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Foreword

World demand for energy is set to increase significantly in the next decades,
spurred by economic and demographic growth, especially in developing countries.
Unless current trends are reversed, this demand for energy will be met mainly by
burning fossil fuel, at the cost of escalating emissions of carbon dioxide and the
associated risk of global warming. To curb these emissions, action is needed more
than ever to switch to low-carbon energy technologies.

In the decade preceding the TEPCO Fukushima Daiichi accident, nuclear
energy had increasingly been considered as a key electricity generation
technology to support the transition of fossil-based energy systems to low-
carbon systems. Since the accident, several energy scenarios have been
published by international organisations such as the International Energy
Agency which continue to project a significant development of nuclear energy to
meet energy and environmental goals, albeit at a somewhat slower rate than
previously projected. At the same time, a large number of countries, including
developing countries wishing to launch nuclear power programmes, have
confirmed their intention to rely on nuclear energy to meet electricity needs and
objectives to reduce carbon emissions.

In this context, this report provides a critical analysis of the contribution
that nuclear energy can make to the reduction of greenhouse gas emissions, and
evaluates the construction rates needed to reach projected nuclear capacities
based on different assumptions regarding the lifetime of existing power plants. It
then assesses the barriers to such projected expansion, in terms of technical,
economic, societal and institutional factors. Another challenge for nuclear power
lies in its capacity to address the constraints of an electricity mix with a high
share of renewables, in terms of flexibility and load-following. The impact of
new “smart grid” technologies on nuclear energy demand and supply is also
analysed.

Long-term prospects for nuclear energy are discussed in terms of
technological developments, non-electrical applications of nuclear energy and
new operational challenges which power plants could face in terms of
environmental and regulatory constraints linked to climate change. A summary
and conclusions are presented in the final chapter.
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Executive summary

Nuclear electricity generation is virtually free of direct (i.e. during
operation) greenhouse gas emissions, but as with any generation technology,
there are indirect emissions associated with mining, fuel fabrication,
construction and decommissioning of the power plant, and disposal of the waste.
Some of these activities can be energy intensive, and depending on the carbon
footprint of the energy system where this activity takes place, lead to non-
negligible emissions of greenhouse gases. This report provides an in-depth
analysis of different studies of current and future fuel cycles, based on life-cycle
assessments or environmental product declarations. The analysis considers
various parameters: quality of the uranium ore (low grade vs. high grade),
enrichment technology (gas diffusion vs. centrifugal), carbon intensity of the
energy used during the processes, etc. and concludes that nuclear power is a low-
carbon technology, with overall emissions of the same magnitude as wind or
hydro electricity.

The report begins by looking at various scenarios, published by
international organisations and aimed at modelling transitions to low-carbon
energy futures. In most cases, constraining the evolution of an energy system by
limiting carbon levels in the most cost-effective way leads to a high share of
nuclear energy. Projections published after the Fukushima Daiichi accident
continue to show an important role for nuclear energy as a key contributor to
low-carbon systems, even if its contribution is slightly reduced compared to
previous estimates. The Blue Map scenario of the International Energy Agency
(IEA) 2010 Energy Technology Perspectives, which foresees 1200 GWe of
nuclear capacity by 2050, is then taken as a case study to evaluate the necessary
new build construction rates that would be needed to meet this expansion. These
rates depend on assumptions concerning the long-term operation of the existing
nuclear fleet. These rates are compared to historical data concerning construction
starts or capacity connected to the grid, and it is concluded, based on that data,
that a large expansion of nuclear capacity is feasible.

However, data from the past can only give a partial insight into the way
nuclear energy can evolve in the future. The perception of nuclear energy by the
public, and the constraints associated with this technology, differ greatly from
those that were at play in the 1970s. The report therefore reviews all the
potential barriers that could prevent nuclear energy from expanding to the levels
foreseen by the case study projections. Financing and investment represent



probably the greatest challenges, since the upfront capital investment needed for
the most advanced nuclear power plants represents a huge investment for a
potential owner, especially a private utility in a deregulated market. The
economics of nuclear power plant depend strongly on discount rates, the
duration of construction, as well as political risks and electricity market
characteristics that affect the operation of the plant as a baseload provider of
electricity for 60 years or more. The report also reviews other issues which are
often cited as challenges for the future of nuclear power: the set up of the
necessary industrial infrastructure and supply chain, the availability of skilled
labour, the issue of uranium resources, the siting of new plants — especially in a
post-Fukushima Daiichi world, the issue of appropriate management of
radioactive waste, the need for standardisation of reactor designs, and finally,
public acceptance and institutional, regulatory and legal frameworks without
which nuclear energy cannot develop.

The report then addresses the specific challenge of operating nuclear power
in a future energy system characterised by a large share of renewable
technologies. In such an electrical grid system, frequency control, or stability,
and balancing become issues. The case is made that an electric grid is more
stable if it includes generating units with high inertia, such as thermal power
plants and their turbo-generator sets. Nuclear would then be preferred to coal or
gas from the point of view of emissions, and possibly security of energy supply
too, if gas is imported as it is in Europe. As far as balancing is concerned, it is
argued that even if nuclear is usually operated as a baseload technology, it is also
capable of load-following, though this is less cost effective for nuclear power.
Smart grid technologies, which could help reshape the electricity demand curve
to level the load, would help to increase the proportion of baseload in the
system, and this would be beneficial to nuclear power.

Before concluding, the report examines the long-term perspectives for
nuclear energy. Technological developments in the area of nuclear systems
(Generation 1V concepts such as fast neutron reactors and high-temperature
reactors, small modular reactors, accelerator-driven systems) and associated fuel
cycles (recycling, partitioning and transmutation) are ongoing. If successful,
these developments would lead to an improved efficiency of nuclear power and
use of natural resources. They would also open the way to new applications of
nuclear energy which have the potential to displace processes that are currently
based on fossil fuel, and therefore contribute further to the transition to a low-
carbon energy future. But new challenges also lie ahead if global warming
effects cannot be avoided: heat waves and droughts for instance represent a
challenge for thermal power plants sited along rivers, and which require large
amounts of water for cooling. Increased environmental and regulatory
constraints leading to the limitation of water withdrawal or limitation of thermal
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releases will need to be addressed, and this may require new technology
developments and reduce the competitiveness of nuclear power.

Finally, the report draws conclusions on the contribution that nuclear
energy can make to the transition to a low-carbon energy future. It highlights the
main barriers or challenges it needs to overcome to enable its expansion to levels
where it can make even more significant contributions than it does today.
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1. Introduction

The need to cut emissions of greenhouse gases (GHG), notably carbon
dioxide (CO,) from the burning of fossil fuels, is central to global energy and
environmental policy-making. Despite the lack of a global consensus on future
emissions reductions to follow the Kyoto Protocol to the UN Framework
Convention on Climate Change, many OECD countries have adopted or are
considering ambitious targets for emissions reductions in the period to 2050.

This is largely driven by scientific consensus in the 2007 report of the
Intergovernmental Panel on Climate Change (IPCC, 2007), which found that the
concentration of CO, in the atmosphere will need to be stabilised at no more
than 450 ppm to have a 50% chance of limiting the global world temperature
increase to 2°C. This implies global cuts of 50% or more in emissions by 2050
compared to the levels of year 2000, requiring nothing less than a revolutionary
shift away from fossil fuels for energy supply, and particularly for electricity
generation.

Nuclear energy already plays an important role in limiting greenhouse gas
emissions in the power sector. In 2009, it represented 13.4% of the world
electricity production, the second largest low-carbon source behind hydro’s
16.4% share. In OECD countries, nuclear energy is by far the largest source of
low-carbon electricity, with a share of over 21% of the electricity production
(IEA, 2011). Even in the aftermath of the Fukushima Daiichi accident, many
governments consider that nuclear power can continue to play an important role
in a low-carbon energy future, alongside renewable and carbon capture and
storage (CCS) technologies. However, the share of nuclear energy in tomorrow’s
low-carbon future will depend on many factors, which include national energy
policies, public acceptance, economic environment, investment conditions, as
well as the rate of commercial deployment of CCS and renewable energies. The
Fukushima Daiichi accident in Japan in March 2011, caused by an
unprecedented earthquake and tsunami, has certainly clouded the prospects for
nuclear energy. Belgium, Germany and Switzerland have announced or
confirmed phase-out policies. Italy has abandoned plans for re-introducing
nuclear power. Many more countries on the other hand have confirmed their
intention to continue with new build plans, albeit at a somewhat slower pace
than initially planned. This is the case for China, the Czech Republic, India,

13



Poland, the Republic of Korea, the Russian Federation, Turkey, the United
Kingdom, the United States and Vietnam.

Under those circumstances, it is important to revisit the contribution that
nuclear energy can make to the reduction of GHG emissions from the power
sector. This report aims precisely at addressing issues that will determine the
share of nuclear energy in tomorrow’s low-carbon future. It also aims at
providing factual answers to criticisms concerning the effective contribution of
nuclear energy to the fight against climate change. For instance, it has been
argued by some that nuclear is largely irrelevant to reducing emissions, because
capacity could not be expanded quickly enough or because of constraints on
uranium supply or other inputs. It has also been argued by others that CO,
emissions from fossil energy use in the nuclear fuel cycle could become
significant, making overall emissions comparable to those from fossil power
plants.

To address these issues, the OECD/NEA Committee for Technical and
Economic Studies on Nuclear Energy Development and the Fuel Cycle (NDC)
established the ad hoc Expert Group on Climate Change and Nuclear Energy
Build Rates in 2009 to carry out a study. This report is the final result of the
expert group’s deliberations, and is addressed primarily at OECD governments
considering the use of nuclear energy as part of their overall national strategy to
meet energy and environmental policy goals.

The project builds on existing work by the IEA and other organisations that
have prepared energy supply scenarios which foresee a role for nuclear power in
reducing CO, emissions. The report aims to establish whether the assumed
contributions of nuclear power are realistically achievable, or whether
constraints on nuclear build rates or fuel cycle capacities will limit the role of
nuclear energy. The interaction between increasing nuclear capacity and other
developments in energy supply, such as the growth in intermittent renewables, is
also examined. The study also addresses the question of how much indirect CO,
is produced in the overall nuclear cycle, and the extent to which this could rise
given the assumed increases in nuclear generating capacity.

The report is organised as follows.

In Chapter 2, various published estimations of indirect GHG emissions
from nuclear power are analysed and compared. It is concluded that apart from
studies which consider nuclear fuel cycles involving extraction of very low-
grade ore in a carbon-intensive electricity supply environment, nuclear power
has indeed very low indirect GHG emissions, and these will become even lower
in the future as the overall carbon intensity of the national energy mix decreases.
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In Chapter 3, scenarios of nuclear energy capacity expansions are reviewed,
including projections published after the Fukushima Daiichi accident which
foresee a decrease of the order of 10% compared to projections made prior to the
accident. The building rates for new plants needed to reach those projections are
calculated, under different assumptions on long-term operations of the existing
nuclear reactor fleet.

In Chapter 4, issues that are key to the projected capacity expansions are
analysed: financing and investment, industrial infrastructure, human resource
and knowledge management, uranium supply and fuel cycle, siting aspects,
radioactive waste management policies, standardisation of designs and public
acceptance.

Chapter 5 analyses the capabilities and limitations of nuclear power
operating in an electricity system with a high share of renewables. The load-
following capabilities of present and future nuclear reactors are analysed, and
the impact of “smart grid” technologies on the level of demand for baseload
capacities is discussed.

In Chapter 6, long-term perspectives for nuclear energy are given, from the
point of view of its further contribution to a low-carbon energy future, as well as
from the point of view of adaptation to new climatic conditions, in the event that
significant climate change cannot be avoided. Technology developments,
e.g. Generation 1V or small modular reactor (SMR) designs are reviewed,
operational and environmental constraints and new applications of nuclear
energy are analysed.

Finally, conclusions are drawn in Chapter 7.

The overall objective of the report is to present a factual analysis of the
technical potential for an expanded nuclear capacity to contribute to reductions
in CO, emissions in the period to 2050. In doing this, it aims to contribute to the
ongoing policy debates at national and international levels on the optimum way
to achieve a low-carbon energy future in response to the threat of climate
change.
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2. Greenhouse gas emissions from the nuclear cycle

Electricity generation from nuclear power plants is virtually free of direct
greenhouse gas emissions, i.e. emissions from the nuclear power plant itself.
However, as with all electricity generating options, there are some indirect
emissions from the full nuclear energy cycle, i.e. those associated with mining
and milling of uranium ore, the manufacture of enriched fuel elements, the
construction and decommissioning of the nuclear power plant and the disposal
of waste. These activities require power and fuel, and the associated emissions
are indirect emissions from the nuclear fuel cycle.

Most studies show that the overall indirect emissions from nuclear energy
are rather small and comparable to renewable energy sources, such as wind
power. However, there are some studies that suggest these emissions are, or
could become, much greater than those from renewables, to the extent that
nuclear power would not be able to contribute significantly to emissions
reductions. This chapter aims to clarify some of the issues surrounding these
studies.

Assessments of GHG emissions from different energy sources fall into two
main types: life-cycle analysis (LCAS) and environmental product declarations
(EPDs). LCAs exist in different forms, but most evaluate all non-negligible
inputs and outputs from each process involved in the relevant cycle throughout
the lifetime of the facilities employed (e.g. including construction and
decommissioning operations as well as operation), and assess the related
emissions. The aim of an LCA is usually to produce an average or typical value
for a particular technology. For electricity plants and their associated fuel
cycles, the result is expressed in terms of emissions per unit of electricity
produced.

This necessarily involves setting some system boundaries, and the result
depends strongly on the accuracy and completeness of the available data and on
the assumptions made. One major source of variable results is that the same
type of facilities in different locations or using different technologies may have
very different inputs and outputs. As a result, different LCAs, even when
prepared using credible methodologies and peer-reviewed, can often produce
widely varying results.
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EPDs have been developed by industry to assess the emissions and other
impacts that can be directly and indirectly attributed to a particular product
(e.g. the electricity from an individual generating plant). Such an analysis
includes actual data from the facilities that are actually used to provide the
product concerned, rather than taking average or typical data for a class of
facility.

2.1. Life-cycle assessment of emissions from nuclear power

Many contributions on the life-cycle assessment of nuclear power and
other electricity generating plants have been published in the open literature. In
some cases, the results of these studies contradict each other, as do the
conclusions drawn from them. Most of the referred publications show that the
overall indirect emissions of nuclear plants are quite limited, but a few studies
argue that these emissions are heavily underestimated. In this section, a brief
overview of published results as well as some qualifying remarks are given.

A comprehensive review of published studies has been undertaken by
Weisser (Weisser, 2007). A summary of his results is shown in Figure 2.1.

Figure 2.1: Range of GHG emissions for indicated power plants
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Source: Weisser, 2007, reprinted with permission from Elsevier.

Another comparison has been made by the World Energy Council (WEC,
2004). This sample of studies gives a range for emissions from nuclear power of
between 3 and 40 g CO,/kWh. The European Nuclear Energy Forum’s SWOT
analysis (ENEF, 2010) also provides several examples from the literature, such
as the WEC study and an earlier study performed by the International Atomic
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Energy Agency (IAEA, 2000) which found a range for emissions from the
nuclear fuel cycle between 9 and 21 CO,/kWh. Fthenakis (Fthenakis et al.,
2007) include low, intermediate and high results for lifetime GHG emissions
from nuclear life cycles and conclude that the largest differences can be
explained by different assumptions with respect to enrichment, construction and
operation. However, detailed input data for these process steps are lacking.

Important to mention is the work by Sovacool (Sovacool, 2008), who sets
out to calculate a mean value for the overall emissions by averaging the global
results of 19 LCA studies forming a subset of, as stated by the author, “the most
current, original and transparent studies” of the 103 studies initially identified.
However, a critical assessment reveals that a majority of the studies
representing the upper part of the emissions range can be traced back to the
same input data prepared by Storm van Leeuwen and Smith (Storm van
Leeuwen, 2005).

Storm van Leeuwen and Smith make use of data related to the extraction
of uranium from very low-grade ores, which makes the extraction stage both
very energy and GHG intensive. Their figures show a nuclear fuel cycle
consuming more energy than the overall electrical energy output over a nuclear
plant’s lifetime when relying on very low-grade ores in the long term.

After careful analysis, it must be concluded that the mix of LCAs selected
by Sovacool gives rise to a skewed representation of the different results
available in the literature. Furthermore, since different studies use different
energy mixes and other varying assumptions, averaging the GHG emissions of
these studies is not a sound method to calculate overall emission coefficients, as
it does not consider any site-specific information. Therefore, for current plants,
the previously mentioned attributional approach used in EPDs is to be preferred.

Beerten (Beerten et al. 2009), being aware of these earlier reviews, have
tried to shed some light on the discrepancies between the different studies. They
aim to give a detailed picture of the GHG emissions in the different process
stages of the nuclear fuel cycle by comparing the results of selected case
studies, reflecting the range of results available in the literature: Torfs (Torfs,
1998), a Belgian study by Voorspools (Voorspools, 2000), Storm van Leeuwen
and Smith, and an Australian study by Lenzen (Lenzen, 2006; 2008).

In Beerten (Beerten et al. 2009), the GHG emissions are analysed together
with the indirect energy use, since most of the emissions result from the use of
energy in the different process stages. In the comparative analysis, the nuclear
life cycle considered is that of a pressurised water reactor (PWR) without
recycling of nuclear fuel. To disentangle the contributions of the different
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process steps to the overall result and to make a detailed comparison of the
selected case studies, the consolidated results have been recalculated according
to the same methodology, but using the inputs and assumptions of the original
studies.

As to the methodology used in the original studies, it was found that the
assessment method for computing the energy and GHG intensity is a major
cause of the diverging results. Although a high emphasis has recently been put
on GHG emissions, the analysis in two studies was carried out using an energy
analysis. One method to perform such an energy analysis is a process chain
analysis (PCA). Such an analysis is detailed in that it considers energy used and
emissions produced in each step of the chain, but can lead to a systematic error
due to the arbitrary selection of the system boundaries.

A second method is the input-output analysis (IOA), using cost and energy
intensity data for each industrial sector involved. A simplified method based on
an average energy intensity, in which the overall monetary cost is multiplied by
an economy-wide energy intensity, is used by Storm van Leeuwen for a number
of process steps. In addition, the scope of the studies is another important factor
determining the overall result: not all of the studies take into account every
process step.

In two of the studies investigated, the GHG emissions themselves are
calculated as a by-product of an energy analysis. Making a clear distinction
between different primary energy carriers for all process steps involved, and
identifying the GHG emissions for each step, as done by Torfs and VVoorspools,
results in a more accurate assessment of the GHG emissions. Computing the
GHG emissions by multiplying the overall thermal and electrical energy inputs
with single average GHG intensities, as performed in the two other studies,
makes the results highly dependent on assumptions about the background
energy system.

When the GHG intensities are changed in line with other established
studies, the results from Lenzen are significantly lowered from 57.7 g CO,/kWh
(being their best estimate) to 32.3 g CO,/kWh (assuming an average European
electricity mix and the use of natural gas for thermal power generation). For the
Storm van Leeuwen study, compared to their own results of 117 g CO,/kWh for
current day practices and up to 337 g CO,/kWh when relying on low-grade ores
(presuming an all-nuclear electricity input), when the coal intensive background
economy from Lenzen is used, the results become 236 to 800 g CO,/kWh. This
illustrates the large dependence of the results on the GHG intensity of the
background economy.
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The most important reasons for the very high emissions in the study by
Storm van Leeuwen and Smith, in the case where low-grade uranium ores are
used, are the high energy inputs for mining and milling, the hypothetical model
used for mine site clean-up, and the very low extraction yield assumed. This
results in GHG emissions from the uranium mining and milling stage
contributing up to 70% of the overall result of 337 g CO,/kWh.

In analysing the result for higher-grade ores (117 g CO./kwh), it was
found that the highest contributions stem from the construction of the power
plant, the operation of the plant, and all downstream life-cycle steps, such as
waste storage, decommissioning and final waste disposal. The main reason for
these high contributions is the assessment method used for the construction
stage, in which total construction costs are multiplied by the average energy
intensity of the overall energy system. All subsequent downstream process
steps, as well as operation and maintenance, are assessed using similar methods
or are assumed to use a percentage of the overall construction energy, thereby
leading to very high results.

The results obtained by Torfs and Voorspools (7 to 18 g CO,/kWh, with
7.79 CO/kWh as the best estimate for Belgium) are far smaller than those
obtained by Storm van Leeuwen and are in line with other studies available in
the literature. However, the scope of the study does not include storage and final
disposal of waste. It also assumes an all-nuclear electricity input for enrichment
carried out using energy-intensive gas diffusion technology, which results in a
rather small GHG contribution from this step in the fuel cycle.

The GHG emissions in Lenzen’s study (10 to 130 g CO,/kWh, with
57.7 g CO,/kWh as best estimate for Australia) are higher than the results from
the Belgian study, primarily due to the assumed GHG intensive high coal use
energy economy. Significant emissions result from the enrichment phase (28%)
and the operation and maintenance of the power plant (25%). The higher GHG
emissions are also reflected in the higher energy use in the different process
steps, which is mainly due to the use of an 10A-based assessment method,
whereas a PCA was used for the majority of the process steps in the Belgian
study. Lenzen bases his analysis on the literature overview provided by Storm
van Leeuwen for some process steps in the upstream part of the fuel cycle.
However, the resulting overall energy use and GHG emissions in Lenzen’s
study are smaller due to a more correct assessment method of the energy use in
the downstream part of the fuel cycle. When a European-type energy mix is
considered instead of the coal economy assumption initially used, Beerten finds
that Lenzen’s model yields a lower best estimate value of 32 g CO,/kWh.
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Finally, it is worth mentioning the recently published WNA report (WNA,
2011) on life-cycle greenhouse gas emissions for various electricity generation
sources. This report is based on a review of over 20 studies published by
international organisations, governmental agencies and universities. The
conclusions of this report in terms of life-cycle GHG intensity are summarised
in Table 2.1. These are in line with the above data, and identify the enrichment
phase (choice of technology, gas diffusion or centrifugal, and specificities of the
electricity mix powering the process) as the main source of indirect emissions,
and the main factor influencing the range of emissions. The report also cites
construction of the power plant as an area where emissions are higher in the
case of a nuclear reactor than for other comparable generating technologies,
since nuclear reactor designs involve multiple safety barriers which represent
additional civil works.

Table 2.1: Range of GHG emissions from different electricity
generation technologies

GHG emissions, in tonnes CO, eq/GWh

Technology
Mean Lower range Upper range

Lignite 1054 790 1372
Coal 888 756 1310
Oil 733 547 935
Natural gas 499 362 891
Solar PV 85 13 731
Biomass 45 10 101
Nuclear 29 2 130
Hydroelectric 26 2 237
Wind 26 6 124

Source: WNA, 2011.

Table 2.2 summarises the findings of the different studies cited above in
terms of GHG emissions of the nuclear fuel cycle.
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Table 2.2: Range of GHG emissions from nuclear power
Synthesis of cited studies

GHG emissions for nuclear power generation,

Source of data in tonnes CO, eq/GWh

Mean Lower range Upper range
IAEA (2000) - 9 21
Lenzen (2008) 57.7 10 130
Lenzen (2008)/ 30
Beerten et al. (2009)
Torfs (98)/Voorspools (2000)/ 7 18
Beerten et al. (2009)
WEC (2004) - 3 40
Weisser (2007) - 2.8 24
WNA (2011) 29 2 130

2.2. Emissions from future nuclear fuel cycles

As is clear from the above discussion, the most important factors
influencing the future CO, levels of different nuclear fuel cycle alternatives are
the guantity of fresh uranium needed, the ore grade and the carbon intensity of
the electricity used in the different process steps in the life cycle. The ore grades
of exploited uranium deposits could decline over time, which would increase
energy use in mining and milling. Conversely, diffusion enrichment technology,
which uses more than 25 times more energy than centrifuge enrichment
technology, will be phased out over the next few years. The generation mix of
the electricity used in the different steps in the nuclear fuel cycle will most
likely change towards lower-carbon emissions. The recycling of plutonium and
actinides could reduce the need for uranium mining, and also reduce volumes of
high-level nuclear waste for repository disposal. This would, however, require
an extra stage in the cycle, that of reprocessing of spent fuel.

The work by Wiberg (Wiberg, 2009) helps to clarify the issues on the fuel
cycle. A slightly modified version of the emission profile for the Forsmark
nuclear power plant (NPP) (as presented in its EPD, with once-through cycle)
was used as the reference scenario in a set of future fuel cycle scenarios
prepared by the OECD Nuclear Energy Agency (NEA, 2006). These scenarios
include different combinations of Generation Il1+ reactors and Generation 1V
reactor types chosen from the six selected by the Generation 1V International
Forum (GIF). Based on the emission profile of the reference scenario, the mass
flows in the different fuel cycles and different carbon intensity of the electricity
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feeding the life cycle, Wiberg has made estimates of the CO, emissions
(Wiberg, 2009).

The reference scenario has the following characteristics: Forsmark NPP,
3 boiling water reactors (BWR), total capacity 3 158 MW, once-through cycle,
uranium from the ROssing mine in Namibia with ore grade 0.028% U,
centrifuge enrichment and electricity input based on national generation mixes;
spent fuel is prepared for final repository in line with the Swedish concept;
transmission and distribution to a 130-kV customer, distribution losses 3%
(input data from 2006).

If future ore grades follow historical trends, they will decline with higher
CO; emissions as a possible consequence. Hence, Wiberg has set up scenarios
for two different ore grades, 0.01% and 0.001% (recall that in the reference
scenario, the uranium originates from the R&ssing mine, with ore grade
0.028% U) (Wiberg, 2009). Furthermore, for the scenarios below, a best-case
and a worst-case estimates are computed, based on different (opposing)
assumptions.

The studied scenarios are (Wiberg, 2009):

e  Open cycle Forsmark: The once-through cycle; spent fuel is prepared for
final repository. “Similar” to the reference case, but now subject to
different ore grades and other assumptions (worst and best cases).

e Open cycle EPR: The once-through cycle, slightly smaller fuel
requirements than Forsmark but higher enrichment; spent fuel is prepared
for final repository.

e Pu LWR: A partially closed cycle where plutonium is multi-recycled in
light water reactors (LWR) reactors; other actinides are prepared for final
disposal.

e LWR+FR: A fully closed cycle, with LWR and fast reactors (FR); the
nuclear waste consists of reprocessing losses and is practically free of
actinides.

Assumptions applied to design best- and worst-case scenarios are
presented below:

e  Electricity generation mixes and fuels: In the worst-case scenarios, fossil-
based electricity feeding is assumed. In the best-case scenarios, electricity
is provided from low CO, emitting sources, such as hydro and nuclear
power. Fuels used on site, the share of electricity in relation to gross
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energy use and electricity used to produce input substances are the same as
in the reference scenario as well as all transportation.

e  Mass flows: The number of process operations required is assumed to be
proportional to the uranium need in the different scenarios. For example, if
the uranium need is 60% compared to the reference scenario, then the
amount of conversion operations required has been set to 60%. The
enrichment levels proposed in NEA (2006) are taken into account when
estimating the separative work unit (SWU) requirements.

e  Energy use, mining and milling: To estimate energy use at the suggested
ore grades, a simple regression equation has been applied in the best-case
scenarios. In the worst-case scenarios, it has been assumed that the energy
use was inversely proportional to ore grade.

e Energy use, advanced fuel cycles, fuel fabrication and reprocessing:
Fabrication of fast reactor fuels and mixed-oxide fuels (MOX) will
probably be more complex than fabrication of uranium oxide fuels (UOX)
due to technical challenges. Since no better guidance has been found, it has
been assumed that the energy use associated with fuel fabrication
corresponds to future cost estimates of that process in the worst-case
scenarios, but would be equivalent to the energy use of UOX fabrication in
the best-case estimates. A similar approach has been used for reprocessing
with reprocessing of LWR fuel at La Hague, France (Ecoinvent database)*
as reference data.

e  Energy use, other processes: No detailed assessment has been made for
operations such as conversion and fuel fabrication for once-through cycles.
Instead, the energy use is assumed to be doubled in the worst-case and
halved in the best-case scenarios. The same applies to the operation/
construction of the NPP and the waste management (for all fuel cycle
alternatives). Energy use associated with electricity distribution has been
assumed to stay at the reference level, as it is not directly dependent on the
fuel cycle.

For an average ore grade of 0.01%, the highest value obtained in the worst-
case scenarios is 16 g CO/kWh electricity delivered to the customer for the
open cycle with LWR reactors only. However, in the best-case scenarios, the
computed emissions stay close to the value of the reference scenario. The
contribution of CO, emissions associated with reprocessing is small but
noticeable for the advanced cycles. The results are summarised in Figure 2.2.

1. Awvailable at www.ecoinvent.ch.
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Figure 2.2: CO, emissions for different fuel cycles for ore grade 0.01%

CO2 emissions to air (g/kWh), ore grade 0.01% O Reference

O Open cycle F - best

m Open cycle F - worst

o Open cycle EPR - best

@ Open cycle EPR - worst
8,00 B

|

|

|

|
6,00 O PuLWR - best
4,00 4
2,00 B Pu LWR - worst
0.00 oo A0lm RN Bl o TS

OLWR+FR - best
Extraction Conversion  Enrichment Fuel NPP Reprocessing Waste Distrib. Total
fabrication

B LWR+FR - worst

Source: Wiberg, 2009.
Uranium extraction completely dominates in the worst-case scenarios at

ore grade 0.001 %. Nevertheless, in the best-case scenarios, the results remained
close to the reference level (see Figure 2.3).

Figure 2.3: CO, emissions for different fuel cycles for ore grade 0.001%
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Source: Wiberg, 2009.

At an ore grade of 0.01%, nuclear power clearly belongs to the low-carbon
technologies of today, even in a society dominated by fossil fuel electricity
generation. In the case of an extremely low ore grade of 0.001% and fossil-
based electricity use, the nuclear fuel cycle will still emit one order of
magnitude lower CO, emissions than coal power. However, if society moves
towards a CO,-lean or -neutral energy economy, the indirect emissions of
nuclear power generation will gradually diminish. The same applies to most
renewable energy conversion technologies.

As discussed above, the life-cycle CO, emissions per kWh end-use
electricity from current nuclear power plants are low. Future technology
development and decrease of ore grades may lead to different results, for better
or for worse.
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Looking towards the future, it is important to distinguish between the near-
to mid-term or transitional energy evolution (from now till 2030-2040 or so0), on
the one hand, and the longer term (> 2050 or so) when the energy economy is
supposed to be grossly CO, neutral, on the other hand.

Current and near-term nuclear investments will be operational in a near-
future and transitional energy system, in which there will still be a considerable
fossil fuel component in the energy mix. During that period, NPPs will not have
to rely on extremely low ore grades, so that the indirect emissions will still be
low to moderate. But even these non-zero emissions are negligible compared to
the fossil-fired plants they will replace. Indeed, even modern fossil-fuelled
plants without CCS emit of the order of 0.4 to 0.8 kg CO,/kWh (for natural gas
CCGTs and coal-fired USCs, respectively; for lignite, the results are of the
order of ~1 kg CO./kWh). Even with CCS, which is not expected to be
routinely commercially available before 2030,% fossil fuel-fired plant emissions
will still emit several tens of g CO,/kWh. In the time frame 2030-2040, nuclear
power will still be a low-carbon technology, and what is more, the nuclear fuel
cycle will profit from the CCS application in the electricity generation fuel mix.

For the long-term future, even if there is a need for low grade ores, the
nuclear fuel cycle becomes de facto carbon free since the background energy
economy will be carbon neutral or almost carbon free. In the long run, nuclear
remains a low-carbon technology.

2.3. Nuclear energy’s contribution to today’s emissions reductions

In 2009, nuclear represented 13.4% of the world’s total electricity
generation, and over 21% of the OECD’s electricity generation (see Figure 2.4).
The same year, direct CO, emissions from burning fossil fuel (coal, natural gas
or oil) for electricity and heat amounted to about 12 Gt (CO,), 4.7 Gt produced
in OECD countries, and over 7 Gt produced in non-OECD countries (IEA,
2011a; 2011b).

2. In the period 2015-2030, a reasonable number of pilot plants with CCS will be
operational worldwide, which is different from being “routinely commercial”
available, with a completely laid out CO, transport grid and storage sites
commercially accessible.
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Figure 2.4: Share of electricity production by technology in 2009,
at world level (left) and at OECD level (right)
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Note: Nuclear represents 13.4% of the world’s electricity generation, and over 21% of the OECD
electricity generation.

Assuming indirect emissions of 30 tonnes of CO, eq/GWh?* for nuclear
energy, the total emissions produced by nuclear power plants in 2009 would
represent 0.08 Gt CO, globally and 0.07 Gt at the OECD level. This is
insignificant compared to the direct emissions produced by burning fossil fuel.
Furthermore, replacing nuclear by coal (~1 000 tonnes CO, eq/GWh), gas
(~500 tonnes CO, eq/GWh) or a nuclear-free mix such as that of a country like
Denmark (~300 tonnes CO, eq/GWh*) would represent additional emissions of:

o 2.6 Gt CO, (coal), 1.3 Gt CO; (gas) or 0.8 Gt CO, (mix) at the world
level, representing respectively 22%, 11% or 7% of the world’s CO,
emissions from the power sector;

3. This value corresponds to the mean value of emissions for nuclear which appears
in Table 2.1, and is higher than the mean value found by Weisser (about 10 tonnes
CO,-eq/GWh) shown in Figure 2.1. Taking the lower range and upper range
values appearing in Table 2.1, indirect annual emissions from nuclear power
would represent between 0.03 and 0.35 Gt CO,.

4. In 2009, Denmark produced 36.4 TWh from a mix consisting of 18.5%
renewables, essentially wind, 70.3% fossil — coal and gas, and 11% biofuel and
waste, and with CO, emissions representing 303 tonnes CO, eq./GWh (IEA,
2011a, 2011b).
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o 2.2GtCO; (coal), 1.1 Gt CO, (gas) or 0.7 Gt CO, (mix) at the OECD
level, representing respectively 47%, 23% or 15% of the OECD’s CO,
emissions from the power sector.

In conclusion, even taking into account pessimistic evaluations of its
indirect emissions, nuclear energy is today a major contributor to the reduction
of CO, emissions in the power sector.
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3. Status of nuclear power and outlook to 2050

3.1. Current status

At the end of 2010, there were 441 power reactors in operation in
30 countries, totalling almost 375 GWe of installed capacity (IAEA/PRIS).
Overall, nuclear power provides around 13.4% of global electricity, and 21% of
electricity in OECD countries. In addition, 67 new power reactors were
officially under construction in 15 countries at the end of 2010. Of these, China
had 27 units under construction, and the Russian Federation had several large
units under construction. Among OECD countries, the Republic of Korea had
the largest expansion underway with 5 units, but Finland, France, Japan and the
Slovak Republic were each building one or two new units. In the United States,
a long-stalled nuclear project has been reactivated. In total, these new units can
be expected to add around 60 GWe of new capacity over the next few years.?

In March 2011, a Level 7 (INES scale) accident occurred at the Fukushima
Daiichi nuclear power plant following a major earthquake and tsunami. As a
consequence of this accident, several countries reversed their policy towards
nuclear energy, choosing either to phase out their existing fleet over the next
two decades (Belgium, Germany and Switzerland), or abandoning plans to
reintroduce nuclear energy into the country (Italy). A majority of countries have
on the other hand, confirmed their plans to continue the development of nuclear
energy, albeit at a slower pace than initially anticipated. In June 2011, an IAEA
ministerial conference on nuclear safety adopted a declaration calling for an

1. Out of those 67 reactors under construction, 11 were started before 1988 and had
their construction halted or delayed for several reasons. Construction has now
resumed for all but 3 — so overall 64 reactors could be considered as being actively
constructed at the time.

2. The overall situation changed slightly during 2011 mainly as a result of the
Fukushima accident: as of 1% March 2012, 436 reactors are in operation
representing a capacity of over 370 GWe, and 60 reactors are under construction,
representing a capacity of 57 GWe. In February 2012, the United States Nuclear
Regulatory Commission approved a Combined Operating License for the
construction and operation of two new units. These are the first licenses issued in
the United States since 1978.
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improvement in global nuclear safety, and asked the IAEA to prepare a safety
action plan. This plan was endorsed at the IAEA General Conference in
September.

In nearly all countries that have nuclear power, governments ordered
safety reviews — so-called “stress tests” — to be performed under the authority of
the nuclear regulators, to assess, inter alia, the resistance of nuclear power
plants (including those under construction) to major earthquakes and flooding.
International reviews and sharing of best practices are foreseen before final
recommendations are issued by the regulators (in 2012). Preliminary
information published by the regulators themselves indicate that in the majority
of cases, existing nuclear power plants can operate safely under foreseeable
seismic loads or flooding. Some safety upgrades (e.g. in the area of emergency
power generation, flooding prevention, essential core cooling, seismic
resistance of some equipment) and updates of regulations and procedures may
still be required in some cases to further enhance the safety of nuclear power
plants. These recommendations may also limit the extent of the licensing of
long-term operation for some of the older nuclear power plants.

For Gen IlI/1lI+ plants that are under construction or planned, the cost
implication of the requirements emanating from the lessons learnt from the
Fukushima Daiichi accident is believed to be limited, since many of these
designs already incorporate safety systems against severe accidents (NEA,
2011). This means that the investment estimates corresponding to future nuclear
new build published before March 2011 can still be considered realistic.
However, more extensive siting work and more demanding regulatory approval
processes will undoubtedly lead to some additional costs and delays, which
cannot be quantified at this stage.

Many energy roadmaps published over recent years had foreseen that
nuclear energy would play a key role alongside renewable technologies and
CCS in the transition to a low-carbon energy future. Projections and scenarios
are currently being revised as a consequence of the Fukushima Daiichi accident
and its impact on energy policies and public acceptance of nuclear energy. The
current world economic crisis is also having an effect on electricity demand and
the ability to finance large capital investments in the energy sector, so near- and
mid-term nuclear energy projections are likely to be affected for those reasons
too. In the long term for countries willing to pursue the nuclear option, the
fundamental reasons for having nuclear power in terms of greenhouse gas
emission reductions, competitiveness of electricity production and security of
supply still apply, and overall capacity is still expected to grow in the coming
years to match rising electricity demands while moving to low-carbon energy
sources.
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In the next sections, scenarios published before and after the Fukushima
Daiichi accident will be considered, and building rates to achieve those
projections will be assessed, taking into account various assumptions on long-
term operations of the existing nuclear reactor fleet. It is recalled that these
scenarios are by no means predictions, but rather projections of how the energy
mix of various regions of the world could evolve taking into account economic
development and demographic growth assumptions, enacted or planned energy
policies and commitments to reduce greenhouse gas emissions, as well as
financial, social and technological constraints.

3.2. Scenarios for nuclear energy expansion to 2050

To assess the potential contribution of nuclear power to reducing
greenhouse gas emissions by 2050, it is necessary to consider scenarios for
overall energy and electricity supply over the next several decades, as well as
scenarios for the growth of nuclear generating capacity. The present study will
not attempt to prepare new scenarios, but will consider existing published
scenarios. Given that the intention is to assess the maximum contribution that
nuclear could make, the study will concentrate on those scenarios that have the
highest component of nuclear power in the energy supply mix.

The principal scenarios considered in this study will be those prepared by
the IEA. Like the NEA, the IEA is part of the OECD system, and produces
comprehensive energy scenarios to 2030 (or 2035) and 2050. These regularly
updated scenarios take into account a wide range of economic and technological
factors in modelling possible energy futures, including the need to reduce CO,
emissions from the energy system at the lowest cost.

The IEA scenarios will also be compared with energy and nuclear power
scenarios prepared by other organisations, to provide additional perspectives.
The various scenarios are each described and summarised below.

World Energy Outlook

The World Energy Outlook (WEO) is published annually by the IEA, and
has become one of the most authoritative reports on the future of energy supply.
In 2011 (IEA, 2011), the WEO presents a reference, or business-as-usual,
scenario, essentially based on a continuation of existing (i.e. enacted) policies
and trends (Current Policies Scenario). The New Policies Scenario (NPS) takes
into account announced commitments and plans. Given the importance now
placed on reducing greenhouse gas emissions, the WEQ’s other major scenario
is the “450 policy” case, that examines the changes in the energy system that
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would be needed to bring the concentration of CO, equivalent in the atmosphere
to below 450 parts per million by 2050. This is the level considered to be
necessary to avoid the worst effects of global warming.

In its 2011 edition, published in November (IEA, 2011), the WEO
scenarios extend to 2035, by which time nuclear capacity is seen as reaching
865 GWe in the 450 policy scenario, up from 393 GWe in 2009. In other words,
it is seen that nuclear capacity could more than double over the next 20 years. In
the New Policies Scenario, the nuclear capacity is projected to reach 633 GWe.
In the baseline case (CPS), nuclear capacity would grow more modestly, to
some 549 GWe, which still represents an increase of nearly 40% compared to
2009. The additional growth in the 450 ppm scenario can be seen as the direct
result of efforts to control CO, emissions. Figure 3.1 shows the breakdown of
electricity supply sources in the WEO 2011, 450 policy scenario.

Figure 3.1: Composition of electricity generation capacity by fuel in 2035 for
different scenarios (CPS, NPS and 450 ppm)
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Source: I[EA, 2011.

Energy Technology Perspectives

The Energy Technology Perspectives (ETP) study, updated every two
years, is the IEA’s main effort to assess the longer-term energy trends, based
principally on an assessment of the potential of different energy technologies. It
builds on the WEO scenarios, extending the analysis to 2050. It also has a
business-as-usual scenario, called the baseline case, as well as a scenario
illustrating the contribution of different energy technologies in reaching the
overall target of limiting CO, equivalent concentration in the atmosphere to
450 ppm. The latter is known as the “Blue Map” scenario. An important driver
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of this scenario is reducing CO, emissions in the most economically efficient
manner.

The ETP 2010 Blue Map scenario (IEA, 2010) projects an installed
nuclear capacity of almost 1 200 GWe? in 2050, compared to 370 GWe at the
end of 2009, making nuclear a major contributor to cutting energy-related CO,
emissions by 50%. This nuclear capacity would provide 9600 TWh of
electricity annually by that date, or around 24% of the electricity produced
worldwide. By 2050 nuclear power would become the single largest source of
electricity, surpassing coal, natural gas, hydro, wind and solar. Given that it can
be expected that most existing capacity will have been retired by that date, even
with lifetime extension, the great majority of this capacity would need to be
constructed over the coming 40 years.

The ETP Blue Map scenario assumes that nuclear capacity can be added at
an average rate of some 30 GWe per year over the period. A high nuclear
variant that removes this assumed limit postulates that as much as 2 000 GWe
of nuclear capacity could be added, according to other economic factors. This
implies nuclear construction at an average rate of around 50 GWe per year. The
IEA’s modelling finds that such a large nuclear contribution would reduce the
overall cost of reducing CO, emissions, compared with the central Blue Map
case.

The Blue Map scenario will be taken as the reference case in the rest of the
report to evaluate the required nuclear build rates to 2050 under various
assumptions of long-term operation of the existing nuclear fleet, and to assess
whether such build rates can be realistically achieved. This scenario has been
chosen, not because it is more likely than others, but because it projects a large
development of nuclear power. Potential barriers to this development will be
examined in the following chapter.

Other scenarios

The NEA itself published scenarios for future nuclear generating capacity,
in its Nuclear Energy Outlook 2008 (NEA, 2008). To 2030, these were based on
an assessment of the plans and policies of all countries with existing nuclear
programmes and those considering new nuclear programmes. The NEA
scenarios were also extended to 2050, with the later two decades based on
assumptions about the rates of construction of new nuclear plants. The result of

3. The 2012 edition of Energy Technology Perspectives is currently in preparation.
The projection of 1 200 GWe nuclear capacity by 2050 is likely to be decreased by
about 10%.
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this analysis was a global nuclear capacity of about 620 GWe by 2030, rising to
over 1400 GWe by 2050. This assumes that by far the most rapid nuclear
expansion comes after 2030.

The World Nuclear Association (WNA) produces nuclear generating
capacity scenarios to 2030, principally for the purpose of forecasting uranium
and nuclear fuel demand. These are also based on a “bottom-up” approach,
considering the policies of individual countries and the prospects for nuclear
expansion in each case. The WNA’s 2009 upper scenario (WNA, 2009) has
over 800 GWe by 2030, with 600 GWe in the reference case. In its 2011 edition
(WNA, 2011), the WNA projected 790 GWe by 2030 for its upper scenario, and
614 GWe for its reference case.

The IAEA publishes electricity and nuclear power scenarios annually in a
publication known as Reference Data Series 1 (RDS1). Until 2009, these
covered the period to 2030, with a high and a low scenario. From 2010, the
projections cover the period up to 2050. The latest projections, published in
August 2011 (IAEA, 2011), consider for the high scenario, 746 GWe in 2030
and 1228 GWe in 2050 (representing about 13.5% of world electricity
generation). For the low scenario, the IAEA considers 501 GWe in 2030 and
561 GWe in 2050. The 2011 projections to 2050 were reduced by 5% and 13%
respectively for the low and high scenarios compared to the 2010 projections
(590 GWe and 1 415 GWe).

The US Energy Information Administration also publishes projections in
its International Energy Outlook. In the latest edition (EIA, 2011), published in
September 2011, the nuclear capacity is projected to reach 644 GWe in 2035,
above the 633 GWe value of the New Policies Scenario of WEO 2011.

Projections for the period between 2030 and 2050, published after the
Fukushima Daiichi accident are generally down by 5 to 10% compared to the
projections published before 2011. The various scenarios still project a
significant nuclear capacity increase over the next decades, with the highest
projections corresponding to policies aimed at a transition to low-carbon
generation mix.

Overall, there is good agreement between the scenarios that about
800 GWe of nuclear capacity could be in place by 2035, if ambitious policies
designed to control greenhouse gas emissions are put in place within the next
few years in many large energy consuming nations (if there is no commitment
to implement such policies, many projections foresee a nuclear capacity of
about 600 GWe by 2035). Fewer scenarios consider the outlook to 2050, and
inevitably the outlook a further 20 years into the future is more uncertain.
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However, the ETP scenarios indicate that there is a role for nuclear capacity in
the range of 1 200 to 2 000 GWe by that date, provided that sufficient industrial
capacity can be developed to construct and fuel such a capacity.

3.3. Required rates of construction of nuclear power plants

If nuclear energy is to make a significant contribution to the transition to a
low-carbon energy system, as set out in the scenarios discussed above, clearly
the rate of construction of nuclear power plants will need to increase
considerably from present levels. As noted above, 64 nuclear plants with a total
capacity of 64 GWe were actively under construction at the end of 2010. In
2010 alone, 16 new construction starts were announced. On the assumption that
construction of a new nuclear plant takes approximately 5 years, this is
equivalent to an annual rate of construction of about 13 GWe.

The rate of construction required to reach the nuclear capacity included in
the various energy scenarios will depend partly on the remaining lifetimes of the
existing reactor fleet, most of which will retire at some point before 2050. Most
existing reactors began operating in the 1970s and 1980s, with relatively few
having entered operation after 1990. It can be expected, therefore, that most of
these plants will also close down over a period of about 20 years. The
technically feasible operating lifetime of most types of existing reactor is now
thought to be up to 60 years. In the United States where 104 reactors are in
operation, the nuclear regulator had, as of July 2011, granted licence renewals
to 70 reactors allowing them to operate for 60 years, with 14 further
applications under review. In Europe, where the issue of long-term operation
(LTO) is also very important given the age of the fleet (about a quarter of the
reactors are more than 30 years old), different regulatory frameworks are in
place to address long-term operation licensing. For example regulators generally
give a position on continuation of operation through the process of periodic
safety reviews, which are performed every ten years. Such a process should
realistically allow most reactors to operate between 40 and 60 years.
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Figure 3.2: Evolution of capacity (GWe) of existing reactors
for different long-term operation assumptions by regions
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Of course, not all reactors will be licensed for long-term operation. In
some cases, the upgrades and refurbishments required to replace ageing
equipment and enable the plants to continue to meet regulatory requirements
may be uneconomic, given the remaining time for which the considered plant
will be operated before final shutdown. In addition to the refurbishments related
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to the need to replace ageing equipment, there may also be safety upgrade work
required as a consequence of the Fukushima Daiichi stress tests, which will add
to the cost of the investment for the plant operator. Reactors may also be shut
down due to changes in government energy policy. However, it can be expected
that the majority of reactors in operation today will operate for 50 to 60 years.
Figure 3.2 shows the capacity provided by the existing reactor fleet in OECD
Europe (taking into account planned phase-outs in Belgium, Germany, and
Switzerland as well as planned shutdowns for the United Kingdom’s AGR and
MAGNOX reactors), OECD Pacific (assuming for Japan the permanent
shutdown of Fukushima Daiichi units 1-4), OECD America (assuming 60-year
lifetime for all PWRs and BWRs in the region and taking into account planned
shutdowns for Canada’s CANDU reactors) and the rest of the world for
different lifetime assumptions (typically 40 to 60 years).

Figure 3.3: Evolution of capacity provided by existing reactors (2011) assuming
a 55-year operating life for all regions except 60 years for OECD America
(PWR and BWR)
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Figure 3.3 shows the overall capacity for the world nuclear reactors
assuming 60-year operation for reactors in the United States, and 55 years for
the rest of the world. This figure shows that by 2050, only about 50 GWe
capacity remains from today’s operating reactors (9 GWe in OECD Europe,
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5 GWe in OECD America, 17 GWe in OECD Pacific, and 19 GWe in the rest
of the world). This does not include reactors under construction.

The target of 1 200 GWe of nuclear capacity by 2050 projected by the
IEA’s ETP 2010 Blue Map scenario is therefore essentially reached through
new build. The extent of long-term operation of existing power plants does not
really change the amount of new capacity that needs to be built by 2050, it only
delays the time when the construction rate needs to increase substantially.
Figure 3.4 shows the nuclear capacity growth projected in the Blue Map
scenario (IEA, 2010), i.e. rising to 512 GWe by 2020, 685 GWe by 2030,
900 GWe by 2040, and 1 200 GWe by 2050. The figure also shows the new
build rates that are needed to reach that capacity, taking into account the
assumed evolution of the capacity existing in November 2011.

Figure 3.4: New build rates needed to reach Blue Map projections, assuming
60 years of operation for existing reactors in the United States and
55 years elsewhere
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Note that the evolution of the existing capacity and the construction rates refer to the scale on the
left vertical axis, whereas the projected capacity evolution of the Blue Map scenario refers to the
scale on the right.

To meet the level of nuclear generating capacity mentioned above for
2020, new nuclear power plants will need to be built at the rate of close to
16 GWe per year over the current decade. This is only slightly greater than the
presently achieved rate of about 13 GWe. Given that there is clearly some
under-utilised capacity for nuclear construction (for example, in the United
States and several European countries), it would appear that achieving an
installed nuclear capacity of around 512 GWe by 2020 is certainly feasible with
a gradual build-up of industrial capabilities and human resources.
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However, the longer-term picture is more challenging. If nuclear capacity
is to reach around 685 GWe by 2030, the rate of construction will need to grow
to around 20 GWe per year on average between 2020 and 2030.

Figure 3.5: World nuclear construction rates between 1978 and 1987
and required construction rates up to 2050
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As a significant number of older plants can be expected to be retired in the
2030s, an increasing proportion of new build will be taken up with replacing
existing capacity. Hence, reaching a capacity of 900 GWe by 2040 will require
the rate of nuclear construction to rise to an average of 35 GWe per year
between 2030 and 2040. To reach a capacity close to 1 200 GWe by 2050 will
require that the average construction rate rises to 42 GWe per year between
2040 and 2050, as the remaining reactors that started up in the 1980s retire.
These construction rates are challenging, but as shown in Figure 3.5, they
should be attainable given the fact that annual grid connections of up to
30 GWelyear were reached between 1978 and 1987, at a time when nuclear
construction was limited to a few countries which did not include China. With
over 26 GWe of new nuclear capacity currently under construction, China
boasts today one of the largest supply chains for nuclear construction. However,
it must also be recognised that most of this new build corresponds to
Gen ll-type reactors similar to those constructed in OECD countries in the
1970s and 1980s. Newer designs, such as those of Gen Il1/I111+ reactors which
will be the main type of reactors deployed in the world in the coming decades
are more complex, and may require longer construction times.

To assess the impact of LTO assumptions on new build rates, two cases

are considered: In the first one, all nuclear reactors in the world are assumed to
have a 40-year lifetime except in the United States where the 60-year lifetime
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assumption can be considered valid. In that case, less than 7 GWe from today’s
existing capacity will remain by 2050, and almost all of the 1 200 GWe of the
Blue Map projection will consist of reactors built between 2011 and 2050. To
achieve the target, the average building rates need to reach almost 20 GWe/year
between 2011 and 2020, about 30 GWe/year between 2020 and 2040, and up to
38 GWelyear between 2040 and 2050. This is illustrated in Figure 3.6.

Figure 3.6: New build rates needed to reach Blue Map projections, assuming
60 years of operation for existing reactors in the United States and
40 years elsewhere
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In the second case, 60-year operation is assumed for all reactors. This
means that by 2050, about 75 GWe of capacity that existed in 2011 still
remains. As can be seen from Figure 3.7, the construction rate only gradually
increases until 2030, from today’s 13 GWel/year rate: about 16 GWe/year would
be needed on average between now and 2020, about 20 GWe/year from 2020 to
2030. In the last two decades, a steep rise in construction rate is needed, with
30 GWelyear needed between 2030 and 2040, and over 46 GWe/year between
2040 and 2050. This level should still be within reach given past building rates
in the 1980s.

As can be seen from these simulations, the maximum construction rate that
is needed to reach the 1 200 GWe target of the Blue Map scenario is influenced
by the assumptions on long-term operations of existing reactors. The longer
today’s reactors operate, the higher are the building rates in the last decades to
catch up with the required new build capacity, since in all cases, most of today’s
reactors will be shut down by 2050.
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Figure 3.7: New build rates needed to reach Blue Map projections, assuming

60 years of operation for all existing reactors
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Table 3.1: LTO assumptions and required new capacity additions
to reach 1 200 GWe by 2050
Long-term Remaining New build capacity required to reach Blue Map target
operation capacity by (GWe)
assumptions 2050 (GWe) | 2011-2020 2020-2030 2030-2040 2040-2050

40 years for all 7 197 309 301 379
reactors (except
60 years in the US)
55 years for all 51 161 205 354 423
reactors (except
60 years in the US)
60 years for all 75 161 196 298 464
reactors

Table 3.1 summarises the results of the three LTO scenarios in terms of
remaining capacity by 2050, and the amount of new capacity that would need to
be added to reach 1 200 GWe installed capacity by 2050. (Note that the results
differ slightly from the published IEA/NEA Nuclear Energy Roadmap
corresponding to the Blue Map scenario of ETP 2010, since the evolution of the
capacity takes into account the Fukushima Daiichi accident.)

45




References

EIA (2011), International Energy Outlook 2011, US Energy Information
Administration, DOE/EIA-0484(2011), September, Washington, DC, United
Staes, available at www.eia.gov/forecasts/ieo/pdf/0484(2011).pdf.

IAEA (2011), Energy, Electricity and Nuclear Power Estimates for the Period
up to 2050, Reference Data Series No. 1, 2011 Edition, IAEA, Vienna, Austria.

IAEA, IAEA Action Plan on Nuclear Safety, available at:
www.iaea.org/newscenter/focus/actionplan/.

IAEA/PRIS, IAEA Power Reactor Information System (PRIS), available at:
http://prisweb.iaea.org/.

IEA (2010), Energy Technology Perspectives 2010, International Energy
Agency, OECD, Paris, France.

IEA (2011), World Energy Outlook 2011, International Energy Agency, OECD,
Paris, France.

NEA (2008), Nuclear Energy Outlook 2008, OECD/NEA, Paris, France.

NEA (2011), Carbon Pricing, Power Markets and the Competitiveness of
Nuclear Power, OECD/NEA, Paris, France.

WNA (2009), The Global Nuclear Fuel Market: Supply and demand 2009-
2030, World Nuclear Association, London, United Kingdom.

WNA (2011), The Global Nuclear Fuel, Supply and Demand 2011-2030, World
Nuclear Association, London, United Kingdom.

46



4. Economic, technical, societal, institutional and
legal factors affecting nuclear expansion

In this chapter, the issues that are key to the projected nuclear capacity
expansions described previously are analysed. These include financing and
investment needs, supply chain and skilled labour aspects, uranium resources
issues, siting, waste management, standardisation of designs and public
acceptance of nuclear energy.

4.1. Financing and investment

The investments needed to make large cuts in greenhouse gas emissions
from the energy over the next four decades sector will be very large whichever
technologies are employed. All options will involve the construction of more
capital intensive generating capacity than the traditional coal- and gas-fired
plants.

Table 4.1: Investment needs for nuclear to 2050

Region Investment needs to 2050
OECD Europe 586 USD bn

OECD Pacific 615 USD bn

United States and Canada 883 USD bn

China 893 USD bn

India 389 USD bn

Others 609 USD bn

Total 3 975 USD bn

Source: |IEA, 2010, Blue Map scenario, 1 200 GWe installed capacity by 2050.

In accordance with the assumptions made, the IEA model used to prepare
the Blue Map scenario (IEA, 2010) indicates that increasing the proportion of
nuclear power can reduce the overall cost of cutting CO, emissions. However, it
is clear that constructing well over 1 000 GWe of new nuclear capacity by 2050
will require a very large investment. The IEA estimate of the investment
required in nuclear capacity over the period to 2050 is shown in Table 4.1, and
amounts to about USD 4 trillion (this only covers the investments needed to
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construct new reactors, and does not include the cost of dismantling of retired
plants, waste management or fuel cycle facilities).

While the overall investment in nuclear capacity required to provide the
expansion foreseen in the scenario may be comparable with that required for
other energy and emissions reduction technologies, nuclear power plant
construction projects have a number of specific characteristics and
circumstances that can make nuclear financing particularly challenging. These
include:

e The high capital cost and technical complexity of NPPs, which present
relatively high risks during both construction and operation.

e The relatively long period required to recoup investments or repay
loans for NPP construction, which increases the risk from electricity
market uncertainties.

e The often controversial nature of nuclear projects, which gives rise to
additional political and regulatory risks.

e The need for clear solutions and financing schemes for radioactive
waste management and decommissioning.

e The need for NPPs to operate at high capacity factors, preferably
under baseload conditions.

e The high share of fixed costs which makes nuclear energy particularly
vulnerable to price risk in sometimes volatile deregulated electricity
markets.

Although some risks can be transferred to or shared with other parties by
appropriate structuring of the project, most of them will remain with the utility
and other investors in the plant.

The higher capital costs of an NPP mean that its overall economics are
more dependent on the cost of capital, or discount rate, which applies to the
investment in its construction. With any investment, higher risks demand higher
returns. Thus, the cost of capital will depend on potential investors’ assessment
of the risks involved. This will vary depending on who the investors are, the
legal and regulatory framework in which the plant would be built, as well as
national energy policy and the political background.

During the previous major expansion of nuclear power in the 1970s and
1980s, many nuclear projects suffered large construction delays and cost
overruns. These had several different causes, ranging from licensing and legal
problems to technical difficulties. Given also the lack of recent experience with
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new NPP construction in most countries, the legacy of such problems increases
the risks perceived by potential investors. Of course, such risks will be reduced
when there is a successful track record of building a particular design on
schedule and within projected costs.

Strong and consistent government support is an essential prerequisite for
initiating or expanding any nuclear programme. Given the long time frame
involved, a broad-based political consensus is likely to be needed on a nuclear
contribution to energy supply as part of a comprehensive long-term national
energy strategy. First and foremost, governments need to put in place an
efficient regulatory framework, allowing clear and definite decision-making
within a reasonable timescale. Stable, legal frameworks dealing with liability
issues, radioactive waste management and decommissioning are crucial. In
addition, governments have a key role in providing public information and
leading national debate on the role of nuclear power, to establish the necessary
political consensus.

In addition, governments that wish to see a nuclear contribution to energy
supply may need to take a number of steps to enable and facilitate the necessary
investment in NPPs. For example, an important factor affecting the
competitiveness of nuclear power will be the cost of carbon dioxide emissions
under existing and planned carbon trading schemes. The role of governments
will be considered further later in this report.

In the short to medium term, large, financially strong utilities will be best
able to finance new NPPs, especially if they are vertically integrated (i.e. they
have direct access to electricity consumers). Such utilities presently exist in
countries such as France, Japan and the Republic of Korea. In countries where
the market is more fragmented, such as the United States, higher levels of direct
government support may be required to share in the construction risks.

There is little likelihood at the present stage that a stand-alone project
company could finance a new NPP by raising the capital it needs using only the
NPP project itself as collateral. Even for hybrid schemes including a significant
proportion of equity, debt investors are unlikely to be willing to provide
significant funding for a nuclear plant without recourse against the balance
sheet of a strong and creditworthy utility.

In the longer term, once the successful construction and operation of new
nuclear plants has become well established in a particular country, it can be
expected that financing by the private sector will become easier to arrange.
However, financing is currently one of the major issues facing potential
developers of new nuclear plants in many countries.
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4.2. Industrial infrastructure

Significantly increasing the rate of nuclear construction by 2020 to reach
the levels of deployment envisaged in the Blue Map and other scenarios for
rapid nuclear expansion will require large investments over the next few years
in additional industrial capacities.

Nuclear plant construction reached considerably higher levels than at
present during the 1970s. During that decade, construction starts peaked at over
40 units per year, with an average of over 30 per year (see Figure 4.1). This was
a large increase over the preceding decade. Although these units were smaller
than current designs, the technology was also less well developed at that time.
In addition, relatively few countries were involved in that earlier rapid nuclear
expansion, and overall global industrial capacity has increased greatly since the
1970s. A large share of the future expansion of electricity supply, and hence of
nuclear new build, will take place in large, rapidly industrialising non-OECD
countries (notably China and India). Today, China already boasts a well-
established supply chain for its ambitious nuclear programme.

Figure 4.1: Number of construction starts during the 1970s
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However, there are many other factors at work, many of which are
different from 30 to 40 years ago. Investment in increased capacities, if it is to
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be made on a commercial basis, will only take place once it is clear that
sufficient long-term demand exists. Capacities can thus be expected to build up
gradually over a period of some years in response to rising demand. A rising
level of orders for new nuclear plants over the next few years will be needed not
only to achieve an increased nuclear capacity by 2020, but also to allow for the
expansion of industrial capacities that will be required for more rapid growth
after 2020.

Nuclear power plants are highly complex construction projects. The
nuclear supplier, as the designer and technology holder, will supply only the
plant’s nuclear systems. A wide range of specialist sub-contractors and
suppliers is involved in providing and installing the remaining systems and
components, including the turbo-generator set and associated equipment that
make up the conventional island, and which are specific to nuclear power
plants. The “architect-engineering” function, encompassing general
engineering, scheduling and cost management, and co-ordination between
contractors and suppliers, is also very important in a nuclear project.

Hence, complex global supply chains would need to be developed and
managed to ensure the successful completion of nuclear projects. As more
orders are placed for new nuclear plants, supply chains would become broader
as suppliers seek to expand their capacity to serve markets around the world.
This could mean involving local and regional construction and engineering
firms as nuclear energy expands into new markets.

The production of most reactor components can be increased within, at
most, a few years in response to market demand. The longest lead time for
capacity additions is expected to be for large steel forgings, which are used in
greater numbers in the latest nuclear plant designs. While there is adequate
capacity to produce many of these forgings, the largest forgings for some
designs can presently be produced in a very limited number of facilities
throughout the world. It can take five years or more to expand such heavy
forgings capacity, as it requires a very large investment and only a few
companies have the necessary expertise. Plans to expand very large forgings
capacity are now being developed, although going ahead with these is likely to
depend on receiving firm customer commitments.

4.3. Skilled labour and knowledge management
The nuclear energy sector, which includes the nuclear industry itself, plus
utilities, regulators and other governmental agencies, requires highly qualified

and skilled human resources. Expanding nuclear energy will require a larger
pool of highly trained scientists and engineers, and skilled crafts-people, all of
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which are potentially in short supply. Many nuclear industry companies have in
recent years expanded their recruitment and training programmes, and there is
also a role for governments and universities in ensuring the availability of
appropriate courses and training.

The long lifetimes of nuclear power plants, extending over several human
generations, make knowledge management an important consideration.
Preservation of knowledge is important for achieving safe and effective lifetime
extension of existing units, as well as for designing and building new plants that
benefit from experience. Important know-how may be lost as the scientists and
engineers who implemented the ambitious nuclear programmes of the 1970s
and 1980s reach retirement age. Hence, knowledge management and
transmission of know-how to younger specialists will need to be high priorities
in the nuclear sector.

4.4. Uranium and the nuclear fuel cycle

If nuclear energy is to expand significantly over the coming decades,
supplies of nuclear fuel will need to expand commensurately. This will include
increased production of uranium, greater capacity in nuclear fuel cycle facilities
and, in the longer term, the increased use of recycling and advanced fuel cycles.

Table 4.2: Approximate ratios of uranium resources to present annual
consumption for different categories of resources

Known Total With
conventional conventional unconventional
resources resources resources
With present reactors and 100 300 700
fuel cycles
With fast reactors and > 3000 > 9000 > 21 000
advanced fuel cycles

Source: NEA, 2008a.

Despite limited exploration over the last 20 years, the ratio of known
uranium resources to present consumption is comparable to other mineral
energy resources, representing about 100 years’ supply. Additional resources
that are expected (on the basis of existing geological information) to be
discovered could increase this to around 300 years’ supply. Inclusion of
estimated “unconventional” resources, notably uranium contained in phosphate
rocks, could extend resources to about 700 years (Table 4.2). The estimated
4 billion tonnes of uranium contained in seawater would constitute a virtually
inexhaustible supply, if a method to extract it economically were to be
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developed. A recent evaluation of the cost of uranium recovered from seawater
was reported in 2011 (Schneider, 2011) and calculated a baseline cost of
uranium of USD 1 230/kgU. While this cost is about nine times the current
market price of uranium, the overall impact on the cost of electricity is
about 20%.

If nuclear capacity reaches around 1200 GWe by 2050, on the basis of
current fuel cycle technology and practice this would consume about 5.6 million
tonnes of uranium between 2010 and 2050. However, several technological
developments could increase the amount of energy produced from each tonne of
uranium over the coming decades, thereby reducing total uranium consumption.
These include improved operating and fuel management practices, advances in
fuel design and materials, and higher thermal efficiencies in new and upgraded
nuclear plants.

In addition, deployment of new enrichment technologies will have an
impact. As there is a trade-off between the amounts of natural uranium and
enrichment work required to produce a given quantity of enriched uranium, the
proportion of the ***U extracted from natural uranium depends largely on the
relative costs of enrichment and natural uranium. The wider use of centrifuge
enrichment technology, which has lower operating costs than older diffusion
technology, is expected to lead to increased efficiency of uranium use.

As well as new centrifuge plants, more efficient advanced centrifuges will
gradually replace older models within existing centrifuge plants. In addition,
new enrichment technology using lasers is now being tested and plans are being
considered to have the first commercial laser enrichment plant in operation by
around 2015. Such developments could potentially allow more **U to be
extracted from existing stocks of depleted uranium, as well as permitting the
more efficient use of newly mined uranium in the future.

Nevertheless, in such a scenario, demand for newly mined uranium would
still represent a large part of currently known conventional uranium resources of
about 6.3 million tonnes (NEA, 2010). However, as noted above, additional and
unconventional resources could greatly extend the amount of uranium available.
In response to higher uranium prices, annual uranium exploration expenditures
have risen three-fold since 2002, from a low base. Figure 4.2 shows for example
the correlation between uranium spot prices and exploration expenditures
between 1970 and 2009. As nuclear power expansion gets underway, a further
sustained increase in uranium exploration activity can be expected as in the
past, with many regions having the potential for further major discoveries to
replace exploited resources. As for unconventional resources, including
phosphate deposits that could be utilised to significantly lengthen the time that
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nuclear power could supply energy demand using current technologies,
considerable effort and investment would need to be devoted to better defining
the extent of this potentially significant source of uranium.

Figure 4.2: Correlation between uranium spot price and
exploration expenditures between 1970 and 2009
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If uranium resources themselves are unlikely to be a limiting factor for the
expansion of nuclear programmes, the timely availability on the market of
adequate uranium supplies could be a cause for concern. Developing new
mines, both to replace exhausted existing mines and expand overall production
capacity, will require large investments over the coming decades. Licensing and
developing new mines, often in remote areas, can take many years. The lesson
of the recent past is that, even with the stimulus of higher uranium prices,
production can take some years to respond.

Existing uranium mining companies and new entrants will be ready to
invest in new capacity given the right price signals, and sufficient policy and
regulatory certainty. Developers of nuclear power plants may seek to secure at
least some of their uranium supply in advance of construction, through long-
term contracts or even through direct investment in new production capacity.
Governments of countries with commercially viable uranium resources have a
role to play in ensuring a supportive policy environment and effective
regulatory procedures.
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Several different technologies exist for uranium extraction, and advances
in mining technology could improve the viability of some uranium resources.
Conventional underground and open-pit mining presently account for about
60% of production. In situ leach (ISL) techniques have been more widely
deployed in the last decade, now providing almost 30% of production. The
advantages of ISL include lower up-front capital costs, the ability to exploit
smaller deposits and lower environmental impacts. Uranium production as a by-
product (usually of gold or copper) is also significant, and could be extended in
future.

In the longer term, the commercial deployment of advanced reactors and
fuel cycles that recycle nuclear fuel could permit much greater amounts of
energy to be obtained from each tonne of uranium (Table 4.2). The development
of such advanced nuclear systems will be further discussed later in Chapter 6.
Given the expected availability of uranium resources, a large increase in nuclear
capacity by 2050 can be achieved without their large-scale deployment.
However, if lower cost uranium resources become scarcer, the economic
attractiveness of recycling nuclear fuel will increase.

Existing nuclear fuel cycle facilities for UFs conversion, enrichment and
fuel fabrication are adequate for levels of demand expected in the next few
years, and there are near-term plans for replacing and expanding capacities as
required. In addition, countries where significant nuclear power programmes are
underway, such as China and India, are planning to increase their domestic
nuclear fuel capabilities. In general, nuclear fuel cycle capacities can be
expanded in less time than it takes to build new nuclear generating capacity.
Hence, security of supply for nuclear fuel cycle services should not, in
principle, be a significant concern.

However, if nuclear capacity expands significantly after 2020 there will be
a need for new large-scale facilities in additional countries. Building new
conversion and fuel fabrication facilities as required should not cause
difficulties. But the technology involved in enrichment is sensitive from a non-
proliferation perspective, which will limit the potential locations for new
facilities. For some countries concerned about security of energy supply, this
may be a disincentive to rely on nuclear energy.

One solution could be to establish “black box” enrichment plants, where
the host country would not have access to the technology. Discussions are also
underway in international forums on creating mechanisms to provide assurances
of nuclear fuel supply to countries that do not have their own enrichment
facilities. Progress with such proposals could facilitate nuclear expansion in a
broader range of countries after 2020. In the longer term, the development of
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proliferation-resistant advanced nuclear systems may offer technological
solutions to this issue.

4.5, Siting considerations

The selection of suitable sites for new nuclear power plants is subject to a
number of criteria, established to ensure the safety and security of the plants and
hence the protection of the population. Requirements for siting in each country
will depend on local legislation and regulations. There are also guidelines
developed at the international level by the International Atomic Energy Agency,
for instance the Safety Requirements and the Safety Standards publications
(IAEA, 2003, 2010a). In addition, the siting of any electricity generation plant
has to take into account the location of major demand centres and the existence
of suitable transmission lines or the ability to construct these.

This suggests that the number of suitable sites for nuclear plants may not
be unlimited. Although there may be a large number of suitable sites globally,
their availability in any particular country or region could be restricted. If
nuclear power were to expand rapidly over the next few decades, a question
could arise over the availability of sufficient sites in suitable locations.

The accident at the Fukushima Daiichi nuclear power plant in Japan in
March 2011 has highlighted the particular requirements for siting nuclear plants
in zones of high seismicity and in zones prone to flooding, whether caused by
earthquake-related tsunamis, or from dike breaks or other causes. Where plants
are to be sited in such zones, clearly special precautions need to be taken and
the design features of the plant and its associated equipment modified
accordingly. The accident has also highlighted the risk of “common mode
failure” when a single event affects several reactors built on the same site.

Multiple nuclear units are often situated on the same site, or on closely
adjacent sites. In addition, many existing sites have space available for further
units to be co-located. Many countries with existing nuclear plants are thus
planning to build new reactors on existing sites (including sites where the
existing reactors have already closed or will do so in the near future). Of course,
if the option to build on existing sites is limited, then selection of new sites will
be required.

The siting process generally consists of an investigation of a large region
to select one or more candidate sites, followed by a detailed evaluation of each
of those sites before making a final decision. Factors considered in site selection
include the availability of cooling water, distance to populated areas, seismic
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and flooding risks. Analyses for the site selection process take considerable time
and resources, which is also a limitation for providing a precise estimate on how
many sites may be available. Once selected, the suitability of the site is
considered as part of the licensing process for the plant. The suitability of the
site is reassessed periodically when a new licence has to be issued, for instance
when long-term operation is requested. Over a period of 40 years for instance,
changes in the natural environment or the climate can occur so that the
suitability of the site has to be reassessed. Industrial and urban development
also needs to be taken into account.

4.6. Radioactive waste management

Management of radioactive waste arising from nuclear power production
has long been considered an important issue due to the political, economic and
societal implications associated with it. The development and implementation
of a strategy to manage long-lived high-level waste (HLW) associated with
spent fuel is seen in particular as a condition to enable the further development
of nuclear energy. There is an international consensus that technical solutions
exist (NEA, 2008b), and some countries are leading the way in implementing
those solutions.

Like any industrial activity, nuclear electricity generation produces waste,
but some of this waste is radioactive and requires appropriate management
processes. The radioactive waste can be classified within two main categories:
short-lived waste, the radioactivity of which will decrease by a factor of 2 every
30 years; and long-lived waste, the radioactivity of which will decrease but over
a much longer duration.

All radioactive waste resulting from nuclear electricity generation are
managed according to four principles:

e limiting the quantity of waste;
e conditioning and preparing long-term waste management;
e sorting according to the nature of waste and the radioactivity level,
e isolating from man and the environment.
Short-lived waste

The operation of the nuclear facilities produces short-lived waste. Those
waste, of low and medium activity, represent more than 90% of the total
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guantity, but they contain only 0.1% of the radioactivity of the waste. Their
radioactivity decreases very rapidly and proven industrial solutions exist for
their disposal.

Long-lived waste

After having produced its energy during four to five years, the nuclear fuel
is used. Current progress has increased the energy efficiency of fuel assemblies
and reduced the quantity of used fuel for the same energy output.

The used fuel content (fuel material) is formed by: about 96% of valuable
material — uranium (95%) and plutonium (1%) — which can be recycled; and
about 4% of high-level long-lived waste, mainly constituted of fission products
(caesium, cadmium, tin, molybdenum, etc.) and for a smaller part (0.1%) of
minor actinides produced through neutron capture by heavy nuclei
(e.g. americium).

The metallic structure of the fuel assembly (metallic tubing containing the
fuel material), which is activated in reactor due to neutron flux, is by itself an
intermediate-level long-lived waste (ILW).

Whatever the long-term policy chosen for spent fuel management
(i.e. direct disposal or reprocessing), the spent fuel management begins with a
storage period of several years for cooling, first under water in the spent fuel
pool for some years at the reactor site, and then either in another wet storage
facility (or in the same pool), or in a dry storage facility in metallic casks or
concrete vaults, waiting for the final management choice.

Depending on the long-term policy, the used fuel can be either:

e Conditioned in specific casks or packages to be placed in a geological
disposal after years or even decades of cooling. The used fuel,
including the fissile material still present, is then considered as a
whole as a waste. This option — direct disposal of spent fuel, also
called “once-through fuel cycle” — has not yet been implemented in
any country, but Finland, which has chosen this option, will be the
first country to implement geological disposal of spent fuel by 2020,
closely followed by Sweden.

e Or, after five to eight years, the used fuel is reprocessed in order to
separate the high-level waste and to condition them in a specific and
suitable way by vitrification, and to recycle the valuable nuclear
material uranium and plutonium to manufacture new fuel, while
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maintaining open the long-term energy resources options. This
reprocessing recycling strategy is currently working at an industrial
and proven scale. Just as for direct disposal of spent fuel, deep
geological disposal of the final waste produced after reprocessing is
the chosen option. It has not yet been implemented in any country,
though France is set to start construction of its geological disposal site
around 2015, and first disposal around 2025.

e For countries which have not yet chosen between direct spent fuel
disposal or reprocessing, centralised interim storage of spent fuel is
another option which gives time to develop a spent fuel strategy. This
can be interpreted as a way to postpone a decision on how to deal with
the nuclear spent fuel, and is sometimes called the “wait and see”
option.

To ensure successful implementation of high-level waste management
policies, stakeholder involvement is necessary in the decision-making process.
To gain confidence and trust it is important that the stakeholders’ concerns are
heard and addressed correctly. Key stakeholders are the government, the
regulators, the local communities, the waste producers, the scientific
communities and the general public (NEA, 2008c¢).

4.7. Standardisation of reactor designs

In spite of the Fukushima Daiichi accident, nuclear power is still
considered by many countries as a major energy source for the future —
providing benefits for national energy independence as well as global
environmental preservation. For potential investors, however, global expansion
of nuclear power continues to be viewed primarily through a financial and
economic prism that focuses particularly on nuclear power’s competitiveness
compared to other sources of baseload power such as coal and gas.

A major opportunity in this equation is the potential for economies of scale
which can be achieved by building plants in series. The French nuclear
programme which saw the construction of 58 reactors from the middle of the
1970s to the end of the 1980s using a limited series of standardised PWRs is
seen as an example in that respect. To achieve progress in this direction at a
more global level, it is important that national safety regulations be mutually
validated and harmonised. The achievement of harmonisation of nuclear safety
standards could overcome this obstacle, facilitating the emergence of a global
market that offers a choice of a small number of advanced reactor types that are
recognised by regulators as safe and technologically mature. This important step
could kick-start serial reactor construction worldwide.
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This approach can bring shared benefits, for the industry through increase
in efficiency, but also for safety enhancement through intensified experience
feedback sharing for similar plants, and also for regulators and customers.

Benefits of standardisation for the nuclear industry

Standardised designs and harmonisation of industrial engineering codes
and standards will reduce the overall engineering and construction time and
cost, reduce licensing risk and increase predictability of construction, improving
the financial feasibility of nuclear new build.

Seen from a vendor perspective, the gain lies in the ability to sell a reactor
to any customer (electricity company) in any country without the need for
design changes, unless justified by site-specific circumstances. Seen from an
electricity company (owner-operator) perspective, standardisation does offer a
“fleet” operational concept, whether an electric utility operates in only one
country or operates only one plant of a particular design in one country as part
of a larger international “fleet” of that design.

This approach should also be of benefit to the supply chain of high-quality
nuclear components. Just as in construction, the supply of standard components
should be at lower costs and higher quality than supply of custom-made
components. This greater volume of standard supply will also encourage more
suppliers to invest in quality and enter the supply chain, thus enhancing
competition while ensuring availability of components meets the needs of the
nuclear new build programmes.

Harmonisation of national nuclear safety standards will enhance the
stability of regulatory regimes, thus providing a major prerequisite for
investment decisions. Close collaboration among regulators may also lead to a
convergence of licensing procedures as well as safety standards. Currently,
there are still major differences in licensing.

Finally, harmonisation of safety standards will enhance public confidence
not only in regulators (as mentioned earlier) but also in operators, and can thus
have a positive impact on public and political acceptance of new nuclear power
plant construction.

Benefits of standardisation for nuclear safety
The nuclear industry, with safety as its core principle and responsibility,

envisages that standardisation of designs will lead to higher levels of safety.
These benefits derive from being able to draw on design and operational
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experience in all phases of a plant’s life cycle: construction, commissioning and
long-term operation, with actual fleet experience and reliability databases
providing the underpinning for enhanced safety. In the design phase, new plant
designs incorporate the latest technology and lessons learnt from the current
operating fleet.

During construction, each subsequent plant of the same design will benefit
from the experience accumulated in the construction of previous plants. This
will also yield benefits in terms of the quality of construction through repeated
application of the same proven construction methods and techniques.

In the operational phase, a global fleet of standardised nuclear plants offers
the potential for increased operational excellence, better availability and
capacity factors, and im