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THE ROLE OF NUCLEAR ENERGY IN MITIGATING
GREENHOUSE WARMING

R. A. Krakowski

Systems Engineering and Integration Group
Technology and Safety Assessment Division
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

A behavioral, top-downforced-equilibrium market model of long-ter(r2100) global
energy-economics interactiohasbeen modified with a “bottom-up” nuclear energy model and
used to construct consistent scenarios describing future impaaitsl efuclear materialslows in
an expandingmulti-regional(13) world economyThe relativemeasures and tradeoffs between
economic (GNPtax impacts, productivityetc), environmental (greenhouggs accumulations,
waste accumulation, proliferation risk), and endggourcesenergymixes, supply-sideersus
demand-side attributes) interactiotimt emergefrom these analyseare focused herein on
advancing understanding tife role that nucleaenergy (and other non-carbon enesgpurces)
might play in mitigatinggreenhouse warming. Two ostensibly opposstgnario drivers are
investigated: a) demand-side improvements in (non-price-induced) autonomousethaemncy
improvements; and b) supply-side carbon-tax inducements to shift energy mixes t@saogsl-
or non-carbon forms. In terms of stemming greenhouse warming for minimal cost of greenhouse-
gasabatement, and within the limitations of the simplified taxing schedsésl, asymbiotic
combination of these two approaches may offer advantages not found if each is applied separately.

INTRODUCTION

The Los Alamos Nuclear VisioRroject2 is investigating a range of possible futures for
nuclear energy using the construct of scenario buifetnand an established, relatively transparent
global energy modél Both nuclear energy demand and the flow of nuclear materiakxangined
over a ~100-ytime horizonthat is characterized by a range sagenario descriptors or attributes
[e.g, population growth, work-force productivity (GDP), autonomousenergy efficiency
improvements (AEEI, or non-price improvements in transforming primary and secondary energy
to energy services), energy resource constraints, carbon taxation scheghilalsand operating-
cost constraints imposed on a range of nuclear etecgyologiesetc]. While thefocus of past
analyticalsupport ofthe Nuclear Vision ProjegflO hasbeen onissuesand concernselated to
global implementation of an expanding nuclear fmaile, the “top-down” behavioraimodel of an

The sampling ofresults presented herein etaborated inLos Alamos National Laboratory
document LA-UR-97-438(QOctober29, 1997) ofthe sameauthorship, title, andextual
material.



equilibrium .g, market-clearing, supply ©lemand) energy market embodied in the ERB
(Edmonds, Reilly, Barn8)model adopted and modifiddr this study also deliversstimates of
greenhouse-gas (GHG) emissions. Hence, coupledtiméttottom-up” nuclear energyodef.”

that has been matched to the recursive, “top-down” formalism of the ERB model, witludtaar
model providing regional and temporal tracking of plutonium inventoriesaants and aelative
measures of nuclear proliferationrisk!0 based on earlier work,11-14 top-level
energy/economic/environmental3Hrade offs become possibl€.Furthermore, bymplementing

(into ERB) integral-response functidfghat have been calibrated against a global atmospheric-
ocean climate-change modélthe GHG emission rates reported by ERBanarray of scenario
attributes can bexpressed in terms of atmospheric LL&@ccumulations, W(GtonneC), and
increases in average global surface temperafiiF@<). Within the limitations of the modified
ERB model and withittle additionaleffort, the role of nuclear energy in mitigatimgeenhouse
warming can be examined under the above-mentioned scenario construct, with all three of the Es in
E3 being touched at some level.

Nuclearenergy, like solar and (equilibrated) biomassergies, is a non-carbqiNC)
energy source that has clear GHG-mitigating potential. The role played by non-nuclear NC energy
sources idimited to the economiconstraintsthat form the basis ofthe original ERBmodel?
although recenstudies ofthe GHG-mitigating potential of (equilibratedjomass energy sources
hasbeenreportedt’ The presenstudy focuses ornhe nuclear-energpption, and efforts to
consider other NC energy sources in¢batext of the present effort remain as futmark. This
present focus on #%ottom-up” nuclear model without comparable examinations of other NC
options is a serious limitation. Furthermore, only electricity generation is considered for the nuclear
options being considered; singe 60% ofall primary energy presentlserves fossil-based non-
electric applications, this too is a seriolisitation of the presentstudy. Lastly, mitigation of
greenhouse warming througfe implementation of N@nergy sourceattacks the problem only
from the supply sidelncreased demand-side energy efficiencies represent thenwirefacet of
the problemt’-20This (demand-side) approach to GHC mitigation is examined Hareingh the
aforementioned AEEI parameter; in the context of the ERBlel, AEEI is changed parametrically
(exogenously). More elaborate (long-term) modefkect endogenous increaseséither AEEI 21
if that concept isused, orinduced reallocations afesources among key sectors tbé world
economies as non-energy sectors adjust to increased @nags22 The ERB model isapable
only of exogenous changes timle AEEI-like parametergy. A fourth limitation of this analysis
centers on the merits of economy-ba%eg-down” modelsversustechnology-base “bottom-up”
models23 the former generally reflects market penalties associated3iitB mitigation schemes,
whereas the latter solution-oriented (and generally market-free) approach suggests cost benefits for

changing to reduced- or non-carbon fuels and using those fuels more efficiently.

With thesefour limitations in mind {.e., nuclear-energy-focus; application only to
electricity generation; exogenous AEEI; “top-dovagproach)the results summarized iRefs. 8
and 24, along with the associated technical support doc¥aeatlirected at understandibgtter
the role nuclear energy might play in abatiggeenhouse warmingAfter giving a synoptic
narrative describing the ERBhodel, resultsare presented according to thalowing four



subsections: a) description thie BasisScenario; b) impacts on global warming éyogenously

varying AEEI (e.g, demand-side impacts); c) the impacts of increased nuclear-eseagy
fractions induced by imposing a range of carbon-tax schedelgs gupply-sideémpacts); and d)

the compositempact on globawarming of simultaneous demand-side (increaseABEEI) and
supply-side (imposition of carbon taxes) forces. On the basis of these parametric results, a nuclear-
energy scenarighat mitigatesgreenhouse warming isuggested. ThiSstrawman” scenario
combines both supply-side (carbon-tax inducedease in nuclear-energy demand) and demand-
side (AEEI increases) approaches. An interim summary and conclusions follows.

MODEL

Four basic approaches to modeling energy planning have e¥Shmakr the years: a)
simulations of thetechnical system per sg26 b) econometric estimates of price-demand
relationshipg?’ c) sectoral descriptions of whole economies, with energy being one of a number
of interconnectedectors?2.28 d) optimization modelthat combine elements of tlwhers into a
Linear Programming (LP) or a Mixed Integer Programming (MdPnulation21,29,30 The ERB
model uses arecursive approach to describe a behavioral market equilibtihan internally
balances energy production amsiage. As suchthe simplified ERB formulation models energy
from within using econometric price-demaneklationships.While simplified compared to the
sectoral and/or LP optimizingiodels,the ERB model adequately targets tieeds othe present
study, is available to the public, is adaptable to modification, and is generally transparent and well
documented. While presenting a “top-downgconomist's(market) view of B interactions, an
approximate “bottom-up” technology view of nuclear energy has been &dded.

The ERB model is comprised édur main parts: supply, demandenergy balance, and
GHG emissions (a postprocessokppropriate carbon coefficients (Gtonne/Eate applied at
points inthe energyflow where carbon igxidized and released to the atmosphere; cailoars
where oxidation does not occur are also taken into account. Supply and agemaetermined for
Six primary energy categories: oil (conventional and nonconventioga$){conventional and
nonconventional)solids (coal and biomass); resource-constrained renewables (hydroelectric and
geothermal); nuclear (fission, with fusion being included as a form of solar ed&ggnd solar
(excluding biomass; includes solar electrignd, tidal, ocean thermalfusion, and advance
renewables; solahermal is included as #rm of energy conservation)he energy balance in
ERB assureghat supply equaldemand in each globaégions, withprimary electrical energy
assumed not to be tradexld, assumed to be generated and used within a given global region).

Figure 1 gives the structure of the ERB model, as modifiethfopurposes othe present
study. The energy and economic (market-clearing) balandesited onFig. 1 are performed for
13 global regionslepicted schematically drig. 2 (increased fronthe nineused inthe original
ERB mode?) and for nine times separated by 15-year intervals that start bafieeyead 975 and
moves out to 2095. Energy balance across regions is established by a set fufrrale®sing the
respective price¢hat arerequired for supply teequal demand in each of three energy-service
groups for each fuel. The specific test of convergence regheeshe difference in regionalms
of demand and supply for each of the three fossil primary fuels (oil, gas, and solids) tharess
specified value.
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Figure 1. Structural layout of ERB globalaEmodei5 as adapted amuhodified for the present study. Four main
components comprise the ERB economic-equilibrium maatergy demand;energy supply; energy balance; and
greenhouse-gas (GHG) emissions. The relationships between inputs and interated outputs, as well as the addition of a
(higher fidelity) nuclear energy model (resourcessts, nuclear-material§lows and inventories,and proliferation

risk) are also shown.

The demandor energy isdetermined separatelipr each of the above-mentioned six
primary fuels, foreach of 13 globalegions,and foreach of nindimes. Five exogenous inputs
(including taxes and tariffsfletermine the locaénergy demandThe base (exogenous) GNP
(labor-force productivitx population) is used as an indicator of both (regioeednomic activity
and as an index of regional inconde baseGNP ismodified throughprice elasticities to model
energy-economy interactions, wi@NP [ pricefor energy-rich regions an@NP [ 1/price for
global regionghat must importenergy.More specifically, the demanfbr energy servicese(g,
residential/commercialindustrial, and transportation) fagach of thirteen globalegions is
determined in ERB by: a) the cost of providing these services; lgubleof income(~GNP); and
c) the regionabpopulation. Energy serviceme provided by an array ofour secondary fuels
(liquids, gases, solids, aradectricity). The mix of theseecondary fuels used to providgigen
energy service is determined byast-based market-share algorithm, athes demandor fuels
used to producelectricity and theshare ofoil andgas transformed froronoal and biomass. The
four secondary energy sourc@se generatedrom the six primary fuels, with nuclear,
hydroelectric, and solar providing ondjectricalsecondary energy; non-electsolar istreated in
ERB as a conservation technology to reduce the demand for the three marketedgfueik ¢as,
and solids). Modeling dhe PE- SE - ES transformatiomises d_eontief-typeformulation32



As is elaborated iRef. 6, the nuclear energy module addedcEfeB, for purposes ahe present
study, replaces the Leontief equatifor nuclear, whichoriginally® was based only on scaled
cost of uranium extraction (treated in ERB in this redde a fossil fuel), withone based on
capital, operating andaintenancO&M), and decontamination and decommission{B#D)
costs. The resulting nuclear energy cost is then fed baitle tBRB demand module tietermine
the respective market-share fraction as a functidimefand region. The uraniunresourcemodel
originally used in ERB, for purposes of the presestudy, hadeen replaced witthat suggested
in Ref. 33, as interpreted in Ref. 34.
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Figure 2. Schematic map of thirteen-region ERB model, veitba of eaclstylized rectangularegionreflected the
respective land masses. The following regional identifiers are used: 1) USA = Btited ofAmerica; 2)CAN =
Canada; 3) OECD-E = OECD-Europe; 4) OECD-P = OECD-Pacific; 5) EEU = Eastern Euré{®d;) 6 Former

Soviet Union; 7) CHINA = China plus centrally planned neighboring countries; 8) ME = Middle East; 9) NAFR =
North Africa; 10) SAFR = SoutherAfrica; 11) LA = Latin America; 12) IND =India; and13) SEA = South and
East Asia.

Non-price-induced improvements in end-use en&ffjgiency areexpressed as time-
dependent index of energy productivity that is independent of energy pricesablindome. This
parameter is similar to the Autonomous Energy Efficiency Improvement (AEEI) used in other more
elaborate (inter-temporaljop-down” models?!l This approach allows scenarios toeb@mined
that span the range from continued improvement to technolcgagthationjrrespective ofworld
energy prices antkal income; the limitations dhis approaclarediscussed in Refs. 2and 35.
World energy pricegor all fossil fuelsare establishedhrough energy balance, wittegional
(fossil) fuel prices being determined Wgcal taxes, tariffs,and transportharges.Interregional
trade, however, does not occur for solar, nucleahydroelectricoower. Inmodeling theGHG-
mitigating potential of nuclear energy, the AEEI-like paramgtas varied toexpresshe impacts
of demand-side solutions, and carbon taxes are applied as a means to allow NGamegsp/to
assume a larger market share and to reflect supply-side approaches to abating global warming.



While the AEEI parameter igsed toexamine demand-sidmpacts, imposition of carbon
taxes (C-TAX) at a linearate ($/tonne/1%r) starts inthe year2005 (first“future” after thefirst

times 1975 and 1990) to exaime supply-side impacts. Within the context of the version of the ERB
model used, these taxes increase the price of fossil-fuel-based energy sources (in proportion to the

respective carbon coefficierkgC/GJ), diminish demandor these energgourcesand diminish
economic productivity according to the ERB algorithifesg., GNP 1/(pricef']. The carbon
taxesper seare “removed” from the respective economies, and in this respect the nelptetl on
primarily-energy demand ] (GNPﬁ] and associated decrease {BHG emission are
overestimated; inclusion of botlendogenousimpacts on AEElI and C-TAX economy
coupling/feedback represent important areas of future work.

RESULTS

A range of long-term energy scenarios have been generated based on vagyiagnalole
of scenario attribute®. Nine of the key scenario attributes varied in tRef.-9 study are
summarize on Table lalong with respective ranges wériations.The Ref.-9 studyadopted a
point-of-departure “Basis Scenario” to which thesttribute variationswere referenced. The

nuclear-energy part of that Basis Scenario invoked a once-through LWR operation, a uranium

Table I. Primary Variables Examined in Ref-9 St8d{

Variable/Attribute Basis-Case Values
Population growth UN projections (Fig.(®)
Work-force productivity (1/yr) (0.017,0.025)-. (0.009,0.022p)
AEEI parameterg(1/yr) 0.0104db)
Carbon tax rate ($/tonneC/15yr) @
Uranium resource category CR, KR, or@R
NE capital cost, UTGyr($/We) 2.4 (2095 asymptot€)
MOX core volume fractionfy, ox 0.0)
LMR introduction constraints (9)
FSB introduction constraints (h)

(@ 1975- 2095, dependent on region; varied 7% relative to basis case.

(b) reduction in secondary energy required to progiden energy serviceindependent ofegionandtime (except
where noted); varied over range (0.0,0.015) 1/yr.

(c) starting from 2005, rate varied over the range (0,50) $/tonneC/15 yr.

(d) CR =Conventional Resources; KR = Known Resources; TR = Total ResopeareBef.-33 categorizations;
varied over full range; KR adopted as base-case category.

(e) varied over range (2.0,3.0) $/We.

(f) final achieved value, starting in 1995 aindreased according time constant Jjox; independent ofegion;,
for Tmox = 10 yr, varied over the range (0.0,0.3).

(9) primarily UTG mr/UTCLwRr = 1.5, KR uraniumresources,and no carbon tax; for thesebase-case
conditions, LMRs were too costly for introduction.

(h)  primarily minimum conversion ratiallowedandthe ratio of UTG \(r/UTC| \wr = 1.5 for IFR/LMR fast
spectrum burner; the ratio UTr/UTC| \wRr Was varied over the range (1.2,1.5).



resource and cost scaling described by a Known Resource (KR) catégod/a breeder reactor
capital cost that is 50% more than thafor LWRs. Without a strong carbontax to stimulate
increased demanr nuclear energyaswell as other reduced- or non-carbon enesgurces),
these conditions were sufficient ppshthe economic introduction of breeder reactordbegond

the time frame of this computation (~216%:24 For the purposes ofhe present investigation of
the role that nucleaenergy might play in reducing themission ofGHGs, the Ref.-9 Basis
Scenario with plutonium (mixed plutonium-uraniumide, MOX) recycle inLWRs is adopted as
the Basis Scenario. As fdine Ref.-9 study,other (non-nuclear) attributes remain as given in the
original version of the ERB model. In this study, implementation of carbon taxes is adopted as the
main market forcdor increasing NC energy supplies whigtigating GHG emission. On the
demand side othe equation, increasedEEI is used as ameans to examine theelative
effectiveness of non-price drivers in reducif@HG emissionsThesetwo supply-sideversus
demand-side approaches to reducing greenhouse waranengthen compared. From this
comparison, a “nuclear energy scenario” for reduced greenhouse warming is suggested.

KEY BASE CASE "DRIVERS"
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Figure 3. Key base-case aggregated drivarsl relatedirst responses: timelependencies opopulations, POP
(exogenous); GWP (price-adjusted basis case); GWP/(Pf@e-adjustedasiscase); primary-energytensity, El =
PE/GWP(endogenous), apdr-capitaprimary energy, PE/POP(endogenous).

Basis Scenario

The Basis Scenario adopted for this study is largely that used in Ref. 9, but with plutonium
recycle infmox; = 0.3 ofthe LWR reactor coreolume. Figures 3-9 descrilibe essential
elements of thiMOX/LWR Basis Scenario. As for majority of results presented herethese
resultsare an aggregate of the 13 globedions described biRB. The population and GWP
drivers behind this scenario are giverFig. 3, which also includeper-capita GWP, per-capita
primary energy(PE) demand, anthe evolution of the global energptensity, EI(MJ/$) =
PE/GWP. Population growth is exogenousipputed from U.N. projections, whereas the



exogenous base GWRput is modified to reflecthanges in the prices dbssil fuels. The
dependence of El results froemdogenous shifts in PE and (to a lessaent) GWP. The

evolving mix of primary energy demand for the Basis Scenario is givéfigoré; the diminishing

marketshares fomwil andgas,and the increasing markshare for solidgmainly coal, and some
biomass)eflect theresource structuree(g, amount at a given grade and cast¢d inthe ERB

model>17 A moderately disaggregated view of primary- and nuclear-energy demdepliéted

in Figs. 5 and 6, respectively. tarms of primaryenergy,the developingegions(DEV) become
comparable users to OECD countries by ~2025, with a similar condition being réachadlear

energy by2050. The strong growth in primary- anduclear-energygrowth for the developing
countries after ~2050 is driven largely by BEINA® region, as igxplicity shown fornuclear

energy in Fig. 6B.
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Figure 4. Cumulative evolution of global primagnergymix for the Basis Scenario (solids = coal + biomass):
Cumulative primary energy.

The rate of CQ emission,Rco, (GtonneC/yr), for this no-carbon-tax Basis Scenario is
shown on Fig. 7.The impact ofthis carbon-dioxide emissiorate on integratecemissions,
W, (GtonneC), accumulated atmospheric €Q(carbon), W(GtonneC),and average global
temperature risé)T(K), is also shown on Fig. 7he integratee&missions, W, is referenced to
atmospheric C@inventories since the dawn of the industrial revolution, which is takéras =
1800, wherthe atmospheric CQOinventorywas Wgy = 594 GtonneC (2.13 GtonneC/ppmv).
The relativelyslow increase of the ratidT/(W/W,ry/), as determined frorthe linear integral-
response model uséljs also included on Fig. 7. Carbdioxide emissions froneach of the 13
regions tracked by the ERB model is showirig. 8;the CHINA* region becomes the dominant
contributor of GHGs by the year 2025 for this Basis Scenario.
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Figure 5. Evolution of aggregated total primary energy for Basis Scenario: OECD = US + CAN + OECD-E +
OECD-P; REF + FSU + EEU; and DEV = CHINA ME + NAFR + SAFR + LA + IND + SEA.

The evolution of plutonium inventories by region is used muidti-attribute utility (MAU)
analysistO that has been synthesized from earlier wbdé for use inthe ERB nucleamodel, to
yield relative measures of a utility for proliferation, <u>, and a proliferation risk index, PRI. These
relative (and highly subjective) measures of proliferatitsk are adopted as the primanon-
economic “cost’for nuclear energy againsthich any benefit of reducedsHG emission is
measured.The PRI is atime-discountedsum ofregionally weighted utilities evaluatdtom the
viewpoint of a proliferator, which in turn is a weighted average of subutility fundtansn turn
reflect proliferator-oriented attributes that measure cost, technological difficulty, deteskioand
material availability20 the PRI indicates a value-based potentfat proliferation rather than a
probability for proliferation, is measured on stale from zero taunity, and is subjectively
evaluated from the perspective of a given regeg,(the U.S.).

The buildup of global plutonium inventories correlategh the relative CQ (carbon)
accumulation, W/Viky, or the average global temperatuse, AT(K), thatresults.The latter is
computed fronthe year |ky. These correlations are centralsigbsequent correlations gfobal
climate change(GCC), nuclear-proliferation, and economimpacts. Specificallythe risks
associated with increased global inventories of plutonium and GHGs are expressed in terms of the
PRI andAT parameters and are correlated in terms of a reduced “operating twmnibé Basis
Scenario orFig. 9. Asimportant as is the need to translatgh PRIandAT into economic and
socialconsequenceshe presenstudy does noadvancebeyondthe correlationshown given in
Fig. 9. This “operating curve’per seis not as important to understanding proliferation-
risk/ GCC/GWP connectivities as are relative shifts in the slopes and magnitudes at targives
key scenario drivere(g, carbon tax rates or exogenously driveEE| trajectories) arehanged.
Figure 9 also comparethe PRI impacts (for the no-carbon-tax case) of plutoniuracycle
(fmox; = 0.30) and theuse ofthe once-through (LWR) fuel cycle. Plutoniuracycle increases
the PRI by ~10% while havindittle impact onreducingGCC impacts €.g, AT). Actually, the
lines of constant time (an isochrone for 2095 is shown on Fig. 9) are almost vertical, with a slight



AGGREGATED NUCLEAR vs TIME
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Figure 6A. Aggregated and (13) regional nuclear energy demand for the Basis Scenario: Aggregatedrtaeat@and
regional nuclear energy demand.
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off-vertical orientation indicating that the small added cost associated withighye = 0.0 -~ 0.3
transition, which increaseake cost of nuclear energy slightly and reduces (slightdgmand,
results in a small increase in fossil-fuel use, and leads to somewhat larger valligs @.05 K)
for the fmox; = 0.30 case. Significantly larger impacts are compfdge@nhancedise ofnuclear
energy (and other reduced- or non-carbon ensmyces) forced by imposing carbtexes,
however. Before results of implementing this supply-side driver are reported, hothevienpact
of variations in the demand-side parameter AEEI are first reported.
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Figure 8. Atmospheric carbon emission rates as a function of time and region for Basis Scenario.
Demand-Side Impacts: AEEI

The paramete (1/yr) represents a non-price-induced reductionthie amount of
secondary energy j (j = liquids, gases, solids, and electficiggded to provide an energy service

k (k = residential/commercialpdustrial, and transportationfror the BasicScenario,g, (the j
subscript is not usedfter thesecondtime period (1990) is0.0100 1/yr for all regions and all
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times. Asnoted inRef. 35,the parameter AEEI isot well named; as a measure of non-price
induced changes in El, it may neither be autonomousieedisolely with energy efficiency. The
AEEI parameter attempts tccountfor the impacts of technologicalevelopments, (economy)
structural changes,and policy-driven inducements in the mowewards increased energy
efficiency. Many of thesdorcesreflected in AEEI-like effects arendogenous téhe economic-
energy evolutionary process, and cannot be specified estenmaldriver. Reference22, in fact,
reported AEEI-like effects from a sectoral model of the economy witkxqlicitly introducing the
AEEI parameter.

PRI vs AT
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Figure 9. Correlation of proliferation-riskindex with averageglobal temperatureise for casewithout carbon tax
imposed; a comparison of PRI impacts of plutonium recyelg, fmox; = 0.0versus0.30) is shown.

The scenarios considered under “AEEI variations” (Table 1) examine impacts over the range
€k = (0.0,0.015), where again g is regionally and temporally (aftet990) constant at the
designated value. One casgy= 0.015(RAMP) linearly rampsg, down from0.015 (in 1990) to
0.0 in 2095.These impacts are summarizedkigs. 10-13.Specifically, theimpact onprimary-
and nuclear-energy demand is depicted on Figs. 10 and 11. The reflection of these changes in end-
use efficiency on the energy intensity (again, starting in 1990) indibeatiex values much below
~0.0050 1/yr, in a globally aggregated sense, freeze any improventgrdécrease) in thglobal
energy intensity, EI(MJ/$).

The range ofg, values considered not only hassignificantimpact onprimary-energy
demand (Fig. 10), but relatedly leads to wide swings in carbon-dioxide emissions, as is shown on
Fig. 12. The average global temperature rises that result are depicted on Fig. 13. That decreases in
gk below the 0.0100 1/yr basis-scenario valumake an alreadgeriousproblem moreserious
comes as no surpristhat 50% increases ig, havesuchrelatively weak impact on mitigating
global warmingis. Essentially, across-the-board increases AEEI result in needed, but
insufficient, decreases IBHG emissions; thisparameter alone cannot induce changes in the
primary-energy mix needed to mosaggressively to NC energsources.The implementation of
the supply-side forces embodied in energy taxes based on carbon content can cause such a shift.
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AGGREGATED PRIMARY ENERGY vs AEBEI
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Figure 10. Primaryenergydemand as &unction of timeand AEEI; the gy = 0.015(RAMP)casestarts ramping
from the indicated value in 2005 and linearly decreases to zero by 2095.

AGGREGATED NUCLEAR vs AEEI
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Figure 11. Nuclear energylemand as &unction of timeand AEEI, the gy = 0.015(RAMP)casestarts ramping
from the indicated value in 2005 and linearly decreases to zero by 2095.

Unfortunately, if applied regressively,the increased pricethat result can drive decreased
productivity. These issues are examined, within the limitations of the ERB motiet, following
section.
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GLOBAL COz; EMISSIONS vs AEBEI
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Figure 12. Carbon-dioxide (carborgmissionrate as dunction of timeand AEEI, the gy = 0.015(RAMP)case
starts ramping from the indicated value in 2005 and linearly decreases to zero by 2095.
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Figure 13. Averageglobal temperaturgise as a function of timandAEEI; the g = 0.015(RAMP)casestarts
ramping from the indicated value in 2005 and linearly decreases to zero by 2095.

Supply-side Impacts: Carbon Taxes
Energy Demand and Mix. A carbon tax is applied to fossil fuels in proportion to carbon
content per unit of releasexhergy.Beginning in2005, this carbontax is appliedfor linearly

increasing rates ranging from 0 to 50 $/tonneC/1bgnce, for aate of 40$/tonneC/15yr, the
carbon tax at the lagime considered (2095) would be 240 $/tonneC. This cath&nschedule
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puts the heaviest penalty on cog3.8 kgC/GJ)and the least penalty on natuighs (13.7
kgC/GJ),with oil being intermediat¢19.2 kgC/GJ).According to the ERBalgorithms, carbon
taxes increase the price of the affected ensayyce,decrease the markehare forthat energy
source, andeduce the price-based adjustments to(¢éix@genous) baseNPs. The relationship
between energy prices and GNP usethenERB model derivérom the oil shocks ofthe 1970s,
and, as a result, the GNP losseported by ERBare unreliableand excessive3® In spite of a
warning against use of the GNP figures generated by ERB, GNP decrehi&Ni, are reported
here, along with total cost (tax) figures.

In its presenform, collectedcarbon taxes are not returned to GBBIP, but are simply
allowed to “disappear”. An algorithm was added to ERB to monitor &ctthaland present-valued
carbon taxes an@NP decrements related thereto; these are reported heréras siep towards
developing a more sophisticated.q, revenue-neutral, import tariffs based on carbon content,
etc) carbon tax schedule. For the purposes of the pretgaty, the imposition of carbon taxes is
used primarily as a means to increase the pridessil fuels and tancrease the markshare of
NC energy sources.

The impact of carbon taxes on primary energy ushasvn on Fig.14; at the highestate
of carbon taxation, primary energge in 2095ould be reduced by ~25%lative to theBasis
Scenario.The shift in marketshares fotthe six primary energysources fronthe Basis Scenario
(no carbontax) to the case of maximuearbon taxrate (50 $/tonneC/15yr) is as followspal
loosesthe greatest markethare (~65%- 22% in 2095),nuclear andsolar (electric) energies
show a strong increase in market share (~19%6% and ~5-6%- 13% in 2095 respectively),
resource-limited hydroelectrishows only a moderateincrease, andyas, while diminishing
somewhat in time, shows relatively little change from the Basis Scembe&ashift towardsmore
solar and nuclear energy infers an increase iusieeofelectricity; the fraction oprimary energy
that isused togenerate electricitincreases from ~16% to 22% in 2095 fbe maximum carbon
tax rate.

AGGREGATED PRIMARY ENERGY
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Figure 14. Primary energy demand as a function of time and carbon tax rate, starting in 2005.
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Focusing onnuclearenergy, Fig. 15gives the dependence of annual nuclear energy
demand on carbon tavate. Forthe 50 $/tonneC/15yr carbon taate, nuclear energy demand
increases in 2095 by ~43% relative to the basis scenario. The required deployment rate for this case
increases from ~75 GWelyr to ~85 GWeffor an 80% plant availability factor). Similar
deployment rates are required in the gears forthe no-carbon-taxase. Figure 16 gives the
(same basis) fraction of primary energy demand satisfied by nuclear energy, which in the out years
increases from ~18% fdhe Basis Scenario to ~45% fdhe most agressive carbaax rate
considered.

Underthese circumstances, nuclear energy becomes a major playerviorld energy
mix. The reduction in atmospheric Gcarbon) emissionshat accompanieghis carbon-tax-
induced increase in nuclear (asolar) energy demand iustrated inFig. 17, which also gives
per-capitaand per-primary-energy carbon emissiontfaBasis Scenario. Fathe latter, while
carbon release per unit of primary energy decreases somewhat, more of this reduced-carbon energy
is being used on per-capitabasis as prosperity drives a glopaf-capitaappetite for energy.

Figure 18 gives a composite curve fadctional reduction of C®emissions £ARc/Rc,
relative to the zero-carbon-tax Basis Scenario) as a function of the carbon sxX$ltiihineC), as
assembled from the five carbon tax rates being considghedvnalso on this figure ishe result
of a regressiorfit to seven econometric, optimization, and hybmnibdels, as igeported in
Ref. 38.

Using the integral-response formulation reportedRef. 15,and adopting;ky, = 1800 as
the beginning of the industrial revolution and the beginning of anthroprogenically driven global
warming (Wgry = 594 GtonneCAT = 0), the CG emission rates given dfig. 17 areused to
estimate atmospheric carbon accumulations and related global temperatufd (iSesFigure 19
givesAT(K) as a function of time and carbon tax ratethe outyears,the application to atrong
carbon tax reduceST(K) from 2.4 K to 1.4 K;these temperatumesesare referenced toghy =
1800 and, based dhe modelused, haslready reached0.4 K bythe start ofthis computation
(1975).

E3-Trilemma Trade Offs. Whatever “benefits” accruérom the mitigation of global
temperature rise (through carbon taxation), these benefits must be compared to “costs” associated
with the drivers of this reduced globalarming. Inthe presentontext, some of theseosts are
economic ¢.g, reducedGNP (note caveats givepreviousiy?d) and an (aget) unallocated tax
stream], someare environmentale(g, waste streams associated wiitle increasedise of NC
energy sources, whichare primarily solar and nuclear), and sonage social-political €.g,
increasedisks and altered sociadtructures associated withe need to reducesks related to
nuclear-weapons proliferation). The following discussions deal first with tHdessociated with
proliferation risk that accompany increasege of nuclearenergy,and then is followed by a
discussion of some aspects of adverse economic impacts of imposing unallocated carbon taxes.

Proliferation versus GC(Risks. At the level ofthis analysis,the culmination of the
comparativerisk assessment ihe PRI versusAT relationship(Fig. 9) for this special set of
carbon-tax-driven (supply-side) scenarios. In the context of the prselyt the evolution of the
PRI versusAT “operating curves” depicted dfig. 20 representghe final result. As discussed
above, with or without a GHC-abatimgrbontax, both PRland AT will increase withtime as
populations in number and living standatevelop.The first frame of Fig. 20 gives this PRI
versusAT evolution with increasing carbon tax rates, whetbasecondframe stressesnore the
increased nuclear-energy share under imposition of catdation by giving the fractional
increase in PRI relative to the zero-tax case as a functidf.offhe added sensitivity of plotting
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APRI/PRY, revealsthat, for agiven taxation rat¢$/tonneC/15yr)the fractional increase in PRI
shows amaximum at~2065that is independent of the ratevelich the carbon tax ispplied.
Generally, increased use of nuclear energy through the imposition of a carbon takeloats of
global warming while increasing proliferatiarsk a few percent relative to the zero-carbon-tax
Basis Scenario.
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Figure 15. Nuclear energy demand as a function of time and carbon tax rate, starting in 2005.
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emission rates along wither-capitaand per-primary-energy emissions for zero carbon taxes are shown.

ARc/Rc vs C—TAX RATE

i 1 18-SEP—97 _ o LosAwmos
AN C TAX VARIATIONS, ™' ‘ ]
@) i
o F o= 0.3 i
< ,TAX RATE: $/tonneC/15yr X(a) i
= 08 - A
= r PEe
<ﬂ L 50 >// il
A [ 30 = ]
Z 06 A -
% i 40 \/// ]
2B 7\ |
L o4 [ \// ]
e i / 1
@ L B
—J L 4
g 02 5
E - /®1n(l — AR¢/Re) = —0.0223 — 0.0054*UCry|
& F Nordhaus (1991) 1
% o oo ]
0 50 100 150 200 250 300

C—TAX RATE, UCrx($/tonneC)
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Economic versus GCC Risk&esolution of the economamsts of thisparticular set of
drivers, as monitored through GNP impacts and unallocated ctakes,remains as futurevork
that must ultimately relate abatemerbsts toachieve a given reduction T to damagecosts
associated with accommodation @CC impacts; thesecosts are sometimesexpressed as
percentages of GN¥,40For present purposes, a unit cost of,Gbatement, Ug($/tonneC), is
define as the ratio of reduced €@missiongelative to theBasis ScenarioARco, = Rco, (No
C-TAX) — Rco, (C-TAX), to either the total carbon taxes collected for that year, TAX, or the sum
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TAX + AGWP, whereAGWP = GWP(NoC-TAX) — GWP(C-TAX). Figure 21 giveshe time
dependence dT, TAX, AGWP, and these two ways of calculating AJ@Iso shown is the ratio
TAX/AGWP varying from2.4 in 2020 to 0.6 in 209%Attempts to correlatéboth measures of
abatement unitost withthe unit carbortax, UXty, are reported ofrig. 22 forthe range of
carbon tax rates being considered. Based og )« = TAX/ARco,, high tax ratesavor lower
“abatementcosts” by a factor of-2. Onthe otherhand, for UG tax + acwp = (TAX +
AGWP)/ARco,, higher carbon taxes result in ~15% hlgfmmementcosts” If a“revenue-
neutral” carbon tax scheme could be devised and implemented, then TAGWP could be
reduced in magnitude (and possibly sign).

Some would argue that both TAX(t) aAGWP(t) should be discounted atede DR(1/yr)
to a reference year, summed otlee computationgberiod,and expressed in present-vafoem.
Figure 23 giveghe decrease iworld GNP as dunction of the rate otarbon taxation. These
GWP percentage decreases apgressed in two forms: d@fe percent decrease in the last-year
(2095) GWP with and without a carbon tax imposed at a giatenand b) the percent decrease in
the present value of all GWPs oubke study period, using eonstant pure discourdte of DR =
0.04 1/yr; the formergives AGWP/GWP}gg5 = 4%, and thelatter gives AGWP/GWPpy, =
~0.7%. The ratio of the present value of incremental GWRet@resent value @l carbon taxes
collectedover the computatiorperiod, againusing DR = 0.04 1/yr, i:iominally constant in the
range 0.6-0.7; the present valueatifcarbon taxegollectedover the computation period is about
twice the present value of ti@VP decrement. Agaithe previously statedaution aboutising
price-adjustedsNP values from ERB should blept in mind. Also shown on Fig. 22 is the
decrease in atmospheric g@ccumulation (again, \W, = 594 Gtonne ishe atmospheric carbon
inventory for gy = 1800). This reduction in global warming might be considered a benefit against
which the decrease@WP could balance, albeit, a more careful and consistent accounting of the
collected carbon taxes, as well as a weaker price-GNP séalog)d reduce or reverske GWP
decrements computed frothe presentmodel. The percentage increase in proliferatinak
evaluated in the last yeaARRI/PRIpqg5 associated with the increased implementation of nuclear
energy is alsshown on Fig. 23While APRI issmall relative taPRI, noquantitative statement
can be madevith respect to this increased proliferatiosk attendant to increasede ofnuclear
energy toabatemenGHG accumulation until theonsequences of PRI withooarbon taxes are
fully assessed.

Composite Demand-Side/Supply-Side Impacts

The relative impacts on stemmiggeenhouse warming through demand-side (increased
AEEI g, = 0.0100- 0.0150 1/yr), supply-side (carbon tax rates, G0 $/tonneC/15yr), and a
combination of both are given a cursory examination in this section. Along with theS8asiario
(ex = 0.0100 1/yr, no carbon tax), the four cases listeBalle || arecompared. Figures 24 and
25 give the time dependence of primary-energy and nuclear-energy demand, respectitredge for
four case. For a given unit carbon tax, the 25% increaggresults in ~10%additional decrease
in the relative C@ emission rateThe average global temperatuiiee for all four cases are
summarized on Fig. 26. The bulk of the ~45% decreaAd& inomes fromthe supply-side carbon
tax, with AEEI contributions beingelatively minor. The impact of AEEI on thepproximate
measures of abatement cost, Ay®tonneC,Fig. 22), however,can amount to ~33% reductions
for the case of Ug based only on TAX. For the case of JBased oiTAX + AGWP, the cost
reductionfor superposinghe demand-sid@batementsolution ontothe supply-side solution
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amounts to ~23%. Hence, while the latter has only a minor impact on rediico®y se a strong
economicsymbiosis incombining thetwo may exist. Lastly, adirect comparison of increased
proliferationrisk (PRI)that accompanies the decrease@C risk QAT) is given inFig. 27; the
combined C-TAX +AEEI attack onglobal warming reduces somewHaRI relative to a purely
supply-side (carbotax) strategy,while giving an added (slight) reduction in gloerming. A
central question, however, ishe abatementost associated with demand-side approaches to
reducing GHG emissiori$,40

AT versus TIME and C—TAX
3o leshom
| C—TAX RATE VARIATIONS,

If\/IOX: 0.

| TAX RATE: $/tonneC/15yr

TEMPERATURE RISE, AT(K)

1975 2000 2025 2050 2075 2100
YEAR

Figure 19. Time dependence of average global temperature rise for a range of carbon tax rates, starting in 2005.

SUMMARY AND CONCLUSIONS

A range of long-term futures for nuclear energy have been examirief.i® bybuilding
“surprise-free” scenarios using a consistent, but simplifiredgeling tool.> Defining scenario
attributes are placed in a hierarchy that divides determinants of nuclear fermergy intoexternal
forces and forcethat originatefrom within nuclear energper se By varying the formeupper-
level scenario attributese(g, population, workforce productivity, energy intensity or end-use
transformation efficiency, globdbxes, top-level nuclear energgconomics), a wide range of
nuclear energy demand scenaraan begenerated. Although these scenarios represent only
possibilities, andare not predictions, they nevertheless provide a quantitatibasis and
connectivityfor examining impacts of the lower-level interrdtivers that influence directly the
economic and operational character of nucfeaver. The OT/LWR Basis Scenari@dopted in
Ref. 9 as a point-of-departucasewas modified to includeMOX recycleand providedhe Basis
Scenario foithe presenstudy ofthe impacts of nuclear energy greenhouse warming. Carbon
taxes wheraised as a supply-side “forcifignction” to increase markehare of key NC energy
sources (mainly solar and nuclear energies). Top-level economic and proliferation-risk implications
of this demand-side approach to reducBHG emissionsvere examined. As a representative
demand-side driver of GHG abatemdht AEEI-like parametensed todefine the no-carbon-tax
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MOX/LWR Basis Scenaricef = 0.0100 1/yr) was varied. It was foutitht while (exogenously)
increased AEEI has only moderate impacts on greenhouse warenisg(Table Il), when used in
conjunction with carbomaxes,important decreases in (the highly approximate) measuresibof
abatement costs, UCresult. Similar symbiotic effects maglsocome into playthroughattempts
to mitigate proliferation risks along with GCC risks (Fig. 27).
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A central theme othis study isembodied in the relationship between econonei@ (
AGWP, TAX, UG, etc), environmentalg.g, GCC, proliferation)and energy€.g, AEEI, PE
mixes, El,etc) elements of the equation While the relationships demonstratepiantitatively
herein are generallgased onelative metrics€.g, PRI, AT, UC,, etc) and are fafrom being
comprehensive, this investigation represents a beginning. Specifically,tsipgoliferationrisk
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index (PRI) and the estimate of global warming generated frinear integral-response model
that relatesGHG emission rates to global temperaturee, AT, a range of carbon-tax-driven
scenarios was created to examine tradeoffs between incfeéRédtat accompanies increased use
of nuclearenergy,decreased globalarming, and reducedsWP caused by increase{dossil)
energy pricegFigs. 20and 21). It was foundthat while strong carbontaxes rates(40-50
$/tonneC/15yr, beginning in 2006an return CQ emission rates in ~2100 to preséels, the
rate of global temperaturase, while significantly diminished, remains positivé~0.5 K/yr,
compared to 2.8 K/100yr for the case of no carbon taxes). In the 2100 time frame, GWP would be
reduced by 3-4%~0.8% on arintegrated present-valumasis using a 4%/yr pure discount rate),
primary energy used would be reduced by 20-25%,naictéar energyvould experience a ~80%
increase (necessitating a deployment rate of ~80 GWelyr in theeatg around 2100Y.he ratio

of present value oéll carbon taxes to present value of IGWP (again, using a 4%/ypure
discount rate) amounts tel.3 over most ofhe computationaperiod. The PRI is increased by
only 5-6% forthe maximum nuclear-energy implementati@ng( strongest carbotax rate) in
~2100. Specifically, theexplicit relationship between these relatieeasures of (increased)
proliferation risk and (decreasedjlobal temperature ris@-ig. 20) indicates thafor this 5-6%
increase in PRIAT in 2100 isreduced forn2.4 K for the no-carbon-tax case 104-1.5 K, but,
again, global temperature continues to rise ratea of0.5 K/100yr in 2100 fothe strongcarbon
tax rates.These correlativeesults between proliferatiomisk and GCC impacts, however,
project onlyrelative trends; the‘real” implications of thebase €.g, for no carbontax) PRI
growing to ~0.14 % 5-6% with or withoutcarbon-tax-inducedrowths innuclearenergy,along
with the assessment dactual’ impacts ofdecreasing the global temperatuise by ~ 1 K over
~100 years needs resolution.
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AX/X are expressed as percentages: direct dependence on carbon tax rate.
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Table Il.  Summary of Cases Used @mmpare Demand-SidesrsusSupply-Side Approaches
to Mitigating Greenhouse Warming

Scenario Carbon Tax RaleAEE Percentage Changes in 2095 Values

Identification | ($/tonneC/15yr)| g, (1/yr) | PE NE El Rco, AT

Basis 0 0.0100 -- -- -- -- --

Carbon Tax 40 0.0100 | -20. +83. ~0. -73. -41.

AEEI 0 0.0125 |-25. -39. -29. -29. -5.

AEEI + C-TAX | 40 0.0125 | -43. +22. -39. —-83. —45.

AEEI autonomous energy efficiency improvement
gk = annual rate of increase of SEES conversion efficiency

SE = secondary energy

ES = energy service

PE = primary energy

NE = nuclear energy

El = primary energy intensity, PE/GWP(MJ/$)
Rco, (GtonneClyr) = C@ emission rate

AT (K) = average global surface temperature rise
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Figure 24. Primaryenergydemand as &unction of time for a combinationarbontax rateand AEEI, showing
relative impacts of supply-side (carbon tax) and demand-side (AEEI) scenario attributes.
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NUCLEAR ENERGY vs C—-TAX AND AEEI(s,)
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Figure 25. Nuclear energglemand as &unction of time for a combinationarbontax rate and AEEI, showing
relative impacts of supply-side (carbon tax) and demand-side (AEEI) scenario attributes.
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Figure 26. Averageglobal temperaturgise as a function of time for a combinaticarbontax rate and AEEI,
showing relative impacts of supply-side (carbon tax) and demand-side (AEEI) scenario attributes.

Finally, an emissions scenario basesewas synthesized fronthe Basis Scenario by
implementingboth supply-side (carbotax rate increasedrom 0 to 40 $/tonneC/15yr) and
demand-side (AEEI-like parametgy increased fron®.01001/yr t0 0.0125 1/yr) drivers. As in
indicated nFig. 28, this 25%increase in (globalAEEI reduces the amount of nuclear energy
required for a ~90% reduction in global warming (in 2095) by ~30%.
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Throughoutthe narrative, a number of shortcomings and areas of fuogk were
identified, many of whichare related to differences ftop-down” versus“bottom-up” modeling
approaches3:3> These shortcomings and areas of future work are summarized as follows:

* AEEI Parameter: The simplified, exogenousvariation of the parameteg, only
approximates complex, endogenaunteractions between technology improvements,
(economy) structural (sectoral) interactions, and policy-driven behavioral chi#nges;
schemes to endogenize AEEI-like parameters should be investigated.

* GNP Feedback:As approximate as the price-GNP feedback in ERBhe calibration
of this feedback is based on responses to the oil crises of the 1970s andnlagrioe,
overly responsivé® re-calibration and parametric sensitivistudies need to be
performed.

» Carbon Taxation: The impact ottarbon taxes o®&NP, asmodeled InERB, isonly
thoughthe above-describegrice-GNPfeedback; no attemgias been made in these
computations in enforce revenue-neutral (or better) schemes to return these taxes to the
regional GNP streams; higher-fidelity taxation and (carbon) rights-trading schemes
must be investigated.

* Regional Variations: The results presented herein pertain to a generally uniform globe;
no attempt was made to tailor rates of carbon taxation, AEEI improvements, or nuclear-
energy deployment on a regional basisptimize allelements of the ¥equation on a
global basis; region-basepowth scenariohiave beershown to bemportant’ and
must be developed further.
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Figure 27. Direct comparison of proliferation-risk-inderrsusatmospheric temperature-rise “operating curves” for

a combinationcarbontax rate and AEEI, showing relative impacts of supply-sidearbontax) and demand-side
(AEEI) scenario attributes.
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AT versus NE for 2095
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Figure 28. Dependence ofjlobal temperaturerise on carbon-tax-inducedsupply-side) nuclear-energgemand,

showing impact of demand-side increases in AEEI for the Basis Scenararfon taxespndfor a case where the
carbon tax is imposed at a rate of 40 $/tonneC/15yr; also shown is the increase in PRI relative to BeeBasis
as well as the relative decrease in GNP.

* Quantitative MetricsWhile the GNP impacts are quantitative, in spite of the limitations
listed above, the GCC metric AT) and the proliferatiorrisk metric (PRI) remain
gualitative in terms of real economic welfare impacts; attempts must be made to quantify
economic impacts of PRI adT.

* Non-Carbon Energy Sourceghe focus of this study hdmen on nuclear energy as a
NC energy source, argl/en then only in so far adectricity generation is concerned,
improved modeling of both solar aibmas$’ sources irthe context of the present
version of the ERB model is needed.

* Nuclear Energy Model:While attemptsvere made to introduce a “bottom-up” flavor
into the nuclear modelsed in the “top-down” ERB model, more remains to be 8one:

— Nuclear Costing: Attempts to fit a “bottom-up” feature in the costing of nuclear
energy to the genericalftop-down” ERB model needexpansion toinclude
more detail in both the fuel cycle and the capital cost inputs to the composite unit
cost of energy used in ERBltimately to determine nucleanergy market
shares andelated proliferationversus climate-changetradeoffs; central to
improving fuel-cycle costing algorithms is the need to select regional and
temporal plutonium recycleptions based on economics rather than (region-
dependent) exogenous drivers.

— Nuclear Materials Flows/InventoriesWhile resolution into the range @drms
(e.g.,reactor, spent-fuel, separateddc., plutonium) with which proliferation
risks can beassessed is adequate, a rule-baalgdrithm for inter-regional
transport and accumulations of plutonium based botlcasts and sanctions
needs to be developed to resolve aptimize local plutonium demand and
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supply; as notedbelow, consideration of bothcommercial Liquid Metal
(Breeder) Reactors (LMRs) and LWR-supportive Fast-Spectrum Burners
(FSBs) expands the scope of this issue.

— Breeder Requirementstntegration of plutonium requirements of an evolving
breeder economyis a visa coupling of regional and temporal breeding ratios to
other parts othe nuclear fuel cycle is needédr any studythat seriously
evaluates and optimizes the potential and fieetireeder reactors; th&rong
introduction of carbon-tax-induced nucleanergy, depending on which
uranium-resourcéreality” is adopted?-33 may advance the dafer economic
introduction of breeder reactors;

— Fast SpectrunBurners: Commentsmade in connectiomwith the last three
items as related to improveshderstanding othe short- andong-term role of
FSBs in closing the nuclear fuel cycle apply here also.

— Neutronics: The neutronics modeised tofeed the nuclear materiglew and
inventory modelrepresents a highly approximate descriptiontiod time-
averaged reactor core isotopics; the relationships between the many parameters
listed on Fig. 3B and in Table IV of Ref. 9 need a firmer connection ‘va#i’
neutronics computationparticularly with regard tohe averaged relationships
between beginning- and end-of-life plutonium concentratiangrall fuel
burnup, MOX core volume fractions, and fissions occurring in bred material.

— Fuel Cycle: The impact of innovative/emerging fuel cycl@sigh-burnup,
partial separations, non-agueous processing, supportive transmgacr
integration,etc on cost and proliferatiorisk needsdetailed technological and
economic assessment.
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NOMENCLATURE

ACC recyclable (to LWRs) accumulated plutonium; also, accelerator

AEEI Autonomous Energy Efficiency Improvement

ATW Accelerator Transmutation of Waste

BAU business as usual

C-TAX carbon tax

CAN Canada

CHINA* China plus neighboring centrally planned countries

CIS Commonwealth of Independent States (FSU)

COE(mill/lkweh)  cost of electricity

CON (EJlyr) consumption

CR conventional uranium resources

D&D decontamination and decommissioning

DEF deforestation emission source

DEV developing countries (ME + NAFR + SAFR + LA + IND + SEA)

DR(1/yr) discountrate (for proliferation risk discountingt1.12.10 or for estimating
present worths of GWP or carbon ta3®s

E3 economics/energy/environmental

EEU Eastern Europe

EI(GJ/$) energy intensity, ratio of primary or final energy to GNP

ERB Edmonds, Reilly, Barns moé&el

ES energy services (residential/commercial, transportation, industrial)

FC nuclear fuel cycle

FF nuclear fuel fabrication

FP fission product
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FSB

FSU
fmox
fmox;
G(B$/yr)
GCC
GDP($/yr)
GHG
GNP($/yr)
GWP($/yr)
HV
HYDRO
IAEA

IFR

[IASA

IND

IPCC

IRV

j

k

LA

LMR

LV

LWR

KR

LWR

I

Mco, (Gtonne)

fast spectrum burner (LMR/IFR, ATW)
Former Soviet Union
volume fraction of LWR core that is MOX
final (asymptotic) volume fraction of LWR core that is MOX
gross world product, also GWP

global climate change

gross domestic product

greenhouse gas

gross national product

gross world product
high (nuclear energy growth) variant
hydroelectric

International Atomic Energy Agency

Integral Fast Reactor

International Institute for Applied Systems Analysis
India

Intergovernmental Panel on Climate Change
industrial revolution

ERB index for secondary energy (SE)

ERB index for energy services (ES)
Latin America
liquid metal reactor
low (nuclear energy growth) variant

light water reactor

known uranium resources

light water reactor

ERB index for region

accumulated G@missions

Mco, (Gtonnelyr) rate of C@emissions

MAU
ME
MM
MIP
MIT
MOX
MV

m

N
NAFR
NE
NM
NT
NUCL
1]
O&M

multi-attribute utility (analysis)

Middle East

(uranium) mining and milling

mixed integer programming

Massachusetts Institute of Technology
mixed (uranium, plutonium) oxide fuel
medium (nuclear energy growth) variant
ERB index for time

number of MOX recycles; nonintervention scenario class
Northern Africa

nuclear energy

nuclear materials

no carbon taxes

nuclear

number of regions modeled in ERB (nl = 13)
operation and maintenance
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OECD

OECD-E
OECD-P
ORNL

oT

p
PE(MWG)
Per(MWe)
PE

POP
PRI
PRI,
PV
ppmv
Pr

Organizationfor Economic Co-operation arfdevelopment{USA + CAN +
OECD-E + OECD-P)

OECD-Europe

OECD-Pacific

Oak Ridge National Laboratory

once-through (LWR)

parametric variation scenario class

net electric generation capacity

total electric generation capacity

primary energy|[oil, gas, solids (coal + biomass), nuclear solar,
hydroelectric]

population

proliferation risk index

proliferation risk index without carbon taxes

present value computed using discount rate DR

volume parts per million (2.13 GtonneC/ppmv)

plant capacity factor

Rco,,(Gtonne/yr) carbon emissioate from th region; for world total, (I = nl+1), same as

REA
REC
REF
RP
RPU
RS
SAFR
SE
SE/PE
SEA
SEP
SF
SFT
SPU
TAX
TH
TOT
TR
X
t(yr)
=V,

tREF
USA

UTCJ' ($/We)
<u>
W(GtonneC)
W, (GtonneC)

Mco,
reactor plutonium
fully recycle (N recycles to LWRS) plutonium
(economically) reforming countries (EEU + FSU); also, reference time (1975)
reprocessing
reactor plutonium
repository
Southern Africa
secondary energy (liquids, gases, solids, electricity)
PE- SE conversion efficiency
South and East Asia
separated plutonium
spent fuel
total spent fuel
separated plutonium (RP + FF)
carbon tax case designator
thermal - electric conversion
total, world
total uranium resources
present worth of carbon taxes over period to 2095
time
time industrial revolution commences, 1800
reference time or base year for ERB, 1975
United States of America
unit total cost off] nuclear energy system
grand utility functioA®
atmospheric carbon-dioxide (carbon) accumulation
integrated atmospheric carbon-dioxide (carbon) emissions,s{peeliB00
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W|Rv(Gt0nneC)

atmospheric carbon-dioxide (carbon) at tjgyg+ 1800 (594 Gtonne, or 289
ppmv, given 2.13 GtonneC/ppniv)
electrical Watt
thermal Watt
World Energy Council
population in region | at time interval m

average global temperature rise, referenced to {iget 1800
annual growth rate of entity i (i= POP, El, PE, Ntt)

annual growth rate of SE(p) ES(K) transformation efficiencies
thermal-electric conversion efficiency
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