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Abstract

Under a stringent climate control target in an atwese unconstrained world for
economic growth, energy-environment-economy (EE&jefs in principle tend to be
favorable for a widespread deployment of nucleagrgy in the power sector. Usually,
however, analysts either consider a large expansionuclear power unrealistic or for
other reasons prefer to avoid their scenario runsyteld an outcome concentrating
considerably on nuclear energy. Consequently, $ipageichnology diffusion constraints
are often included to drastically limit the expaorsiof nuclear power. These boundary
conditions, however, tend to have a significantaotpn the economic performance of
climate policy. In this paper we ask ourselves hiova climate-constrained world the
prospects for nuclear energy would change if exogsnlimitations on the spread of
nuclear technology were relaxed. With a recentlyeffeped integrated assessment EEE
model of climate change (WITCH) we find that u@ib0 the ensuing expansion rates of
nuclear electricity generation capacity become caraple to the historical ones
observed during the 1980s. Given that nuclear energmains a controversial
technology, we investigate what the improvementh@fmain competing non-carbon
base-load electricity alternative — coal-based powegquipped with CQ capture and
storage (CCS) — would need to be if our model issigmificantly scale down the
prospects for nuclear power.



1. Introduction

The development of nuclear power has experienagumifisiant hindrance from serious

and justified concerns over three main categoriéts antrinsic negative features: reactor
accidents, radioactive waste and nuclear proli@matArguments regarding economic
competition and public opinion, and more recengliydrist activity, add to the obstacles
faced by the civil use of nuclear energy for eieityr generation. These fundamental
drawbacks of nuclear energy have been the princdpase for this power production
option not to have expanded as widely as predidecades ago by many energy
specialists, while when launched in the 1960s it \partrayed as a promising energy
alternative and foreseen by some to potentiallfilifuhuch of mankind’s future energy

needs. Nonetheless, in the past recent years agaledi the debate over the role of
nuclear power has occurred, due to high fuel prases concerns over global warming.
For example, China, India, South Korea, Japan aadibe have planned a total nuclear
capacity increase of 116 GW by 2020 (IEA, 2008).

Climate change in particular has gained broad pultiention and is today
appearing high on most countries’ political agendBslicymakers, notably those
currently involved in negotiating a post-2012 cltmagreement, rely increasingly on
guantitative estimates of the possible implicatiohslimate change. Similarly, they need
to be informed more and more quantitatively abbet possible effects of their policies
on global technology diffusion and economic develept. The economic analysis of
climate policies has therefore become a fertilerapely growing research area. It forms
the basis of the surveys carried out by workingugrdl of the Intergovernmental Panel
on Climate Change (IPCC). Within this strand okesgsh, energy-environment-economy
(EEE) models occupy a leading role, since theygsarerate quantitative estimates of the
technological, climatic and economic variablestake. Determining the values of these
variables as well as their mutual interference ireguthe large-scale integrated
assessment approach offered by these EEE models.

Essentially without exception, EEE models simullaiethe 2£' century, under
conditions free of exogenous restrictions on enggghinology growth rates, much higher
shares for the deployment of nuclear energy thay tictually do under a range of
commonly applied dissemination and expansion caims. The reason of course is that
nuclear energy is essentially a carbon-free powasiyction option. It is only through the
imposition of external growth limitations that EEBRodels yield the more restricted
outcomes for the diffusion of nuclear power as r&@sent normally reported. Usually,
nuclear energy expansion constraints are conjetiarsuch a way as to lead to modeling
outcomes with a nuclear power contribution in lingh the modeler's personal
perception of what the prospects for this powerooptould be. Although EEE models,
especially the detailed engineering linear programgnones, often include a series of
constraints that span the entire simulated teclgyolspectrum, in order to avoid
outcomes that predominantly concentrate on nuckaergy, normally additional
constraints on the maximum potential deploymenhwélear power are imposed. The
latter we consider troublesome for at least foasoas.

First, adding constraints to optimization modelsutts in economic penalties that
depend on the extent to which the space of feasdilgions is reduced. The tendency of



nuclear power to dominate over alternative techgiely when carbon is sufficiently
priced, suggests thad hoc restrictions on this specific technology might @éas
significant bearing on the economic costs of clenatotection. Second, imposing growth
constraints on particular technologies in orderatmid an outcome that ones judges
unlikely or unacceptable may be considered at edttsthe underlying methodology of
economic optimization. However reasonable it maytdaemain reserved about the
prospects of a certain technology, as with nuakeargy in our case, the imposition of an
external constraint on the speed with which theht®logy can be deployed contradicts
the essence on which EEE models are based, i.e.ngagnization, and constitutes
support for modeling skeptics who argue that theimmization of costs (or maximization
of welfare) cannot constitute the main basis upbicivthe desirable composition of an
energy system is determined or the direction i®deen into which it could evolve
naturally. Third, not rarely technological diffusioates are imposed that are inconsistent
with the ones historically observed. Rather, theuaged maximum growth rates often
reflect the outcome the modeler desires to prodoceare more consistent with the
technology judged preferable from a certain contéxterspectives or system of values,
than that they correspond to what could materializepractice, which renders the
calculated scenarios subjective. Fourth, whileapproaches of cost minimization, profit
maximization or welfare optimization all have solaindations in economic theory and
comply with standard empirically observed phenomehare is often little economic
rationale for the existence of a central agentoarad-optimizing institution, especially at
the global level, that in our case would be ingbsition to impose a universal restriction
on the expansion of a certain energy technologybest, one could argue that through
complex international agreements and intricate ipubkganizations the nature of
deployable technologies could be requested to fgatisrtain minimum (preferably
enforceable) quality, safety or environmental digations.

The contribution of nuclear power to the mitigatieffort required for global
climate stabilization varies appreciably acrosfedént studies, depending on the climate
policy architecture that is expected to be impleteénn the near future (Weissetr al,
2008). In some cases, nuclear power plays a nbfgligiole in carbon mitigation
scenarios. For example, in a recent modeling coisgrarexercise (Clarket al, 2007),
the MIT IGSM stabilization scenarios present a ak@uclear energy not appreciably
different from the no-climate policy case and lieditat roughly today’s values. The ex-
ante hypothesis of the authors is that for secusfysons nuclear power ought to be
excluded from the portfolio of mitigation option&lthough their assumption may be
considered legitimate — indeed, nuclear power iseatly not eligible for emissions
avoidance under the Kyoto Protocol — the audierading and interpreting the modeling
results should be informed about the economic aedldnological consequences that stem
from such assumptions. Unfortunately, modeling repoften lack transparency in this
respect. In comprehensive studies such as produyc®dorking Group Il of the IPCC in
its most recent 2 Assessment Report, nuclear power is found to ptaye mitigating
role, but significantly less than other mitigatitechnologies such as G@apture and
storagg(CCS) or renewables (see figure SPM 9 in IPCC, 2a6dugh little guidance on
how this result is related to modelling assumpti@rs nuclear penetration rate is
provided.



This article is meant to shed light on this isswe: use the EEE WITCH model
(Bosettiet. al. 2006) to investigate how in a climate-constrainexdld the prospects for
nuclear energy would change if exogenous restristion technological growth are
relaxed. Given that nuclear energy continues toamremnunpopular, largely for known
reasons related to certain inalienable risks, ve® @&valuate the improvements of its
main carbon-poor base-load electricity competitogl-fired power plants complemented
with CCS technology, needed to significantly s@de/n the prospects for nuclear power
on purely (non-constrained) economic grounds. Biosetal. 2008 evaluate the optimal
portfolio of investments in energy technologies aimd R&D from an economic
viewpoint, for a range of stabilization scenarid$is paper extends their work by
explicitly focusing on the role of nuclear elecitycvis a vis with other power generation
technologies, especially its main competitor fosédoad provision of electricity, coal
plus CCS.

Despite a growing body of literature that has feclsn carbon mitigation
options, little general equilibrium analysis has@entrated on the specific role of nuclear
power in global climate stabilization scenariosaktavarty et. al (2005) provide a partial
equilibrium analysis accounting for the exhaustipibf nuclear ore reserves. A similar
analysis is found in van der Zwaan (2002). Vailaumt et al. (2008) use the energy
system model World-TIMES to explore a range of aacldeployment scenarios. Our
analysis also markedly differs from a recent astisfith a similar title by Rognest al
(2008) in that ours is an integrated modeling asvest: unlike these authors we do not
calculate country-dependent levelized life-cyclecticity costs.

In section 2 of this article we describe the maaatdéires of the climate change
integrated assessment EEE model, WITCH, that we foseour analysis. Section 3
presents our simulation results, based on tests igard to the slackening of diffusion
limitations for new nuclear electricity generatioapacity. Section 4 reports the techno-
economic advancements for a technology like CCSlett¢o downsize the deployment
of nuclear energy. Section 5 presents a discusgionr findings and finishes with some
main conclusions.

2. WITCH mode

The World Induced Technical Change Hybrid (WITCHydrl has been developed by
the climate change team at FEEM, and it has recdigén used successfully for the
investigation of several climate-related reseambjexts. It belongs to the collection of
integrated assessment models dedicated to enhamginghderstanding of the economic
implications of climate change mitigation policiesnd determining economically
efficient strategies to achieve climate controbé&s. With respect to other models of a
similar kind, now widely used for the numerical bs& of energy-climate-economy
interactions notably as part of ongoing work fog tRCC, WITCH introduces a series of
novelties that places itself in a position to captadditional aspects of the climate change
conundrum.

WITCH features a neo-classical optimal growth dtrites so that the long-term
nature of climate change is accounted for via itgerporal optimization of far-sighted
economic agents who can incorporate future effétts current decision making.

! For more details visit the model’s website at #ttpvw.feem-web.it/witch.



Strategies calculated by the solution of model ramesthus efficient over long periods of
time, an important characteristic given that,@fas an atmospheric lifetime of hundreds
of years and investments in the energy sector lysgeherate lock-ins that last for
decaded.As a result, today’s decisions are important aeiteants of future responses,
the climatic and economic dynamics of which are ehed in WITCH. The simulation of
the energy sector, the largest source responsibléhé emission of greenhouse gases
(GHGs), is fully integrated in the aggregate prdaurc function, a ‘hard link’ that
ensures consistency of economic output with investsiin conventional or innovative
energy carriers and electricity production fa@kti The power sector consists of seven
options capable of generating electricity: traditibcoal (pulverized coal, PC, without
CCS), advanced coal (integrated gasification cosibinycle, IGCC, with CCS), oil,
natural gas, hydropower, nuclear energy, renewalitesur case the combination of
wind and solar energy).

WITCH distinguishes itself from many EEE models kan important
characteristic that gives its representation of otiagons towards future climate
agreements a high degree of realism: it possesgesna-theoretical set-up that allows
mimicking the free-riding incentives that the 12gimns constituting the world are
confronted with as a result of the consumptionudiliz ‘goods’ and production of public
‘bads’. Global externalities due to the emissioh€0, (reflected by a damage function
and a global atmosphere-climate module), extradtioits of exhaustible resources such
as fossil fuels, as well as a limited appropri&pibf knowledge behind innovation, are
also taken into account, so that regions choosde itheestment paths strategically with
respect to the choices of other regions. The resulh hybrid model that provides
guantitative insight into the design of climate tpation policies and inform
policymakers regarding the economically efficieat of strategies fit to address global
climate change, while it simultaneously deals vatlset of inter-related environmental
and economic (in-)efficienciéss.

Given that the focus of this paper is on the powector (and given our
assumption that hydropower is little expandable aomlobal basis), the three most
prominent essentially carbon-free technologies aal-based power plants equipped
with CCS, nuclear power plants, and electricity egation based on renewables (that
consist of a bundle of wind and solar energy). &dblprovides our main techno-
economic assumptions for these technologies. Nueleé IGCC plus CCS are described
by rather similar parameter values in some respeelatively high investment costs, a
high utilization factor as typical of base-load adfeity, and relatively low fuel cost
inputs, especially for nuclear. Coal reserves assumed to be abundant, with an
equilibrium price not exceeding 80%/t throughoué tbentury in a business-as-usual
(BAU) coal-intensive scenario. Similarly, uraniummeois assumed to be sufficiently
abundant to satisfy a significant revival of theclear industry during the Zcentury.
Uranium reserves are assumed to be abundant asprelow 300%/kg, at which point
reprocessing spent fuel and fast breeder reactecenibe approximately competitive
(hence preventing any further rises in the priceutdnium and corresponding cost

2 The half time of atmospheric G@ roughly 100 years, and the lifetime of a poplant can surpass half
a century.

% For more details on the WITCH model, see the abeferences, Bosetét al (2006), as well as the
model’s website at http://www.feem-web.it/witch.



increase of nuclear energy). In order to be useflsade material, uranium ore must
undergo a process of conversion, enrichment and falication. We have set the
corresponding cost at 250%/kg of uranium ore orbsss of data reported recently (MIT,
2003). Nuclear waste management fees are initsdtyat 0.1 ¢/kWh as in MIT (2003),
and are assumed to increase linearly with the gyasftspent fuel stored. For CCS, €O
transport and storage costs are accounted foegianmal supply cost curves calibrated on
data available in the literature (Hendriégsal, 2004). The fraction of CQOcaptured is
assumed to be 90%. Wind and solar energy are dbdwed by relatively low unit costs,
but also by a low load factor. It is the only teclogy that we assume is subject to
significant technological change through learniygdoing: especially for solar power
plants the literature suggests that there is sctye further improvements in
competitiveness. We therefore assume that windsalad power are subject to progress
in such a way that each doubling of cumulativealstl capacity leads to an investment
cost reduction of 13%, a rather conservative vatueomparison to learning rates
observed in practice (IEA, 2000).

Table 1. Techno-economic assumptions for the nieatrigity generation alternatives in
WITCH: coal + CCS, nuclear energy and renewablasdvand solar energy).

Coal + CCS | Nuclear Energy | Wind + Solar
Investment Cost
($2005/kW) 2500 2500 1900
Utilization Factor 85% 85% 250
Thermal Efficiency 40%* 35% .
CO; Capture Rate 90% 100% 100%
L earning Rate 3 . 13%

3. Smulation results

In addition to a BAU scenario, under median assionpton population growth and
economic development and central values for a rarfigenergy technology parameters
and their evolution over time, we model two polisgenarios, consistent with the
stabilization of atmospheric concentrations of ;.G 450 and 550 ppm, that roughly
correspond to 550 and 650 of all green house g&gbkde under these climate control
scenarios the development of all power generatmiions are affected, either negatively
(as with the carbon-intensive options) or posigiv@he carbon-poor alternatives), with
respect to the BAU run, we inspect for our purpdbese (clusters of) technologies only:
nuclear power, coal with CCS, and renewables (wim#tl solar energy combined).

* This value accounts for the energy penalty impdsethe CQ capturing process.



Figure 1 shows the simulation by WITCH of the 5iyeaerages of annual
capacity additions (excluding the replacement ddirag existing capacity) for nuclear
power until 2050 under each of the three scenafibs.values of the annual additions as
realized over the past two decades are also plagiedvell as the historic single-year
maximum attained during this time frame. We sed, thader BAU, nuclear power
additions over the forthcoming decades reach aevaful0-15 GW/yr, much like the
annual additions realized during the 1970s, whileecent years this annual new capacity
did not amount to more than a few GW/yr at mosisThsult connects to the reality in
especially several countries of rapid economic tigment, like China and India but not
exclusively these two obvious examples, that reaeaincreased interest for this power
option for reasons of notably energy security manant and air pollution control.
Figure 1 also shows that under a 550 ppm climaieailstation scenario this new capacity
deployment is significantly enhanced to a level 520 GW/yr, and reaches a value over
35 GW/yr by the middle of the century under a 4pdnpscenario. Similar deployment
rates are reported in IEA (2008).

We also observe that in the 550 ppm scenario, &nadditions of nuclear
capacity reach the level of the 1980s, while in 450 ppm scenario they obtain after
several decades a value consistently similar totieyear high of 1985. The explanation
for this rapid expansion of nuclear power is of rseuthe fact that nuclear energy emits
essentially no C& and that the carbon price needed to achieve Emissductions
coherent with the indicated climate targets is &gl and grows fast. For example, in
the stringent 450 scenario, the marginal cost of, @@atement breaches 100$/tCO
already in 2030 and grows markedly even after thhts growth in the value of GO
abatement naturally provides a large incentivetfer deployment of COfree power
technologies.
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Figure 1. WITCH simulations of future capacity aduhs of nuclear power (in GW)
under BAU, 450 and 550 ppm scenarios, as well akzed during 1985-2005.

Figure 2 shows the same results for the developraEmbal-based electricity
generation equipped with and without CCS technolfmte the larger vertical scale).
CCS technology is obviously not economical withaydrice on CQ as demonstrated by
the horizontal line for BAU, but experiences a vgideead application for either a 450 or
550 ppm climate stabilization target. Under a 5pthscenario in less than two decades
yearly as much as 30 GW new coal power plants guepped with complete CCS
technology until at least the middle of the cent(agd in fact much beyond). Typically
this level of annual additions equals the averageber of coal-based power plants
(without CCS) built since the 1990s. Under a 45@hpgimate target the use of CCS
explodes, reaching a peak around 2020 of over 4@y&G\VWhis exceedingly high level
(although still below the record level of new cbalsed power plants taken in operation
in 2005) vanishes over time, however, given tha kbw but unequal to zero GO
emission rate of CCS (see Table 1) is penalizedhbyprogressively stringent climate
obligations, for which totally carbon-free techngiles are preferred. Nonetheless, for
both climate policies the deployment of CCS is \&@gnificant, reaching a level as high
as 550 GtCQ of cumulative storage by the end of the centurigh & world average
transport and storage cost by then of about 253/tC
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new capacity (GW/yr)

o o o o o o o o
[cle} (o2} o — N ™ < Lo
() ] o o o o o o
— — N N N N N N
+  single year —&— 450ppm
---X--- Historical 550ppm
—— BAU

Figure 2. WITCH simulations of future capacity adxhs of coal-based power plus CCS
(in GW) under BAU, 450 and 550 ppm scenarios, dsaseealized without CCS during
1985-2005.

As suggested by others, it is unlikely that oneaocouple of CQ@ abatement
options alone can address any reasonable levéinodite control (IPCC, 2007). Indeed,



Figure 3 confirms that renewables such as wind ggn@nd solar power are strong
additional favorites for necessary mitigation optipnotably in regions with large wind

and solar radiation potentials. Even under BAU dons, wind and solar power

continue their surge, and easily more than doutg the forthcoming decades from the
present value of about 5 GW/yr. When global climaddicy is adhered to, renewables
grow much faster: their additions may even expada#ytincrease to values over 30
GW/yr by 2050 in the case of a 450 ppm climate abje. Such stringent climate policy
would rapidly render renewables an energy optioa similar footing as the traditional

ones currently in use, thanks to their increasedpatitiveness following policy-induced

learning-by-doing effects.
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Figure 3. WITCH simulations of future capacity adihs of renewables (wind plus
solar, in GW) under BAU, 450 and 550 ppm scenagas, realized since 1995.

The overall observation is that each of the thygeg of power technologies —
nuclear energy, coal plus CCS and renewables edded to respond to serious climate
control. In order to reach GOemission reduction targets that avoid increasimg t
atmospheric C@concentration to more than 450 or 550 ppm, at s of these three
options are needed at a globally massive scalejrambst cases all three. We also see
that, when the commonly applied growth constragrisnuclear power are relaxed, it is
expanded massively but with rates not exceedindhrthue levels experienced in the past.
Indeed, we find that the nuclear energy growthsrgienerated by WITCH are generally
consistent with those observed during the 1970s1880s, i.e. when nuclear power was
in its heydays and experienced a more favorabitudt than it did over the past two
decades. Similar results can be found in Boseti £2008).

4. Implications and alter natives



All scenarios depicted in Figure 1 foresee an egiganof the total capacity of nuclear
energy over the coming half-century. In the 450 pgase, for example, the available
nuclear power in 2050 is expanded by about a faifttree with respect to the currently
installed global capacity that amounts to about G80. What does this imply for nuclear
energy? Obviously, the simulated growth paths faclear energy respond, along with
several other non-carbon energy resources, tolthkkeage of mitigating global climate
change while simultaneously generating benefiteerms of air pollution reduction and
energy security enhancement (that are no subjetttiopaper). A positive effect would
be that such an expansion would spur further intimvan the nuclear industry and
generate incentives to develop and deploy new oesacf so-called generation Il (and
eventually generation V) types that possess skwmaefits with respect to reactors
presently in operation (see e.g. van der ZwaangR200 economic terms an expansion of
the nuclear sector could also produce economiesae with corresponding cost
reductions. Troublesome, however, is that an expare nuclear power exacerbates the
already serious concerns regarding its use at mutevels, that is, in terms of the
‘classical’ intricacies associated with this powganeration option: reactor accidents,
radioactive waste and nuclear proliferation.

More reactors in operation world-wide enhance imgyple the probability that
with one of them a serious incident or accidentuogcespecially when considering that
an important share of the additions of nuclear ciypawill probably take place in
countries with as of yet to be perfected safetgddiads. It has been pointed out, however,
that while the chance for accidents remains unetualero, the likelihood for such
events has reduced significantly over the pastaksand should engender less concern
today than it did in the 1980s (Sailet al, 2000). Also, both through more advanced
reactor designs and improved operation standaisks for serious reactor accidents are
likely to continue to decrease in the future.

While radioactive waste production occurs at bdlsievery stage of the nuclear
fuel cycle, in solid, liquid and gaseous stategnsguel is most problematic, since it
generates heat during many years after de-loadimg the reactor core and remains
highly radioactive for thousands of years. Radiwactontamination of the external
environment from spent fuel storage can be minitchibeough several layers of physical
containment, most likely including geological dejios deep underground. While
progress on deep geological disposal has been madg. Finland, France and Sweden,
most governments delay decisions on this subje¢te Tain issue concerning
underground storage remains uncertainty aboutritegyrity of spent fuel canisters, and
whether the isolation offered by geological formati will be sufficient over a period of
thousands of years. The fear is that canisters rasult of corrosion, will start to leak and
consequently contaminate groundwater in the farréutSeveral channels exist through
which the problem could be mitigated, in particudaganizing it's the disposal of waste
regionally through Internationally Monitored Wadstepositories (IMWRS). As long as
international solutions for the storage of wasteticme to be delayed, however, or other
solutions are not brought forward to tackle theimsic waste problematique of nuclear
energy, its role in future power supply remainsesely handicapped and a possible
expansion of nuclear energy worldwide gives muasoe for concern (van der Zwaan,
2002 and 2008).
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Nuclear power generation inherently involves tls& that nuclear industry related
technologies and materials are diverted for non-pmrposes. Among nuclear energy’s
main proliferation threats are the use of enrichinfi@cilities and the production of fissile
materials (see notably IPFM, 2007). Countries dpegaenrichment technologies or
organized terrorist groups possessing highly eedchranium (HEU) may relatively
easily construct a basic fission device and uga imilitary or terrorist purposes. Several
plutonium isotopes contained in (reactor-gradenspeael, accounting for 1-2% of its
volume, are fissile and can serve to fabricate deau explosive device. Especially when
spent fuel from the civil nuclear industry is repessed, this problem becomes apparent:
plutonium contained in spent fuel is reasonablye sajainst diversion for weapons use
because of the highly radioactive waste materialsvhich it is embedded, but its
separation during reprocessing makes it vulnerfdoledirect military or terrorist use,
even while it is of lower quality than weapon-grgolatonium. The global control of
sensitive technologies, the monitoring of nucleaivdies and safeguarding and deletion
of fissile materials, like HEU and plutonium, arentral to the solution of nuclear
proliferation. In order to avoid fissile materiddging diverted for non-civil purposes,
dedicated technical efforts and effective intenadi institutions are required. Their
improvement is important irrespective of the futahare of nuclear energy in total power
production, but will become more poignant when gacl energy experiences a
renaissance.

Suppose that for the reasons just given one findsx@ansion of nuclear energy
unacceptable, especially with annual additions ¢lwercoming 50 years that may run in
the 15-20 GWl/yr, under a 550 ppm climate contr@nseio, and that may increase to
35 GW/yr in the 450 ppm scenario. What then wowddHhe improvements that need to
materialize for other non-carbon options in ordelet them dominate or scale down the
spread of nuclear power in the solution set of WHT @at is, without the imposition of
artificially created growth constraints, hence whsticking to cost minimization as the
fundament of our scenario analysis? In order wards,one crowd out nuclear power off
the market by rendering other carbon-free eletyrigeneration options economically
more attractive and thereby more competitive? Wdnat of improvements does CCS
need to accomplish in order to avoid the widespmgahnsion of nuclear energy that
many fear for the above listed set of ‘classiceguaments?

We address these questions by focusing on the csiiobuof coal for power
production equipped with CCS, since we believes ibécoming one of the most direct
competitors of nuclear power (much like nuclearrgpeand oil-based power used to be
main competitors until the last was essentiallysgiadbout as a result of broad deployment
of the former, see Toth and Rogner, 2006). Indeed)-based power generation plus
CCS and nuclear energy are both base-load elégtiigitions® We focus on three
potential areas of improvement for CCS technology:

» CCSt: the CQ emission capture rate is raised from 90% to 99%king
CCS an essentially zero-emission technology;

« CCS++: in addition, the storage costs are assumedonextdeed 12 $/tCQi.e.
the availability of repositories is assumed todrgé;

® Renewables could be subjected to similar testswiufind their comparison with nuclear power stigh
less pertinent because of the intermittent natfiteeoformer.
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* CCSt++: in addition, CCS investment costs are assumegtadually decrease
to 50% over 20 years.

Figure 4 shows the results of these three CCS-édercases under the 450 ppm
scenario. We see that each of these three casesatgsna reduced reliance on nuclear
power for climate control purposes. It can alsoobserved, however, that even in the
most optimistic case for CCS technology, nucleargy will still be needed to addition-
levels of about 20 GW/yr, which constitutes a smrbottom line threshold for nuclear
power.

Nuclear power: 450 ppm
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Figure 4. WITCH simulations of future capacity adihs of nuclear energy (GW) in the
450 ppm scenario, with various improvements of @¢Bnology.

Figure 5 shows our results for the 550 ppm scenarter the same three cases of
progress in CCS technology development. Like urtder450 ppm scenario, a reduced
reliance on nuclear power for climate managemertenadizes, with the same ranking
between the three cases. Overall, however, therdiites between the three cases are
less pronounced, the explanation for which is #ss lambitious climate control target.
Under this scenario even in the most optimistiedas the amelioration of CCS, nuclear
energy will still be needed to an additive minimievel of approximately 15 GW/yr. In
both Figures 4 and 5, the evolution of nuclear gnewer the coming half-century never
drops below the BAU reference curve shown in Fidure
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Nuclear power: 550 ppm
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Figure 5. WITCH simulations of future capacity aduis of nuclear energy (GW) in the
550 ppm scenario, with various improvements of @cBnology.

What do these results imply for the amounts okcomed electricity, generated by
nuclear energy and coal based power with CCS wistieg capacity plus the installed
additions depicted in the previous figures? Figuseimmarizes, for the 450 and 550 ppm
scenarios respectively, the global electricity mwetl in 2050 for these two power
production alternatives. It also shows how thesal tevels change if the technological
advancements reported earlier are achieved for Gl08lear power contributes sizably
more than coal plus CCS, by about 40%, only united60 ppm scenario and when none
of the potential CCS improvements are attainedgshasvn by the histogram bars on the
left in the left plot. Under optimistic assumptiof CCS technological innovation,
either in the 450 or 550 ppm scenario, coal combugilus CCS becomes significantly
more important for power production than nucleargy, by a factor of about two in the
ideal case that all CCS technology improvementsefiiectively realized. If only the
capture rate for CCS can be improved, the levetle€tricity generated by these two
options almost equalizes. In the 450 scenario,higher relative achievement of CCS
over nuclear energy derives from the wider avdilghbof repository sites under the low
transport and storage cost assumption. In that tasegap in favor of the former
increases to 5.8 PWh. The capture rate and investowost factors rank behind with a
CCS gain of roughly 3.3 PWh each. For the 550 sognencreasing the capture rate
possesses the lowest valuable innovation, bringibgut a 1.5 PWh gains to CCS,
followed by storage and investment costs with al3o2tP\Wh each.
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Figure 6. WITCH simulations of electricity geneaati(PWh) in 2050 by coal plus CCS
and nuclear power under the 450 ppm (left) and p® (right) scenarios.

5. Discussion and conclusions

The increasing necessity to achieve globally sigaift CQ emission reductions over the
years to come is beneficial for the prospects atear energy. Whether one is in favor of
an expansion of nuclear power or not, the fachat it essentially emits no GQor at
least very low levels when considering the entitel@ar fuel cycle. The analysis
presented in this paper shows that if in the EEEehdVITCH, and quite possibly in
other numerical models designed for the integratesessment of climate change, no
growth constraints are imposed on the deployabditywuclear energy, this technology
could well experience the renaissance that is predliby some analysts. We demonstrate
that nuclear power can at most be part of the ispluto climate change and does
definitely not constitute a silver bullet, so if ali it surely needs to be employed in
conjunction with other C@mitigating energy options (as also described in dar
Zwaan, 2002). It could become a significant neaggsart of the total solution, however,
if agreed climate targets are as stringent as #0gpm CQ stabilization levels. In
particular, we show that under these climate-cainstd scenarios the expansion rate of
nuclear energy during the forthcoming 50 years gwebably not need to largely exceed
the growth rates as experienced during the heydbgsiclear energy deployment in the
1980s.

The analysis we performed cannot address or antheequestion whether the
nuclear industry will be able to handle the addsi@s suggested by our modeling runs.
Our research does indicate, though, that the tot@stments necessary for a large-scale
expansion of nuclear energy are feasible from agresgate perspective of economic
production and growth. Bosettit al (2008) found, also on the basis of analysis with
WITCH, that the challenges associated with glob@hate change imply an imminent
return to the energy R&D levels of the 1980s. Ims tpaper we expand on their
conclusions by reporting that also in terms of ahmuclear electricity capacity additions
we may need to return to those that prevailed leoof decades ago, at least on the
basis of scenario investigations with the WITCH modOf course, the predominant
energy concerns of the 1970s were very differemhfthose that preoccupy scientists and
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policy makers today: energy insecurity versus derzhange. We find that the possible
responses to these two different crises, howevery be similar, at least in certain
respects.

While the nuclear expansion rates calculated is #tudy could respond to
significant part of the climate change challengel would also possess benefits in other
domains such as reducing air pollution and diminighenergy dependence in many
countries, from several perspectives an increasieeiuse of nuclear energy as simulated
in our work would be of serious concern, notably terms of reactor accidents,
radioactive waste and nuclear proliferation. We destrate that the requirements for
technological and economic improvement of CCS, Wwhaccording to WITCH could
significantly scale down the expansion of nuclegrgy, are not negligible. A better @O
capture rate, as well as reduced storage and meestcosts, would allow CCS to
overtake nuclear energy as leading mitigation teldgy in the power sector. The
improvements needed for CCS would arguably neegssiledicated investments in
innovation, R&D and/or pilot and demonstration peorgs, which would require the
mobilization of substantial economic resources.iThaantification is difficult, but the
economic benefits resulting from such improvemeats provide a reference threshold
below which it would be profitable to endorse thehable 2 shows the cost savings
resulting from CCS improvements, calculated in gohthe net present value of global
welfare over the current century (at 5% discout#)rand expressed as differences with
respect to the conventional CCS reference case. €mwulations indicate that
improvements in all three CCS areas identified his fpaper can lead to substantial
savings, of over 5 trillion US$ for the most stemg climate policy, and more than 2
trillion US$ for the less ambitious one. We alsadfithat the benefits of CCS
improvements depend on the climate objective. Rer 450 ppm case, increasing the
capture rate provides the highest overall cost agolu leverage. For the 550 ppm
scenario, on the other hand, lowering storage @iscapital investments prove instead
the most valuable strategy.

Table 2. Cost savings with respect to conventi@@$ reference case (trillion US$).

CCS+ CCS++ CCS+++
550 ppm 0.19 1.38 2.23
450 ppm 2.77 4.23 5.12

Even when one assumes that CCS is significantlyraongm, nuclear power would still
need to be expanded sizably, typically in the oafet5 GW added capacity yearly, in
order to reach meaningful climate goals. Thesetmadi alone would justify significantly
higher investments that allow improving nucleahtemlogy and empowering institutions
that control its international deployment. Stiltpgress in CCS technology could reduce
the extent of the classical problems encounteretth wiclear power. In our cost
minimization framework a renaissance of nuclear grogannot be avoided, however, so
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concerns surrounding several aspects of nucleaggmeight to be solved in any case.
We think these concerns even have to be adequatdiycceptably addressed if nuclear
power were to be phased out altogether, givenrdmibactive and fissile material has
been produced abundantly since the advent of tbkeauera.

Surely the last word has not been said about nueleargy, nor about climate
change. In this paper we bring forward some newitigs at the cross-section of these
two subjects. Topics abound for further work. Orspexrt would be to address the
guestion what the extra costs incurred would benég nevertheless imposed a growth
constraint on nuclear energy, in line with whatfaohas been common practice but that
we personally have reasoned objections againspnmparison to a scenario in which no
such constraint is applied. This and related issteeplan to assess in the future.
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