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2 Projected Costs of Generating Electricity
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Executive Summary

Nuclear power is an economic source of electricity generation, combining

the advantages of security, reliability, virtually zero greenhouse gas emissions
and cost competitiveness. Existing plants function well with a high degree of
predictability. The operating costs of these plants are usually very competitive,
with a low risk of significant operating cost inflation. The capacity factors of
existing plants are high (over 90% in the US). Nuclear power plants provide
electricity when it is needed. Plants are now expected to operate for 60 years
and even longer in future.

Global nuclear capacity factor
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The International Energy Agency (IEA) sees the global demand for electricity
growing at 1.9% per year in the period to 2040. Given this demand environment,
coupled with the desire to reduce the greenhouse gas emissions from the
generation of electricity, the IEA projects growth of an annualised 2.3% in
nuclear generation over that period’.

Nuclear competes well with rival generation technologies as is indicated by the
assessment of the Organisation for Economic Cooperation and Development
(OECD) - Nuclear Energy Agency (NEA) & IEA?, although the level of
competitiveness does vary at different discount rates and between countries.
In the pivotal Chinese market, nuclear has a lower levelised cost of generating
electricity (LCOE) than any other technology barring hydro.

In some electricity markets, especially those that are deregulated, subsidised
intermittent renewable generation and gas-fired generation not penalised by
carbon costs are creating economic difficulties for all baseload generators,
including nuclear. Where the system and external costs of competitor
technologies are added to the plant-level costs, the competitiveness of nuclear
is enhanced. In order for these advantages of nuclear to be fully realised,
policymakers need to address fundamental market design problems. In some
countries, deregulated markets are being partially re-regulated in order to place
monetary value on the qualities that nuclear power brings (reliability, security,
Zero emissions).

The economics of new nuclear plants are heavily influenced by their capital
cost, which accounts for at least 60% of their levelised cost of electricity.
Interest charges and the construction period are important variables for
determining the overall cost of capital. The escalation of nuclear capital costs



3 Projected Costs of Generating Electricity 2015
Edition (p19), International Energy Agency and
OECD-Nuclear Energy Agency

Levelised cost of generating baseload electricity by technology in OECD countries 2015
(US$/MWh, 3% and 10% discount rates)
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in some countries, more apparent than real given the paucity of new reactor
construction in OECD countries and the introduction of new designs, has
peaked in the opinion of the IEAS. In countries where continuous development
programmes have been maintained, capital costs have been contained and,
in the case of South Korea, even reduced. Over the last fifteen years global
median construction periods have fallen. Once a nuclear plant has been
constructed, the production cost of electricity is low and predictably stable.

Economic risks relate to a range of factors including: the regulation of electricity
markets and the existence of competitor technologies that are subsidised or
fail to account for external costs; nuclear safety regulation; project construction
performance; operational performance; and political risk. Some of these risks
can be managed by the reactor engineering, procurement and construction
contractors or the utility but others are outside the control of the industry. In
practice, current nuclear investment is undertaken in broadly regulated markets
largely via utility balance sheet financing where the operator can offset the

risks of any given generating technology against those of other assets in their
portfolio. Most electricity markets are regulated and characterised by dominant
state-owned companies.



Introduction

This report updates the previous
report of the same name published
in 2012, which itself drew on work
in earlier reports. The principal
changes to this report concern:
additional material on nuclear capital
costs, in particular evidence that
capital cost inflation has peaked
and is in any case not a worldwide
phenomenon; the impacts of
competitor technologies, in
particular renewables and gas-fired
generation; and the challenges
that deregulated electricity markets
pose for nuclear. A new section on
the systems costs of intermittent
generation has been included.

All the information presented in
the report has been taken from the
publications of intergovernmental
and governmental agencies,
independent authors and
universities.

There are two main aims of this
report. Firstly, to highlight that new
nuclear build is justified in many
countries on the strength of today’s
economic criteria and, secondly,

to identify the key risks associated
with a nuclear power project and
how these may be managed to
support a business case for nuclear
investment.

Many countries recognize the
substantial role which nuclear
power has played in satisfying
various policy objectives, including
energy security of supply, reducing
import dependence and reducing
greenhouse gas or polluting
emissions. Nevertheless, as such
considerations are far from being
fully accounted for in liberalized

or deregulated power markets,
nuclear plants must demonstrate
their viability in these markets on
commercial criteria as well as their
lifecycle advantages. Efforts are
being made by policymakers in

a number of countries to place a

monetary value on these other policy
objectives in a way that can support
nuclear power.

The research and development
work undertaken in the early stages
of nuclear power development

was a challenging project for
government research organizations
as well as the industrial sector. The
optimum technical solutions were
progressively uncovered through
multiple and various demonstration
programmes developed in the
1950s and 1960s under government
funding and, at the same time, by
increasingly scaling up the reactor
ratings to compete more easily
with fossil fuels. Designs were
mainly motivated by the search

for higher thermal efficiency, the
ability to stay online continuously
and better utilization of uranium
resources. The breakthrough in the
commercialization of nuclear power
was reached when unit ratings
exceeded several hundreds of MWe
in the mid-1960s.

Starting in the late 1980s, a
number of governments moved
away from direct regulation in
electricity markets (e.g. government
utilities or investor-owned utilities
subject to rate-of-return controls)
to various types of deregulated
electricity industry approaches
that typically include a competitive
market-based generation sector.
There are significant differences in
the level and nature of regulation
between countries but most
remain characterised by high
levels of regulation, either explicitly
or implicitly. Electricity market
liberalization itself comes in many
guises, but the nuclear power
industry recognizes that nuclear
power projects must demonstrate
that they are commercially viable
projects that will attract investors.
With nuclear energy’s high capital
cost and long development and



construction period, investors
focus on ways in which risks can
be managed and risk allocations
optimized. The business case for
nuclear ultimately depends on the
structure of risk allocation between
operators, investors, governments,
suppliers and customers.

Although new nuclear power plants
require large capital investment, they
are hardly unique by the standards of
the wider energy industry, where oil
platforms and natural gas liquefaction
facilities cost many billions of dollars.
Projects of similar magnitude can

be found in the building of new
roads, bridges and other elements
of infrastructure. Many of the risk-
control and project management
techniques developed for these
projects can also be applied to
building nuclear power stations.

Risks that are specific to nuclear
plants are those surrounding the
management of radioactive waste
and used fuel and the liability for
nuclear accidents. As with many other
industrial risks, public authorities must
be involved in setting the regulatory
framework. The combined goal for
policymakers seeking to incentivise
nuclear must be public safety and a
stable policy environment necessary
for investment.

To support new build projects must
be structured to reduce and share
risks amongst key stakeholders in a
way that is both equitable and that
encourages each project participant
to fulfil its responsibilities.

The information in this report is
presented as follows:

Section 2 highlights the good
economic performance of current
nuclear plants.

Section 3 demonstrates the need for
substantial new electricity generating
capacity worldwide.

Section 4 examines the ability of new
nuclear plants to compete.

Section 5 identifies the key risks of
nuclear projects and how they may
be mitigated.

Section 6 considers project
structuring and the different ways of
allocating risks.

Section 7 highlights the role of
government in ensuring adequate
electricity supply.

Section 8 examines the role of
financing for major electricity
infrastructure.



4 The capacity factor is the ratio of the
actual energy produced by a power plant
in a given period, to the hypothetical
maximum possible, i.e. running full time
at rated power.

Economics of
Current Plants

Low-cost baseload electricity

supply has been a critical enabler of
economic and social development
and nuclear power has played a

key role in delivering such supply

for decades in many countries.

The economics of nuclear are
characterised by low and stable
operating costs, resulting from the
low proportion of fuel cost in the total
cost structure, which have enabled
nuclear plants to supply reliable,
competitive and low carbon baseload
power. Once built and commissioned,
and assuming a good operational
performance, nuclear power plants
should be able to carry out this
indispensable role for the long term.

2.1 Plant performance

With high fixed costs and low running
costs, average electricity costs for
nuclear plants fall substantially with
increased output. It is therefore vital
for nuclear operators to achieve

high plant capacity factors®. Nuclear
plants aim to operate continuously

to achieve very low marginal and
average costs.

With growing baseload electricity
demand, capacity factors of nuclear
plants around the world have
increased by 10% since 1990, from
70% to 80%. In some countries, the

Figure 1: Global nuclear capacity factor

improvement is even more dramatic
— for example, in the United States
from 66% to 90%. Levels of 90% and
above have also been achieved by
plants in Europe and Asia for many
years. Lower levels can be partly
explained in France by the high share
of nuclear power in the electricity mix
and its use in load following.

The impact of higher capacity factors
can be seen in the stability of the
nuclear share of world electricity
generation from the late 1980s. This
was maintained at 16-17% until

the early 2000s, despite few new
plant openings, but rapid electricity
demand growth in the developing
world since then has meant that the
share has now fallen to 11%.

2.2 Generating costs

Whilst there are many country-
specific factors, it is possible to
make some general statements
about the trend of fuel and
operations and maintenance (O&M)
costs of nuclear plants: nuclear fuel
costs have fallen over time due to
lower uranium and enrichment prices
together with new fuel designs
allowing higher burn-ups, while O&M
costs tend to be somewhat higher
than for other thermal modes of
generation.
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Figure 2: Breakdown of operating costs for nuclear, coal and gas generation
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Figure 3: EU uranium oxide prices 1980-2014
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Nuclear fuel costs in the US have fallen
from 1.46 cents per kWh in the mid-
1980s to only 0.76 cents per KWh in
2014, which has included a mandatory
element for used fuel management of
0.1 cents per kWh, paid into a central
governmental fund. As can be seen

in Figure 3, uranium prices can be
volatile, but their impact on electricity
costs is relatively minor as the uranium

1995

2000

Year

2005 2010 2015

cost is only a small fraction of the total
operating cost (around 14%). In the
case of both coal and gas plants, fuel
prices fell to all-time lows in real terms
in the late 1990s, as additional low cost
reserves were brought into production.
The discovery and exploitation of large
quantities of unconventional shale gas
has pushed electricity prices down
further in the US.



Table 1. Average US nuclear production costs, 1985-2014, 2011 cents per kWh

1985 1990 1995 2000 2005 2010 2014
O&M costs 2.21 2.37 1.96 1.59 1.44 1.57 1.64
Fuel costs 1.46 1.15 0.84 0.63 0.51 0.68 0.76
Total 3.67 3.52 2.80 2.22 1.95 2.25 2.40

Source: Federal Energy Regulatory Commission, Nuclear Energy Institute

The fuel costs of operating nuclear
plants are low and can only be
beaten by plants that generate
electricity without the need for fuel,
such as hydro and other renewable
technologies. In the US, average
nuclear production costs® were 2.40
cents per kWh in 2014, the lowest of
any thermal generation technology
in that country. However, nuclear
operating costs vary by plant and
some nuclear plants in the US have
not been able to cover these costs
in the face of both very low cost gas,
which has depressed power prices,
and the increased revenue volatility
resulting from intermittent renewable
generation. This situation so far

has been unusual, so in the EU for
example, production costs remain
much lower for nuclear generation
than for coal and gas plants.
However, the continued increase

of heavily subsidised renewable
generation in the EU threatens to

undermine the economics of nuclear
in that continent too. In some power
networks, for example the PJM®
area in the US and in the UK, the
difficulties caused by intermittent
generation are recognised and the
value of reliable power generation

is rewarded by the development of
capacity markets.

The trend in nuclear production costs
was strongly downwards in the US in
real terms from the mid-1980s until
2005 but has since then started to
increase. The split between O&M and
fuel costs is shown in Table 1.

O&M costs include both fixed
(occurring irrespective of the level

of plant operation) and variable
elements. In Europe, nuclear
production costs of as low as 1 Euro
cent per kWh have been achieved

in the past in both Finland and
Sweden. The balance between O&M,

Figure 4: US electricity production costs by fuel type 1995-2014

10

== Coal
= Gas
== Nuclear

o~V

N

US cent/kWh

— =

0
1995 1998 2001

2004
Year

2007 2010 2013

Source: Federal Energy Regulatory Commission, Nuclear Energy Institute

5 Production costs, also known as operating
costs, include fuel and O&M costs.

6 The PJM transmission area of the north
and east of the USA is the largest electricity
wholesale market in the world
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7 As at October 2016

fuel and used fuel (including waste
management) costs depends very
much on the age of the plant, with a
tendency for O&M to rise as plants
get older but for used fuel charges

to reduce as the accumulated fund
dedicated to this becomes mature.

In Germany, used fuel charges tend
to be higher so generating costs are
usually around 1.4 Euro cents per KWh.

Nuclear operating costs could
change further in certain ways:

* The decline in the price of uranium
oxide concentrate (U;0g) will
probably be reversed at some point
with the future expected demand
increases, thereby encouraging
new mine investment. Fuel service
costs, which account for more
than half the total fuel cost, could
be cut slightly further thanks to
technological progress (e.g. higher
burn-up fuel) as well as through
the implementation of innovations
(e.g. in enrichment and used fuel
management).

* O&M costs are particularly
influenced by regulatory
requirements, which may vary
(depending on circumstances)
from augmented in-service
inspection and additional fire
protection features, to enhanced
operator training and reinforced
security measures. Increased
requirements have resulted from
the safety reassessments following
the Fukushima accident in 2011.

2.3 Capacity uprates

Uprating the power output of
nuclear reactors is recognized

as a highly economic source of
additional generating capacity. The
refurbishment of the plant turbine
generator combined with utilizing the
benefits of initial margins in reactor
designs, digital instrumentation and
control technologies and investment
in other enhanced generating
capacity can increase plant output

by up to 15-20%. There are many
examples of this throughout the
world, but it has been a particular
focus in Sweden, the United States
and East European countries. In
the United States, up to 3.1 GWe of
additional capacity was approved via
this route between 2005 and 2014.
Capacity uprates reduce generating
costs by spreading the fixed O&M
costs over a higher output.

2.4 Licence extensions

In those cases where plant licences
are limited in time, owners are
obtaining extensions from their
regulatory authorities where they
can justify longer operational lives
for their plants. This process is most
visible in the United States where
817 of the 100 units have already
been granted a 20-year extension to
their operating licences to operate
until 60 years and others are in

the process of applying. The NRC
is currently preparing to consider
licence extensions to 80 years.

The licence extension process has
been more predictable and less
expensive than many commentators
originally anticipated. For companies
in the private sector, extending

the design lifetime of plants

may also allow them to spread
decommissioning charges over a
longer period than originally planned
and further improve profitability.
Nevertheless, the substantial capital
expenditure associated with longer
operational lifetimes may still force
closure on some current nuclear
plants that cannot justify the upfront
costs involved — especially for

the smaller, older and inherently

less efficient units. But in general,
extension of the operational lifetimes
of nuclear plants is economically
attractive, so long as the political
environment is supportive. For
example, in Canada, Bruce Power is
extending the operational lifetimes of



six of its reactors by 30-35 years at a
cost of $13 billion, which compares
favourably with the cost of alternative
generation possibilities.

In France, a figure for the 58 nuclear
units of up to €10 billion in additional
costs has been announced to deploy
post-Fukushima modifications and
comply with the requirements of the
safety authority. However, these costs
have to be seen in the context of

the need to invest heavily anyway in
areas such as upgraded IT systems
and the maintenance of heavy
components required to extend the
operating lifetimes of these units
beyond 40 years. The total cost of
this work is estimated at €50 billion,
which includes the additional €10
billion, and will have only a minimal
impact on the levelised cost of
nuclear electricity over the next 20
years of operation. Extending the
operating lifetimes of the existing
reactors has been judged by the
national audit body as the most
economical way to continue the long
history of low power prices in France.

2.5 Political risk

A significant threat to the costs of
the current operating fleet of reactors
in some countries is coming from
the imposition of additional taxes

on nuclear generation, arguably to
penalise the perceived excessive
profits supposedly earned by their
owners. For example, in 2012 there
were nuclear-specific taxes of €5/
MWh in Belgium, €6.7/MWh in
Sweden?® and €145/gof fissile fuel
(equivalent to €15/MWh) in Germany.
The effect of these taxes has been to
advance the closure dates of reactors
in Germany (Grafenrheinfeld), Spain
(Garona) and Sweden (Oskarshamn

1&2 and Ringhals 1&2). In countries
where the threat of such additional
nuclear-specific taxes is significant,
this will negatively affect investor
appetite for new nuclear plants and
even for operating lifetime extensions.

Political risk can take a number of
forms apart from nuclear taxation. For
example, in Japan the restart of the
reactors currently offline following the
2011 Fukushima accident is subject
to decisions by the Japanese courts;
in France the premature retirement
planned for the Fessenheim reactors
has resulted from negotiations
between political parties and in
Germany the decision to advance the
phase-out of nuclear soon after the
Fukushima accident was reported

to be the result of an electoral
calculation by the governing party.

2.6 Conclusions

The overall picture for current nuclear
plants is that they are operating
more efficiently than in the past and
unit operating costs are low relative
to those of alternative generating
technologies. More output is being
achieved from each reactor through
improved performance and capacity
uprates; their operation should
continue for many years in the
future, backed by the necessary
investment in refurbishment. These
improvements have now become
routine and will be integrated into the
construction of new nuclear plants.

The political risk facing the economic
functioning of nuclear in a number

of countries has increased with the
imposition of nuclear-specific taxes
that in some cases have deprived
operators of the economic incentive
to continue to operate existing plants.

8 An agreement has been reached by the main

political parties in Sweden to phase out this tax.

The effect of this agreement on the expected
closure dates of Oskarshamn 1&2 and
Ringhals 1&2 is unclear as of October 2016.
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9 World Energy Outlook 2016, International
Energy Agency

10 As projected by the IEA for its New
Policies Scenario in the World Energy
Outlook 2016.

" World Energy Investment Outlook,
International Energy Agency, 2015

Market Potential for
Electricity Generation

to 2035

Global electricity production and
consumption increased at about
2.6% per annum over the period
1990-2013 but many forecasters

see this rate of increase falling in the
future. For example, the International
Energy Agency’s® (IEA) New Policies
Scenario projects global electricity
demand to increase by 1.9% per
annum in the period 2014-2040.
Non-OECD countries are responsible
for almost all this growth. In China
for example, electricity consumption
should have increased 80% by 2040.
In most OECD countries, policies
aimed at lowering demand growth
rates are being implemented as are
those that will shift the balance of
supply towards those technologies
deemed to be favourable from an
environmental viewpoint.

Within the electricity sector, a

large amount of investment in new
generating capacity will be required
by 2040 in order to satisfy both the
projected 64% increase of demand'®
and the need to replace a large
number of plants that will be retired
over this period. The economic
challenge for utilities of building new
nuclear plants is much lower in the
face of a rapidly growing rather than a
static or declining electricity demand;
in the latter case, new plants have to
displace existing plants whose capital
costs are often fully amortised and
can therefore remain profitable even
at low electricity prices.

3.1 Electricity sector
investment requirements

According to the IEA™, investment in
power generating plants of all types

in the period 2014-2035 will cost a
cumulative $9.5 trillion in the New
Policies Scenario. Nuclear is projected
to account for $1061 billion of this

total, which represents investment in
about 300 GWe of new capacity, split
$389 billion in the OECD countries
and $672 billion in the non-OECD
countries. It should be noted that

in arriving at these estimates the
assumed investment cost of new
nuclear plants in the US, EU and
China rises by 10-40%. Given that the
IEA assumes most of this investment
will take place in regulated markets,
government policy will play a critical
role in attracting finance.

3.2 The potential position
of nuclear power — the
International Energy
Agency view

A consequence of so much of the
new generating capacity being fossil-
fired in the New Policies Scenario is
that world carbon emissions from

the electricity sector are set to carry
on increasing in the period to 2040.
The 450 Scenario has lower electricity
demand growth and also substantial
technology shifting in favour of low
carbon technologies such as nuclear;
the scenario projects 642 GWe of
nuclear capacity worldwide in 2030
and 820 GWe in 2040. The IEA
scenarios derive from a model that
amongst other things assumes that
the costs of renewable power sources
tend to fall as the technologies
mature, whereas the costs of nuclear
power, which is already a mature
technology, continue to rise. Both of
these assumptions are questionable
(see Figure 5 and the discussion in
Chapter 4).

The IEA scenarios effectively drop

out of a wider energy model of

the world, building in all the likely
generation technologies. One
development is that the IEA, which
was previously over-pessimistic about



Figure 5: Average annual unit investment cost in power plants by type in the New Policies
Scenario, OECD countries (top) and China (below)
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Table 2. |[EA nuclear capacity scenarios for 2030, GWe gross

New Policies 520
IEA Current Policies 488
2016

450 642

Source: IEA (2016)
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12 Energy Technology Perspectives 2015,
International Energy Agency, and Technology
Roadmap Nuclear Energy 2015 Edition,
Nuclear Energy Agency and International
Atomic Energy Agency

'3 Energy Harmony on a Major Scale, Nuclear
Engineering International, 26 April 2016

current reactors shutting down, now
recognizes that they are generally
performing very well in economic
terms and operating periods are
generally being extended, unless
there are political impositions on this
process (as in Germany).

Projected to 2050, the IEA’s 2 Degree
Scenario'? (an extension of its 450
Scenario which is described in the
World Energy Outlook) includes a
nuclear energy component of 930
GWe (sufficient to meet 17% of world
electricity demand). Given that this
scenario relies in part on an ambitious
increase in capacity from renewable
energy sources and fossil-fuelled
power plants with carbon capture
and storage, and that either of these
generating segments could fall short,
the World Nuclear Association is
promoting a target whereby 25% of
electricity is generated by nuclear. To
reach this level by 2050 would require
1000 GWe of new nuclear capacity.

Whilst this goal is certainly ambitious,
it can be delivered if the nuclear
construction performance that was
achieved in the 1970s and 1980s is
repeated. '

3.3 Conclusions

Even when ignoring all environmental
considerations, it is clear that

the extent of the requirement for

new generating capacity affords
nuclear an opportunity for continued
good growth prospects. Should
governments implement policies

to incorporate the external costs

of fossil fuel burning and allocate
system costs to those generators that
incur them, the economic benefits of
nuclear power would become more
visible to potential investors. The

key to grasping this opportunity is
undoubtedly keeping the economics
attractive, both with the current stock
of reactors, where the case has
already been made strongly, and now
with new nuclear build programmes.



4 This broad range is taken from
Synthesis on the Economics of Nuclear
Power, William D’haeseleer, European
Commission, November 2013. There
is a discussion of the levelised cost
methodology in the Appendix.

5 For example, Laurence Summers, Bold
reform is the only answer to secular
stagnation, Financial Times, 7 Sept 2014

16 For convenience, it is assumed that the
plant is built literally overnight so that the
capital costs can be separated from the
financing costs.

Economics of New
Plant Construction

4.1 Capital costs

The overall economics of new nuclear
plants are dominated by their capital
costs. In the assessment of new
capacity, the studies quoted below
show that capital costs including
accrued interest account for around
65-85% of the levelised cost of a

new nuclear plant'. For combined
cycle gas turbine (CCGT) plants,
usually around 20% of the levelised
costs are accounted for by plant
capital requirements, with most of the
remainder being fuel requirements. For
renewable electricity projects, the capital
cost element can be as high as 90%
because there is no fuel cost to using
wind or sunlight as energy sources.

The importance of these very different
cost schedules rises with the rate

of interest levied. When interest

rates are high, projects with high
initial capital costs, such as nuclear,
are disadvantaged in comparative
financial appraisals. However, interest
rates in OECD countries have been

in decline since the 1980s and
today’s very low rates are expected to
persist for some time; indeed, some
economists argue that these countries
have entered an era of low interest
rates'®. Once capital-intensive power
plants are completed, the capital
costs and accrued interest must be
recovered through a long operating
lifetime with fuel and O&M costs well
below the prevailing electricity price.
This has been the general experience
with nuclear plants.

Capital costs are incurred while the
generating plant is under construction
and include expenditure on the
necessary equipment, engineering
and labour. These are often quoted
as ‘overnight’ costs, which are
exclusive of interest accruing during
the construction period®. They
include engineering, procurement and
construction (EPC) costs, owners’
costs and various contingencies.

Once the plant is completed and
electricity sales begin, the plant owner
begins to repay the full investment
cost, comprising the sum of the
overnight costs and accrued interest
charges. The price charged must
cover not only these costs, but also
annual fuel costs and expenditure on
operation and maintenance (O&M)
of the plant. A periodic charge for
the eventual decommissioning of the
plant should also be made, provided
over the economic lifetime of the
plant, however, this is likely to take
place some 40 to 60 years after plant
commissioning.

About 80% of overnight costs are
EPC costs, with about 70% of

these consisting of direct (physical
plant equipment with labour and
materials to assemble them) and
30% indirect (supervisory engineering
and support labour costs with some
materials) costs. The remaining 20%
of overnight costs are contingencies
and owners’ costs (essentially the
cost of testing systems and training
staff). In addition, first-of-a-kind
(FOAK) costs are a fixed cost of

a particular design of reactor and
can amount to very significant
investments. The way in which these
are added to overnight capital costs
depends on how the vendor wishes
to allocate these across its reactor
sales.

4.2 Capital cost
escalation

With relatively few nuclear plants
constructed in North America and
Western Europe over the past two
decades, the amount of information
on the costs of building modern
nuclear plants is somewhat limited.
An important source of information
comes from the OECD’s Nuclear
Energy Agency (NEA) and the IEA,
who periodically publish a joint report
entitled Projected Costs of Generating
Electricity, the most recent of which
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Table 3. Capital cost estimates for a new nuclear reactor, $/kWe

Country Technology Overnight cost A Investment cost B
1998 2015 1998 2015

Europe
Finland BWR 2 256 2672

PWR (EPR) 4 896 6 959
France PWR 1636 2280

PWR (EPR) 5067 7202
East Asia
Japan BWR 2521 3 146

ABWR 3883 5519
South Korea PWR 1637 2 260

ALWR 2021 2580
North America
USA PWR 1441 4100 2 065 5828

A. Overnight cost includes owner’s costs pre-construction and during construction and EPC costs.
B. Overnight cost plus imputed interest charges during construction at 10% a year.

Source: |EA, 2001, Nuclear Power in the OECD, OECD-NEA & IEA. Projected Costs of Generating Electricity 2015 Edition, OECD-NEA & IEA

7 Les Céuts de la Filiére Electronuciéaire,
Cour des Comptes, 2012

appeared in September 2015. In

this publication, the level of nuclear
capital costs varies considerably by
country — see Table 4 below which
selects only those countries with new
or recent nuclear programmes and
may be compared with estimated
costs in 1998 — and it is apparent that
nuclear capital costs have escalated
over time.

Insight into nuclear capital costs
can also be gained from the NEA
& IEA historical series of levelised
cost estimates taken from previous
editions of Projected Costs of
Generating Electricity and which
use the standard NEA & IEA
assumptions. It is encouraging to
note that, in view of the dominant
influence of capital cost on the
levelised cost of nuclear power, the
series indicate that capital costs

in some cases may have peaked
or be close to peaking. Figures

6 and 7 show this data at both

the 5% and 10% discount rates

for a sample of countries that are
currently constructing nuclear power

plants and for which the capital
cost estimates should therefore be
relatively well founded.

The French nuclear programme
provides some further useful data
on capital costs. The Cour des
Comptes'” has said that the costs
of building nuclear power plants has
increased over time from €1170/kWe
(at 2010 prices) when the first of the
currently operating 58 PWRs was
built at Fessenheim (commissioned
in 1978), to €2060/kWe when

Chooz 1 and 2 were built in 2000
and a projected €3700/kW for the
Flamanville EPR. It can be argued
that a lot of this escalation relates

to the much smaller magnitude of
the programme by 2000 (compared
with when the French were
commissioning 4-6 new PWRs per
year in the 1980s) and the failure

to achieve series economies. The
French programme also arguably
shows that industrial organization
and standardization of a series of
reactors allowed construction costs,
construction time and operating and



maintenance costs to be brought divided by the total installed capacity

under control. The total overnight (63 GW), the average overnight cost
investment cost of the French PWR is €1335/kW. This is much in line with
programme amounted to less than the costs that were then provided by
€85 billion at 2010 prices. When the manufacturers.

Figure 6: Historical Nuclear LCOEs (2013 US$/MWh, 5% discount rate)
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Figure 7: Historical Nuclear LCOEs (2013 US$/MWh, 10% discount rate)
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Table 4. Overnight Capital Cost trends for historical reactor programmes

Country Construction start Annualized rate of change in overnight
capital cost

USA 1954-1968, 18 demonstration reactors -14%
1964-1967, 14 turnkey reactors -13%
1967-1972, 48 reactors completed pre-TMI +23%
1968-1978, 51 reactors completed post-TMI +5t0 +10%

France 1957-1966, 7 gas-cooled reactors -17%
1971-1991, 59 light-water reactors +2to +4%

Canada 1957-1974, 6 reactors -8%
1971-1986, 18 reactors +4%

West Germany 1958-1973, 8 reactors -6%
1973-1983, 18 reactors +12%

Japan 1960-1971, 11 imported reactors -15%
1970-1980, 13 foreign designs +8%
1980-2007, 30 domestic reactors -1to+1%

India 1964-1972, 5 imported reactors -7%
1971-1980, 5 domestic reactors +5%
1990-2003, 6 domestic reactors+ 2 imported -1%

South Korea 1972-1993, 9 foreign designs -2%
1989-2008, 19 domestic reactors -1%

Source: Lovering, Yip and Nordhaus, op. cit.

'8 Historical construction costs of global
nuclear power reactors, J.Lovering, A.Yip,
T.Nordhaus, Energy Policy, 91 (2016) 371-382

19 Redluction of Capital Costs of Nuclear Plants,
OECD-NEA, 2000.

20 The Economic Future of Nuclear Power,
University of Chicago, 2004
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Most recently, Lovering, Yip and
Nordhaus'® have compared the
historical nuclear cost experience

in seven countries. It is evident

that there is a wide range of
experiences. The US has exhibited
the most extreme cost inflation but
with a very wide variation; for the US
reactors in the lowest cost quartile
there was very little cost inflation.
There was high cost inflation in
Germany and to a lesser extent

in Canada but in India, France

and Japan there was very little

cost inflation. In South Korea, as
indicated above, costs fell over time.
The authors conclude that a range
of different cost-drivers have been in
play, many of them country-specific.
The study gives some support

for a cautious optimism that the
gradual globalisation of the nuclear

supply chain could see a reduction
of nuclear capital costs. Table 5
presents a summary of the results.

A number of possibilities have been
identified™ to reduce capital costs.
For example,

* Replicating several reactors of one
design on one site can bring major
unit cost reductions.

Standardization of reactors and
construction in series will yield
substantial savings over the series.

Learning-by-doing is regarded
as potentially a significant way
of reducing capital costs, both
through replication at the factory
for components and at the
construction site for installation.

Larger unit capacities can provide
economies of scale.



* Simpler designs, possibly
incorporating passive safety
systems, can also yield savings
as can improved construction
methods.

* A predictable and consistent
licensing process should result in
substantial savings. The key is to
get the new plant up to safety and
design requirements and running
as quickly as possible, avoiding
unexpected costs and starting
at the earliest date to generate
revenues.

It seems clear that the economics of
nuclear power are much improved
if a number of standard models
can be ordered. The economies of
series production then come into
play and the fixed overhead costs
of design and permitting involved
in the supply of nuclear grade
components and systems can be
spread over a number of units.
Possibly of equal importance is
the reduction of construction and
permitting risk that is associated
with building a number of
standardised units which allows
greater predictability and reduced
timelines for the development of
additional plants.

The recent experience in Asia,
particularly China and South
Korea, has certainly reinforced the
idea that series construction and
standardisation can reap significant
benefits in lowering capital costs.
In both of these countries there
has been a continuing programme
of construction over 1998-2015
and it is of note that the escalation
of costs shown in Table 4 and
Figures 6 and 7 for Europe and
North America were found not to
be applicable to China and South
Korea. For example, the ratio

of French to Korean overnight
costs increased from 1:1 in 1998
to 1:2.5in 2015, a period in

which 11 Korean reactors were
commissioned but only one in
France. Given that this period was
characterised by rising commodity
prices and increased employee pay
rates in Korea and China, the likely
cost moderating influence of series
economies is apparent.

4.3 Interest charges and
the construction period

The construction time of a nuclear
power plant is usually taken as the
duration between the pouring of the
first concrete and grid connection.
In advance of construction, a
substantial amount of time and
effort is involved in planning and
gaining approvals and licensing

for the facility. Construction interest
costs can be an important element
of total capital costs but this
depends on the rate of interest

and the construction period. For

a five-year construction period, a
University of Chicago study (2004)2°
shows that the interest payments
during construction can be as much
as 30% of the overall expenditure.
This increases to 40% if applied to a
seven-year construction schedule,
demonstrating the importance

of completing the plant in line

with the original schedule. The
industry, however, believes that the
construction period could be as
low as four years. Where investors
add a risk premium to the interest
charges applied to nuclear plants,
the impact on the financing charges
will be substantial. The industry has
to demonstrate that this premium

is unwarranted, on the basis of
consistent achievement of building
plants on schedule and on budget.

There is evidence that this is starting
to happen as Figure 8 shows. The
median time taken to construct
nuclear power plants has fallen in the
last 15 years; it is the predominance
of construction in East Asia and

their successful adherence to initial
construction schedules that largely
accounts for this improved global
performance. The key appears to
lie in the replication of standardised
reactor designs at a series of sites,
and even more so at the same site.
Figure 9 shows the construction
time in months taken for the series
of CPR-1000 reactors built between
2005-2016 in China and Figure 10
shows the construction performance
for the series of P4 reactors built in
France between 1977-1993. Whilst
the French experience shows some
upward drift in construction period,
the record is not as bad as portrayed
by critics of the industry.

4.4 Small modular
reactors

Small modular reactors (SMRs) are
characterised by electrical capacity
of less than 300 MWe and designs
that allow for modular construction.
In recent years there has been a
revival of interest in SMRs in the light
of the limited economies of scale
realised for large reactors. SMRs
promise faster construction and
quicker delivery of series economies
that could offset their higher per kWe
capital costs and thereby deliver
levelised costs that are in line with
those for larger reactors. Savings
could come from the following
considerations:

 Construction should be more
rapid as a result of the use of
factory produced units that can be
transported relatively easily to the
site and ‘plugged in’ to other units
leading to lower site costs.

More rapid construction should
result in lower interest costs during
the construction period.

Quality control should be
improved as a result of factory
construction thereby leading to
less construction, permitting and
operating risk.
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Figure 8: Global median reactor construction periods since 1981 and numbers of grid connections in each period
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Economics of Nuclear Power, G.Rothwell,
2016. He provides an illustration (p123) that
if the utility present value was $20 billion

then an investment of $12 billion for two

large FOAK reactors would result in a cost of
capital of 6.9% versus 4.5% for an investment
of $4 billion in two NOAK SMRs.

1991-1995

1996-2000 2001-2005 2006-2010 2011-2012 2013 2014 2015

Year

* The production of larger numbers
of reactors should allow series
economies to be delivered more
quickly and certainly, so the
learning-by-doing cost reductions
would be realised more rapidly.

Lower absolute plant capital
requirements that could result in
lower utility leverage and thus lower
premia on utility debt.

The last consideration is particularly
significant as the financing of large
reactors is a major challenge for all
but the biggest utilities, especially in
more deregulated markets. The high
volume of finance required for large
reactors, to cover an investment cost
that can be in excess of $6 billion in
the US and EU, often represents a
significant proportion of the utility’s
market capitalisation. The risks
associated with nuclear construction
are thereby translated into risks to
the credit worthiness of the utility as
a whole. The debt ratio of the utility
might well be increased leading to a

downgrading of its credit rating and
consequently a higher cost of capital
to the utility. Geoffrey Rothwell?' has
suggested a possible saving on the
cost of capital raised for a n'"-of-a-
kind (NOAK) SMR of 2.4% per year
versus a FOAK large Gen lll reactor.
Should savings in the cost of capital
of this order be realised, he estimates
that SMRs could compete well with
larger reactors on the levelised cost
of generation.

In most OECD countries, electricity
demand growth is expected to be
low or even negative over the coming
decades. The risk to a utility entailed
by an SMR investment in such a
market is very much lower than for a
large reactor. Moreover, the SMR site
is likely to allow subsequent additions
of capacity in a manner more closely
calibrated to demand increases
whilst simultaneously delivering
further series economies resulting
from the construction of multiple
reactors on a single site.



Figure 9: China: CPR-1000 construction performance in months 2005-2016
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Figure 10: France: P4 construction performance in months 1984-1993
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22 The Economics of the Nuclear Fuel Cycle,
OECD-NEA, 1994.

The characteristics of SMRs might
also lead to revenue enhancement as
a result of:

* Greater opportunities arising to use
process heat and to co-generate
resulting from the ability to site
reactors closer to communities
or commercial activities (SMRs
feature a higher level of passive
safety than large reactors).

Greater ability to flex generation to
match the demand volatility that is
expected from the increased use of
intermittent renewables.

To date, SMRs are under construction
in Russia, China and Argentina

and are currently envisaged to be
employed in isolated locations, such
as the Northern regions of Russia,
and for co-production, such as water
desalination in Saudi Arabia.

4.5 Operating costs

The operating costs of nuclear
plants are typically low and the
subject has been covered in Chapter
2 of this report. It should be noted
that, when evaluating nuclear plants
using new designs, fuel use should
be more economical than for older
plants, for example by allowing
higher burnups.

Nuclear fuel costs include charges
for used fuel management and
disposal. These are well-identified
and validated, providing a good level
of predictability of long term costs?.
Financial contributions are usually
made over the economic lifetime of
the plant towards plant dismantling
and eventual site restoration. Given
that plants are expected to have long
operating lifetimes, the contributions
are not significant (usually less than
1% of the total levelised costs).

As noted in Chapter 2, O&M
costs vary between countries but
the prospect is for continuing

improvements in plant operating
practices as lessons from best
practice are taken up more broadly.
Indeed, the deregulation of electricity
markets has arguably helped in
generalising best practices in
reducing O&M costs throughout the
industry which together with higher
capacity factors has improved the
competitiveness of many plants.

4.6 Evaluations of
nuclear competitiveness

As nuclear plants have relatively
high capital costs but low operating
costs, it is important to the overall
economics of nuclear that plants
operate at very high load factors,
supplying the demand for baseload
electricity. Although renewable
energy sources are likely to take

an increasing share of incremental
electricity supply in many markets, it
is still expected that most incremental
and replacement generating
investments to satisfy the baseload
demand will use fossil fuels (coal or
gas) or nuclear.

There have been many studies
carried out which assess the relative
electricity generating costs for new
plants utilizing different technologies.
The OECD-NEA & IEA publishes
the Projected Costs of Generating
Electricity, a standardised levelised
cost assessment of a wide range of
generating technologies in different
countries, at roughly five-year
intervals (the last edition in 2015).

Projected Costs of Generating
Electricity 2015 Edition, highlights
the continued competitiveness of
nuclear in many countries since

the previous report in 2010 and the
general improvement since the 1998
report. This is generally due to the
improved operating performances
of nuclear plants and to higher fossil
fuel price expectations. A summary
of the results (see Figure 11) shows



Table 5. Levelised Costs of Electricity, US$/MWh, 10% discount rate

Technology Country / Regional Data 