditions
that create the demand or anti-demand to which nuclear power is responding.

* Lower-Level Hierarchal VariationsThese variations and the&cenariosthat result
generally focus on the forms and quantities of plutonium accumulations that accompany
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a given upper-level hierarchal demascenario.Interim conclusions forthe three
lower-level scenarios examined include:

— Once-Through oMOX-RecycleLWRs With growth in nuclearenergy, so
grows plutonium inventories; depending on regional and temporal details of this
lower-levelscenario, andhe local demand generated by upper-level scenario
attributes,the placeswhere this plutonium resides shif¢.§, ACC, REC,

REA, SEP) over time and regionpatterunderstanding of these inter-regional
plutonium generations and flows is needed;

— Economically Competitivd MRs based solely oreconomic considerations
vis a viscompetition with once-through &1OX-recycle LWRs, LMRs appear
in the marketplace only if: @) conservative uranium-resoasseimptionsg.g,
CR scaling, Fig. 36Bare invoked; b) relativelyow capital cost are possible

(e.g, UTG yr/ UTC \wr S 1.1); and/or c) significantosts for fossilfuel

beyondthe resource-depletion algorithmased inthe ERB model arisee(g,
strong carbontaxes globallyapplied, Fig. 32). Generallyless-expensive
nuclear (electricpower doedittle for GHG accumulations, but strongarbon
taxes both reduc&HG emissionsand widenthe economic niche of nuclear
energy, while moderately decreasing overall primary energy demand and GNP.

— Fast-Spectrum Burners (FSB&r the parameters used, FSBs basiffter on
LMRs or accelerator-driven subcriticgystems (ATWs)evenwhenlimited in

o : _ pLWR ; 5FSB
(minimum) support ratio (SRg=P=" " /P2

) and deployment rate (relative
to requirements to reduce accumulgittonium), have significant impacts on
nuclear energy cost and demdr@0-30% increaseponinitial (~2005-2020)
deployment, decreasing to 10-15% in the outyears (Fig. 6&)e IEMR-based
FSB requires a minimum conversion ratio (CR.6), this approach talealing
the LWR-accumulating plutoniunwould have a large internal recirculation of

plutonium, thereby forcingdown SRgg and increasing thecost of the
LWR/FSB synergy. The ATW in this regard offers an advantage, but operation
with a moderately multiplying blanket{j< 0.95) reduces the engineering gain
relative to theLMR, and the power-recirculating ATW-basdelSB for other
reasons is forced tow-SR-gg operations, with high cosimpact on the

LWR/FSB synergyWhile both FSB approaches may have higher ucstpital
cost than the LWR client, the accelerator can add 15-20% to thisetaiste to
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the LMR. At the level of the present analysis,these contravening
economic/operational impacts lead tmdistinguishably poor economic
performancdor both FSB. approacheg¢Fig. 65). Also, forboth approaches,
much of the decrease in LWR-accumulated plutonium appears as increase in
active FSB inventories (Fig. 67).

Using the proliferation risk index (PRI) and the estimate of global warming generated from
a linear integral-response modbht relateSGHG emission rates to globaemperature

rise#2 AT, a range of carbon-tax-driven scenarios wereated to examine relative

tradeoffs between increased PRI associated with increased use of nuclear energy, decreased
global warming, and reducedsWP caused by increasd@ossil) energyprices. It was

found that while high carbon taxes rafd8-50 $/tonneC/15 yman return CQ emission

rates in ~2100 to preseldvels, the rate of global temperaturese, while diminished,
remains positivg~0.5 K/100yr,compared ta2.8 K/100 yr forthe case of no carbon
taxes). Inthe 2100 time frame, the GWP would bereduced by3-4% (~0.8% on an
integrated present-value basis using a 4%/yr pure discount rate), primary energy use would
be reduced by20-25%, and nuclear energwvould experience a ~100% increase
(necessitating a deployment rate of ~80 GWel/yr in the out years around 2100). The ratio of
present value of all carbon taxes to present value of3@#P (again, using a 4%/yure
discount rate) amounts to ~1.3 over most of the computational period. The PRI is increased
by only 5-6% forthe maximum nuclear-energy implementatieng( strongest carbon tax

rate) in~2100. Specifically, theexplicit relationship between these relativeasures of
(increased) proliferation risk and (decreased) global temperature rise (Fig. 80) irttatates

for this 5-6%increase irPRI, AT in 2100 isreduced form2.4 K for the no-carbon-tax

case to 1.4-1.5 K, but agaiglobal temperature continues to rise aate of0.5 K/100yr

in 2100 for the strong carbon tax rat&hese correlativeesults between proliferatiamsk

and GCC impacts, however, project only relative trends; the “real” implications of the base
(e.g, for no carbortax) PRI growing to ~0.14+ 5-6% with or withoutcarbon-tax-
inducedgrowths in nuclear energy, along with the assessment ofactual” impacts of
decreasing the global temperature rise by ~ 1 K over ~100 years, needs resolution.

These interimconclusions derive from a highly aggregatewhdel of global energy-

economy interactions and bate nuclear-materials and costing algorithnsed tofeed
input to the ERB market-share and the nuclear-proliferatiodels. Shortcomingelated
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both to model aggregation and simplification defthe agenddor future work, key
elements of which are listed below:

* Nuclear CostingAttempts to fit a “bottom-up” feature in the costing of nuclear energy
to the generically “top-down” ERB model need expansion to include more detail in both
the fuel cycle (Ugc) and thecapitalcost (UTC) inputs tdhe composite unitost of
energy($/GJ) usediltimately to determine nucle@nergy markeshares andelated
proliferation versusclimate-changdradeoffs;central to improving fuel-cycle costing
algorithms is the need to select regional and temporal plutonium recycle options base on
economics rather than an (region-dependent) exogenous driver.

* Nuclear Materials Flows/Inventorie®Vhile resolution intoACC, REC, SEP = FF +
RP, and REA forms with which proliferation risks can be assessed is adequdge, a
based algorithm for inter-regional transport and accumulations of plutonium based both
on costs and sanctions neatis/elopment to resolve armptimize local plutonium

demand andupply20 as notedbelow, consideration of botltommercial LMRs and
LWR-supportive FSBs expand the scope of this problem and need.

» Breeder Requirementintegration of plutonium requirements of an evolving breeder
economyvis a visa coupling of regional and temporal breeding ratios to qaes of

the nuclear fuel cycle is needed for any study that seriewsllypates and optimizes the
potential and need for breeder reactors.

» Fast Spectrum Burner€omments made in connection to the last three itemslaed
to improved understanding dfie short- andlong-term role ofFSBs inclosing the
nuclear fuel cycle apply here also; the model described in Appenea 111.C.) and
evaluated in Sec. II1.B.4.) is only a beginning.

» Neutronics The neutronics model used to feed the nuclear materials flow and inventory
model represents a highly approximate descriptiorthef time-averaged reactor core
isotopics (Appendix A,Sec. lll.A. and 1ll.B.); the relationships between the
parameters listed oRig. 3B and inTable IV need a firmer connection witfreal”
neutronics computations, particularly with regard to the averaged relationships between

xBOL | xEOL | BU, fMOX, and fq (Figs. 58 and 59).

* Greenhouse WarmingModeling boththe dynamics and economics GHG-driven
climate change need further advancement in relating costs of both El (demand-side) and
NC (supply-side) approaches to £@batement to actual damagests and/obenefit
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dividends; approachdike those outlined irRef. 12need to be incorporated into the
multi-regional ERB model; enlargement of the carbonaexdel,along with sectoral,
temporal, and regional discountipgoceduresneed to be integrated and formulated
into anassessment approach fgiobal optimizations ofGHG abatement/mitigation
paths.

Non-Carbon Energy SourceBhe primary non-carbon (NC) energy source considered
in this study isnuclear energy; nuclear energy muastmpete in the NC approach to
dealing with greenhouse warming with other NC enegyrcesImproved modeling

of the competition, particularlpiomas38 is needed in the context of the present
version of the ERB model.
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APPENDIX A. Simple Models to Estimate Plutonium Accumulations, LWR-
Recycle, and Fast-Spectrum Burner Impacts

I. INTRODUCTION

While the nuclear fuel-cycle and material-flow modelssed inconjunction withthe ERB

global B modeB.4.15are highly simplified compared tihose used irthe industry, key
interactions tend to be obscured when operated “under” the ERB formalism . This appendix
focuses ommodeling single-regiomuclear-materiaflows that aredriven externally by
growth andeconomic forcingfunctions to illustrate essentiiends andradeoffs. This
appendix also gives the derivation of the relationships us&ean 111.B.4. toestimate the
materials and economic impacts of Fast-SpecBummers (FSBspperated in conjunction

with LWRs for plutonium control.

II. BACKGROUND

Plutonium bred into the cores discharged from LWRs accumulates. If recycled back to the
LWRs as MOX,the plutonium accumulates at a diministrate, depending): a) on the

number of LWRrecycles, N; bthe rate of MOXcore introduction\yox(1/yr); c) the

level of (driver) plutoniumburnup inthe MOX; d) the rate oplutonium creation in the
MOX core regions/ersusthat in the remainder of the reactor cQu®©X); and e)the rate
that nucleaenergygrows, (1/yr). FigureA-1 depicts a simplifiedlow model that has

been created to illustrate related “top-levefideoffs. In this modelplutonium being
generated from thermal-spectrum reactors is accumulated as either LWR-reayelzbial
(ACC) or material thahasbeen fully recycledREC), with material in theREC category

being destined either for repository or a fast-spectrum burner ¢c¢Band LMR4.45 or

an accelerator-based neutron soffféd

A simplified material balance idescribed, wherein ielationship between the fraction of
the LWR core thabperates as MOXyfox, and the rates of plutonium accumulation in

each of theabove-described categoriesadt rRedkgPu/MWelyr), are related to the

number ofMOX recycles, N. Figure 1 also includes a synergistic option wherein the
respective inventoriesptc(kgPu) or Re(kgPu), might provide fissile material festher
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LMR- or ATW-basedFSBs. The degree tavhich LWRs would provideplutonium to
FSBs is determined by the interri@thnicaland economic characteristics of the LWR fuel
cycle, as well as plutonium burnirgapabilities of the generally more expensiv@Bs.
Plutonium within the LWRger seis modeled as residing #&ither the MOX omon-MOX

(i.e., UOX) parts ofthe core, with yiF>u (i = MOX,UOX) designatingrespective weight
fractions of bred plutonium angbxdesignating driver-fuel plutonium weight percent in the

MOX region of the core;x, must be specified at the beginning and at the end of the core

fuel cycle. Key assumptions forminghe basis ofthe material-flow models are listed
below:

» asteady state is assumed that can be described in terms of average core properties and
continuously (this assumption is later relaxed);

» adifferentiation is made between plutonium bred into the non-NIGAX) part of the

core at concentratioryguox, plutonium bred intothe MOX part of the core at

concentratiory'é,"uox, and “virgin” plutoniuminitially loaded into theMOX part of the

core at concentrationFB,uOL (BOL = beginning-of-life) and discharged fraimat part of

the core at concentraticml'_%?L (EOL = end-of-life); the final plutonium concentration

in the MOX part of the core is x50~ + yMOX:

 the artificial distinctiondescribed above is characterized by fraetion, f;9, of all

fissions occurring in theMOX that take place in the®virgin” plutonium originally
loaded therein;

» the fraction ofall plutonium discharged frorthe MOX portion of the cordhat is no
longer (efficiently) usable in d@hermal neutron spectrumand, hence, joins the
accumulated plutonium categoBEC, isgiven by 1/N, where N isthe number of
recycles;

* highly aggregated economic parametersused to assedbe relative merits ofising
ATW- or LMR-based FSBs to burn plutonium arising in the REC category (or more).

The simplicity of the models used in this analysis allows simultaneous descriptions of both
model and results. The following results section is dividéat a) steady-state analyses of
plutonium generated in LWRS; b) time-dependent analyses of plutonium generated in
LWRs; and c) the economics bMR- versusATW-basedFSBs todeal with plutonium
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arising in either REC oACC forms. The FSB model describedbelow has been
incorporated into the ERB model to provide the preliminaegults reported in
Sec. IIl.B.4. When discretized to match tHéb-yeartime step, the approach described

herein is largely that used in the nuclear part of ERB.

[ll. MODELS AND RESULTS

A. Steady-State Analysis

The following expression givethe steady-state plutoniubalance, undethe assumption
that allplutonium that qualifiesg.g, on averagdias experiencedessthan N cycles) is
recycled back to the LWR:

L - fmox YpX + fmox @ — LN ) ¢MOX + xEO ) = fmox xBOE (A1)

If BUMWtd/kgHM) is the nominal coréurnup [BU = FPDPD/<p>, where FPD(d) is

full-power-day exposure,PD(MWt/m3) is the average corgower density, and
<p>(kg/m3) is the average core mass density], a simple energy balancelgiveowing

- - BOL ,EOL :
relationship betweerp;™, Xp; , and by

fag BU Ef e Na spd
= = 9385 (MWtd /kgPu) A-2
XEL?L _ XESL A39/1000. ( gPu) (A-2)

where E = 200 MeV/fission, e = 1.602X11 J/eV, Ny = 6.023x 1023 entities/mole, spd
= 24x3600 s/d,and Agg = 239; for XEUOL = 0.04, fg = 0.5-0.7, and BU = 40
MWtd/kgHM. Given that Ay + yguox - y'é,"uox ~ 0, the net rate of plutonium

consumptionAx = XEUOL - XESL dependglirectly on BU and the diredtssion factor,

f49.
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Equation (A-1) is rearranged into the following expression for the valug®f fpermitted
by the steady-state mass balance described.

0]0)¢

= y
fmox = (XES)L _ XES)L) + (yguox _P;lguox) N (y.guox n XES)L) N (A-3)

The asymptotic (large N) value gfihx for these (sustainably) steady-state conditions is

given by
yJOX
fliox = BOr——EOCT UoX——WoOXT - (A-4)
(XPu ~ Xpy )*(yPu ~Yphu )

Equation (A-2) giveghe relationshigfor XESL, providedthat XES)L, BU, and § are

specified. Lastly, the rate at which fully cycled plutonium accumulates,
RredkgPu/MWelyr), is given by

_ RREC
Rrec(kgPu/yr) = (XBOL ~ XEOL) N E UOX _ MOX) . (AD)
1+ KPu Pu Ypu TN
(yll\D/IuOX N XFE)SL)

whereRacc, = ¥ Ypo dpy/(r]%\,f}’R BU), b is theplant capacity or availabilitfactor,

n%‘,ﬂVR is the thermal-conversicegfficiency, and dpy = 36%/yr. With & defined as the

ratio of concentrations given in the denominatoEgf (A-5), Ryec can beexpressed in
terms of the time| \yr, Needed to accumulate an amount of fully recycled plutonium that is
sufficient to supply the start-up needs of oneMR having a specific inventory of

Sl vyr(kgHM/MWt) and an average plutonium concentratitwa. With 1 \wr

representing the core lifetime for the LWR, it follows that

LMR _LWR
UMR _ SILMR Xpy  N7H L+ & N) (A-6)
TwrR  Sltwr  ypX niMR pEWRpEMR
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Equations (A-3)-(A-6) have been evaluated-ig. A-2 as a function of number of MOX
recycles, N, for the parameters listed on Table A-I.

B. Time-Dependent Analysis

The stationary equilibrium calculatiotlescribed above is extended to include tihe

dependent introduction of MOX arff’tWR, according to the following driver functions:
_ ¢f —AMOXt

fMox = fyox @ — € ) (A7)

PR = pEVR 0 PEMR 1+ £ 1) (A-8)

Using the relationship ywr pr PD/<p> = BU/dpy, the rate of accumulation of recyclable

plutonium from LWRS, Rcc = diacc/dt, is given by

pf (PE/|ITL\|Z|V ) [.,UOX BOL
— f <y> + ,
BU/dpy Yy Mox Ky Xpy TLWR 81

Racc(kgPu/yr) =

(A-9)

where <y> = (1 —fiox) YMX + fyox(L — LN)YMOX + xEOh). Defining a critical

MOX core fraction, f,\ﬁg( = yguoxl(<y>+x|'§l?L TLwr £), and the ratio

p = fI]:/IOX / f,\ﬁg(, Eq.(A-9) is integrated to the following expressiontfo inventory of

accumulated recyclable plutonium using the Eqg. (A-7)-(A-8) driver functions:

lacc — 13 1- _
oAy = =P P et - 1)+ — )‘\)MOX ot~ Mo _ 9l (A-10)
ACC

Figure A-3 plots Eg.(A-10) for arange off,{,lox values; an ACC deficit flcc < 0)

indicates that recyclable plutonium must be imported from external sources for the demands

LWR

of thefunctions driving f;ox and P=""" to be met.The rates of accumulation ofon-

recyclable (to LWRs, ACC) and total (ACC + REC) plutonium, respectively, are given by
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pr (Pe/ H%XYR) MOX EOL

R kgPu/yr) = f + X /N A-11
Rec(kgPu/yr) BU/ dpy MOX |Ypy By (A-11)
and
pf (PE/W%\IQVR) UOX
R kgPu/yr) = -
ToT (kgPu/yr) BU/ dpy [yPu
fmox (XESL TLWR € + OXp, + Aypu)] : (A-12)

where,AXp,, = XES)L - XEUOL, Ayp, = yguox - y'\P/'uOX, and TOT = ACC + REC.

C. Fast-Spectrum Burners

1. General Considerations

As is indicated on Fig. A-1, plutonium accumulated in the REC inventory builds according
to Eq. (A-11). This plutonium can be fissioned efficiently only in devibas operatevith

epi-thermal or harder neutron spectra; the ¢ and the ATWH6.47 offer two
candidates for these Fast-Spectrum Burners (FSBs). Given that either FSB gensgttes a

electricpower P,iz(i = LMR,ATW), with overall plant efﬁciencyr]fo = r]irH Q- 1/QjE),

where the engineering gain or ratiogrbsselectric to recirculatingpower is Qj , the rate
of plutonium consumption for either is given by

Rrss(kgPu/yr) = o pi Pe/np , (A-13)

wherea = (A49/1000) spy/(e ENp) = 0.3901 kgPu/MWt/yrThe engineeringain, while
generally highfor LWRs andLMRs (= 25), isintroduced to model more accurately the

internal power requirements of the ATW-based FSB. Given that either burner operates with

a specific inventory gkgHM/MWt) and an average plutonium weight fractiméu, the
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net rate of plutoniunconsumption is re-expressed in terms of key system parameters as
follows:

O Sl) xl O
Rrec(kgPu/yr) = Renr[l— CR)+ SO0 Xpu ¢.o (A-14)
5 ap g

where CR is a (minimum) plutonium conversiatio (CR ~ 0.6 forLMRs and0.0 for
ATWs), andg;j(1/yr) is the rate atvhich the respectivé-SB isintroduced into the LWR-

FSB synergistic power systelffrig. A-1). The two terms inEq. (A-14) represents two
plutonium “consumption” modes: a) ACC inventory reductionagyual fissioning in the
burner; and b) ACC inventory reduction by shiftinglatale €.g, from ACC inventories
to FSBs).

Table A-ll lists typical parameters of th€MR and ATW fast-spectrumsystems. A
comparison of the ratio g /Rggp indicates the CR .0 advantage of théATW is

counteracted in part by tHewer value of active specifimventory, (SI) xjpu. For the

comparison parameteused onTable A-11, the ATW is capable ofburning 1.5time the
plutonium on a thermgower basis, or 1.fimes on a net-electrigasis,than that of the
LMR. For the two systems to be comparablethar parameterased(Table A-11), CR for

the LMR would have to be decreased to CR0.1. Ultimately, however,thesekinds of

comparisons should be made on a cost basis; the following section gives such an estimate.

2. Economic Considerations

Either the LMR or theATW represent systenthat can havéighercapital and operating
costs than the client LWRs being served. Important elements in the economic egpaation
a) the revenues generated ltlye FSB throughthe sale ofelectrical energy; andb) the
extent towhich the highercosts ofthe FBSs can bespread ovethe clientLWRs being
served. Except for the accelerafoapitaland operatingtosts,the LMR and ATW power
plants are assumed similar in added complexity and cost; they are both liquidysttais
that would operate with integral, low-inventorghemical processing.The spreading of
FSB costverthe clientLWRs is best measured in termsthé supportratio SRegg =

PEWR / PEFSB, whereagain P,jE is the net-electripower deliveredfor sale to theelectrical
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grid. The relative economics of this synergistic LWR-FSB system is discafieedjiving
a quantitative definition of the all-important support ratiogQR

a. SupportRatio

The rate at which plutonium is generated by the LWRs is given by

pr (PE" /)

Rpu(kgPu/yr) = BU/dpy

{YPu) , (A-15)

where the nominal weight fractionlypy) varies from ¥OX for once-through LWR
operations to any of the bracketed quantitieEds. (A-9), (A-11), orfA-12) for modes
that involve some degree of plutonium recycle back to LWRs. Equating thexfasission
to Eq. (A-14) underthe assumption of steadstategives the following expression for

SReNR!

S| FSB £
pF° N~ R p)f;guB
Rrss = oL P (BU/dpy) (A-16)
pLWR PS8 ypu)

This expression has been evaluated in Table A-l{yey) = yguox’ which corresponds to

a once-througk WR fuel cycle. While higher values of SRyg and bettercost sharing

would result ifthe lower values of{(ypy) that result from the various recycle modes
suggested by Egs. (A-9), (A-11), or (A-12) wersed,the relativecosts ofthese variants
must be examined. Thisvel of costing is beyondhe capabilities of a simpi@odel, but
estimates of the impact of gz and FSB type on cost sharing can be made.

b. Costimpacts

The costs of constructing and operatihg FSBs areexpressed as feactional increase in

the cost of electricity, COE(mill/lkWeh), of the ensemblgoiver producers comprised of

the LWRs and the supporting FSBs. In general, if UTC($/We) is the capital cost per unit of
total electric power generated, gFf(MWe), the total cost of the system is

TC(M$) = UTC R=1 (1 + d), whered represents amcremental chargéor the ATW
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related explicitly to the accelerator. Expressing the annual charge associatéte vegipital
cost in terms of a fixed chargate, FCR(1/yr),and treating the annual operating and
maintenance (O&Mgharges (includinghemicalprocessing) afraction o) (1/yr) of the

total capitalchargesthe annual charges incurred in operating power station (LWR,
ATW, or LMR) is given by

AC(M$/yr) = (FCR + fom) UTC Per (L + 8) , (A-17)

where & = 0 for LWR and LMR systems. Agiven system generateannually

E(kWeh) = g Pz 10° hpy units ofnet electricenergy, where gPg1 = 1 — 1/@Q, and

hpy = 8760 hr/yr. Dividing AC by E(kWeh) gives the following expressioriHfercost of
electricity:

()
COE(mill /kweh) = 20~ (FCR + foy) 1o+ O
hpy pr 1 - 1/QE)

(A-18)

For example, usinghe typical financialand costing parameters listed Table A-II,
Eq. (A-18) yields COE = 51.0 mil/kWeh when & = 0.0 and @G = 25 f{.e., 4%

recirculating power fraction, assumed to be typical of LWRs and LMRS).

The parameted for the ATW representghe total cost associated witkhe accelerator
relative to that associated with the rest of the power plant. This “regite pbwer plant is

assumed to differ little in cost from that of an LMR, which in turn is assumedz2o 5@%

that of an LWR ég, UTCLNIR/UTCLWR ~ 15)

If UCacc($/Wb) isdefined to represent the umibst ofthe acceleratoper unit of beam

power, B = Eg Ig, where g and k are the beamenergy ancturrents, respectively, and
the power B\, = Rs/ng is the acceleratgpower used wittefficiency ng to generate the
beam,then that part of the totalost associated witthe acceleratoper seis UCacc
(Pa/Pa) (Pa/Per) Per = UCacc Ne facc Per. where fcc = (Pa/Per) is the

recirculating power fraction associated only with the accelerator. It is easily 4hinan
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1
NTH N8 L+ B)

facc = (A-19)

wheref3 = (B/Eg) Y ket (1 — koff), Y ~ (Bg — Bgp)/y, and k¢ is the neutrormultiplication
of the accelerator-drivefission assembly; typicallythe target-yield fitting parameters are
y ~ 35 MeV/n and g, ~ 200 MeV/p. For these parameterg; k 0.95, andhg = 0.45, a
2000 MeV proton beam would require a fractigad = 0.072 of the total electricalower,

PeT, to be diverted to the acceleratmr nty = 0.40; inthis casethat part of the

engineering gain taken up by the accelerator amountsygd# 13.9, an = 76.

Using facc as determinedbove,the contribution of the accelerator to ttwdal cost is

given by,
5 = UC,X%?\//UTCATW ' (A-20)
Nty @+ B)

For the parameters listed in Table A-81= 0.174,and superposinthe same engineering
gain associated witthe LMR on thenon-accelerator part of th&TW power plant gives

VQR™ = 1/QEMR + focc = 1/25 + 0.072 = 1/8.93 = 0.11.

Considering a power-generating systemtasél net capacity delivered by & LWRs

LWR

and thesupportingFSBs, Pz (1 + 1/SRgp), the averageost of electricity for this

system relative to that of the LWR system alone is given by

FCR + foM UTCrss

SRFsB +
(COE) FCR + fgn™ UTCLWR
= FSB FSB : (A-21)
COELWR SResp + Ps 1- 1/Qg
pLWR 1 _ 1/QLWR
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With UTCa1w = UTCG ur (1 +9), Eq. (A-21) haseen evaluatednderthe assumptions

that: p]':WR = pFSB; Q'EMR = Q'EWR, and FCR is the same fall systems. As shown in

Table A-ll for SRy\yg evaluatedunder both growth and no-growth scenari@sg
€ =0.02 or 0.0 1/yr), the internal plutonium requirement for the LR,(CR= 0.6) is

countered by the added economic requirements fokivé [e.g, d = 0.17and @ = 8.9

versus25. forthe LMR (and LWR)] tosuggest withinthe uncertaintybounds ofthis
estimate that both FSB approaches to closing the LWR fuel cycle will add ~20% to the cost
of energy delivered by the composite or symbibcMWR/FSB system.The comparable
economics and relatettadeoffs of either approach td=SBs to plutonium inventory
managemendlso result wherkeq. (A-21) is used irthe ERB mode(Sec.l111.B.4.), with

the temporal and regional dependence of§fbeing determined bipcal conditions and

exogenously imposed (FBR) growth-rate restrictions.

V. SUMMARY

Closingthe nuclear fuel cycle in tHeroadest and long-term context means stemming the
growing quantities of plutonium while stably isolating thazardous waste products of
fission fortimes requirdor them to achievéenignity. Significant reductions ithe cost
and hazards of dealing wittime latter will follow from resolution ofthe former. The
separation of plutonium frorfission products followed byecycle can, underoptimal

conditions, extend resources, reduce proliferation risk, and conserve repository é&pacity.

As has been noteét® however, much of the reduction of ACC and REC inventories results
from the secondterm inEqQ. (A-14) - an inventory shift tactive plutoniumflows within
the FSBs.
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NOMENCLATURE

j
ij

> >

AC;(M$lyr)
ACC

AEEI
ATW

B

BAS

BAU

BOL
BU(MWtd/kgHM)

I
CAN
CE
CHINA*

CIS
COE(mill/kWeh)
CON,

CSF

CST

CR

cV

D&D

DEV

DR(1/yr)
DT

DU

dpy
E(kWeh)
E3
Eg(MeV)
Ego(MeV)
Er(MeV)
EAR-I,II
EEU
EI(MJ/$)
ENV
EOL
EPA
EPRI

scenario identifier (Ref. 5,6; Table I)
atomic mass (i = last digit aitomicnumber, j =last digit of
atomic number)

annual charge foftjitem or account

recyclable (to LWRs) accumulated plutonium; also,
accelerator

autonomous energy efficiency improveniént
accelerator transmutation of waste

scenario identifier (Ref. 5,6; Table I)

basis scenario or case

business as usual

beginning of (core) life

fuel exposure or burnup

scenario identifier (Ref. 5,6; Table I)
Canada

uranium conversion (to ldfFand enrichment

China
Commonwealth of Independent States (FSU)
cost of electricity

global concentration oftj parameter/item (Ref. 43, Fig. 15)
spent-fuel cooling storage

cost (of proliferation activity)

conventional (uranium) resources; conversion ratio.
(uranium) conversion (to LWF

Decommission and Decontamination
developing countriefME + NAFR + SAFR + LA + IND +
SEA)

discount rate (for proliferation risk discoun#fig>:32 or for
estimating present worths of GWP or carbon taxes)
developmenttime (for proliferation), doublingtime (for
LMR)

depleted uranium (tailings)

day per year, 365

annual electrical generation

economics/energy/environmental

proton beam energy

target-yield fitting parameter

energy per fission, 200

estimated additional (uranium) resources

Eastern Europe

energy intensity, ratio of primary or final energy to GNP
(political) environmental parameter for proliferation risk.
end of (core) life

Environmental Protection Agency

Electric Power Research Institute
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ERB Edmonds, Reilly, Barns model

ES energy services (residential/commercial, transportation,
industrial)
e(J/eV) electronic charge, 1.6021X48
FC nuclear fuel cycle
FCR(1/yr) fixed charge rate
FF fuel fabrication
FP fission product
FPD(d) full power day
FSB fast spectrum burner (LMR/IFR, ATW)
FSU Former Soviet Union
facc accelerator recirculating power fraction/Pet
fBNR fraction R generated by FSBs
fcoE FSB-induced COE increase [Eq. (A-21)]
fi fraction of fissions fromt fuel (j = 25 for23%U,
49 for23%u)
fLMR fraction of nuclear power that is generated by LMRs
fLWRr fraction of nuclear power that is generated by LWRs
fmox volume fraction of LWR core that is MOX
fom(1/yr) O&M charge rate as fraction of total plant cost
fpu fraction of MOX fissions occurring in driver (plutonium) fuel
futc ratio of UTCs for LMR relative to LWR
G(B3%) gross world product, also GWP
GCC global climate change
GDP(B%$/yr) gross domestic product
GHG greenhouse gas
GNP(B$/yr) gross national product
GRI Gas Research Institute
GWP(B$/yr) gross world product
HEU highly enriched uranium
HM heavy metal
HV high (nuclear energy growth) variant
HT high carbon tax rate (50 $/tonneC/15yr)
HYDRO hydroelectric
hpy hours per year, 8760
Is(A) accelerator beam current
lj(kgPu) plutonium inventory (j = ACC, REC, REA, SHE#;)
IAEA International Atomic Energy Agency
IEA Institute of Energy Analysis (ORNL)
IFR Integral Fast Reactor
[IASA International Institute for Applied Systems Analysis
IND India
IRV industrial revolution (ky = 1800)
ITD; inherent technical difficult for proliferation activity
(1 = MP or NW)

i indices for PE or nuclear materials stream
j indices for SE, FC process, or PRI attribute

KR known uranium resources
k indices for FC or ES (in ERB model)
Keff blanket neutron multiplication

74



M co, (GtonneC)

Mco, (GtonneClyr)
M, (kgPu)
My(Mtonne)
MA

MAU

ME

MM

MIT

MOX

MP

MV

m

N

N (entities/mole)
NAFR
NC
NE
NM
NT
NUCL
NW
NWA
nl
O&M
OECD

OECD-E
OECD-P
OKR
ORAU
ORNL
Pa(MW)
Pg(MW)
Pe(MWe)
PET(MWG)

PD(MWYMS)
PE

POP
PRI
PRI,

PV
Pr

Latin America

liquid metal (breeder) reactor

linear programming

low (nuclear energy growth) variant

light water reactor

region index (in ERB model)
accumulated G@missions from start of computation (1975)

rate of C&emissions

plutonium inventory (j = ACC, REC, REA, SEP, REP)
culmative uranium use

minor actinides (neptunium, americium, curium)
multi-attribute utility (analysis)

Middle East

(uranium) mining and milling

Massachusetts Institute of Technology

mixed (uranium, plutonium) oxide fuel

material processing

medium (nuclear energy growth) variant

time index in ERB model

number of MOX recycles in LWR

Avagadro's number, 6.0249023
Northern Africa
non-carbon energy sources
nuclear energy
nuclear materials
no carbon taxes
nuclear
nuclear weapon (fabrication)
nuclear weapons aspiration parameter
number of regions modeled in ERB (nl = 13)
operation and maintenance
Organization for Economic Cooperation and Development
(USA + CAN + OECD-E + OECD-P)
OECD-Europe
OECD-Pacific
other known (uranium) resources
Oak Ridge Associated Universities
Oak Ridge National Laboratory
accelerator power

accelerator beam power
net electric generation capacity
total electric generation capacity

average reactor core power density

primary energyoil, gas, solids(coal + biomass),nuclear
solar, hydroelectric]

population

proliferation risk index

proliferation risk index without carbon taxes

present value computed using discount rate DR
plant capacity factor
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QE
R

Rco,,| (GtonneC/yr)

Rj(kgPulyr)
RAR

RP

RS

REA

REC

REF

REP
RPU
RU
SAFR
SANC
SE

SE/PE

SEA

SEP

SF

SFT
SI(kgHM/MWH)
SPU

SR

SRrsp
SW
SWuU

spd

Spy

Tj(yn)

TH

TOT, TOTAL

USA
UTC;($/We)

<u>
vppm

engineering Q-value of gain (ratio total-to-net electric power;

j= ATW, LWR, LMR)
reactor

carbon emission rate fror# region; for world total,

(1 = nl + 1), same ablco,

rate of plutonium accumulation i category

reasonably assured (uranium) resources
reprocessing

repository

reactor plutonium

fully recycle (N recycles to LWRS) plutonium

(economically) reforming countries (EEUFEU); reference

case
reprocessing

reactor plutonium

recycled uranium (from LWR)
Southern Africa

(international) sanction parameter

secondary energy (liquids, gases, solids, electricity)

PE- SE conversion

South and East Asia

separated plutonium (RP + FF)
spent fuel

total spent fuel

specific inventory

separated plutonium (RP + FF)
speculative resources

FSB support ratioP'E‘WR / PESB
separative work

separative work unit

seconds per day, 8.64(40)
seconds per year, 3.15367
half-time for fh process/item

thermal - electric conversion

total, world

transportation; total (uranium) resources

present worth of carbon taxes over period to 2095
time industrial revolution commences, 1800

reference time or base year for ERB, 1975
time
unit cost for i process/item

unconventional uranium sources
non-MOX part of LWR core
United States of America

unit total cost off] nuclear energy system

grand utility functioh®
volume parts per million
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W(Gtonne)
We
W,(Gtonne)

W \ry(Gtonne)

Wit
WEC
WP(yr)
Xpy

X]

y(Mev/n)

o (kgPu/MWtlyr)
A klij

AT(K)
AX
Ay

e(1/yr)

& (Llyn)
£ (Liyr)

nj

Amox (1/yr)
<p>(tonne/nd)
Ti(yn)

&

atmospheric carbon-dioxide (carbon) accumulation
electrical watt
integrated atmospheric carbon-dioxide (carbemissions

from time {gy (1800)
atmospheric carbon-dioxide (carbon) inventotyreg gy =

1800 (594 Gtonne, or 289 vppm,given 2.13
GtonneCl/vppm)

thermal watt

World Energy Council

warning period (to detect proliferation activity)

fuel plutonium weight fraction

233 weight fraction in §' material stream (p Zproduct,
t = tailings, f = feed)
target-yield fitting parameter

bred plutonium weight fraction in region j (UOX, MOX)

accelerator target yield
population in region | at time interval m

constant, spy(4&/1000)/(§ e Ny) = 0.39 kgPu/MWt/yr
transfer function relating ratio @irocess outputs tmput for

material jbeing transformed tanaterial i in the th stream/
process/operation of fuel cycle k

accelerator/target parametery/lg) Y Kes/(1 — kefr)
average global temperature rise, referenced to fgpe t

MOX driver fuel burnup fractioanSL - XES)L

MOX/UOX conversion deficit,ylFJ,uOx - y',\g/'uox

accelerator cost increment for ATW

generalized annuagrowth rate, or recirculating power
fraction, 1/G

annual growth rate of entity i (i = POP, EI, PE, Nft,)
annual growth rate of SE(j) — ES(k) transformation
technologies, abbreviation fej

conversionefficiency [ = TH (thermal-electric); p (overall
plant); B (accelerator beam)]

rate of MOX introduction, In(2)iox

average reactor core density

holdup time form{ stream, or core life fo#j reactor
concentration ratio [Eq. (A-5)]
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TABLES

Table I. Summary of Cases and Scenaticed inthe WEC/IIASA Long-Term Global
Energy Study, as Elaborated from the Earlier WEC St@idy

+ Case A: “High Growth” future with no technologicadeopolitical, or market
limitations, and with higlgrowths towardsachieving globalenergy-usegconomic)

equity:

— Scenario A: “Gas andOil” - No remarkable developments favorimither

nuclear or coaloccur, with the vast (global)potential of conventional and
unconventional oil and gas being tapped, and with no need to retioet ¢oal
“backstop”;

— Scenario A: “Coal” - The greenhouse-warmindebate €.g, consequences of
increased atmospheric G@ersuscost of using reduced- or non-carbon energy

sources) is resolved in favor aoal; deepermines, in-situ gasification,
synliquids,etc are pursued to tap the vast global coal resource;

- Scenario A: “Bio-Nuclear” - Large-scale exploitation of renewables and a new

generation€.g, safer, smalleunit sizes,etc) of nuclearpower stationsyith
natural gas serving as a transition fuel.

» Case B:Middle Course” - this casassumes modestonomicgrowth, technological
development, and reduced traariers, withthe North-Southeconomic “gap” being
closed more slowly than under the “High-Growth” Case-A conditions; more reliance on
fossil fuels results.

» Case C: “Ecology Driven” - this case is characterized by significant (glwbagfer of
advanced technologiend, therefore, is based dighly optimistic geopolitic and
technology advances; a broad array of environmental controls (including carbon taxes)
is invoked to meet C&emission limits by 2100:

— Scenario @ “Nuclear Phaseout” by2100, with a strongmove towards
renewable energy sources presumed,;

- Scenario G, “Nuclear Renaissance” leading ®mall, safe and‘sociable”
nuclear systems.
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Table 1l. Hierarchy of Scenario (Defining) Attributes

» Level I: “The Inevitable” - generally implemented on a fixed and relatively independent
trajectory that describes a given scenario evolution, depending on time frame/horizon;

— regional (and global) population growth;
— global energy resource base, according to gvad®iscost.

» Level Il: “The Less-Inevitable” - less inevitable than Level I, but presentedised in
a less-aggregated form:

— local resourcebase,and fluctuations/uncertainties in amouratgailable for
exploitation under a given gragersuscost relationship that includes extraction
and related environmental costs;

— regional and globaGNP(GDP) growth;specification of Level-l and Level-lI
“rules” dictated regional evolution oper-capita GNP(GDP), and rules
implemented at dower level of the hierarchye(g, attempts to impacper-
capita GNP through policy changes) must be consistent with nlemented
at these higher levels:

— workforce makeup and productivity, closely related to GNP (GDP) growth.

* Level lll: “Policy Determined” - generally, scenario rules/characteristics atetres of
classification are regionally dependent and have technological ewmhomic
implications, primarilythrough institutional channels; often rules in this class are
closely related to elements at lower hierarchal levels:

— local taxes, tariffs, and sanctions;

- regionalGNP(GDP) growth feedback, aslated to dependencies on balance-
of-payment and energy-securitpncerns, whiclare related irturn to energy
(resources, technologies) imports to the region in question;

— resourceutilization is distorted by/through government policy andémpport
(fossil versusnucleaversusbiomass/ersussolar energy exploitation);

— technology advanceqor inhibitions thereof) drivenprimarily through
government policy 4.9, efficiencies relating the primary-energy energy-

service transformation (PE ES), related non-market RiBoices,sensitivities
of (local) ES demand to pricegsubsidies) andliving standards (local
GNPLkapita), etc];
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Table Il. Hierarchy of Scenario (Defining) Attributes (Cont.-1)

levels of environmental and extraction economic charges;
translation of (nuclear) proliferation risks into regional costs and sanctions;

translation of safety and (energy) security levels into costs/chaiggs to
determine energy share/use fractions.

Level IV: “Market Determined” - general economic/costing rules and algoritis®d to
project energyshare fractionstechnology penetratiomates, price/(energy-service)
demandrelationshipsetc. and relatedesponses to forces/drivehgving origins in
Level-IIl rules/definitions:

dependencee(g, elasticity) of energy-serviggeS) demand on keyeconomic
indicators g.g, primary- (PE) and secondary-energy (SE) priGNP(GDP),
population.etc]

dependencies of PE and SE share weights on pfE¢B(GDP),etc required
to fulfill a given ES demand,

economics of technology dynamiesd, technology development evolution

- penetration - full-scale implementation- displacement/phaseout) and
connectivity with (assumed) improvement®.(, decreases) in regional and

sectoral energy intensitiee.¢, high economicgrowth rates imply rapid
turnover ofcapitalstocks and aenhance opportunity to improve efficiency of

the PS— SE - ES transformation process througtore rapidreplacement;
stagnated inefficiensystemsdeliver their inefficienciegor longer periods of
time to generally poorer populations).

Level V: “Technology Driven” -actual scientificand engineeringprogress and

discovery that enhance the RS SE — ES transformatioprocess.open newenergy
sources €.g, clean-coatechnologies, advancembnversion,advancedfission, new
transportablduels, methaneclathrates, nucleaiusion, non-electric nucleaenergy),
reduced or shifted environmental burdesis;

clean-coal technologies; advanced thermal-conversion systems;

advanced nucleafission systems (reduceplutonium inventories,smaller/
cheaper/saferreduced/eliminated long-terrvaste streamsacceptably low
proliferation risks and/or anti-proliferations enticements;

improved energy networks (distribution amdnsmission)jeading to markets
for smaller units, changes in competitive generation metes,

alternative liquid fuels and/or electrification of the transportation ES sector.
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Table Ill:  Upper-Level (Externally Driven) Scenario Attributes Leading to Low-to-High Nuclear
Energy Growth Rates

Attribtue Impact Population GNP Energy Carbon LWR Unit LWR Pu LMR Unit Uranium
Identifie® on NE  (billions)  Productivity  Intensity Tax Capital Cost Recycle Capital Cost Resourcé)
Growth Multiplier (%blyr)C ($/tonne/15yr)  ytC ($/wefd) fmox(? UTC . MR/VTCLWR
BAS Medium 11.7 1.0 1.0 0.0 20- 24 0.0 1.50d) KR

POP

«POPL  Medium 10.0 1.0 1.0 0.0 2.0~ 2.4 0.0 1.5d) KR
* POPH Medium 13.8 1.0 1.0 0.0 20 24 0.0 1.50) KR
GNP

« GNPL Low 11.7 0.8 1.0 0.0 2.0~ 2.4 0.0 1.5d) KR
* GNPH High 11.7 1.2 1.0 0.0 20 24 0.0 1.50) KR
El

* EIL High 117 1.0 0.0-1.0 0.0 2.0- 24 0.0 15 KR
* EIH Low 11.7 1.0 1.6.2.0 0.0 2.0- 24 0.0 15 KR
TAX High 117 1.0 1.0 20. - 40. 20- 24 0.0 15 KR
uTc@)

* UTCL High 11.7 1.0 1.0 0.0 20- (1520 0.0 1.5 KR
*« UTCH Low 11.7 1.0 1.0 0.0 20- (3.04.0) 0.0 1.5 KR
RES9) Medium 11.7 1.0 1.0 0.0 2.0 2.4 0.0 1.5 CR- TR

(@  CR = Conventional Resources; KR = Known Resources; TR = Total Rebéurce

(b) range indicates time evolution, with final (higher or lower) values achieved by ~ 2020.

©  values given indicate annual reduction in secondary energy required to satisfy a given end-use requirement.
(@) high vlaues chosen for some cases to artifically prevent LMR from competinbg economically.

(®)  variations: BAS = base case; POP = population; L,H = low, high; GNP = Gross National (World) Product; El = energy inEersityclar energy;
UTC = unit total cost; RES = uranium resources.

(f)  varied only as a lower-level (internal driven) scenario attribute.

(@) “baseline” upper-level scenario attribute in this study.
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Table IV Key Input Parameters to Nuclear Energy Module Used in ERB Model

LWR PARAMETERS
UOX fuel burnup, BY,ox(MWtd/kgHM)

MOX core burnup, Byyox (MWtd/kgHM)

fuel replacement or life time, \wr(Yr)

number of MOX recycles, N
specific inventory, Shyr(KgHM/MWH)

bred plutonium concentration in UOX spent quﬁ!’mox

bred plutonium concentration in MOX spent fuyeMJOX

fraction of all actinides that are minog£{

BOL weight fraction plutonium in MOXxE’,S)L

EOL weight fraction plutonium in MOXxESL

fraction of all plutonium fissionablep s

thermal-to-electric conversiorn],%\,f'vR

plant availability for LWR,p;‘WR

engineering gain for LWRQ'EWR

fraction of fissions fron?3%U, fo5
fraction of MOX fissions from ‘virgin’ Pu, g

LMR PARAMETERS
burnup for LMR, BY yyr (MWtd/kgHM)
specific inventory for LMR, Sk r(kgHM/MWt)

thermal-conversion efficiency for LMR]%MR

plant availability for LWR,pf™R

engineering gain for LMRQ'EMR

breeding ratio for LMR, BR

fuel concentration in LMR)('F‘,L'}’IR

total burnup fraction for LMR, gy,
simple doubling time for LMR, DT(yr)

market penetration time constahgyr(1/yr)
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40.

3.0

26.7
0.0090

0.0090
0.0

0.0500

0.0288
0.60

0.325
0.702)
25.

0.70
0.60

80.

67.5
0.40
0.708)

25,
1.00
0.10
0.086
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Table 1V Key Input Parameters to Nuclear Energy Module Used in ERB Model (Cont.-1)

URANIUM ENRICHMENT AND LWR CONCENTRATIONS

weight fraction?3U in ER product stream,x 0.0300
weight fraction?32U in ER feed stream x 0.0071
status of uranium tailings optimiZ&rl8 on
initial weight fraction23%U in ER tails stream,x 0.0023
weight fraction?3%U in RU stream, 0.0006
total burnup fraction for LWR, g 0.0421
233 burnup fraction, ¥ o5 0.0294
uranium ore grade (weight fractionpe 5.0x10°6
accumulated uranium mined by 199Q,(ké) 2.0<108
RECYCLE PARAMETERS
initial fraction of load supplied by MOXiy; ox 0.0
final fraction of load supplied by MOX,{AOX 0.0 » 0.3b)
half-time forfdoyx — fiox: Tvox(¥P) 10.
time whenf,\‘}IOX - fI]:/IOX rampup startsox (yr) 15.
hold-up time for LWR reprocessingg',i\é,vR (yr) 1.0
hold-up time for LWR fuel fabricatiort'lz\lévR (yr) 0.5
hold-up time for LMR reprocessing,'i'\lé'R (yn) 0.3
hold-up time for LMR fuel fabrication; EMR (yr) 0.3
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Table IV Key Input Parameters to Nuclear Energy Module Used in ERB Model (Cont.-2)
COSTING PARAMETERS

Uranium Resource Base: Redbook Know Resotifces KR
fitting constant for uranium ore cost; U 3.131011
fitting constant for uranium ore cost, 1.26
unit cost of uranium ore in 19904C,§’,,M ($/kgV) 100.0
unit cost of uranium conversion, YG($/kgu) 5.0
unit cost of uranium separative work, K(X$/kg SW) 100.0
unit cost of uranium fuel fabricatiortlJC,L:J,gJX ($/kgU) 200.0
unit cost of MOX fuel fabricationUCMFOX ($/kgHM) 400.0
unit cost of spent fuel storage, Y&$/kg/yr) 10.0
unit cost of fission prod. storage, B&$/kg/yr) 10.0
unit cost of SF/FP transport, YR($/kgU) 0.0
unit cost of reprocessing LWFUC'F'Q\,QVR ($/kgHM) 1000.0
unit cost of reprocessing LMFUC'F;'\,;'R ($’kgHM) 1500.0
unit total cost (asymptote) for LWR, UTr($/We) 2.40
unit total cost for LMR, UTGyr($/We) fute XUTCL\wr
unit total cost factor, frc varied
fixed charge rate for LWR, FGR/R(1/yr) 0.0900
fixed charge rate for LMR, FGRR(1/yr) 0.0900
O&M charge rate for LWR]‘C")WR (1/yr) 0.0200
O&M charge rate for LMRféMR (1/yr) 0.0200
FSB PARAMETER®)

LMR ATW
period when FSB implementedzdg 2005-2020
engineering q-valueQESB 25.0 8.0
thermal conversion efficiency]-'FaB 0.40 0.40
conversion ratio, CR 0.60 0.0
specific inventory for fsb, §kg(kgHM/MWt) 67.6 67.6
plutonium concentratiorbggﬁB 0.10 0.05
FSB capital cost factonfﬁ'é = UTCgsg/UTCLWR 1.50 1.75
fixed charge rate, FGRg(1/yr) 0.10 0.10
O&M charge rate for FSBdl(1/yr) 0.04 0.04
availability factor for FSBpfFSB 0.70 0.70
maximum linear deployment rate for FSggg(1/yr) 0.04 0.04
FSB time constantgnr(yr)(@ 123.7 24.7
capacity reduction for first period 0.50 0.50
power constraint as fraction ofP 0.33 0.33

85



Table IV Key Input Parameters to Nuclear Energy Module Used in ERB Model (Cont.-3)

@ in actuality, beginning value with increase @85 over course of ~100year
computation, following Ref. 7.

() parametically varied (Fig. 50).

¢) refer to Sec. lll.C.2.b. for derivation and details of approach.

@ tegg=2. Sksg Xl /[((1 — CR) g a], wherea = spy(A1g/1000)/(§ € Na) = 0.39
kgPu/MWt/yr.
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Table A-I. Parameters Used to Evaluated Steady-State Equations (A-3)-(A-6)

Specific inventories, IkgHM/MW1)

* LWR 27.7

* LMR 67.6
Thermal conversion efficienciea,jTH

« LWR 0.325

* LMR 0.40
LWR burnup, BY wr(MWtd/kgHM) 40.
Bred plutonium LWR c:oncentration;;jpu

* UOX region 0.009

 MOX region 0.009
Fuel plutonium concentrationz{;u

 LWR MOX region at BOL 0.04

« LWR MOX region at EOL 0.01(@)

* LMR driver region 0.10
Plutonium (MOX) fission fraction 4§ 0.70
LWR capacity/availability factor,¢p 0.70
Power ratio,RsWR/ pEMR 30(b)
Reference Pu accumulation raRrec,/ Pe, (kgPulyr/MWe) 0.17()
Number of MOX recycles, N 4
Equilibrium MOX core volume fractionyfox Eg. (A-3)
Rate of MOX introductiom\\jox (1/yr) 0.0341)
Asymptotic MOX core fractionf,':,lox 0- 0.3
LWR core recycle timegyox (Y1) 3.0
Normalization parameter,f/Rco yguOX/PEO(kgPu/yr/MWe) 0.1769

@ from Eq. (A-2)
(b) chosen only to evaluate the ratig r/T  Wr-
©) Rrec, =dpy p yguox /(n%\,f'VR BU), using above-listed values.

@ corresponds to a “half-time”,\Jox = IN(2)Apox = 20 yr.
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Table A-1l. Comparison of LMR and ATW Fast-Spectrum Burners (FSBs) of Plutonium

Nominal thermal power, g,
Thermal conversion efficiency

Engineering gaift) Qg
Plant efficiencyn @
Minimum conversion ratio, CR

Average (core) power density, PD(MWE&m
Average core (HM) density,p=(kgHM/m3)

Fuel weight fraction,
Specific power, SI(kgHM/MWHt)

Plutonium specific power,pgx, SI(kgHM/MWHt)

Plant availability, p

Time to fission active inventory, Spyo/ps

FSB introduction rateg(1/yr)

Inventory buildup parameteg, S| xp [0/p¢

Burn capability, Rcc/RenNR
Specific burn rates:

» per net-electric power, & c/Pe(kgPu/MWelyr)
» per gross thermal power ARc/PrH(kgPu/MWilyr)

. . e
Net-electric support ratlcSszS)B

(& nominal values.
(b) Ref. 46,47.

LMR(@®)

3000.
0.40

25.
0.384
0.6
200.

4000.
0.10

50.
5.0

0.70
18.3
0.02

0.37
0.77

0.55
0.21
3.1(1.6)

ATW()

3000.

0.40

7.

0.343
0.0

300.
2000.

0.10

20.
2.0

0.70
7.3
0.02

0.15
1.15

0.92
0.31
5.2(4.5)

(©) ratio of gross electric power to recirculatedpower; inverse ofrecirculating power

fraction.
(d) Np =NTH (1-1/Q).
) Eg. (A-16) for <¥uw = Yp,

0]0)¢

sete = 0.0 1/yr €.g, only actual plutonium burning).
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Table A-Ill. Typical Financial and Costing Parameters

Fixed charge rate for capital, FCR(1/yr) 0.10
O&M costs as a function of
total capital costgfy(1/yr)@ 0.03

Unit total cost, UTC($/Wéh) 2.0
Plant availability, p 0.70
Unit cost of accelerator, Ugc($/Wb)©) 10.6
Relative cost penalty, <COE>/CQRgr LMR ATW

« no growth ¢ = 0.0Y9) 1.24 1.17

« growth € = 0.02 1/yr§d) 1.15 1.15

(@ typically values of ~0.02 1/yr are found, but a higher rate was useddndseth ATW
and LMR systems because of the chemical processing associated with each system, and
the assumption of the ultimate waste disposal placed on the FSBs.

(b) UTC is expressed pemit of total power and includesil indirect charges, which
typically amounts to ~70% of direct costs.

(© per unit of proton beam power delivered to the neutron spallation target.
@ refer to last entry into Table A-II.
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FIGURES
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Figure 1.  Structural layout of ERB global3EmodeB as adapted and modifiédr the
present study: fourmain components comprise the ERB economic-
equilibrium model: energy demand; energypply; energybalance; and
greenhouse-gas (GHG) emissiofi$e relationships betweenputs and
interated outputs, as well as the addition of a (higher fidelity) nuclear energy
model (resources, costshuclear-materialsflows and inventories, and
proliferation risk) are also shown.
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Schematic map of thirteen-region ERibdel, withthe area of each stylized
rectangular region reflected the respective landsses.The following
regional identifiers areised: 1) USA = Unitedtates; 2) CAN = Canada;
3) OECD-E =OECD-Europe; 4) OECD-P = Pacific; 5) EEU = Eastern
Europe; 6)FSU = FormerSoviet Union; 7)CHINA* = China; 8) ME =
Middle East; 9) NAFR = North Africa; 10) SAFR = Southern Africa; 11) LA
= Latin America; 12) IND = India; and 13) SEA = South and East Asia.

1

Maro-regions aggregated as follows:
OECD = USA + CAN + OECD-E + OECD-P

REF
DEV

= FSU + EEU
= LA + NAFR + SAFR + CHINA + SEA + ME
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Figure 3A. Schematic diagram of nuclear materials model used in ERB:

Condensation of nuclear fuelycle into aseries of generic fuel-cycle
“building blocks” for use inestimatingresource-constraineaqultivariable

optimizationgd> of nuclear-energy mixes and nuclear-materfidsvs and
inventories; alsshown is ageneralizedprocess-flowdiagram illustrating

input-output formulatior® adoptedfor the fuel-cycleanalyses performed
“under” the ERB model?
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Figure 3B. Schematic diagram of nuclear materials model used in ERB:
Nuclearmaterial flows between reactofREA), spentfuel (ACC = LWR-
recyclable, REC = LWR-nonrecyclable), reprocess{REP), and fuel
fabrication (FF), with all separated plutonium identified as SEP = REP + FF;
the integrationwith a Fast-Spectrum BurndFSB = LMR or ATW) is
indicated.
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Figure 4A. Aggregated exogenous population growth used for basis scenario.
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Figure 4B.  Aggregated exogenous population growth rates used for basis scenario.
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Figure 6A. Aggregated energy intensitieshat result from the basis scenario
computation.
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scenario computation.
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Figure 7.  Cumulative evolution of global primary energy nior the basisscenario
(solids = coal + biomass).
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Figure 8A. Evolution of aggregated total primamnergy forthe basis scenario; a
comparison isnadewith the Ref. 7. high (HV), medium(MV), and low

(MV) variants, as adopted from the WEC/IIASatudy.
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Figure 8B. Evolution of aggregated total primasnergy growthratesfor the basis
scenario; a comparisonmsadewith the Ref. 7. high (HV), medium(MV),

and low (MV) variants, as adopted from the WEC/IIA3udy.
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Figure 9. Summary of global growth rates for population, Gida| primaryenergy,

and energy intensity (decrease) for the basis scenario.

100



4000

W
o
o
o

—
o
o
o

0

NE DEMAND, NEg, ror,orcp,rer,oev(GWe y1/y1)
8
8

AGGREGATED NUCLEAR vs TIME

- BASIS SCENARIO B

TOTAL

TAEA/HV

IABA/MV . / ‘DEV |

/ |

=~ IAEA/L /OB
7w 1A R 1
,/,i/éijf/’xgl/ ___REF_. |

—

1975 2000 2025 2050 2075 2100
YEAR

Figure 10A. Aggregated nuclear energyowth for the basisscenario; a comparison is
made with the Ref. 7. high (HV), medium (MV), and I@WV) variants, as

adopted from the WEC/IIASAstudy).
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Figure 10B. Regional (13) nuclear energy growthtf@rbasisscenario; a comparison is
made with the Ref. 7. high (HV), medium (MV), and I@MV) variants, as

adopted from the WEC/IIASAstudy (refer to Fig. 2 for regional notation.
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Figure 11. Aggregated evolution gber-capita(total) primary energyse forthe basis
scenario.
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Figure 12.  Aggregated evolution pér-capitaGNP for the basis scenario.
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Figure 13A. Evolution of aggregated energy intensity goea-capitaGNP for the basis
scenario: Aggregated macro-regions.
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Figure 13B. Evolution of regional (13) energy intensity padcapitaGNP forthe basis
scenario: Thirteen model regions (refer to Fig. 2 for regional notation).
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Figure 14. Aggregated evolution of electricity fractions for the basis scenario.
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Figure 15. Evolution of global concentratida for population, GNP, and per-capita
GNP for the basis scenaribhe measure of concentration of a given global
‘capability”  (to  enforce change), CON is defined as

| O
\@Sﬁ - 15/(1 — 1/N), where § is the fraction otapability j(defense,
L

economic, tradegtc) shared by a given region i, Ntise number ofsuch
regions (or actorsjand 1/N would behe average value of capability; S

were it uniformly distributed; CON= 1 infers ahegemonicworld, and
CON = 0 infers a fully equipartitioned world.
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Figure 16.  Carbon dioxide emissionsfasction of region forthe basis scenario (refer
to Fig. 2 for regional notation).
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Figure 17.  Comparison of growth in world GNP for the basis scenariothvéh WEC

case:6 Case A = High Growth; Case B = Basgase; Case C

Ecologically Driven.
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Figure 18.  Comparison of growth in total primary energy demanthédrasisscenario

with three WEC case$:6 Case A = High Growth; Case B = Ba€ase;
Case C = Ecologically Driven.
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Case; Case C = Ecologically Driven.
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Figure 20. Comparison of primary-to-secondangrgy efficienciesgy is related to an

autonomous energgfficiency improvementAEEI,14 and reflects anon-
price inducement to improve tlenversion of secondary energy to energy
services.
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Figure 21. Impact of population variations on primary enedgmand, and comparison
with the Ref.-7 scenarios.
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Figure 22. Impact of population variations on nuclear enetigynand, and comparison
with the Ref.-7 scenarios.
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Figure 23. Impact of workforce productivity onGNP for three global aggregates:
OECD, REF, and DEV.
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Figure 24. Impact of workforce productivity(GNP) on primary energy demand for
three global aggregates: OECREF, and DEV, along with comparisons
with the Ref.-7 scenarios.
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Figure 25.  Impact of workforce productivity (GNP) on nuclear energy demariaéer
global aggregates: OECREF, and DEV, along with comparison with the
Ref.-7 scenarios.
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Figure 26.  Impact of rate of technology improvemegtl/yr), that related'] secondary

energy required toneed K energy service on the primary-to-secondary
energy conversion efficiency.
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Figure 27. Relationship between primary energy intengitgwth rate to rate atvhich
the conversion secondary energy to energy service is improved.
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Figure 28. Impact of energy-service technology improvementtatal primaryenergy
demand, and comparison with the Ref.-7 scenarios.
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Figure 29. Impact of energy-service technology improvementtaal nuclearenergy
demand, and comparison with the Ref.-7 scenarios.
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CUMULATIVE GLOBAL ENERGY MIX
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Figure 30. Impact of high carbontax on total primaryenergymix; Fig. 7 gives the
comparable informatiorior the basis scenario, when no carbtex is
imposed.
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Figure 31. Impact of carbon taxes on primary energy demamd three global
aggregates: OECLREF, and DEV, along with comparison witRef.-7
scenarios.
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Figure 32. Impact of carbon taxes on nuclear enedgynand, and comparison with the
Ref.-7 scenarios.
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Figure 33. Impact of carbon taxes awtal atmosphericarbon emission from carbon

dioxide; total carboiper capitaand per unit of primary energy are shown.
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Figure 34. Impact ofcapitalcosts ontotal demandor nuclearenergy,and comparison
with the Ref.-7 scenarios.
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Figure 35. Impact of increased and decreasest of nuclear energy othme rate of
atmospheric carbon emission from carbon dioxide.

114



URANIUM RESOURCES AND COSTS

@ —| — 0s amos
- 100 ;9 T —T \ﬁ‘\\:
c c ]
S L -
= - TR
@ |- -
= e S ;3
5 10 = L___1 7 SR Ao
) F TR [TThoaes o T
) e — ]
€3] - KR $—$ CR ]
o I | EAR-TI ]
- o ues e
Z. | RAR_ ______| OKR ____ RAR
I EaR-m [ EAR-I |
= E OKR ________ | ]
= F EAR-I ]
= B ! STK
% - | SR ]
= |
8 0.1 | Lol | I I
10 100 1000

UNIT COST, UCym($,/kel))

Figure 36A. Uranium resourcég:18 STK = reported stocks plusaterialfrom arms
reductions RAR = reasonably assured resourcEB®\R-I = estimated
additional resources OKR = otheknown resources CR =onventional
resources, sum ofbove (STK + RAR + EAR-I + OKR) UCS =
unconventional sources KR = known resources, sum of afitiket UCS)
EAR-Il = estimated additionaksources SR speculativeresources TR =
total resources, sum of above (KR + EAR-II + SR)
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Figure 36B. Uranium resourcesrsuscost’:18 Uranium resource cost models for
Conventional Resources (CR), KnowesourcdKR), and Total Resource
(TR) assumptions.
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WORLD URANIUM USAGE and PRICE
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Figure 37.  Uranium resourceutilization, cost, and cost-optimum tailings

concentratior®25 for the basis scenario undethree assumptions of
resource availability.
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Figure 38. Impact of uraniumresource assumption amuclear energydemand, and
comparison withthe Ref.-7 scenarios; nuclear energy demandhswn for
three global aggregates: OECD, REF, and DEV.
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AGGREGATED NUCLEAR vs TIME
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Figure 39. Summary afmpacts on nuclear energy demand of energy inte(SEy -
ES technology improvements)uclear energycapital costs, and globally
uniform carbon taxes, along with comparison to the Ref.-7 scenarios.
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Figure 40. Summary oimpacts on atmospheric carb@missions of carbomaxes,

nuclear energycapital costs, and energy-service (SE- ES) technology
improvement rates.
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TOTAL PLUTONIUM by REGION
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Figure 43A. Regional breakout ofotal accumulated plutoniurfor the basis scenario
(refer to Fig. 2 for regional notation).
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Figure 43B. Macro-regional breakout ofotal accumulated plutoniunfor the basis
scenario.
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PLUTONIUM CONCENTRATIONS
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Figure 44. Global plutonium “concentrations” as a function of form dinae (refer to
Fig. 15 for explanation of global concentrations).
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Figure 45. Impact of top-level nuclear energy demasdenarios (Fig. 41) on
accumulated plutonium inventorieand comparison withthe Ref.-7
scenarios; all cases are based on a once-through LWR fuel cycle.
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Figure 46.
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Figure 47A. Regional breakout ofotal accumulated plutoniurfor the modified basis
scenario (relative to Fig. 43, refer to Fig. 2 for regional notation).
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Figure 47B. Macro-regional breakout abtal accumulated plutoniurfor the modified
basis scenario (relative to Fig. 43).
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GLOBAL PLUTONIUM by FORM
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Figure 48A. Globaplutonium inventory by fornfor modified basis scenariof{,lox =

0.0, hence, fullyrecycledinventory, REC,and separated inventorieSEP,
are nearly zero): total, accumulated as spent fuel (ACC), and reactor (REA).
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Figure 48B. Regional breakout of reactor plutonium inventory (refer to Fig. 2 for regional
notation).
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PLUTONIUM CONCENTRATIONS
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Figure 49. Global plutonium “concentrations” as a function of form dinak for the
modified basis scenario (relative Fig. 44; refer toFig. 15 forexplanation
of global concentrations).
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Figure 50. Forcing function used to determine fraction of LWR core operated ©OX.

The key parameter!sﬁlox, fI{/IOX’ to, and yox are regiordependent, but
for the present studies, all regions are described by the same parameters.
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TOTAL PLUTONIUM by REGION
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Figure 51A. Region breakout odtal accumulated plutoniurfor for Tyox = 10 yr,

fI{/IOX = 0.30, and4= 2005. A comparison with the once-througbdified
basis case is shown (refer to Fig. 2 for regional notation).
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Figure 51B. Macro-regional breakout @btal accumulated plutoniufior for Ty,ox = 10

yr, fl{/IOX = 0.30,and t = 2005. Acomparison withthe once-through
modified basis case is shown.
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GLOBAL PLUTONIUM by FORM
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Figure 52A. Breakout of total plutonium inventory by form (ACC + REC + REBPU)
for Tyox = 10 yr,f{,ox = 0.30, and4 = 2005.
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usable (recyclable) (ACC) plutonium inventory for

Tmox = 10 yr, fIE/IOX = 0.30,and = 2005 (refer taFig. 2 for regional

notation).
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Figure 52C. Regional breakout of fully recycledREC) plutonium inventory for
Tmox = 10 yr, fII/IOX = 0.30,and t = 2005 (refer td~ig. 2 for regional

notation).
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Figure 52D. Regional breakout of reactor (REA) plutonium inventfoy Ty,ox = 10 yr,
f|v|ox = 0.30, andg= 2005 (refer to Fig. 2 for regional notation).
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SEPARATED PLUTONIUM by REGION
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Figure 52E. Regional breakout of separatésEP = REP + FFplutonium inventory for
Tmox = 10 yr, f,':,lox = 0.30,and { = 2005 (refer taFig. 2 for regional
notation).
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Figure 53.  Global plutonium “concentrations” as a function of form &nue for Ty,ox

= 10 yr, fII/IOX = 0.30,and {, = 2005; refer td-ig. 15 for explanation of
global concentrations.
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Figure 54. Impact of level of plutonium recycle on total global plutonium inventory.
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Figure 55. Impact of level of plutonium recycle on global inventory of LWR-recyclable
plutonium (ACC).
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URANIUM USAGE and COSTS vs TIME
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Figure 56. Impact of level of plutonium recycle on uranium resource requireni@ents
range of recyclescenarios, showingccumulated uraniumasage, Nj, unit

cost of mined/milled uranium, Ug, and unit cost of fuel cycle, YC
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Figure 57. Impact of level of plutonium recycle on global nuclear-energy demand,
increased fuel-cycle co¢tor the KR uranium-resource category) decrease
nuclear-energy share fraction somewhat.
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TOTAL PLUTONIUM vs NEUTRONICS
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Figure 58. Sensitivity oftotal plutonium globalnventory onMOX loading parameter,
Xpy and fission factor, 4, for Tyox = 10 yr, f|1\t/|ox = 0.30,and ¢ =
2005.

(@) conditions used to generate LWR plutonium recycle results reported in Ref. 9.
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Figure 59. Sensitivity of global recyclable plutonium inventory (ACC)MOX loading

parameter, ¥, and fission factor,4b, for Tyyox = 10 yr, fl{/IOX = 0.30,
and f, = 2005.

(@) conditions used to generate LWR plutonium recycle results reported in Ref. 9.
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GLOBAL PLUTONIUM by FORM
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Figure 60.  Summary of globalutonium inventories by fornfTOTAL = ACC + REC
+ REA + SEP) for Tyox = 20 yr,f,{,lox = 0.30, § = 2005, fg = 0.50, and
Xpy = 0.03; Comparison imadewith once-through fc:/lox = 0.0) case, as
well as equivalent Ref.-7 cases (OT = once through; 8&2c=full recycles,
HV = high variant, and LV = low varianf).
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Figure 61. Time dependence of economics- and technology-driven introduction of

LMRs on a range of favorable scenario attributes, wheyg £ 1 — f yr IS
the fraction of all nuclear energy generated from LWRs under the assumption

of a homogeneous world€., all factors determining the time-dependence of
fLwr are independent of region); for all four cases indicated to enhance LMR

introduction,the conservative CR uraniurasource scalin¢gFig. 36B) and
the once-through LWFéfMOX = 0.0) basis scenario were used.
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Figure 62.

Figure 63.

GLOBAL PLUTONIUM by FORM
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zerofor the basis scenario once-throu@lel-cycle option);REA = actively
fissioningreactor inventories; an8EP =non-LMR reprocessing and LMR
fuel fabrication associate with plutonium havio@/R origins, forthe Case

D scenario indicated oRig. 61. Inaddition toshowing the basisscenario
(once-through LWR)ut at reduced cost tacilitate comparison), acase
where LMRs are implemented globally (WORLDand only in OECD
countries is shown.
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Figure 64. Regional and temporal dependenceC@E increment thahccompanies the
respective ggg or SR-gp [EQ. (A-21)] values reported ifrig. 63 (refer to

Fig. 2 for regional notation).
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ACCUMULATED (USABLE) Pu by REGION

25—APR—97 Los Alamos
L L L

T T T [
BASIS SCENARIO TOTAL/5

W
o
o
o

JAv]
an
o
o

= S}

a1 o

o o

o o
‘\\\\‘\\\\

—
o
o
o

3
<)
S]

i

o

1975 2000 2025 2050 2075 2100
YEAR

[
Ul
=)
o

ACCUMULATED (USABLE) Pu, MAS(tonne)

Figure 66A. Impact of LMR(CR =0.6) FSB scenario on accumulated plutonium
inventories for each of 13 global regions and world totals:
basis scenario (once-through LWR, refer to Fig. 2 for regional notation).

ACCUMULATED (USABLE) Pu by REGION

25—-APR=97 Los Alamos
T T T T T T T T T T T T T T T T

- 'FSB SCENARIO (erss = 0.04 1/51) |

W
o
o
o

= = AN AS]
o an o &
o o o o
o @] o @]
\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\

)]
o
o

\
|
|
|
i

1975 2000 2025 2050 2075 2100
YEAR

ACCUMULATED (USABLE) Pu, MASL(tonne)
&
S

Figure 66B. Impact of LMR(CR =0.6) FSB scenario on accumulated plutonium
inventories for each of 13 global regions and world totals:
LMR(CR = 0.6) FSB.
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GLOBAL PLUTONIUM by FORM
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Figure 67. Impact of LMR(CR =0.6) FSBscenario on accumulated, reactor, &otdl
plutoniumfor the LMR(CR =0.6) FSB scenarioshowing afactor of ~ 3
decrease in total plutonium, but a strong increase in reactor plutonium.
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Figure 68A. Atmospheric carbon emission rates as a function of time, carbon tax rate, and
region: Global atmospheric carbon emissiate as a function aime and
rate at which carbon-tax is imposed; shown alsalferzero carbon-tax case
are global emission ratper capitaand per primary energy usage.

REGIONAT CO; EMISSIONS
1@0 P*SEP797

5
o
+42
5]
3
o
@

“NO C—TAX CASE, ffx= 03" 3
~~ 10 E g 3
é; i — ]
E E e USA
<o) .
S ]
a st
0.10 .
O’Ol L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L

1975 2000 2025 2050 2075 2100
YEAR

Figure 68B. Atmospheric carbon emission rates as a function of time, carbon tax rate, and
region: Global atmospheric carbon emisgiate as a function odime and
region for the zero carbon-tax case (refer to Fig. 2 for regional notation).
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Figure 69.

Figure 70.
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Time dependence of total GO(carbon) emissionjntegrated emissions,
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Figure 71A. Correlation of global plutoniunmventories, by form, for n@arbon taxes
with atmospheric C®(carbon)accumulation relative tpre-industrial levels

(W|ry = 594 Gtonne).
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Figure 71B. Correlation of global plutoniunmventories, by form, for n@arbon taxes
with average global temperature riad (measured fromgy, = 1800).
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Figure 72. Correlation of proliferation-risk index with average global temperature rise
for case without carbon tax imposed; comparison P&l impacts of

plutonium recycle €.g, fl]:/IOX = 0.0versus0.30) is shownAT measured
from gy = 1800).
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Figure 73.  Impact of global carbon tax rates on primary energy demand.
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Figure 74.  Shift in primary energy share fractions induced by strong carbaatea(60
$/tonneC/15yr).
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Figure 75. Impact of global carbon tax rates on fraction of primary energgd as
electricity (not same energy basis).
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Figure 76. Impact of global carbon tax rates on nuclear energy demand.
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Figure 77. Impact ofstrongcarbon-tax rat€50 $/tonneC/15yr) oatmospheric carbon
emissions, accumulations, and associated average global temperature rise.
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Figure 78.  Global temperature rigersustime for a range of carbon tax rates.
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Figure 79A. Impact of carbon tax rates on either present v\ or last-year(2095)
grossproductivity (G =GWP), comparingGCC parameters (W/\}, and

AT) with proliferation parameteréPRI); all relative changesAX/X are
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direct dependence on carbon tax rate;
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Figure 79B. Impact of carbon tax rates on either present v\ or last-yean2095)
grossproductivity (G =GWP), comparingGCC parameters (W/\}, and

AT) with proliferation parameter@PRI); all relative changesAX/X are
expressed as percentages:

correlation with last-yeaf2095) temperaturgise, asdetermined by carbon
tax rate.
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Figure 80A. Direct comparison of proliferation-risk-index versus atmospheric
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Figure 80B. Direct comparison of proliferation-risk-index versus atmospheric
temperature-rise “operating curves” as the rate of carbon taxation is varied:
change in PRI relative to the no-carbon-tax case, showing isochrones.
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Figure 81.
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Figure A-1.
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Figure A-2.

EQUIL. RECYCLE DEPENDENCIES

13—APR—9 Los Alamos
T 7T T

:IL T T T ‘ T T T T T T T T T T T T ‘ T l
I ]
o i
- i
[as) A 4
E 0.8 -
. i
\m I\ Race/Racco ]
= . . i
ﬁi 06 - \\ TLMR/TLWR _]
3 AN ’ ]
L \ i
\8 o4 L \\ _
< L RS i
s L , AN Fymox i
%\ L S — i
= 02 \\\\ |
G~ [ \\\\\\\\ ]
0 V L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L 1
0 1 2 3 4 5

NUMBER OF MOX CYCLES, N

Dependencies oMOX fraction, rates of (fullyrecycled) plutonium
accumulation, antime to accumulated on LMRwventory as a function
of number of LWR recyclesinder sustainable steady-state conditions
described by Eq. (A-5); Egs. (A-6) and (A-7) are also plotted.

148



Tuox = 20. yr and flox = .20
100 PTg’Fil‘ e R eI CE

10

G[ACC - J[ACCo)/ PEo(kgPu/ MW@/ yr)

Oiwwww\wwww\ww\\\\\\\\\\\\
0 20 40 60 80 100

TIME, t(yT)
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Figure A-3C.
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