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Recent years have witnessed renewed interest in nuclear power in large extent
due to the need to reduce carbon emissions to mitigate climate change. Most
studies of cost and feasibility of stringent climate targets that include nuclear
power focus on the currently available light water reactor (LWR) technology.
Since climate mitigation requires a long-term commitment, the inclusion of other
nuclear technologies such as mixed oxide-fuelled LWRs and fast breeder reactors
may better describe the future energy supply options. These different options
also entail different nuclear weapon proliferation risks stemming from uranium
enrichment or reprocessing of spent fuel. To investigate this relation, we perform
a scenario analysis using the global energy transition model. Our results indicate
that meeting a scenario with a 430 ppm CO, target for 2100 is feasible without
the involvement of nuclear power; however the mitigation costs increase by
around 20%. Furthermore, a lasting contribution by nuclear power to climate
change mitigation can only be achieved by alternative fissile material production
methods and global diffusion of nuclear technologies. This in turn bears impor-
tant implications for the risk of nuclear proliferation for several reasons. First,
knowledge and competence in nuclear technology becomes more accessible,
leading to the risk of nuclear programmes emerging in states with weaker institu-
tional capacity. Additionally, even if the reprocessing step in a fast breeder cycle
proves to be essentially proliferation resistant, the build-up of breeder reactor
systems necessitates a long transition period with large-scale use of enrichment
technology and its related proliferation risks. Our study does not include the
costs posed on society by nuclear accident risk and by the need to upscale safe-
guards and regulatory capacity to deal with increased proliferation risk.
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Introduction

Recent years have seen growing concern over the possible effects of climate change
and the need for immediate action (e.g. World Bank 2012). At the same time
renewed interest in nuclear power has been observed among both countries and
researchers alike, which the disaster in Fukushima has not significantly curbed
(Rogner 2013). The call for an expansion of nuclear power has been to a large
extent motivated by the need to reduce carbon emissions to mitigate climate change
(e.g. Vaillancourt et al. 2008; Bauer, Brecha, and Luderer 2012). The advantages of
nuclear power that are often emphasised are its low lifecycle greenhouse gas (GHG)
emissions and base-load power production. To compare these advantages to those of
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other technologies such as carbon capture and storage (CCS) and renewable energy
sources, comprehensive model analysis is needed.

Mitigating climate change is a long-term obligation. Considering global cumula-
tive emissions so far, we have likely committed ourselves to a global mean surface
peak warming of at least 1 °C above the pre-industrial level (Tanaka and Raddatz
2011). A significant share of anthropogenic CO, stays in the atmosphere for more
than 100 years. If global warming is to be kept under 2 °C without an overshoot and
with a probability of at least 66%, greenhouse gas emissions must drop to less than
20 gigatonnes of CO, equivalent by mid-century, continue declining afterwards and
eventually stabilise at zero net CO, emissions (Rogelj et al. 2011). To this point,
most studies of cost and feasibility of stringent climate targets feature only currently
available light water reactor (LWR) technology (e.g. GEA 2012). Yet considering
the long-term commitment, technologies that are not fully developed can have a sig-
nificant contribution in the second half of the century, and excluding them portrays
a more limited and inflexible world, in contrast to profusely diverse energy needs
and available technologies. Therefore, closed nuclear cycle technologies should also
be considered.

Even though nuclear power can be an economically competitive source of elec-
tricity, it raises other specific concerns such as accident and nuclear weapon prolifer-
ation' risk and management of radioactive waste. Although having a civil nuclear
programme does not mean that a country will automatically pursue nuclear weapons,
having enrichment or reprocessing facilities provides a state with the technology to
fabricate the critical component of bomb material. If nuclear power is to make a
major contribution to mitigating climate change, technologies that can be enabled
for weapons development are likely to spread. In this paper, we try to answer two
questions rooted in the previously described situation. First, how would the climate
mitigation cost be affected by use of different nuclear cycles? And secondly, what
would be the potential proliferation consequences of introducing nuclear in the scale
needed for a significant contribution to climate mitigation?

Background

Some investigations of the dynamics among different nuclear cycles have been
made, the most prominent of recent ones being “The Future of the Nuclear Fuel
Cycle” (MIT 2011). This study analysed the dynamics between conventional LWRs,
mixed oxide (MOX)-fuelled LWRs and sodium-cooled fast breeder reactors (FBRs).
Their analysis showed that the transition from the open fuel cycle to a closed cycle
would require 50-100 years, and a scale-up of FBRs is preceded by an expansion of
LWR technology. Although this report yields many interesting insights about
resource use and relations between different reactor types, it does not assess nuclear
power as a part of the global energy system. Since competitiveness among different
nuclear technologies will also be affected by dynamics among the other parts of the
energy system and the characteristics of the competing technologies, it is important
to expand the system boundaries.

Other studies have been performed that assess the role of nuclear in climate miti-
gation in a global context (e. g. Vaillancourt et al. 2008; GEA 2012; Mori 2012).
Here, we briefly discuss four studies that focus primarily on the role of nuclear
energy and ask questions similar to those we pose. The main characteristics of these
studies are summarised in Table 1.
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Table 1. Comparison of previous studies on related topics.
Nifenecker et al.  Vaillancourt Tavoni and Van

Study (2003) et al. (2008) der Zwaan (2011) Mori (2012)

Model - World-TIMES WITCH MARIA

Scope of Global, 4 regions  Global, 15 Global Global, 23
analysis regions regions, focus on

Asia

Time 2000-2100 2000-2100 2005-2050 1997-2100
horizon

Climate Less than 3 GtC 450, 550 ppm 450, 550 ppm CO2 price $10,
target emissions per 20 and 50; 550

year ppm

Advanced Yes; breeder Yes; high- Breeder reactor is  Yes; breeder
nuclear reactor, thorium temperature gas-  assumed to reactor, MOX
reactors cycle cooled reactor, become

fusion reactor competitive at
$300/kgU but not
explicitly
analysed

Proliferation No No General mention  No
discussed

Main What are the What is the What is the What is the cost
question limitations to the  penetration rate  relative of phasing out

expansion of of nuclear power importance and nuclear power
nuclear power in climate mutual behaviour under different
under high mitigation of nuclear power  global warming
development context? and CCS? policies?
scenarios?

Main Main limitation is In all scenarios, =~ Without growth ~ The higher the
findings resource nuclear reaches  constraints and carbon price the
relevant to  constraint. 50% or more of  under climate earlier nuclear
this paper  Therefore, in electricity mitigation power is

large-scale production by constraint, expanded. With
expansion 2100. Fusion nuclear high carbon price
breeders will reactors will renaissance is FBRs will play a
predominate in enter under observed. significant role in
the electricity stringent climate  Technological the later half of

system.
Renewables
might lessen the
share of nuclear
if they become
competitive.

constraint but are
price sensitive.
Gas-cooled
reactors will not
become
competitive.

and economic
improvements of
CCS are needed
to replace
significant share
of nuclear power.

the century. CCS
and nuclear
power are
substitute
mitigation
technologies.

Nifenecker et al. (2003) performed a simple scenario analysis based on an
assumed maximum share of nuclear energy in electricity production in 2030 and
2050 to explore the limits of possible nuclear expansion. In their scenarios most ura-
nium resources will be used by 2050, and breeder reactors or uranium extraction
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from seawater is needed to support continued growth. Breeding with both plutonium
and thorium is considered, and since both cycles need the initial creation of fissile
material by LWRs, the dynamics are assumed to be similar. Although the paper dis-
cusses stockpiling both plutonium and uranium-233, there is no discussion about the
associated proliferation concerns. Vaillancourt et al. (2008) analysed the penetration
rate of nuclear power and found that it has the potential to supply more than half of
global electricity production by the end of the century. A technology-rich model
with advanced nuclear cycles was used for this analysis, but the potential effects in
terms of proliferation were not analysed. Tavoni and Van der Zwaan (2011) focused
on the relation between CCS and nuclear power. They concluded that under climate
mitigation constraint, nuclear power will grow if not inhibited by explicit constraints
and that further improvements of CCS technology are needed for the replacement of
a significant amount of nuclear power. Proliferation was mentioned as a concern but
was not discussed in detail, nor were the advanced nuclear cycles analysed. The
most recent study, by Mori (2012), combined advanced nuclear cycles and a global
energy system perspective, but the question posed dealt with a phase out of nuclear
power instead of an expansion. Due to that focus the proliferation risk was not
analysed.

As can be seen, none of the previous studies combined the global energy system
perspective with analysis of advanced nuclear cycles and explicit discussion
proliferation concerns. This paper aims to fill that gap.

Method

We perform this analysis using the global energy transition (GET) model first devel-
oped by Christian Azar and Kristian Lindgren (Azar, Lindgren, and Andersson
2003; Hedenus et al. 2010). GET is a cost minimising “bottom-up” systems engi-
neering model of the global energy system set up as a linear programming problem.
The model was constructed to study carbon mitigation strategies for the next 100
years with an objective of meeting both a specified energy demand and carbon con-
straint at the minimum discounted energy system cost for the period under study (in
general 2000-2100). In order to do this, the model evaluates a large number of tech-
nologies for converting and supplying energy based on data related to costs, efficien-
cies, load factors and carbon emissions among other variables. In addition, resource
estimates are included as well as various restrictions on technologies such as a limit
for intermittent electricity supply. Resource estimates are based on the GEA (2012).
The model has five end-use sectors: electricity, transport, feedstock, residential-com-
mercial heat and industrial process heat. Demand projections are based on the MES-
SAGE B2 scenarios with a stabilisation level of 480 ppm CO,-eq by 2100 (GGI
Scenario Database), whereas the transportation demand scenarios are based on
(Azar, Lindgren, and Andersson 2003). The demand is exogenously given and does
not vary among scenarios. The discount rate in the model is 5% per year. More
information about the model framework can be found in Hedenus et al. (2010).

We use the three-region version of GET, version 8.0, featuring improved repre-
sentation of the nuclear cycles. The world is divided into blocs referred to as high-
income (HIC), middle-income (MIC) and low-income countries (LIC). HIC contain
North America, Europe and Pacific OECD countries; MIC cover centrally planned
Asia, the former Soviet Union and Latin America; and LIC consist of Africa, the
Middle East, South Asia and non-OECD Pacific. To better represent a probable
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Figure 1. CO, emission trajectories by regions. Emissions are shown cumulatively.

abatement path, HIC start to reduce emission by 2020, whereas MIC reduce emis-
sions by 20% and LIC by 10% by 2030 compared to the baseline scenario. Later
on, the emissions in MIC and LIC are assumed to decline at a slower rate than in
HIC (Figure 1). From 2060, we assume a global cap, and the emissions are allocated
among regions in the most cost-effective way.

To further align the model with the real world, efficiency differences were intro-
duced between regions, meaning that the same technologies in LIC are less efficient
than in HIC. These differences will converge to the HIC level over time. We also
assume that most climate mitigation enabling technologies have not reached their
maturity, and therefore the investment costs will decline over time and reach the
mature level by 2060. The diffusion of technologies is limited so that no technology
can increase or decrease its market share in a specific sector such as electricity or
centralised heat production by more than 20% in 10 years; nor can the installed
capacity for each technology increase by more than 30% in a year.

Performance and cost of technologies

The main characteristics of the primary supply technologies with low carbon emis-
sions are presented in Table 2. Hydro power is not shown because it has limited
expansion possibilities, and its use is maximised at 30 EJ/year globally even without
a carbon constraint. Our costs for nuclear technologies are based on the MIT study
(2011). We assume that reactor costs given in this study are at the mature level,
while the starting costs are somewhat higher, as shown in Table 2. The enrichment,

Table 2. Main characteristics of different electricity production options.

Starting cost per kW Mature cost per kW Load

Technology ($2010) ($2010) factor  Efficiency
Coal with CCS 3000 2500 0.8 35%
CSp 12,750 7000 0.7 N/A
LWR 7000 5000 0.8 33%
MOX 7000 5000 0.8 33%
FBR 8500 6000 0.8 41%
Wind 2100 1450 0.25 N/A

Solar PV 4500 1400 0.17 N/A
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Figure 2. Nuclear cycles in GET 8.0. E signifies efficiency and C cost in USD (2010).
Costs are input normalised.

fuel fabrication, reprocessing and waste disposal costs are also taken into account
but modelled separately from reactor costs (Figure 2). Wind, concentrated solar
power (CSP) and photovoltaic (PV) solar power costs are in line with the Interna-
tional Renewable Energy Agency’s (IRENA) cost analysis (2012a, 2012b, 2012c¢).
The current version of the model includes three different nuclear cycles — LWR,
MOX fuel and FBR. In the case of the LWR cycle, natural uranium ore is converted
via enrichment into fuel containing 4.5% uranium-235, burned in a reactor once and
then disposed permanently. This nuclear cycle is also called the open or once-
through cycle. Following its period in a reactor, on the other hand, the remaining
fissile materials in fuel, mostly plutonium, can be extracted through reprocessing
methods and mixed with uranium-238 to create a second type of usable fuel — MOX
fuel. In our model, we assume that MOX fuel is burned only once and then dis-
posed, though technically, albeit at a greater cost, the fuel can be dissolved and iso-
topes separated for the manufacture of further fuel resources. Extracted plutonium
can also be used to start up another reactor type, the FBR, which is designed to pro-
duce fissile material that can be used as fuel in FBRs or MOX-fuelled reactors.
Nuclear cycles that include reprocessing like the MOX and FBR cycles are often
called closed cycles. The FBR, however, needs fuel with a much higher concentra-
tion of fissile material; 14% is assumed in the MIT study (2011). As an alternative
to plutonium, we assume that uranium enriched to 20% (highly enriched uranium
[HEU]) could be used to operate these reactors based on Cochran et al. (2010). This,
however, has been tested on a very limited scale. The cost of HEU is assumed to be
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six times higher than the cost of normal LWR fuel, mainly because of increased
intensity in the enrichment effort. The difference in the share of U-235 and pluto-
nium is due to differences in their atomic properties of neutron production as well
as fission and absorption probabilities.

The breeder reactor concept has generally only been tested on a limited scale,
but breeding ratios above unity, the production of a greater amount of fissile material
than consumed, have been achieved in many countries and reactor types (Cochran,
et al. 2010). In our model, due to the lack of extensive data related to FBR fuel
economy, we assume a breeding ratio of 1 and base our costs on sodium cooled
reactors. Other advanced nuclear reactor types have also been investigated, but none
have sufficiently reliable cost estimates or have been technically developed to the
extent of the sodium cooled FBR (GIF 2012; IRSN 2012).

Since different nuclear technologies are in various development phases, they are
allowed to enter the portfolio as available options at different times. LWR technol-
ogy is available throughout the whole modelling period. MOX fuel can be intro-
duced in 2020 for large-scale deployment. Although this technology already exists
on a commercial scale and is used in some countries, it is only utilised in countries
with highly advanced nuclear sectors, though many existing LWRs can burn MOX
fuel if licenced. Its use is therefore more dependent on economics and political deci-
sions. Given the development state of this reactor design, FBRs are allowed in the
model starting from 2030. Although a few FBRs are currently in operation, the tech-
nology must be improved significantly before it can be applied on a large scale. The
schematic representation of nuclear cycles in GET can be seen in Figure 2.

Similar to FBRs, CSP is a technology that still needs further improvements to
become competitive. It also needs favourable atmospheric and climatic conditions to
function and can therefore be implemented in a much more restricted area than solar
PV. On the other hand, CSP can be equipped with energy storage, thereby enabling
power production also during night, which results in a significantly higher capacity
factor than solar PV can achieve. To take into account the more demanding nature
of CSP in terms of solar radiation, its share in electricity production was limited to
30% in HIC and MIC and to 50% in LIC.

CCS is an abatement technology that can be used in cycles utilising either fossil
fuels or biomass, but relatively large point sources are required. There are energy
efficiency losses and increased capital costs for carbon capture technologies and, fur-
thermore, additional costs for transport and storage of the captured CO,. Bioenergy
can be used with CCS when co-fired with coal; thus, biomass used with CCS is lim-
ited to 20% of the coal that is used with CCS. This assumption is made because of
many technical difficulties connected to transport and capture of CO, from purely
biomass burning plants. In the industrial sector, CCS can only be used at large
industrial plants. The level of storage capacity of CO, is assumed to be 2000 GtCO,,
which is the likely minimal storage capacity level in geological formations estimated
by the Intergovernmental Panel on Climate Change’s (IPCC) special report on CCS
(IPCC 2005).

Weaknesses of the method

Some central aspects of the energy system are not captured in GET and in many
other models. First, as demand for different sectors are fixed, no reduction due to ris-
ing energy prices takes place, nor any other effects on the overall economy that we
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would expect to see in the real world. The model also fails to describe actual agent
behaviour; including preferences, risk perception and lack of information. The
results of the model can be interpreted as a cost-optimal solution under a central
world government. Real world solutions are bound to be less efficient, but the model
results can still provide direction to mitigation efforts. Furthermore, even though oil
is a vital energy carrier, the actual behaviour of the oil market and prices is not cap-
tured in the model. The reason for the difficulty in modelling oil prices in a linear
programming model like GET is that the extraction cost of oil is low, and other tech-
nologies such as synthetic fuel from coal set a price ceiling. Our model aims to
describe the long-term equilibrium dynamics and not short-term price volatility, and
therefore the cost of oil is based on extraction costs scarcity rent and carbon price.
Finally, taxes and policies for local pollutants or energy security are not incorpo-
rated. Thus, the GET model represents the energy system in a rather stylised man-
ner. These shortcomings must be kept in mind while interpreting the results.

Nuclear weapon proliferation

The risk of nuclear weapon proliferation from civilian use of nuclear energy stems
mainly from two different stages of the nuclear fuel cycle — enrichment and repro-
cessing. These processes can create fissile material for use in nuclear weapons, and
once created, these materials therefore need to be safeguarded against diversion.

Enrichment is a process that increases the share of the fissile isotope uranium-
235 from 0.7% in natural uranium, which is composed mostly of uranium-238, to
3-5% to be used in LWRs as fuel. The same process can be used for creating
weapons-grade material simply by enriching uranium to much higher levels. The
commonly accepted limit of weapon usable material, or HEU, is 20% enriched
uranium-235, and material containing more than 90% is called weapons grade.
There is no technical fix for proliferation risk stemming from enrichment, and
political controls are needed.

In the context of reactor fuel production as opposed to military applications, the
purpose of reprocessing is to separate from spent reactor fuel the fissile plutonium
that accumulates during reactor operation for further use as a fuel. The separated
plutonium can also, however, be used for making weapons and for this purpose is
needed in smaller quantities than HEU. Plutonium for purely weapon purposes is
typically produced in smaller dedicated reactors with shorter operating periods in the
range of a month, which creates a high yield of Pu-239, the most suitable plutonium
isotope for creating weapons. During normal LWR operation, on the other hand,
other isotopes such as Pu-238 and Pu-240 are formed in significant quantities. These
isotopes makes bomb manufacturing more problematic due to high heat generation
and spontaneous fissions. These characteristics make the material difficult to handle
and may cause the bomb to detonate prematurely, decreasing the yield of the
weapon significantly (Kessler 2011). Therefore, the main barrier against proliferation
is controlling the plutonium isotope composition. According to Kessler (2007),
6—-8% of Pu-238 is sufficient to make material non-weapon usable.

One of the most studied breeder designs, FBRs with blankets of U-238, produce
plutonium with a very low share of Pu-238 (0.01%) (Meiliza, Saito, and Sagara
2010), which poses a major proliferation concern. Meiliza, Saito and Sagara (2010)
argued that mixing minor actinides into the blanket could increase the share of
Pu-238 to as much as 18%, which would impair bomb manufacturing through the
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mechanisms described earlier. No general agreement, however, on the proliferation
resistance stemming from plutonium’s isotopic combination has been reached. For
example, Marka (1993) claimed that the technical difficulties involving reactor-grade
plutonium are of the same type as for constructing a bomb from weapons-grade plu-
tonium. Kessler et al. (2008) in turn argued that only nuclear weapon states have the
technical capacity to construct bombs with spent nuclear fuel, and therefore
diffusion of reprocessing technology to non-nuclear weapon states should not cause
proliferation concerns.

To provide an extra measure against possible material diversion and use for
weapons, alternative reprocessing methods have been proposed that would simulta-
neously extract other transuranic elements together with plutonium, making the sep-
aration of plutonium more difficult (IAEA 2008). Von Hippel (2001) claimed that
even with these technologies, a cessation of reprocessing will always be more prolif-
eration resistant because plutonium can be separated from the reprocessing product
with extra effort and because of the protection that highly radioactive fission prod-
ucts provide against material diversion. Nevertheless, it has been assumed that some
nuclear cycles that include reprocessing can provide an early warning of weapon
assembly intentions and can thus be employed with a high level of confidence if a
robust safeguards regime is in place (Yim 20006).

To summarise, although several different methods for making reprocessing of
plutonium more proliferation resistant have been proposed, we still do not know to
what extent these proposed technologies will be used in the future and if they will
succeed in their goal of making nuclear weapon acquisition difficult.

Scenarios

In this paper, we compare six climate mitigation scenarios that have different avail-
ability of nuclear cycles and resources (Table 3). All scenarios reach the 2 °C target
with an assumed climate sensitivity of 3 °C, which corresponds to a CO, concentra-
tion level of approximately 430 ppm CO, by 2100. The emission trajectory was gen-
erated with GETClimate, which is a GET version with an integrated climate model
(Azar, Johansson, and Mattson 2013).

The first scenario, called full nuclear, represents a world in which a full commit-
ment to exploit all nuclear cycles at a global scale has been made. It assumes that
public acceptance is not a problem and that all nuclear technologies are available for
large-scale global adoption as specified in our methodology section. In the second
scenario called optimistic FBR, we take this worldview even further and assume that
technological advancement of FBRs will be greater than expected such that a breed-
ing ratio of 1.2 can be achieved with a mature cost that is 500 USD lower than in
the standard scenario. Also, using HEU for starting FBRs is allowed in this scenario.
In the third and fourth scenarios, no HIC and no LIC, we limit the spread of nuclear
technology regionally by forbidding the building of nuclear power plants in HIC
and LIC after 2020, respectively. The motivation for restricting nuclear in HIC is an
unfavourable public opinion to nuclear in many of these countries, especially after
the Fukushima accident. The prime example is Germany, whose government decided
to phase out nuclear after the accident. The constraint in the no LIC scenario is
motivated by proliferation concerns. This region contains a large number of coun-
tries with unstable political institutions that may not be able to guarantee the safety
of nuclear material or may assist militant actors seeking to acquire nuclear weapons.
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Table 3. Scenarios.

Nuclear cycles Regions where

allowed after nuclear Additional constraints
Scenario 2020 power is allowed and/or changes
Full nuclear LWR, MOX, All None
FBR
Optimistic LWR, MOX, All Breeding ratio 1.2
FBR FBR Mature cost of FBR $5500/kW
HEU start-up allowed
No HIC LWR, MOX, MIC, LIC None
FBR
No LIC LWR, MOX, HIC, MIC None
FBR
Limited LWR, MOX All No uranium production from
technology seawater or other alternative
resources
No nuclear None All (until 2020) None

Thus, the fourth scenario represents a case when technology is not made available
for such countries. The fifth scenario explores limited technological development. In
this scenario called limited technology, uranium extraction from seawater or other
alternative sources is not available and resource base therefore reduced. It is also
assumed that FBRs will never become a feasible electricity production option and
only LWR and MOX options that exist today can be used in the future. In the last
scenario we assume that due to the risks associated with nuclear power, a global
phase out will take place. Specifically, building new nuclear power plants will be
forbidden across the world after 2020, and the use of existing plants for electricity
production will cease after 2040. This scenario is called no nuclear.

Results
Costs

We define the abatement cost as the difference between the given scenario’s cost
and the cost of the baseline scenario in which there are neither carbon constraints
nor restrictions on nuclear power deployment. Figure 3 shows the abatement cost
for different scenarios in comparison with the no nuclear scenario. As can be seen,
even though reaching the climate target without employing nuclear power is possi-
ble, the abatement costs increase considerably. Our results indicate that allowing
nuclear to expand would reduce the mitigation cost by around 22% compared to the
nuclear phase out scenario. Employing advanced nuclear technologies like the FBR
and seawater uranium extraction can reduce the cost even further than merely
expanding the fleet of LWRs, as demonstrated by the difference between the full
nuclear and limited technology scenarios. Limiting regional availability has an effect
that is around 3—4% on cost, slightly more so when nuclear is not allowed in devel-
oping countries. However, this effect is relatively small compared to not allowing
any nuclear expansion.
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Figure 3. Savings in abatement costs for scenarios over period of 2000-2150 compared to
no nuclear scenario.

Future composition of electricity production

In all scenarios, the share of coal and oil without carbon capture will diminish sig-
nificantly by 2050 (Figure 4). It is largely replaced by new capacity with CCS. The
year 2100 also sees a reduction of the share of CCS technologies in all scenarios
due to more stringent emission goals except for the no nuclear scenario, in which
the share stays similar to 2050 (Figure 5). In cases of a phase out of nuclear power
or its limited availability, the role of solar energy is significantly enhanced. Similarly
to hydro power, wind power is developed in all emissions-constrained scenarios and
will reach levels above 70 EJ of electricity production by 2100. The introduction of
FBRs is preceded by upscaling of LWRs. This is due to the need for providing
FBRs with initial material. In all scenarios in which FBRs are allowed, they will be
employed on a significant scale in the second half of the century reaching 16-27%
of electricity supply by 2100. Although HEU start-up is allowed in the optimistic
FBR scenario, it is not economically attractive, and a slightly larger share by FBRs
is achieved via the increased breeding ratio. MOX fuel never becomes economically
attractive.

200
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160 \ \ NN N \ #FBR
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Bioenergy
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FBR technology

Figure 4. Electricity supply composition in 2050.
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Figure 5. Electricity supply composition in 2100.

The expansion of the number of nuclear facilities

All scenarios except a complete nuclear phase out see a significant increase in the
number of reactors needed (Figures 6 and 7).> Currently about 400 nuclear reactors
operate for electricity production in the world (Rogner 2013). In these scenarios, the
number of nuclear reactors increases twofold by 2050 if 1 GW of electricity capacity
is assumed per reactor. By the end of the century more than a 20-fold increase is
reached in some scenarios. Expansion on this scale is only thinkable with universal
political support.

If FBRs do not become available and uranium resources are limited, then the
number of reactors decreases again after an initial expansion. This indicates that for
a long-term large-scale climate mitigation contribution from nuclear power, either
advanced reactors or novel uranium extraction methods are seemingly required. Sim-
ilar dynamics can be observed also on a regional level (Figure 7). Due to the stron-
ger increase in electricity demand in LIC, the expansion of nuclear reactors is most
prominent in this region.

Given the expansion of the nuclear fleet, the enrichment facilities providing fuel
for LWRs must also increase in number (Figure 8). This increase will be relatively
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Figure 6. Number of reactors assuming 1 GW, capacity per reactor.
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Figure 7. Regional distribution of reactors assuming 1 GW, capacity per reactor.

small by mid-century. It would suffice if 5 of the 12 current facilities are upgraded
to the capacity of the largest existing commercial enrichment plant, which has a
capacity of producing 1780 tonnes of 4.5% enriched LWR fuel per year (NFCIS
2013). Using the aforementioned plant as a reference we find that in our nuclear sce-
narios 25-35 enrichment plants would be needed globally by 2070, making probable
at least a doubling of the current number. Due to political issues, some countries
may want to operate their own plant rather than participate in a shared facility. In
this case, the number of enrichment plants can be even higher. Using the current
commercial average plant capacity, which is 600 tonnes of LWR fuel production per
year (NFCIS 2013), our scenarios project about 75 enrichment facilities globally by
2070 for the full nuclear and optimistic breeder scenarios. This number increases
more significantly in the limited technology scenario and reaches 105 average size
facilities by 2070. By 2100, however, this number is reduced to 55 in the limited
technology scenario as the world exhausts its uranium resources. In both the full
nuclear and the optimistic FBR scenarios, the number increases throughout, reaching
about 125 average size facilities. Although both of these scenarios see an expansion
of FBR technology, the need for start-up fuel causes the continued use of the LWR
cycle. This is also true for the optimistic breeder scenario. Although some of the
start-up material is provided by the FBRs themselves and HEU fuelling is allowed,
LWR spent fuel stays economically preferable for expansion. HEU is not used due
to high costs associated with enrichment and increased resource requirements.
Similarly, the number of reprocessing plants increases in all nuclear scenarios,
except the limited technology scenario where reprocessing is not allowed. The num-
ber of reprocessing plants will stay low by mid-century because closed fuel cycles
are employed later. Using the current average processing capacity of the five com-
mercially operating reprocessing plants in the world, 1000 tonnes of heavy metal
per year (NFCIS 2013), we calculate that 90-145 reprocessing plants would be
needed by 2070 in scenarios in which FBRs are allowed. By 2100, 400—425 plants
would be needed. This large increase is caused by the technology shift to the closed
fuel cycle triggered by the depletion of low cost uranium. Since reprocessing is
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Figure 8. Number of enrichment and reprocessing facilities needed assuming capacity 600 t
of LWR fuel per year for enrichment and 5000 tHM/year for reprocessing.

currently uncommon in the nuclear industry, we can assume that significantly larger
plants could be built in relation to the upscaling of nuclear power. In Figure 8, we
assume that future plants are on average five times larger than the current average
plant. But since the same political incentives apply as in the case of enrichment, a
large number of plants is not implausible.

Discussion

Our scenarios see a large increase of nuclear facilities in all scenarios in which
nuclear power is allowed. This result, however, depends heavily on cost assumptions
of nuclear reactors and other main technologies. Still, sensitivity analysis (not pre-
sented here) shows that nuclear expansion can be expected in this cost-minimising
framework for a rather large interval of technology costs.

Nevertheless, if a nuclear expansion of this magnitude is realised, increased risk
of nuclear weapons proliferation could result. First, it must be acknowledged that no
inevitable connection exists between using civil nuclear power and acquiring a
nuclear bomb. Many countries in the world possess long-standing civil nuclear pro-
grammes and technical capabilities to manufacture a bomb but no nuclear weapons
ambitions. There are many competing theories of why states decide to acquire a
nuclear weapon. Some emphasise security reasons (e.g. Mearsheimer 1990; Paul
2000), others focus on norms and prestige issues (e.g. Sagan 1999; Rublee 2009). In
reality both of these reasons may play a role. Once the decision has been made,
however, having the technical capability and fissile material will shorten the time it
takes to assemble a nuclear weapon considerably (Sagan 2011). In a world contain-
ing states with the political ambition to build atomic weapons, the presence of a civil
nuclear programme makes it easier both to obtain a bomb and to hide a bomb con-
struction effort from the international community. Also, the presence of technology
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and nuclear material may lead to proliferation to a sub-national group, even though
the likelihood may be small due to the technical and economic obstacles.

As mentioned before, the proliferation risk stems from two processes in the
nuclear cycle, enrichment and reprocessing. For nuclear power to play a major role
in mitigating climate change, it must be employed at a large scale globally through-
out the century, and therefore the geographical spread will likely increase. This
means also that more countries will have access to materials required for producing
a nuclear bomb, making more probable the pursuit of nuclear weapons and sale of
sensitive materials, technology or knowledge to other countries or groups interested
in nuclear weapons. These problems can be significantly alleviated with centralised
and United Nations’ controlled fuel production facilities and depositories or even
centralised and internationally controlled electricity production. Even though both
ideas are far from new, they have found limited political support (Leventhal, Tanzer,
and Dolley 2002; IAEA 2005).

Employing nuclear power at a large scale and in many countries also means that
related material flows will increase. Even without a dedicated weapons material pro-
duction programme, states can stockpile these materials by diversion of small
amounts that are difficult to track. Without strict security measures and safeguards, a
world with more sources enables diversion of materials from different facilities.

Increases in either the quantity or location of nuclear facilities entails that more
people will be employed in power, enrichment and reprocessing plants, but also in
factories providing components for plants, meaning that nuclear-related knowledge
will be more widespread than today. This could create a broad market of people with
the crucial knowledge for manufacturing a nuclear weapon (Langewiesche 2008).

The risks associated with reprocessing depend largely on the plutonium isotopic
composition and the method used. Creation of various mixtures unsuitable for mak-
ing a bomb is theoretically possible. Proliferation resistance of reprocessing also
depends on how easily the process can be converted to extract weapon-usable mate-
rials. The use of LWR technology, however, requires enrichment and therefore will
remain a proliferation concern in any case. Our analysis show that even in the most
optimistic fast breeder scenarios, enrichment is prevalent at a much higher level than
today. Thus, even if a fast breeder system renders enrichment obsolete in the long
term, the transition period of large-scale enrichment facilities extends for more than
100 years. Thus, even if it is possible for reprocessing to become proliferation resis-
tant, our results show that strong proliferation concerns remain with the FBR system
during a long transient period. Also worth considering is that if a swift switch to the
FBR cycle was to occur, many people associated with the enrichment cycle would
likely lose their job, creating the conditions for an extensive supply of knowledge
and skills that can be bought by countries or groups interested in creating a nuclear
weapon.

Conclusions

From our model analysis of nuclear energy as a mitigation strategy, we can draw the
following conclusions:

e Nuclear power is likely to reduce the cost of reaching a stringent climate target
compared to a global decommissioning of nuclear power.
e A large-scale mitigation effort through nuclear power requires either uranium
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extraction from seawater or FBRs; otherwise nuclear expansion is likely to be
limited by resource constraints by the end of the century.

e To harvest the aforementioned benefits of nuclear, the number of reactors and
enrichment facilities must increase approximately 10-fold by 2070.

e Even in a future with large-scale FBR employment with proliferation resistant
reprocessing, large-scale enrichment capacity remains at the beginning of the
next century.

These results are subject to several limitations. In addition to constraints related
to the modelling approach discussed in the methodology section, large uncertainties
exist in relation to the cost of new technologies as well as the time they become
commercially available. Although we have addressed some of these uncertainties,
we have not captured all future possibilities. In the next 100 years new technologies
that change the cost structure of the energy system may emerge, creating a renewed
need for scenario analysis. Alternatively the cost of nuclear technologies might
prove to be significantly different than assumed here.

Furthermore, our study does not include the costs posed on society by nuclear
accident risk and by the need to increase safeguards and regulatory capacity to deal
with increased proliferation risk. These costs are likely to reduce the projected eco-
nomic benefits from nuclear power but require further analysis to be quantified.
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Notes
1. In this article, we use the terms nuclear weapons proliferation and proliferation synony-
mously.

2. From here on we omit the results of no HIC and no LIC scenarios from graphs for better
visual clarity. The results of these scenarios are always between the results of limited ura-
nium and full nuclear scenarios.

References

Azar, C., D. J. Johansson, and N. Mattson. 2013. “Meeting Global Temperature Targets —
The Role of Bioenergy with Carbon Capture and Storage.” Environmental Research
Letters 8 (3): 1-8.

Azar, C., K. Lindgren, and B. Andersson. 2003. “Global Energy Scenarios Meeting Stringent
CO, Constraints — Cost Effective Fuel Choices in the Transport Sector.” Energy Policy
31: 961-976.

Bauer, N., R. J. Brecha, and G. Luderer. 2012. “Economics of Nuclear Power and Climate
Change Mitigation Policies.” Proceedings of the National Academy of Sciences 109 (42):
16805-16810.

Cochran, T. B., H. A. Feiveson, W. Patterson, G. Pshakin, M. V. Ramana, M. Schneider, T.
Suzuki, and F. von Hippel. 2010. Fast Breeder Reactor Programs: History and Status.
Research report 8. International Panel on Fissile Materials.

GEA (Global Energy Assessment). 2012. Global Energy Assessment — Toward a Sustainable
Future. Cambridge and Laxenburg: Cambridge University Press and International Insti-
tute for Applied Systems Analysis.

GGI Scenario database (accessed April 26, 2013). http://www.iiasa.ac.at/web-apps/ggi/
GgiDb/dsd?Action=htmlpage&page=series/


http://www.iiasa.ac.at/web-apps/ggi/GgiDb/dsd?Action=htmlpage&amp;page=series/
http://www.iiasa.ac.at/web-apps/ggi/GgiDb/dsd?Action=htmlpage&amp;page=series/

Journal of Risk Research 289

GIF. 2012. Annual Report 2011. https://www.gen-4.org/gif/jcms/c_44720/annual-reports.

Hedenus, F., S. Karlsson, C. Azar, and F. Sprei. 2010. “Cost-effective Energy Carriers for
Transport — The Role of the Energy Supply System in a Carbon-constrained World.”
International Journal of Hydrogen Energy 35 (10): 4638—4651.

TAEA. 2005. Multilateral Approaches to the Nuclear Fuel Cycle. Vienna: INFCIRC/640.

TAEA. 2008. Spent Fuel Reprocessing Options. Vienna: IAEA-TECDOC-1587.

IPCC. 2005. IPCC Special Report on Carbon Dioxide Capture and Storage. Prepared by
Working Group III of the Intergovernmental Panel on Climate Change, edited by
B. Metz, O. Davidson, H. C. de Coninck, M. Loos, and L. A. Meyer. Cambridge:
Cambridge University Press.

IRENA. 2012a. Renewable Energy Technologies: Cost Analysis Series. Concentrated Solar
Power.

IRENA. 2012b. Renewable Energy Technologies: Cost Analysis Series. Solar Photovoltaics.

IRENA. 2012c. Renewable Energy Technologies: Cost Analysis Series. Wind Power.

IRSN. 2012. Overview of Generation IV Reactor Designs. IRSN Report 2012/158.

Kessler, G. 2007. “Plutonium Denaturing by Pu-238.” Nuclear Science Engineering 155: 53-73.

Kessler, G. 2011. Proliferation-proof Uranium/Plutonium Fuel Cycles: Safeguards and
Non-proliferation. Karlsruhe: KIT Scientific Publishing.

Kessler, G., C. Broeders, W. Hoebel, B. Goel, and D. Wilhelm. 2008. “A New Scientific
Solution for Preventing the Misuse of Reactor-grade Plutonium as Nuclear Explosive.”
Nuclear Engineering and Design 238: 3429-3444.

Langewiesche, W. 2008. The Atomic Bazaar: Dispatches from the Underground World of
Nuclear Trafficking. New York: Farrar, Straus and Giroux.

Leventhal, P., S. Tanzer, S. Dolley. 2002. Nuclear Power and the Spread of Nuclear Weapons.
Washington, DC: Brassey’s.

Marka, J. C. 1993. “Explosive Properties of Reactor-grade Plutonium.” Science and Global
Security 4: 111-128.

MIT. 2011. The Future of the Nuclear Fuel Cycle: An interdisciplinary MIT study.

Mearsheimer, J. J. 1990. “Back to the Future: Instability in Europe After the Cold War.”
International Security 15: 5-56.

Meiliza, Y., M. Saito, and H. Sagara. 2010. “Denaturing Generated Pu in Fast Breeder Reac-
tor Blanket.” Journal of Nuclear Science and Technology 47 (10): 853-866.

Mori, S. 2012. “An Assessment of the Potentials of Nuclear Power and Carbon Capture and
Storage in the Long-term Global Warming Mitigation Options Based on Asian Modeling
Exercise Scenarios.” Energy Economics 34: S421-S428.

NFCIS (Nuclear Fuel Cycle Information System). Accessed October 25, 2013. http:/
infcis.iaea.org/NFCIS/Facilities.cshtml/

Nifenecker, H., D. Heuer, J. M. Loiseaux, O. Meplan, A. Nuttin, S. David, and J. M. Martin.
2003. “Scenarios with an Intensive Contribution of Nuclear Energy to the World Energy
Supply.” International Journal of Global Energy Issues 19 (1): 63-77.

Paul, T. V. 2000. Power versus Prudence: Why Nations Forgo Nuclear Weapons. Montreal:
McGill-Queen’s University Press.

Rogelj, J., W. Hare, J. Lowe, D. P. van Vuuren, K. Riahi, B. Matthews, T. Hanaoka, K. Jiang,
and M. Meinshausen. 2011. “Emission Pathways Consistent with a 2 °C Global Tempera-
ture Limit.” Nature Climate Change 1: 413—418.

Rogner, H.-H. 2013. “World Outlook for Nuclear Power.” Energy Strategy Reviews 1 (4):
291-295.

Rublee, M. R. 2009. Nonproliferation Norms: Why States Choose Nuclear Restraint. Atlanta,
GA: University of Georgia Press.

Sagan, S. D. 1999. “Rethinking the Causes of Nuclear Proliferation: Three Models in Search
of a Bomb.” In The Coming Crisis: Nuclear Proliferation, U.S. Interests, and World
Order, edited by V. A. Utgoft, 17-50. Cambridge, MA: MIT press.

Sagan, S. D. 2011. “The Causes of Nuclear Weapons Proliferation.” Annual Review of Politi-
cal Science 14: 225-244.

Tanaka, K., and T. Raddatz. 2011. “Correlation between Climate Sensitivity and Aerosol
Forcing and its Implication for the ‘Climate Trap’.” Climatic Change 109 (3—4):
815-825.


http://https://www.gen-4.org/gif/jcms/c_44720/annual-reports
http://infcis.iaea.org/NFCIS/Facilities.cshtml/
http://infcis.iaea.org/NFCIS/Facilities.cshtml/

290 M. Lehtveer and F. Hedenus

Tavoni, M., and B. Van der Zwaan. 2011. “Nuclear Versus Coal plus CCS: A Comparison of
Two Competitive Base-load Climate Control Options.” Environmental Modeling &
Assessment 16 (5): 431-440.

Vaillancourt, K., M. Labriet, R. Loulou, and J.-P. Waaub. 2008. “The Role of Nuclear Energy
in Long-term Climate Scenarios: An Analysis with the World-TIMES Model.” Energy
Policy 36: 2296-2307.

Von Hippel, F. N. 2001. “ENERGY: Plutonium and Reprocessing of Spent Nuclear Fuel.”
Science 293 (5539): 2397-2398.

World Bank. 2012. Turn Down the Heat: Why a 4 °C Warmer World Must Be Avoided. Wash-
ington DC.

Yim, M.-S. 2006. “Nuclear Nonproliferation and the Future Expansion of Nuclear Power.”
Progress in Nuclear Energy 48: 504-524.



	Abstract
	 Introduction
	 Background
	 Method
	 Performance and cost of technologies
	 Weaknesses of the method 
	 Nuclear weapon proliferation
	 Scenarios

	 Results
	 Costs
	 Future composition of electricity production
	 The expansion of the number of nuclear facilities

	 Discussion
	 Conclusions
	Acknowledgements
	Notes
	References



