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ABSTRACT

A global energy, economics, and
environmental (B model hasbeen adopted
and modified with a simplified, but
comprehensive and multi-regional, nuclear
energy module. Using this modebnsistent
nuclear energy scenari@se constructed. A
spectrum of futures is examined at tlggels

in a hierarchy of scenario attributes in which
drivers are either external or internal to
nuclear energy. Impacts of a range of nuclear
fuel-cycle scenarioare reflected back to the
higher-level scenario attributes. An emphasis
is placed on nuclear materials inventories (in
magnitude, location, and form) anitheir
contribution to the long-term sustainability of
nuclear energy and the future competitiveness
of both conventional and advancedclear
reactors.

l. INTRODUCTION

The goal of this study is to advance
understanding of regional and long-term
impacts of nuclear fuel-cycle strategies on
regional and global markethares assumed
by nuclear energy. Studies tbie future and
associated forces of chantat extend much
beyond a generational time horizon are
subject increasingly to greater uncertainty.
Impacts of these uncertainties are codified
though the use of “scenario-building”

techniques;2 wherein a spectrum of
possible futures iguantified by means of a
series of well-defined, simplified, and
generallysurprise-free assumptionsWhile

an array of alternative futures contributes little
to resolving an uncertairiuture, scenario
building often allowsjuantitativeassessment
of possible eventualities.

The attributes thatdescribe a particular
scenario areexpressed in terms of a
hierarchical structure, at the top which are
demographic variables (populatiagrowth,
age structure, workforce size and
productivity, inter-regionaimigrations,etc.).
Most of the attributes of the nuclear energy
scenarioexamined in thistudyfall into the
lower hierarchical echelons, whiahclude in
descending order policy, market, and

technology3 The framework toexamine key

scenario impacts uses a globalEodef that
has been modified to include material-
inventory, economic, and nuclear-
proliferation characteristics unique to nuclear

energy®>:6

This study addresseshe following two
generic questions concerninghe future of
nuclear energy:

a) Growth: To whatdegree is the
marketshare fornuclear energy determined
by top-level scenario attributes (population
growth, efficiency or energy intensity,
environmental factors) and top-leveliclear
energy costs (uranium resource, plant capital,
operating)?

b) Fuel Cycle: For a given nuclear
energy scenario, whadre nuclearmaterial
inventory (form, quantity, region) impacts
and relatedeconomic, environmental, and
proliferation risks for arange of fuel-cycle
options  €.g., once-through LWRs,
plutonium recycle in thermal-spectrum
reactors,advanced fast-spectrum plutonium
burners)?

The first question relates to “external
drivers,” and thesecond question pertains to



“internal questions” associated with the future
of nuclear energy.

.  APPROACH

This section summarizethe model and a
“basis scenarioised as a point-of-departure
for sensitivity studies. Arlaboration of this
work is given in Refs. 3 and 7.

A. Model

Scenarios can be classified as both

“descriptive” and/or “normative?. A
“descriptive” scenario evolvewia a rule-
basedmodel without significant geopolitical,
policy/institutional, economic/market, or
technologychanges, whereas “aormative”
scenario allows fointeractive modifications
of these respectivareas. Studies by the

World Energy Council (WEQ®) and by a
cooperative effort between the International
Institute for Applied Systems Analysis

(IIASA) and the WE@ are recent examples
of scenario characterization dbng-term,
global energysystems. Arecasting of the
procedure used to generate scenario attributes
into a hierarchical formaiends a needed
separability of key drivers of future scenarios
while providing both afocus and an
intercomparability to relatedtudies. Five
hierarchical levels for scenario rule/definition-
making, as elaborated in Ref. 3, are

implemented in theuse of the global B
model.

The ERB(Edmonds, Reilly, Barnsjnodet

is based on a behavioralarket equilibrium
that internally balances energy production and
usage and is comprised of foomain parts:
supply, demand, energy balance, and
greenhouse gas emissions. Supply and
demand are determinedor six primary
energy categories: oil (conventional and
nonconventional); gas (conventional and
nonconventional)solids (coal and biomass);
resource-constrained renewables
(hydroelectric and geothermal); nuclear
(fission, with fusion being included as a form
of solar energy); and solar (excluding
biomass; including solar electriwind, tidal,
ocean thermal, fusion, and advanced

renewable; solar thermal is included as a form
of energy conservation)The energy-balance
module ensures that supply equals demand in
each globalregion, with electrical energy
being generated and used only within a given
global region. Energy and economic
(market-clearing) balances are performed for
13 global regions at nine (15-year intervals)
times covering the period from 19752695.
The demandfor energy services ireach
global region is determined by: a) tbest of
providing these services; lgvel of income
(~GNP); and cyegional population and top-
level demographics.

The nuclear model developed and operated

“under” the ERB modél performs three
primary functions: a) determines a “top-level”
cost estimate in terms of a cost of electricity,
COE(mill’kweh), that isreformed into the
Leontief coefficients used in ERB &stimate
market shares; b) trackthe flow of key
nuclear materialthroughoutthe nuclear fuel
cycle (natural uranium, low-enriched
uranium, plutonium, and spefuel) for use

in  subsequent nuclear materials and
proliferation-risk assessments; c) performs a
multi-attribute utility analysis of proliferation

risk associated with the civilian fuel cydfe.

The uraniumresource description originally

used in ERB modé, for purposes of the
present study, haseen replaced witthat of
Ref. 10. The nuclear model ibased on the
uranium/plutonium cycle, astilized by an
economically determined mix of light water
reactors (LWR) and breeder reacsystems.
Plutonium is assumed to flofkeely between
global regions ameeded, whereleficits in
LWR-usable material arising in some regions
are assumed to beorrected byflows from
regions with excess (LWR-usable)
plutonium.

Costing ofnuclear energy ibased on a top-

level, highly aggregated algoritfm that
accounts forannual capitalcharges,annual
plant operating and maintenandearges, and
annual chargeeelated directly to the nuclear
fuel cycle.For each globakegion andtime
interval, the COE-minimizing fraction of
nuclear energy delivered by LWRgor a



given exogeneously determined MQecycle
core fraction) is determined, and akVR-
breeder reactor composite price is returned to
the ERB demand module for evaluation of the
respective markeshare for that particular
region.

The nuclear fuel cycle is described in terms of

the usual sequence gfrocessed?.13 The
simplified species-resolvedanass balances,

based on input-output analy$areused to
model regional and temporal nucleaaterial
flows. Plutonium flows and accumulations
are monitoredfor each globalregion as a
function of time, with reactor plutonium
(REA), separated plutonium in reprocessing
and fuel fabrication(SEP), and accumulated
plutonium in spent fuel [differentiatedhto
LWR-recyclable (ACC) or non-recyclable
forms (REC)] being the four major categories
tracked.

B. Basis Scenario

The “basis scenario” provides a point-of-
departure to whichkshifts driven by upper-
level or lower-level hierarchical variations can
be referencedMajor forces behind total
primary energy demand are population
growth, workforcemakeup and productivity
as it drives GNP growthand the efficiency
with which primary energy is converted to
secondary energy andiltimately to the
provision of energyservices.While these
top-level scenario attributestrongly impact
energy demandthat part of the demand
potentially served by nuclear energy is
determined in competitiorwith alternative
sources through economic, environmental,
and policy choicesnade further down the

hierarchical chain of scenario attribufes.

The top-level scenario attributesthat
characterize thbasis scenario udbe data
base (with some modification) generated for
an application of the ERB model to
understandingthe economics of carbon-

dioxide  emission control414  with
modifications and upgradeeelated to the
present study being summarized

elsewhere:” Thebasis scenarithat results
is shown on Fig. 1The 13 globalregions

have been aggregated into three global macro-
regions: industrialized countriefOECD:
US, Canada, Western Europe (OECD-
Europe), Japan/Australia/South Korea
(OECD-Pacific)], reforming  economies
[REF: Eastern Europe (EEU), Former Soviet
Union (FSU)]; and developing countries
[DEV: China, SoutheasAsia (SEA), India
(IND), Latin America (LA), Northern
(NAFR) and SouthernAfrica (SAFR),
Middle East(ME)]. Comparisons oftotal
primary energy andtotal nuclear energy

projections with WEC resuf& via the IAEA

studyl are reported irFigs. 1. Aggregated
growth rates of GNP, primary energy, and

energy intensity also compare favoradly.
Il RESULTS

The results are divided intotwo broad
categories: external drivelisg(, variations in
upper-level parts ofthe scenarioattribute
hierarchy, e.g, “predetermined

conditions?®); and internal drivers {.e.,
variations in attributes that reside at thever
rungs of that hierarchypPepartures from the
basis scenarimuclear energy demand are
caused by changes in these upper-level
attributes. The impacts ofdrivers that are
internal to nuclear energy on the choice of
optimal nuclear fuel-cycle strategiasd the
relationship of these choices to the external
drivers are examinedfor both the basis
scenario and for arange of departure
scenarios.

A. Upper-Level Hierarchical
Variations: Impacts of External Drivers

The five externalrivers (populationGNP,
energy intensity,taxes, and “top level”
nuclear economics) define the main “external
drivers”. All upper-hierarchical variations are
single-point perturbations about thieasis
scenario, which isharacterized by a once-
through LWR fuel cycle, a uranium resource

classified byKnown Resource¢KR),11 no
carbontaxes, and breeder reactotbat are
50% more expensive than LWRS on uait
total cost [UTC ($/We)] basis.
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Figure 1. Evolution of total primaryand nuclear energipr the basisscenario; a comparison is
madewith the Ref. 15high (HV), medium(MV), and low (LV) variants, asadopted from the

WECI/IIASAS8 study. (refer to text for definitions)

1. Population without adjustments to thiease (1975) GNP
The basis scenario and most tife related used in the ERB model. Typically, the
departure scenarios followthe U.N. proportional change in nuclear energy

population projection of nearly 12 billion i
persons on earth by the  year 2100 demand tracks the population changes.

Adjusting® regional asymptotic population 2. WorkforceProductivity

levels used to model regional population The ERB model adjusts a base regional GNP
growth inthe modified modegives ~+17% in time for: a) population increase; b) an
variations in world populations in 2100 aggregated pricéor energy services using
relative to theU.N. projections. These region-dependent price elasticities; and c) an
single-point population variation wenm@ade increase in workforce productivity, which is



expressed as a region- atiche-dependent

rate of annual productivitenhancemert.
The impact ofregion-independent increases
and decreases in productivity by 20% on

GNP was examined This productivity
reflects evolving workforcepercentage (of
total population),age distribution, andskill
levels, all of which show strongregional
dependencies. The impacts of these GNP
variations on nuclear energgmand, for the
income elasticitiesised inthe ERB model,
are highly nonlinear compared to the single-
point population variations alone; a 20%
decrease in productivity over the period out to
~2100 reduces the demand for nuclear energy

by < 50% relative to thdasis scenario, as is

shown bythe collection ofresults given in
Fig. 2. The impact of these scenario
attributes on the fraction of total primary
energy provided by nuclear is summarized on
Fig. 3.
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3. Energy Intensity (End-Use
Efficiency)
The ERB model varies (primary- or

secondary-) energy intensityindirectly
through a technologymprovement ratethat

requirement needed to satisfy a given demand
for energy service. The basis scenario uses a
regionally dependent technology
improvement rate of1.0%/year. Generally,

a decrease in the primary-to-secondary

energy conversiorefficiency versus time3
results from regional populations demanding
higher forms of energy (liquids and
electricity) to meet the energy service
demands of a growingpopulation that
experiences increased wealth. The impacts of
a range of technology improvement rates on
nuclear energy demand and share fraction are
also shown in Figs. 2 and 3.
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Figure 3. Impact of key scenario attributes
on nuclear energyshare fraction oftotal
primary energy demand.

4. CarbonTax

The imposition of a carbon tdasthe effect

of increasing thecost of fossil fuels
(particularly coal), decreasingtotal energy
use andGNP (somewhat)while increasing
the markeshare for reduced- @ero-carbon
energysources. The impact ofapplying a
moderate (20 $/tonne/15yr) and strong
carbon taxrate (40 $/tonneC/15yr) on the
demandfor nuclear energy isshown on
Fig. 4. Thehigher carbon taxate stabilizes
total carbon emission to values associated
with the year of implementation. Halving
this tax rate produces global carbon
emissionsthat are significantlyhigher (>
50%), but these emissions are a factor of two
lower thanfor the basis scenario of ntax.

relates an ever-decreasing secondary-energy For these results andhe basis scenario,



biomass is priced high and does not become a
major contributor to the primary energy
demand, althougtthe impacts of reduced

biomass costs have been repofiéd.
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Figure 4. Impact of energy-efficiency gf),

capital-cos{UTC), and carbon-tax (C-TAX)
variations on atmospheric carbon emissions.

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

This section examines strategies and
technologies for back-end material
management. Theesource andeconomic

conditions necessary fdhe introduction of
commercial-power breeder reactors are also
reported.

1. NuclearEconomics
For the basis scenario conditionsi.€,
uranium resource KR, breeder reactors
50% more expensive thanLWRs), the
breeder reactor is n@ompetitivewithin the
time frame of this computation.

a. Capital Cost Forthe uraniumresource
model used and the unit costs associated with

the once-through LWR fuel cyckthe capital
cost isthe main component of theOE for
nuclear power and, hence,the main
determinant of markeshare returned by the
ERB model. Thecapital cost isembodied in

a single variable - the unitotal cost,
UTC($/We). The basis scenario adjusted this

cost in 1975 and 1990 for relevant regions so
that the modelreturns an annuahuclear
energy generation that approximates historical
values. These unit cost values typically are in
the rangel.5-2.0 $/We. The basisscenario
then increased this cost over the period 2005-
2095 toachieve an asymptote @4 $/We.
The impacts of increasing or decreasing this
asymptote t8.0 or 2.0 $/Werespectively,
are shown in Figs. 2 and 3. All regions were
treated equallyfor times greater thar2005.

As is indicated on Fig. 4the impact of these
unit cost variations on atmospheric carbon

emissions is small compared to the
imposition of carbontaxes.  Generally,
carbon taxation creates a favorable

environmentfor nuclear energygrowth with
reductions in carboemissionsput thecost-
driven increase or decrease in nuclear energy
demand alone havelitle impact on
atmospheric carbon emissions.

b. Uranium Resource The basis scenario
assumesthat the Known ResourcegKR)

category0 describes reality. The weight
fraction of23%U in tailings is determined by

the minimum-costconditiond2.13 for the
relativevalues ofmined/milled uranium unit

cost and a chosen unit cost efirichment
(~100 $/SWU). A minimum price of 100
$/kgU for mined/milled uranium is enforced
for all resource categories.

The dependence of uraniwmsage,unit cost,
andoptimal enrichment otime and uranium
resource assumption is describedRef. 3.
For both Known Resource andhe Total

Resource (TR) categorié$, uranium costs
remain at thethreshold pricefor the basis
scenario nuclear energdemand, although a
departure fronthe threshold pricebeyond ~
2080 occurs forthe basis scenario. The
Conventional Resource (CR) categshyows

an increase in uranium prices after the year
2050 for the basis scenaricmuclear energy
demand, with these increased uranium prices
resulting in a decreased nuclear energy
demand and reduced uraniutonsumption.
These decreases are small and occur only
after 2070. The introduction of a carbon tax
and the resulting increase in nuclear energy
demand also increaséise rate of uranium



resource depletion andhe unit cost of
uranium fuel; with increasing uraniugosts

and decreased capital costs, however, breeder

reactors can become economic (relative to
LWRs) before 2100.

2. BreedemReactors
The cost andmix of nuclear energyised to
generate regional market shares is determined
by means of an optimization procedure
applied at each of the nine tim¢$5-year
intervals). For low uranium resource
depletion(low costs), higher breedecapital
(50% more than LWRSs) and fuel-cyatests,
and without imposing added externabsts
for LWR-derivative plutonium and waste
accumulations, addition of breeders to the
nuclear energy mix increases the overall cost
of nuclearenergy.Three scenario attributes
were modified to stimulate the introduction of
breeder reactors:a) use of the more
conservative CR uranium resource category;
b) reduce thecapital cost of the breeder
reactors in relationship to LWRs; and c)
stimulate overall demanfibr nuclear energy
(and demandfor uranium) by imposing
carbon taxes or by reducing overatists of
nuclear energy.

Time dependencies of economic- and

technology-drivet® breeder introduction
profiles on a range of favorable scenario
attributes are illustrated iRig. 5, where the
fraction of LWR-generated nuclear energy is
determined under the assumptionthat all
factors determining the time-dependence of
the fraction of LWRs are independent of
region. All cases examined used: a) the once-
through LWR basisscenario; and) scaled
uranium cost according tothe more
conservative CR scenaridhe latter attribute

is essentialfor breeder reactor introduction
under realistic variations of the other scenario
attributes listed above. With  these
assumptionseconomic entry of the breeder
occurs withinthe ~2100ime frame only for
breeder cost increments (relative to LWRS) of
<10%. Increasing the demanfbr nuclear
energy (and uranium resources untther CR
scenario) by imposing a strong worldwide
carbon tax both decreasesthe breeder
introduction dateand/or increases the cost
threshold (Cases B and CFig. 5).

Increasing theshare fraction of nuclear
energy by decreasing overall cobhs a
similar impact onbreeder introduction as
doesthe imposition of a carbomax, with
both cases pertaining to breedmpital cost
increments of10% over that for LWRSs.
Finally, re-imposingthe basis scenario KR
uranium resource attributthe conditions of
low overall nuclearcosts,and a breeder cost
increment 0f10% (Case D) pushesreeder
introduction to beyond the ~2100 time frame.
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Figure 5. Time dependence of economics-

and technology-drivél® introduction of
breeder reactors on a range of favorable
scenario attributes.

3. _Once-through WRs
The once-through LWR scenario is described
by the basis scenario.The majority of the
plutonium for the basis scenario resides in
spent-fuel form; inventories of separated (in
reprocessing antOX fuel fabrication) and
fully recycled plutonium arail. A breakout
of the total plutoniumnventory curve on a
regional basis isgiven in Fig. 6. Most
notable from this figure isthe shift in
plutonium  accumulations towards the
developing regions, in spite of the large
“head start’for the OECD countries. While
the global distribution oftotal plutonium
(mainly in spent-fueform) appears tonove

towards global uniformity,3 plutonium
contained in reactorwitially becomes more
uniform on a regional basithe largegrowth
in developingregions, however, skews the




global distribution(of reactor plutonium) at
later times.

—APR—97
T T T

BASIS SCENARID

F

4o
@

H2
&
3
-1
13

TOTAL PLUTONIUM, MEST (tonne)

0 Lo

1975 2000

b e e
20:5 2020 2075 2100

YEAR

Figure 6. Regional breakout of total
plutonium inventories for the basis scenario.

4. PlutoniumRecyclein LWRS
For each globalregion, the LWR recycle
modelforcesthe MOX core volume fraction
to follow atime-dependent trajectory. The
model does notmake the choice of MOX
fraction on economigyrounds, nor does it
constrain the introduction of MOX systems to
accountfor possibleregional deficiencies in
plutonium supply that might arise. For
regions where inventoriesre insufficient to
meet localdemand, anegative inventory is
recorded that reflects plutonium being used in
regional reactorghat originatedfrom other
regions. Regional totals presented herein
reflect an inflation related to these unresolved
balances.Deficits areresolved on a global
basis, however, whentotal plutonium
inventories are reported.

The evolution of the global plutonium
inventories according to form ishown in
Fig. 7 for a(globally averagedasymptotic)
MOX core fraction of fl]:/IOX = 0.3
(implementation begins slowly it990, rises

steeply in 2005, and saturates alf,‘:,,ox

around 2030). This figure indicates first a
depletion inworld inventories ofavailable
(ACC, i.e, LWR-recyclable) plutonium,

followed by a recovery, anthen a further
depletion.
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plutonium inventories by forrfor a globally
averaged MOX core fraction of 0.30.

Comparisonsare given inFig. 7 with the
(once-through LWR)basis scenario. The
buildup in plutonium that has been fully
recycled (REC) and in separatedSEP)
plutonium inventories isnoted. Until the
impact of China becomesdrong inthe basis
scenario (around 20402050), most of the
multiple-recycled plutonium resides ®ECD
countries.  The long-term impact of
plutonium recycle iILWRs onthe uranium
resource and cost is moderdte the basis
scenario, and is generally in the range of 25%

for fIE/IOX = 0.3 aroundthe year 2075.

Furthermore, the increased cost of
reprocessing antlOX-fuel fabrication for
the basis scenario increases/erall COE
somewhat; this increase translates into ~10%

reduction in global demand in 2080.

5. Fast-SpectrurRlutoniumBurners
The use of fast-spectrum burners

(FSBs}7.18 to fission more completely all
isotopes of plutonium and the minor actinides
hasbeen exploredhere. Theresults ofSec.
[11.B.2. indicated little or nopenetration of
breeder reactor@on economic and resource
availability grounds)until well into thelatter
half of the 21st century, if notbeyond.




However, FSB systemmight be used in
conjunction with LWRs (operating under
either once-through or multiple-recycle
conditions) tocreate alternativeapproaches
for dealing with the plutonium inventories
accumulating from LWRs. The use of FSBs,

like the LMR/IFR17.18 or accelerator-based
(ATW)19.20 gsystems, isexpected to be

accompanied by some economic penalty and

decreased demand, however.

While generally efficient interms of the
fraction of total thermal power that is
deliveredfor sale on theelectrical grid, the
LMR requires non-zero plutonium

conversion ratiod for reasons oheutronic
stability. This constraint results in a non-zero
internal “circulation” of plutonium and a
corresponding diminution of capacity to serve
LWR clients.The accelerator-basdtbB has
no intrinsic, safety-related need to
“recirculate” plutonium, but the ATW s
expected to have a higher recirculatpaver
requirement and a higher (than LMR/IFR)

capital costl® both of these requirements
reflect burdens associated with gaecelerator
needed to drive a subcritical target/blanket
system. Highntrinsic plutonium inventories
are associatewith the LMR (and possibly
ATW), however.

To begin addressing thesquestions, a

simplified mode} was implemented in the
ERB model, whereithe factor bywhich the
cost of LWR-baseduclear energyvould be
increasedwas used taeflect the economic
penalty associated with a particular FSB
scheme back to the market-share
determination. This factor is a function of the
support ratio of FSBs to LWRs based on the
fraction of thetotal nuclear capacitgrovided

by the FSBs in agiven global region at a
given time. The support ratio is controlled by
an exogenous prescriptidhat specifies the
rate at which accumulated plutonium
can/should be reduced, asell as the
(maximum) magnitude and deploymenate

of FSB capacity.

The FSB results presented hare limited to
departures fronthe basis scenario. More
comprehensive analysis @lptimal ways to

manage civilian plutoniunmust balance: a)
the “real” (and presently undetermined) cost
of directdisposal ofLWR spentfuel; and b)
the costs of LWR recycle as afront-end
burner compared to more expensive FSB
systems having asmaain attribute the ability
to dealwith plutonium forms that cannot be
efficiently burned in LWRs. Also,only
regional scenariokr FSB deployment have
been considered,; supra-regional
implementatiorand greater cosharing may
present a more economic approach.

For the LWR versus LMR financial and
costing parametergsed [aminimum capital
cost penalty of 50% foFSBsand somewhat
higher fixed charge rate@.e., higher risk)
and operating anthaintenancecharges], the
costimpact issignificant (~30%)for “heavy
users” duringthe early deployment dfMR-
basedFSBs (whenthe demand idigh and
the supportratio is at the constrainddwer
value). Later in time, when LWR-
accumulated plutoniurhasdiminished(e.g.,
either burned or deployed inthe high-
inventory FSBs), the cost (COE) impact
approaches the 10-15% leveThe reflection
of these increasedosts onglobal nuclear
energy demand ishown in Fig. 8,where
three FSB scenariosre comparedvith the
basis scenario: LMR with plutonium
conversion ratios 00.6 and 0.2; and ATW
with a zero conversion ratio, reduced intrinsic
plutonium inventory, reduced engineering
gain, and increased untiiotal cost (~17 %

more than theLMR).3 The impact of
reducing thecapital cost (UTC) of LMRs
relative toLWRs from 1.5 to 1.1 isalso
shown in Fig. 8. Within the uncertainty of
this highly aggregated costinghodel, the
LMR/FSB and the ATW/FSB appear to trade
the economics of internally circulated
plutonium for internally circulatedpower to
give nominally the sam@ow) supportratio
and elevated values of COE.

The temporal and regional impacts on LWR-
accumulated plutonium inventoriefr the
0.6 conversionratio LMR and the moderate
recirculating power ATW scenarios are
reported inRef. 3. Forall cases, the
constrainedlimit on FSB deploymentrate

was encountered fall regions agll times3



The constrained implementation rate was
found to beinsufficient to holddown the
growth of accumulated plutonium in China at
later times. While the decreases in LWR- y
accumulated plutonium are significant, a large
part of this plutonium isised tostart up the
high-inventory FSBs. Fully recycled and
separated plutoniurforms do notappear for

this once-through LWR case, sinitee FSBs

being considered invoke integnatocessing,

and as such appear in reactor inventories.
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Figure 8. Impact of FSB implementation on
nuclear energy demand for three scenarios.

IV. SUMMARY AND CONCLUSIONS

A range of long-term futuredor nuclear
energy hasbeen examined by building
relatively “surprise-free” scenarios using a
consistent, but simplified, modeling tool. By
varying a wide range of upper-level scenario
attributes i e., external forces), a spectrum of
remarkably similar nuclear energy demand
scenarios resultAlthough these scenarios
represent only possibilities, they nevertheless
provide a quantitativédasis andconnectivity
for examining impacts of the lower-level
attributes i(e., internal drivers}hat influence
directly the economic and operational
character of nucleapower. Furthermore,
although these analysese “surprise free,”
the impacts of unexpected future events
possibly could benterpreted if translation of
the latter intoterms that reflect upper-level
hierarchical variations can be made.
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Interim concll_Jsi_ons derived fromeach level
of this analysis include:

General:

A range of remarkably similar nuclear
energy demand scenarioscan be

generated by varying a wide range of
upper-level scenario attributes (external

drivers or“predeterminedconditions).
The connectivity between these “external
drivers” and driverghat are “internal” to
nuclear energy requires further study.

Upper-level driver) scenario

attributes:

“demographics” of nuclear power for
the basis scenario shift fro@®ECD
regions tothe DEV regions after
~2050;

— modest (single-point) variations in
both population and productivity
have important impacts on high-
versuslow nuclear energy demand
scenarios, withgreater than linear
responses occurring for the latter;

— strong carbontaxation rates (40
$/tonneC/15yr) broadens the
economic nichdor nuclearenergy,
while stabilizing atmospheric carbon
emissions;

— decreasedcapital cost for nuclear
(electric) power increasesmarket
shares, but with little impact on
atmospheric carbon emissions;

— stalledprogress inreducing energy
intensity increases nuclear energy
marketshare,but carbon emissions

(external

dramatically increase above the
already high basis scenario levels.

Low-level (internal driver) scenario

attributes:

— once-through LWRs: while
plutonium accumulates at the
nominal rate of ~190-230
kgPu/GWe(capacity)/yr, a strong
OECD - DEV shift in nuclear
energy use and plutonium

accumulations occurs after ~2050 for
the basis scenario;



- MOX-recycle in LWRs: while
(globally uniform)MOX recycle can
reduce total plutonium inventories by
~2-3, importantshifts in formoccur
(REA, SEP, and REC increases;
ACC decreases); unrestrained MOX
implementation (to ~30% average
core fractions) requirestrong inter-
regional transport tomeet local
deficits; the level of plutonium
destruction and rendering to LWR-
unusable form depends sensitively
on number of recyclesurnup, and
plutonium loadings;

— Breeder reactors: competition with
LWRs occurs only forthe CR

uranium resourdd; capital costs
within ~10% of LWRs; and/or
increased fossil-fuel prices e.g,

strong carboraxation ratesfor the

basis scenario;

— Fast Spectrum Burners: LWR/FSB
synergies having acceptable
economic  (demand) impact for
nuclear energy require higsupport
ratios €.g, reduced plutonium
“recirculation” for LMR/IFR),
reduced financial and operatingks
(e.g, decreased fixed-chargates),
reduced capital costs (relative to
LWRs), and/or reduced recirculating
power (for ATWS); at the present
level of analysis, ATWs versus
LMR/IFR tradeoff the above-listed
elements, with both having a strong
negative economic impadbor the
parameters chosen.

Closing the nuclear fualycle in thebroadest
and long-term context means stemming
growing quantities of plutonium while stably
isolating hazardous fission product waste for
times required to achievbenignity. The
separation of plutonium from fission
products followed by inventoryreduction
through recycle andburning can, under
optimal conditions,extendresourcesyeduce
proliferation risk, and conserve repository
capacity. Economipenalties, howevenyill

be incurred, buthe impact otthese penalties
on overall demand for nuclear energy must be
assessed iterms of the variability of the
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external drivers that establish the base
demand scenario(s). The interim results
presented herein point to directions where
this desirable goal may reside, but
considerably moreeal technicalprogress is
needed before desirable scenarmen be
transformed into reality.
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