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Foreword

by the Chair of
the Commission
It was a great honour to have been invited to chair this policy commission
for the University of Birmingham.
This is a critical time for the UK to get its energy policy right as we face
the twin challenges of climate change and energy security.
Historically nuclear energy has had a significant role in the UK and
could continue to do so in the decades ahead. But this is by no means
inevitable and, as a former minister for energy, I am more than aware
of the complexities involved in getting energy policy right now and for
future generations.
The current report looks at challenges facing the UK in terms of building
up its nuclear programme. It examines technology, financing, safety and
waste issues, supply chain potential, workforce requirements and R&D.
Our report makes clear that unless the Government shows a
decisive lead and creates the right conditions for investment in the
UK, the country risks losing out on its huge potential for developing
a new nuclear industry.
The University of Birmingham has a long and established track record
working in the areas of de-commissioning, health monitoring and residual
life prediction for existing nuclear power stations, dating back to the first
phase of nuclear construction in the 1950s.
Birmingham has also made significant contributions in metallurgy and
materials in the study of the extension of the lifetime of reactor materials;
important contributions have also been made in the field of radiation
damage to nuclear materials.
It is therefore in an excellent position to contribute to a nuclear
renaissance in the UK, illustrated by its recently opened ‘Centre for
Nuclear Education and Research’.
I would like to express my great thanks to members of the Policy
Commission for their invaluable contribution. We owe a great debt to
Professor Martin Freer, who has been a tower of strength in leading the
work; and I would also like to give my thanks to Audrey Nganwa for her
excellent support.

Philip Hunt
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Nuclear energy:

Is it part of the UK’s future?

How will nuclear
energy be a key part
of the UK’s future
energy landscape?

There are many challenges facing the UK, perhaps none greater
than the present international financial crisis. But looming just
over the horizon is one that will rival it – the energy crisis.
Driven by the need to address climate change
and energy security, the UK is reshaping its
energy portfolio. In a bid to decarbonise energy
production, renewable energy sources are
taking centre stage – coupled with efforts to
increase energy efficiency. Nevertheless, it is
widely believed that such sources alone cannot
meet the full UK demand. Other low carbon
sources will be required. Energy policymakers face a trilemma – they may have to
choose between policies that will raise the
cost of energy, reduce its security of supply,
or worsen its impact on the environment.
Many countries are revolutionising the way
they generate energy, but for the UK – with its
high population density and relatively high per
capita use of electricity (compared to the world
average) the situation is more acute than for
many. At a time when demand is predicted
to increase, the UK’s current nuclear power
stations will be approaching their design
lifetimes – the last is due to close in 2035.
In addition, many coal power stations are to
be closed as controls on various emissions
are tightened. Combined, these two sources
account for nearly 50% of the current UK
electricity production. This will create a
significant gap between supply and demand
that, unaddressed, will have dramatic

1

Westinghouse: AP1000 http://www.ap1000.westinghousenuclear.com

2

Areva: EPR http://www.areva.com/EN/global-offer-419/epr-reactor-one-of-the-most-powerful-in-the-world.html

consequences. Is enough being done and
fast enough to fill the gap in the UK’s energy
portfolio? Herein lies the challenge for both
Government and those who seek to influence
policy alike.
As part of the solution, the Government has
a stated aim of encouraging the continued use
of nuclear energy, a tried and tested technology
shown to be one of the lowest emitters of
greenhouse gases and that would contribute
to the UK’s security of supply through providing
a significant fraction of the country’s base load
electricity. Importantly, at the political level,
there is cross-party support for maintaining
a significant proportion of nuclear in the UK’s
future energy mix. In terms of new construction,
ten or more reactors are under consideration
based on two alternative designs – the
Advanced Passive Reactor (AP1000) from
Westinghouse1 and the European PressurisedWater Reactor (EPR) from Areva,2 both
capable of producing energy for a period of up
to 60 years and enabling the UK to replace its
current ageing reactor fleet with the very latest
‘Generation III’ technology. Indeed, a major
worldwide collaborative effort is currently
underway to develop future ‘Generation IV’
reactors that target increased sustainability,
proliferation resistance, very high levels of
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safety and efficiency and reduced waste
production. A number of advanced designs
are being investigated, with demonstrator
plants foreseen or already under construction
in a few countries, including France, the USA
and China, with plans to introduce commercial
reactors within the next 20 to 30 years. Though
the long-term international trajectory of
Generation IV development is uncertain,
the world’s leading civil nuclear power
nations are engaging strongly in cooperative
pre-commercial research in order to address
the technical challenges. However, the UK
currently has limited involvement – significant
active participation in such research came
to an end approximately five years ago when
Government funding ceased. Is this the
right approach?
There are a number of significant hurdles
that must be overcome in developing the UK’s
nuclear agenda, as reviewed within this report.
A range of issues need to be addressed:
	What is UK energy policy? What is the
roadmap for nuclear energy in the UK?
	What are the difficulties in creating the
right economic climate for utilities to
build new power stations?
	Given past failures, can nuclear power
stations be built to budget and time?
	Is public opinion sufficiently resilient to
accept a major new build programme
in the aftermath of the safety concerns
raised by the accident at Fukushima?
	Are nuclear power stations really safe
and what is the public perception?
	Is there a skilled workforce that can
construct, commission and operate new
power stations and develop and operate
the associated current and future fuel
cycle facilities?
	Is the UK’s approach to waste
disposal robust?
	Does the UK have a joined-up policy on
the future fuel cycle requirements as well
as management of the plutonium stockpile?

The ‘leave it to the market to decide’ approach,
where Government relies on energy companies
to determine the energy mix, results in the
temptation of the energy companies to focus
on the near term, perhaps through a build up
of gas-fired power stations. However, the use
of nuclear energy requires a long term national
commitment entailing many decades of
responsibility, and a country should foresee
an elapse of at least 100 years between the
initial planning and the final decommissioning
of the latest power plants, not to mention
the management of long-lived radioactive
waste and stewardship of disposal sites.
Furthermore, being a finite resource,
uranium also raises questions of long-term
sustainability of reserves. These questions
must be addressed now so that the
technological foundations can be laid to
keep future options open. In this regard:
	Will the UK still be looking to build
current day nuclear technology in
30–40 years time?
	Should new, so-called Generation IV,
reactors with the ability to use uranium more
efficiently, maximise passive and inherent
safety, and reduce and recycle nuclear
waste, be developed for the UK – as is
being done elsewhere in the world?
	Does the UK have a science base that
permits the development of new types of
reactors and their associated fuel cycles?
This report examines these questions in a
state-of-play assessment of the outstanding
challenges across the board in nuclear energy,
present and future. It acknowledges the
excellent work done by existing reports such as
those recently published by the Royal Society,3
the House of Lords,4 and the ERP Roadmap5
and, mindful not to duplicate this work, it sets
out to build on it, providing an exhaustive entry
point to nuclear energy and helping policy
makers and the general public alike to
negotiate their way through the myriad
associated issues and challenges.

3

Royal Society Science Policy Centre report (2011): ‘Fuel cycle stewardship in a nuclear renaissance’ Royal Society: London http://royalsociety.org/policy/projects/nuclear-non-proliferation/report/

4

House of Lords Science and Technology Committee – Third Report (2011): ‘Nuclear Research and Development Capabilities’ http://www.publications.parliament.uk/pa/ld201012/ldselect/
ldsctech/221/22102.htm

5

Energy Research Partnership (2012): ‘UK Nuclear Fission Technology Roadmap: Preliminary Report’ http://www.energyresearchpartnership.org.uk/nucleartechnologyroadmap
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The University of Birmingham
Policy Commissions
The Birmingham Policy Commissions bring leading figures from the
public service, industry and voluntary/community sectors together
with University academics to generate new thinking, contribute
towards increasing public understanding, and identify innovative
policy solutions around contemporary issues of global, national
and civic concern, and of strategic importance for the UK.
The focus of the current Commission –
the future of nuclear energy in the UK – is
particularly pertinent in the current context
where questions about proposed new nuclear
power stations, about the UK’s ability to meet
its carbon targets, energy security, and fuel
poverty are high on the national agenda.
The Commission’s mandate has not been
to produce yet another document on the
pros and cons of nuclear energy per se,
rather to critically examine the present
circumstances and prospects in the UK in
the light of current government support and
policy, and to assess what needs to be done
to maximise the chances that this policy is
effective in both the short and longer term.
Members of the Commission bring a balance
of expertise reflecting both technical and
non-technical perspectives in this widely
contested area.
	Lord Philip Hunt of Kings Heath (Chair of
the Commission; formerly Minister of State,
Department of Energy and Climate Change)
	Professor Richard Green (Alan and Sabine
Howard Professor of Sustainable Energy
Business, Imperial College Business
School, Imperial College London)
	Professor Lynne Macaskie
(Professor of Applied Microbiology,
University of Birmingham)
	Dr Paul Norman (Senior Lecturer in
Nuclear Physics, University of Birmingham)
	Richard Rankin (Programme Director,
Energy and Environment Directorate,
Idaho National Laboratory, USA)
	Stephen Tindale (Climate and Energy
Consultant and Associate Fellow, Centre
for European Reform, formerly Executive
Director of Greenpeace UK)
	Dr John Walls (Lecturer in Environmental
Geography, University of Birmingham)

	Professor David Weaver (Honorary

Professor, School of Physics and
Astronomy, University of Birmingham)
	Simon Webster (Head of Unit, ‘Fusion
Association Agreements’, European
Commission (UoB alumnus))
	Professor Andrew Worrall (Technical
Authority for Reactors and Fuels, UK
National Nuclear Laboratory)
Martin Freer – Professor of Nuclear
Physics and Director of the Birmingham
Centre of Nuclear Education and Research
– has provided the academic lead for
the Commission.
Largely comprising members with affiliations
to nuclear science, education or research,
the Commission is well placed to critically

examine the actions required to effectively
develop the nuclear agenda. It has also sought
to engage with those who take a pronounced
anti-nuclear energy view.
Launched with a debate at the Liberal
Democrats Party Conference in September
2011, the Policy Commission ran until June
2012. Building on existing University of
Birmingham research, and working with
a range of expert contributors, it reviewed
relevant research, received contributions from
policy makers, practitioners and academics,
and took evidence in two one-day workshops,
examining issues particularly pertinent to the
UK context. In addition, the Commission hosted
a public debate midway through its programme
to broadly explore major themes emerging from
its deliberations.

9

10

The Future of Nuclear Energy in the UK

Focus of the

Policy Commission Report

The report is broken down into three sections:
this section provides the background and
overview of the Commission as well as the
main conclusions of the report; Section II
provides a summary narrative of key areas
facing the UK in terms of re-establishing
nuclear energy; and, finally, for those interested
in further information, Section III contains a
detailed analysis of the areas covered in
the report.
The broad conclusions of the Commission
are that:
	There are strong arguments for pursuing
a programme of building up a new fleet of
nuclear reactors. These include the need
to reduce greenhouse gas emissions to
mitigate climate change and to ensure the
UK’s energy independence. Nuclear energy
may well be the cheapest low carbon
energy source. In times of growing domestic
energy bills and fuel poverty, reliability and
cost are essential. It should be part of an
overall programme of developing renewable
sources and maximising energy efficiency.
	The future of nuclear new build lies in the
balance. Progress in fixing the market
conditions that make investment favourable
has been slow, and there is a significant
danger that the current level of engagement
of the utilities will be lost. The financial
risks associated with building new nuclear
power stations are beyond the balance
sheets of many of the utilities. These risks
need to be shared between the public and
private sectors.
	Considerations in the nuclear sector include
not only new build but also the fuel cycle
and waste disposal. This sector is highly
complex and strategic decisions have
both short and long term consequences.
These decisions cannot be made by the
Government or Industry alone. A coherent
long term strategy, or roadmap, is required
to ensure that decisions on the nature of the
fuel cycle, plutonium stockpile and waste
disposal do not close off future options.
	The Government should set up a statutory
Nuclear Policy Council, or similar, modelled
on the Committee on Climate Change, that
can establish and champion a long term,
technically informed, roadmap for nuclear
energy in the UK.

	The UK has fallen significantly behind its

international competitors in fission energy
research and now has very few worldleading research facilities. Investment in
new facilities (eg, the National Nuclear
Laboratory’s Phase 3 labs) is required to
maintain national expertise in the nuclear
fuel cycle, and support for other national
facilities (eg, the Dalton Cumbrian Facility)
should be funded by the research councils.
In view of the UK’s current expertise in
materials science, it should seek to develop
major world-class research facilities based
around the development of new materials
capable of performing in the more hostile
conditions present in Generation IV (and
fusion) reactors.
	Geological disposal is the widely and
scientifically accepted solution for the safe
management of high-level nuclear waste.
Identifying the optimal site involves a
balance between finding a suitable geology
and a community prepared to host the
repository. While the UK approach of
seeking voluntary host communities is
appropriate, the present position of
having a single confirmed potential host
community in Cumbria is a weakness
and more needs to be done to encourage
other communities to engage with the siting
process. This may involve increased efforts
by the implementing organisations in
communication and dialogue as well as
ensuring that the incentives are set at an
appropriate level.
	Public opinion is extremely important for
the future of nuclear energy. However,
public understanding of nuclear energy,
nuclear radiation and the risks associated
with nuclear reactors is currently relatively
weak. It has been argued that improved
understanding of the science behind
nuclear energy can help to improve
public acceptance.
	There are challenges in ensuring there
is a suitably skilled workforce in place for
when the build programme commences.
Even though much has been achieved
already, there are significant concerns
that the scale of training achievable will
not match demand. Effective government
engagement is required to stimulate training
and education programmes.

11

Section II

The fundamental questions

This section examines eight key areas connected with the development of nuclear energy in the UK.
These range from the UK’s energy policy, hurdles to new build, the nature of the fuel cycle and waste
disposal, through to public opinion. A more detailed discussion of the issues, and a glossary of terms,
can be found in Section III of the report.
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Where is the
UK going

with energy policy?

Robust evidence exists demonstrating the impact that climate
change is already having on the earth, showing with a high
6
degree of certainty that there is a manmade component.
Consequences are dramatic: sea level rises
of up to 0.6m are predicted by the end of
the 21st century7, as are increases in extreme
weather and acidification of the sea. Worst
for the UK, and its European partners, the
Atlantic Meridional Overturning Circulation
(AMOC) – the Gulf Stream – is predicted with
a 90% confidence level to decrease in strength
over the next 100 years.8 The Little Ice Age that
began in the 16th century was associated with
a moderate decline in strength of the AMOC.9
So, although average global temperatures are
set to rise, the consequence could be a colder
Northern Europe.
The Kyoto Protocol agreed in 199710 commits
nations to cut greenhouse gas emissions by an
average of 5% (8% for the then 15 European
Union (EU) Member States) relative to 1990
levels over the five-year period to 2012. In an
extension of this policy, and in line with EU
strategy, the UK made a unilateral commitment
to reduce its greenhouse gas emissions
(focussing on CO2) by 80% of 1990 levels
by 2050 – a commitment now enshrined in

6

the 2008 Climate Change Act.11 Some of this
reduction may be achievable through energy
efficiency measures (eg, the Green Deal12),
but decarbonisation of electricity generation,
heat and transport is the bulk of the solution.
The UK’s electricity consumption is
approximately 350 TWhr per year and the
lion’s share (approximately 70%) is produced
by CO2-generating coal and gas power
stations. The solution then seems obvious:
decommission coal and gas power stations
and replace them with low carbon alternatives.
Until recently, the alternatives have been
renewable sources: predominantly bio-energy
and wind, with strong recent growth (from a
tiny base) in solar power.
Is this is a plausible solution? The answer is
not trivial. The UK’s road transport produces
approximately 20%13 of CO2 emissions and
electrification of transport would increase
electricity demand. History shows that it is
unlikely that electricity demand in the UK will
plateau or decrease – in the last 30 years there

http://www.ipcc.ch/ : http://srren.ipcc-wg3.de/report

7

Ahlenius, H. (2007): ‘Projected sea-level rise for the 21st century’ From collection: Global Outlook for Ice and Snow. UNEP/GRID-Arendal http://www.grida.no/

8

Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.) (2007): ‘Contribution of Working Group I to the Fourth

graphicslib/detail/projected-sea-level-rise-for-the-21st-century_b9c1#

Assessment Report of the Intergovernmental Panel on Climate Change’ Cambridge University Press, Cambridge, UK and New York, NY, USA and http://www.
ipcc.ch/publications_and_data/ar4/wg1/en/ch10s10-3-4.html
9

Clark, P. U (2009): ‘Abrupt Climate Change: Final Report, Synthesis and Assessment Product 3. 4’ Diane Publishing: Darby, PA, USA

10

United Nations Framework Convention on Climate Change: Kyoto Protocol http://unfccc.int/kyoto_protocol/items/2830.php

11

2008 Climate Change Act, DECC http://www.decc.gov.uk/en/content/cms/legislation/cc_act_08/cc_act_08.aspx

12

Green Deal, DECC http://www.decc.gov.uk/en/content/cms/tackling/green_deal/green_deal.aspx

13

C
 entre of excellence for low carbon and fuel cell technologies (Cenex) ‘Electrification of Transport Study’ (2008): http://www.cenex.co.uk/research/
electrification-of-transport
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has been an approximately linear growth in
demand of 3–5TWh/year.14 Though the recent
economic slow-down has bucked this trend,
consumption over the longer term is set to rise.
One drawback of renewable energy sources
is that they need a lot of space: wind turbines
have an energy density of 2–3W/m2, so that
a 25 MW wind farm would need ten square
kilometres of land.15 To put this into context,
the UK’s demand divided by its land area
gives a figure in excess of 1 W/m2, implying
coverage of 1/3–1/2 of the UK landmass with
wind turbines. Offshore wind turbines solve this
problem, but create others, not least of which
is the increased cost, which is an important
consideration not only for the domestic
consumer and voter, but also for Industry.
Predicting future electricity prices is complex
and depends on the cost of construction,
operation (including fuel prices) and
decommissioning (and in the case of nuclear,
disposal of nuclear waste) and offsetting

measures such as the Carbon Floor Price.
Many studies16,17,18 have examined the cost
of electricity production by different generating
technologies. Combined cycle gas turbines
(CCGTs) are often found to be the cheapest
technology (depending on the gas price)
as they use exhaust gases from one turbine
to make steam for another, improving
efficiency and reducing fuel costs. They are
less attractive when account is taken of CO2
emissions, through a carbon tax, or the cost
of eventual carbon capture and storage
(CCS) technology is included. Coal stations
have higher emissions than gas-fired plants,
and consequently suffer a higher carbon
cost penalty.
Technologies with low carbon emissions
(measured over their entire life cycle from
construction to decommissioning) include
nuclear energy, wind and solar.19 In part
because of their intermittency, wind and
(especially) solar power currently have

higher costs than gas, at least if we ignore the
latter’s carbon costs. Many wind farms are a
long way from consumers, requiring additional
investment in the transmission system, and
back-up capacity is needed when the wind
is not blowing. These additional costs must
ultimately be borne by the electricity
consumers, though they are not always
included in cost comparisons with other
energy sources.
The view of the Department of Energy and
Climate Change is that nuclear energy is
a competitive low carbon option for base
load electricity generation, and compares
favourably with coal and gas if fuel and
carbon prices, as expected, rise over time.
In order to achieve CO2 emissions targets the
price of electricity may need to rise substantially.
The subsequent potential damage to industrial
competitiveness and jobs is forcing many
countries to reconsider their commitments
to combatting climate change. Moreover, there
is a concern that rising energy prices will drive
more people into energy poverty. This concern
has been reflected in the lack of commitment
at the last climate change summit in Durban.20
Nonetheless, to its immense credit, the UK has
maintained its commitment to decarbonisation.
Furthermore, it considers the solution is likely
to involve substantial nuclear new build.
Before focussing on a UK solution, one
should examine the options for Europe as
whole, especially since commitments are
being taken in the frame of European Union
(EU) energy and environmental policy, and
energy options are increasingly being
developed and technologies integrated at
the regional, if not global, level. Already in
2007, the EU Council adopted energy goals
aiming, in the 2020 timeframe, to reduce EU
greenhouse gas emissions by 20%, increase
the share of renewable energy to 20% and
make a 20% improvement in energy efficiency
(the so-called 20/20/20 targets).21 More
recently, the EU Energy Roadmap 2050 has
been developed22 and though for the moment
this is not being linked with firm commitments
agreed collectively at EU level, it does lay out
a number of scenarios for reducing greenhouse
gas emissions on a scale and timeframe that
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match the UK’s decarbonisation plans, ie,
at least an 80% reduction in CO2 emissions
below 1990 levels by 2050. In all the EU
scenarios there is an increasing role for
electricity and renewable energy contributes
much more to primary energy consumption –
at least 55% by 2050 (cf 10% today). Nuclear
would continue to provide an important
contribution in those countries having chosen
this option, accounting for up to 18% of EU
primary energy (cf 14% today), though in other
scenarios nuclear remains at today’s level or
decreases. In this regard, the fact that the
roadmap was finalised only after the events at
Fukushima undoubtedly had an influence on the
way nuclear energy – which is a very politically
sensitive issue at the best of times – has been
treated. One of the most significant additional
factors is energy savings through efficiency,
requiring reductions in energy usage of up
to around 40% by 2050 depending on the
scenario. However, most if not all the EU

Note 23

2008 CO2 emissions per
capita excluding land use
and forestry (tonnes)

Energy Roadmap scenarios require huge
technological advances. These include the
demonstration that carbon capture and storage
can work, the development of smart grids and
energy efficient devices and energy storage
systems. The clock is ticking and though 2050
is still a long way off, there is no guarantee that
all required advances will be scientifically and
technically feasible, or that technologies will
be proved commercially viable. On the other
hand, it can be argued that nuclear energy
is an established, proven, technology that
can deliver decarbonisation and energy
security while retaining EU competitiveness.23

the 2020s are broadly in line with planned
investment and supply chain capacity to 2020.
Together with ongoing investment in onshore
wind, this would result in a 2030 renewable
generation share of around 40% (185 TWh).
Sector decarbonisation would then require
a nuclear share of around 40% and
a CCS share of 15%, along with up to 10%
of generation from unabated gas.’24 It was
estimated that this would result in moderate
(£50–60 in real terms) increases to annual
household bills.

The Committee on Climate Change examined
in detail potential scenarios of how the UK
could reach the climate change targets and
suggests a range of options. Its 2011
Renewable Energy Review sets out an
illustrative scenario ‘... in which commitments on
support for offshore wind and marine through

% of nuclear in
gross inland energy
consumption (2009)

2009 electricity
consumption per
capita (kWh)

2010 household
electricity prices
(€-cents/kWh)

2009 GDP per capita
in ‘purchasing power
parity’ (EU av.= 100)

EU-27 average

8.17

14

5441

17.1

100

Germany

10.37

11

6043

24.4

117

France

6.04

40

6578

12.9

107

UK

8.53

9

5234

14.5

113
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The current contribution of nuclear energy
to UK electricity generation (15%) is gradually
being reduced to zero by 2035 as the existing
nuclear power stations reach the end of their
lives. If the UK is to remain committed to
climate change targets, then many believe
that an investment in nuclear energy is required
at least at a level consistent with maintaining
existing generating capacity and perhaps
even increasing this up to 40% of electricity
generation. However, even to maintain 15%
by 2035, never mind reaching 40%, will require
outstanding effectiveness of government policy
(eg, in delivering the Electricity Market
Reform25) above and beyond the performance
to date. Lack of clarity in government energy
policy is leading to substantial nervousness
in energy markets which may well have
contributed to the decision of E.ON and RWE
to sell their shares in Horizon Nuclear Power
– one of consortia planning to build new
nuclear power stations in the UK.26 There is still
significant uncertainty as to whether EDF with
Centrica will commit to nuclear new build in the
UK27 – here the changes to national politics in
France could have an impact. Much still lies in
the balance and relies on getting the economic
conditions for investment right. Here the
Electricity Market Reform (EMR) bill is key and
further delays in its drafting and implementation
could have far-reaching consequences.
An alternative, and certainly less palatable,
approach would be to compromise on climate
change targets – something already signalled
by countries such as Canada.28 The energy
mix might then look very different with less
emphasis on renewables and an increased
focus on CCGT. Indeed, the April 2011 UK
budget29 introduced measures to improve
the utilities’ confidence in gas. The potential
significant increase in gas reserves through
shale gas exploration has the potential to hold
down the international gas price, making it
attractive in the short term. The UK shale

gas reserves were recently estimated to be
in the top 20 internationally.30 The question,
over and above the environmental concerns,
is how much gas can be extracted at a cost
that makes it worthwhile? Such uncertainties
have made the formulation of energy policy
problematic; but even if climate change no
longer takes centre stage, an overriding
concern in energy policy should still be
energy security of supply. Here again,
as an essentially indigenous source, nuclear
energy would contribute significantly as part
of the UK energy mix.
The lack of certainty and clarity in the UK
Government policy on energy, and the hiatus
while the EMR bill is drafted and put into law,
is producing a sense of drift in which energy
companies lack the conviction to invest in new
plant construction. In part this is a consequence
of the deregulation of electricity markets, where
Government attempts to create the right
economic environment through ‘market
corrections’ or subsidies (eg, Contracts for
Difference, the Carbon Floor Price…25)
to encourage a particular type of power station
to be built, rather than simply fixing the number
and type of power stations. This ‘weak coupling’
between policy and final realisation is a serious
cause for concern when it comes to an issue of
such national strategic importance. The current
model is one in which the market conditions are
created and then the Government must trust
the utilities to behave as anticipated.
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Conclusions and
Recommendations
	It can be argued that a free market approach to energy

delivers value for money for the consumer through competition.
There is, however, a danger that this could lead to undue
concentration on keeping short term costs down and fail to
consider longer term issues, ultimately leading to higher costs.
	Deregulation of the energy markets has weakened the

Government’s ability to determine the UK’s energy mix.
While some past government decisions have been clearly
unsuccessful, the ambitions of privately owned companies will
not always align with UK national interests. Creating the right
market conditions will not necessarily produce the right result.
	The Government needs to articulate a more coherent

policy on energy, which sets out the medium and long-term
energy mix to support economic development, energy security
and emissions reduction. The Electricity Market Reform25
package can help, but more information on its details is
urgently required.
	The scale of nuclear new build needs to be clarified –

is nuclear energy to provide 15% or 40% of the UK’s
electricity? If climate change targets are to be met through
nuclear new build, then greater urgency is required.
	The government should create a statutory Nuclear Policy

Council, or similar, modelled on the Committee on Climate
Change, to provide a long term framework to deliver the
national strategy in nuclear energy and oversee progress
along an agreed roadmap.
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What is the
immediate

future for nuclear energy?

Will new build
happen in the UK?

Though nuclear energy remains an attractive option, there are
critical hurdles to be overcome.
These include ensuring that the electricity
market reform strikes the right balance to give
utilities sufficient confidence to invest in new
build, ensuring the right project management
principles are in place so that construction
is to time and budget, ensuring there is an
established and suitably tooled UK supply
chain and, finally, that there is a well qualified
workforce in place on a timescale that matches
the build programme.
Generic Design Assessment
and Licensing
A pre-requisite for new nuclear power stations
such as the EPR and AP1000 is that the
Secretary of State has to issue a Regulatory
Justification under the UK’s laws on activities
involving radiation – this is equally true for
any new class or type of practice that involves
radiation, where the case has to be shown
that the benefits outweigh the detriments.
This process was completed in October 2010.
In addition, nuclear safety regulators (the
Health and Safety Executive’s Office for
Nuclear Regulation and the Environment
Agency) have been conducting a Generic
Design Assessment (GDA) for each of the
new designs in order to assess general
acceptability before suitability for a particular
site is considered in the planning process.
The GDA approach and a ‘pre-licensing’
assessment of technologies were introduced
specifically for new nuclear build to not only

streamline the process but also provide greater
transparency and clarity for the requesting
parties and all other stakeholders, including
the public; they have been successful in their
implementation and objectives. Four companies
submitted designs for assessment under GDA
in July 2007: in addition to the Advanced
Passive Reactor from Westinghouse (AP1000)
and European PWR from Areva (EPR),
proposals were submitted by Atomic Energy
of Canada Limited (AECL) and GE-Hitachi
Nuclear Energy. The GDA process started with
a high-level assessment, which all four designs
passed, but AECL withdrew its design before
work started on the next, more detailed, stage.
GE-Hitachi suspended their application a few
months later. None of the current consortia
proposing new stations in the UK (see below)
are planning to build either type of plant.
The GDA process is iterative, both in the sense
that the regulators start with an overview of
the reactor designs and then consider more
detailed issues of system design and evidence
for safety, and in the sense that the companies
are given opportunities to respond to the
regulators’ concerns. Both the AP1000 and
EPR reactor designs have been given interim
design acceptance. Some issues are still to
be addressed, but the regulators were satisfied
with the companies’ approaches to resolving
these outstanding problems.
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Overall, the process of gaining government
and regulatory approval for building new
nuclear power stations in the UK appears
to be close to completion and is an
example of best practice. An independent
assessment of the GDA process has recently
been published.31
Decision to Build
Three consortia have shown an interest in
building new nuclear power stations in the
UK. EDF Energy has set up a consortium
with Centrica (the owner of British Gas) to
build new stations; the two companies also
share ownership of most of the UK’s existing
nuclear stations, through British Energy. Two
subsidiaries of German companies, E.ON UK
and RWE npower, set up Horizon Nuclear
Power. Both parent companies operate nuclear
reactors in Germany, but not in the UK. A third
consortium, NuGen, brought together Iberdrola
(owner of Scottish Power), GDF Suez and
Scottish and Southern Energy. Iberdrola and
GDF Suez operate reactors in Spain and
Belgium respectively.
Scottish and Southern pulled out of the NuGen
consortium in September 2011. Its stake was
bought by its partners, Iberdrola and GDF
Suez, which now each own 50% of the
consortium. RWE and E.ON announced in
March 2012 that they had decided to sell
Horizon Nuclear Power, which had plans to
develop two nuclear sites in the UK – it remains
to be seen if other investors will step in. RWE’s
press statement explicitly linked the decision
to the German nuclear phase-out, the company
responding by divesting assets and reducing
its capital expenditure. In April 2012, the
Financial Times reported that Centrica had told
the Government that it was likely to withdraw
from the consortium with EDF Energy unless
it received assurances on the future price of
nuclear electricity.
The construction of nuclear power stations
is capital intensive requiring billions of
pounds of investment. Energy utilities must
have reasonable prospects of making a return
on this investment in the long term, and be
compensated for the risks involved. In the
current economic climate, the challenge is
not simply predicting lifetime economics but
also how to raise the billions needed up front.

To reduce the risks for low carbon generators
the UK Government plans to intervene in the
electricity market, introducing a ‘feed-in tariff’
with a ‘contract for difference’ (FiT with CfD25).
This has the potential to fix a nuclear station’s
revenues at a level sufficient to cover its costs,
regardless of swings in the wholesale price of
power. The FiTs used for renewable power
in Europe pay a set price for all the output
from a station, giving it no incentive to respond
to market signals, for example by scheduling
maintenance at times of relatively low demand.
The proposed arrangements for nuclear energy
aim to preserve some market signals, since
stations will still have to sell their output into the
wholesale market and receive a price reflecting
the market value at the time of the sale. In the
case of nuclear stations, this market price is
likely to be the price for a year’s continuous
supply of power sold shortly before the start
of the year. The CfD part of the arrangement
ensures that the station will also receive,
or make, additional payments based on the
difference between a strike price specified
in the contract and the market price for the
kind of power the station is selling – how this
is measured will also need to be specified in
the contract. In any event, the station still has
to find a buyer for its power and operate in
a way that customers want, but as long as it
can sell at close to the market price, the sum of
the revenues from the sale plus the additional
payments should be nearly constant.
The consortia will not be willing to take a
final investment decision to build a new station
(and may be reluctant to spend much money
preparing to do so) until they know exactly
how these contracts will work. For example,
it is not yet clear who the counter-party to the
contracts will be (possibly the National Grid)
and how their finances will be guaranteed, and
in addition since these contracts will ultimately
be financed by electricity consumers through
the electricity price, watertight arrangements
are needed to ensure that revenues are passed
on to nuclear owner/operators.
	The Government should clarify the terms

of the FiT-CfD contracts as soon as
possible, and put in place robust
arrangements to make them acceptable
to the parties investing in new build.

In the absence of recent experience in the
UK, which would enable more accurate cost
estimates to be made, the risks associated
with a ‘first of a kind’ (FOAK) nuclear plant are
particularly high. Gas-fired power stations can
be project financed – the parent company (or
joint venture) sets up a subsidiary to build and
run the station, financed with a mix of debt and
equity put in by the parent(s). If the project is
risky, the proportion of equity and the interest
rate on the debt will be higher than if the
project is regarded as safe.
For nuclear power stations, it would be better
to minimise the cost of capital since this is the
biggest financial hurdle – even if this means
reducing the incentive for the utility to bring
down the construction cost. Minimising the
cost of capital can be achieved by linking the
final price of electricity under the FiT with CfD
to the cost of building the station, for example
though an open-book approach to contracting,
in which the contract price is directly linked to
the actual costs, rather than attempting to fix
a price that would inevitably include a high
margin for error. The contracts should not
ignore incentives – there should be modest
payments for keeping to time and budget –
but it is important to recall that real incentives
are generally linked to risks.
Project Management
Owing to the complexity of the construction of
large scale projects, a realistic determination of
the construction costs is challenging, especially
for a FOAK project. Moreover, the nuclear
industry does not have a good track record in
terms of keeping projects within cost. In recent
times the EDF EPR reactor at Flamanville, France,
has seen costs rise at an annual rate 13% above
Eurozone inflation.32 The construction of the
Olkiluoto 3 power plant in Finland has also
encountered significant delays – it was due to
be completed in 2009, but now is not expected
to start operation until 2014. In addition, in the
UK, the Nuclear Decommissioning Authority’s
(NDA) estimates of the cost of decommissioning
existing facilities have risen from £47.9bn in
2002 to £103.9bn in 2011, corresponding to
a rate 4.2–6.0% above inflation.33 This raises the
concern that new nuclear projects could spiral
out of control requiring significant public subsidy.
This in part led to the establishment of the
Generic Design Assessment.
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EPRs of a similar design to those in France
and Finland are being built in China at Taishan.
These were started in 2009 and 2010 and
construction is on course to be much faster
and cheaper than the Finnish and French
experience34,35. Similarly, construction of
the AP1000 design reactors in China is
also on schedule.36 The successful project
management developed for these projects
needs to be transferred to the UK new build
programme. The new plant construction
experience in Korea is also seen as a model
for what can be achieved elsewhere.37
The most recent large scale construction project
in the UK has been the London Olympics. The
cost of the construction of the Olympic stadium
is close to £500m and the total cost including
the other venues is £1bn. This was completed
to budget and on time with a very good safety
record and shows that successful civil
engineering projects can be managed in the
UK. Nuclear build, however, is an order of
magnitude higher in terms of cost, complexity
and regulatory control.
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 The success of any major new build

programme relies on the completion
of the first reactor (likely to be at Hinkley
Point) on time and within budget and
with high levels of local engagement.
This has to be followed by learning from
experience from the FOAK construction,
resulting in faster and less expensive
construction – a fleet of reactors of the
same design is the only way to achieve
this. If the construction of the first
reactor is a failure then the downturn
in public support could see the
premature termination of the entire
programme. It is essential that lessons
are learned from the construction of
other similar reactors worldwide (eg,
China and South Korea) and experienced
project management is engaged.
Supply Chain
It is estimated that the construction of new
nuclear power stations in the UK will require
an investment of the order of £40bn by
2025.38 There are tremendous opportunities

Shared Practice – Current and recent projects http://www.sharedpractice.org.uk/Projects/
projects.html#nuclear
EDF Investor Statements (2005–2011): http://shareholders-and-investors.edf.com/newsand-publications/annual-reports-42724.html
Extracted from DTI and NDA reports(2002–2011): http://www.greenpeace.org.uk/sites/
files/gpuk/FUP-Subsidy-Report-Mar2011.pdf
World Nuclear News (18 April 2012): ‘Landmarks for new Chinese nuclear plants’ http://
www.world-nuclear-news.org/NN-Landmarks_for_new_Chinese_nuclear_plants_1804124.
html
Energy Business iQ (Apr 17, 2012): ‘AREVA delivers EPR reactor components to
Taishan nuclear power plant’ http://nuclear-power.energybusinessiq.com/news/display.
aspx?title=AREVA-delivers-EPR-reactor-components-to-Taishan-nuclear-powerplant-12647
World Nuclear News (04 May 2011): ‘Chinese nuclear construction continues apace’
http://www.world-nuclear-news.org/NN-Chinese_nuclear_construction_continues_
apace-0405115.html
Matzie, R. A. (2005) ‘Building New Nuclear Plants to Cost and Schedule – An International
Perspective’ Nuclear Fission Seminar, Westinghouse Electric Company and BNFL
http://www.raeng.org.uk/societygov/policy/current_issues/energy/pdf/energyseminars/
Regis_Matzie.pdf
Nuclear Industry Association (NIA): ‘Nuclear Business Opportunities’ http://www.
nuclearsupplychain.com/component/content/article/65
Nuclear Industry Association (NIA) (2006): ‘The UK capability to deliver a new nuclear build
programme’ Nuclear Industry Association: London http://www.niauk.org/images/stories/
pdfs/MAIN_REPORT_12_march.pdf
Nuclear Industry Association (NIA) (2008): ‘The UK capability to deliver a new nuclear build
programme. 2008 Update’ Nuclear Industry Association: London http://www.niauk.org/
images/stories/pdfs/supplement%20for%20web.pdf

for UK business to engage in the construction
and the associated supply chain, stimulating
employment across the construction and
engineering sectors. The Nuclear Industry
Association 2006 report39 (updated in 200840)
concluded that it should be possible for the UK
to supply 70% of the components of a new
nuclear plant. Further, it was believed that this
could be increased to 80% with appropriate
investment in manufacturing facilities. It was
recognised by the NIA that, due to the lack
of domestic capability, large components
such as the reactor pressure vessel and
steam turbines could not be constructed
in the UK and would need to be imported.
At the 70% level this would imply that ‘on
the basis of a capital cost of £2m per MWe,
UK orders worth more than £4,500m could
conceivably be available for a twin unit EPR,
and £3,500m for a twin unit AP1000.’38
A programme of 10 reactors would generate
64,000 person-years of employment.38
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The imperative for domestic, UK, engagement
comes from the need for a substantial
component of the build programme to be
UK-based so that the economic benefit is felt
– it would be a wasted opportunity if most of
the funding were to go to overseas suppliers.
There is also the significant potential to develop
export opportunities. As an example, Sheffield
Forgemasters, a heavy engineering firm based
in Sheffield, has already won contracts to
supply components for the AP1000 in China.41
In this regard the work of the Nuclear
Industry Association in promoting UK
industry and facilitating engagement
has been excellent.
However, there also exist potential pitfalls.
In building new nuclear power stations,
it takes approximately five years to get to the
point of construction and a further five years
to complete construction. The initial period
includes licensing and the present Electricity
Market Reform (EMR) process. Internal
investment by companies to develop new
facilities and skills requires certainty. Currently,
there is very little certainty in this sector and
the building of nuclear power stations, though
likely, is not guaranteed. Hence, there will be
a natural reluctance for companies lower down
the supply chain to engage strongly. As a
carrot, the recent Technology Strategy Board
(TSB) call42 to provide funding to develop the
nuclear power supply chain (which includes
decommissioning) is designed to improve
businesses ‘competitiveness, productivity
and performance in the nuclear sector’ and
provides, through funding from the NDA, TSB,
Engineering and Physical Sciences Research
Council (EPSRC) and Department of Energy
and Climate Change (DECC), mechanisms
for SMEs (small/medium-sized enterprises)
to engage. This is a £15m programme, and
should be the first of several such steps to
developing the UK skills base.
It is noteworthy that EDF proposes to
develop the Hinkley Point and Penly (in France)
EPRs together, with common procurement
arrangements during construction.43 The
danger is that a significant fraction of
the supply chain for both projects will
be located in France.
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Recommendations:
	For businesses to engage strongly and
more widely with the opportunities in UK
new build, certainty is required. Incentive
schemes such as those offered by the
TSB are needed to encourage SMEs to
prepare for the opportunities in advance.
 The UK Government should ensure

as part of the negotiations with the new
build companies that the opportunities
for UK business to engage in the new
reactor build programme are maximised.
In 2008 Sheffield Forgemasters was planning
to extend its capacity to include very large
forgings (construction of large components)
for the nuclear new build programme, making
it one of only two companies in the world with
such capabilities. An £80m government loan
was sought, and though this was initially
awarded shortly before the 2010 election,
it was subsequently withdrawn by the
new Coalition Government.44 Nonetheless,
in 2011 a loan of £36m was provided by the
Government to support smaller scale equipment
investment,45 the justification being that
post-Fukushima the global demand for new
nuclear construction would decline. But once
again this is an example where a short term
approach has potentially resulted in a lost
opportunity for the UK on the world stage.
Recommendation:
	The fact that the nuclear new build
programme in the UK is likely to be
in advance of those in other countries
means there exists potential for UK
companies to place themselves in a
strong position in terms of international
supply chains and exports. This
opportunity should be maximised.
The Government can support this
through loans to key companies.
Skills and Education
New nuclear build will test the UK supply chain
and skills base. It is estimated that employment
in manufacture, construction and operation of
a twin-unit station will be 21,200 person years
over the six-year period of construction and
commissioning,46 with peak numbers of 12,000
for construction, 5,000 for operations and
1,000 in manufacture to deliver a 16 GWe fleet

by 2025. Aside from the scale of workforce
required, the level of regulation and required
safety awareness is significantly above those
in other fields of construction and operation.
This places additional constraints on training
for the nuclear new build. A series of reports by
Cogent – the UK’s industry skills body – have
provided the necessary focus on this problem,47
highlighting the key concern over skills in areas
such as project management, geotechnical
engineering, safety case authoring, nondestructive engineering, high integrity welding,
manufacturing engineering (mechanical
electrical, production, chemicals), control
and instrumentation, design engineering
(mechanical, electrical, production, chemical),
planners and estimators and regulation.
Amongst a series of Cogent recommendations
is the development of a range of foundation
programmes, apprenticeships and approaches
to reinforce the Nuclear Passport scheme,
a system offering all nuclear organisations
instant secure Web access to information on
the nuclear skills base, and a detailed overview
of the training completed by their workforce as
well as contracting organisations.48 In parallel,
there have been efforts to address the key skills
and training challenges. The National Skills
Academy Nuclear (NSAN)49 was established
to address these challenges facing the nuclear
industry by ensuring it has a skilled workforce
and supporting the Nuclear Passport
programme, and Cogent’s Nuclear Island50
civil engineering project has been developed
to stimulate the Higher Education (HE) sector
in collaboration with Imperial College and the

Constructionarium.51 The latter is presently
being broadened to include electrical and
mechanical engineering skills.
Participation of students in such hands-on training
programmes has been funded through support
from, for example, civil engineering contractors.
Whilst companies with a long tradition of working
in the nuclear sector have financially supported
educational programmes (such as the University
of Birmingham’s ‘Physics and Technology of
Nuclear Reactors’ Masters course), there has
been a reluctance especially in the civil and
manufacturing sectors to actively engage in
funding national training programmes in advance
of the commencement of construction of new
nuclear stations. Uncertainty in national policy is
not helping in this regard. Further, the independent
path followed by EDF, investing in Bridgwater
College52 for example, has led to some
fragmentation of the national strategy. There is a
significant danger that the skills required for new
build will not materialise owing to this uncertainty.
Recommendation:
	Appropriate funding of educational
programmes from Further to Higher
Education (FE, HE) is an issue avoided
by research councils and Government
for some time. Consideration should
be given to interim joint GovernmentIndustry funding of educational and
training programmes across the sector
(FE and HE) to increase the likelihood
that there will be an appropriate number
of suitably qualified students and
workers when new build commences.
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Is nuclear
fission energy

a bridging technology?

Currently available nuclear technology has much to offer
as regards reducing reliance on imports of gas, limiting CO2
emissions, and keeping down electricity prices. But is this
technology just a stopgap? Are other options likely to emerge
in the coming decades?

Fusion energy promises an inherently safe
and low waste source of energy, with an
almost limitless and ready supply of fuel.
The UK is heavily engaged, with EU partners
through the Euratom programme, in research
on magnetically confined fusion, the Joint
European Torus (JET)53 facility at Culham
near Oxford being the world’s largest research
facility. The next step to fusion power is the
construction of ITER54 in Southern France
at a cost of approximately £13bn,55 almost
half provided by the EU through the Euratom
programme. However, though ITER will study
fusion plasmas on a scale required in a future
power plant, it remains a research project and
will not produce any electricity. This will require
a further step – DEMO – which if all goes well
could deliver power into the grid from 2040
onwards, although the technology would still
not be deployable on a commercial scale.
Fusion energy remains a challenge, and in
particular there is still much to accomplish
regarding the development of the technology
needed for actual power plants. One of the
most critical issues concerns the structural

53
54
55
56

materials – the large power fluxes, high
operating temperatures and the very energetic
(14 MeV) neutrons from the fusion process
constitute a veritable R&D challenge for
materials scientists. New steels, alloys and
composite materials are being developed
and studied, but this process takes time and
samples need to be qualified under irradiations
and temperatures equivalent to those in future
fusion power plants, requiring dedicated
materials testing facilities.
Similarly, it is currently difficult to envisage a
future step change in renewable technologies
such as wind, wave and solar that would
enable them to provide the complete energy
solution, certainly in a scenario of increased
electricity demand. It is possible that a
combination of micro-generation and energy
saving technologies may re-sculpt the energy
landscape, but the overall impact is far from
certain. Moreover, the national and international
reserves of gas on these timescales are
expected to be depleted.56

The Joint European Torus (JET): http://www.efda.org/jet
ITER: http://www.iter.org
McGrath, M (2010): ‘Deal finalised on fusion reactor’ BBC News 29 July 2010 http://www.bbc.co.uk/news/science-environment-10793883
RWE: ‘Deposits and extraction of Natural Gas’ http://www.rwe.cz/en/deposits-of-natural-gas
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So is nuclear fission the future? Fission faces
its own resource problems. A little over 60%
of the known recoverable resources of uranium
are found in four countries – Australia, Canada,
Kazakhstan and Russia – with Australia
accounting for the lion’s share. At current rate
of use, these known resources would run out
in around 80 years from now,57 though as
the price rises it may be economic to extract
uranium from currently untapped deposits.
However, there is an alternative to the costly
development of new mining exploitations and/
or extraction of lower grade ore bodies, with
the associated environmental impact this would
cause. Uranium is naturally found in the form
of two isotopes,238U (99.3%) and 235U (0.7%),
235
U being the only naturally occurring fissile
material (ie, capable of sustaining a nuclear
chain reaction). It is this isotope that is
enriched and used in current fission reactors
– reactor grade enrichments typically being
of the order of 4–5%, though in MOX (mixed
oxide) fuel roughly the same effect can be
obtained by mixing natural (or even depleted)
uranium with fissile plutonium (239Pu) from
the recycling (reprocessing) of irradiated fuel
from current reactors. Crucially, this ‘breeding’
of fissile 239Pu through nuclear transmutation
of 238U can be greatly enhanced in so-called
fast reactors, so much so that more new fissile
material can be bred than is consumed in the
original fuel, meaning that natural or even
depleted uranium in the original feedstock can
all be converted to fissile material. As a result,
existing uranium resources could be made to
last 50–100 times longer – thousands of years
rather than tens. There are enough uranium
‘tails’ (238U ‘residues’ from the enrichment
process) in the UK to fuel a new build
fleet of several tens of GWe of fast reactors
for their entire design lifetime, ie, the UK
already has sufficient fuel stocks for future

fast reactors without the need to buy any
more uranium or to carry out further mining.
However, a fissile ‘driver’ fuel is required
to kick-start the process, and this is where
the UK’s historic plutonium stocks could
be used.
More broadly, the suite of future generation
reactors known as Gen-IV (Generation IV),
which includes both high temperature thermal
as well as fast reactors, are aimed at bringing
about a revolution as regards sustainability
and possible applications of nuclear energy.
Apart from the ability to greatly extend the
sustainability of uranium resources, Gen-IV
plants will demonstrate enhanced proliferation
resistance, high levels of safety at least
comparable with the latest Generation-III
plants (eg, EPR and AP1000) especially as
regards passive and inherent safety features,
the ability to recycle and eliminate though
nuclear transmutation long-lived wastes
(so-called minor actinides), thereby greatly
facilitating use of future geological disposal
facilities, and co-generation of electricity
and heat for a range of industrial processes
(eg, hydrogen production).
Though potential benefits are significant,
so are the scientific and technical challenges
– for example, the materials issues confronting
fusion power plants are also crucial for
certain types of Gen-IV concepts, pointing
to important synergies in the research effort.
To address these challenges, a large
international community has grown up around
the Generation IV International Forum (GIF)58
– an initiative bringing together nine of the
world’s major civil nuclear power nations,
together with Euratom representing the EU,
in collaborative pre-commercial research on
a range of Gen-IV concepts. However, the UK
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Generation IV International Forum (GIF): http://www.gen-4.org
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is involved only indirectly through the Euratom
Framework Programme,59 which is further
indication of the UK’s current low ambitions
and reduced capabilities in related R&D.
The size of the fission research community,
both academic and industrial, coupled with
the level of research funding, places the UK
behind most of our European neighbours.
Even countries like Italy and Australia,
who have no operating nuclear plants,
devote a greater fraction of their national
energy research budget to fission and
radiation protection research than the UK.
In view of the potentially significant contribution
of Gen-IV reactors on the 2040+ timescale,
and the active involvement of countries
like Canada, China, France, Japan, Korea,

Courtesy of Idaho National Laboratory
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Russia and USA, in particular through
the GIF, there are strong arguments for a
re-appraisal of UK research budgets with an
aim to promote increased capacity in fission
R&D with significant emphasis on Gen-IV
research of relevance to, and a priority for, the
UK. In particularly, this would point to a focus
on materials research and gas-cooled reactors
– as recommended in the House of Lords
report4 – but also fast reactor technologies.
In turn, this would provide an entry ticket for
the UK to collaborate on a win-win basis in
its rightful place as part of the international
research community.

Conclusions and
Recommendations
	Given the status of present day technologies and long term

trends in energy demand, it is likely that nuclear fission will
still have a role to play well into the 22nd century and that
the reactors of choice in the future will be associated with
Generation IV technology. Correspondingly, the UK should
engage much more strongly in GIF and should consider
becoming an active member, undertaking research where
appropriate and in the long term national interest. To this
end the UK needs to establish its own R&D projects with
a level of funding commensurate with being an active
member. It is highly likely that the sodium-cooled fast reactors
(SFR) will be the global advanced technology of choice and
involvement in associated research programmes should be a
priority. Given the national experience in gas-cooled reactors,
engagement in research programmes such as the very high
temperature reactor (VHTR) is also advisable.
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What has
happened

to the UK R&D capability?
The UK used to be a world leader in the development of fission
technologies, with an R&D workforce in excess of 8,000 and
4
an annual R&D budget of over £300m/year in the 1980s. At
present the human capacity is less than 600 and funding less
4
than 10% of the historical level.

This is significantly below that found in
comparable countries, and for a nation with
a stated ambition in nuclear energy there
is serious concern that the capacity is subcritical. Once again, this is a powerful
argument for reinforcing the UK nuclear
R&D budgets to better reflect the strategic
importance of the sector.
A subcritical research community, especially
within universities and colleges, affects
the UK’s ability to deliver the high quality
specialised educational and training courses
that in turn generate suitably qualified young
people for the nuclear industry and future
research programmes.
Furthermore, the availability of world-class
research facilities is of paramount importance
if the UK is to contribute to international
research programmes and attract the best
young researchers into the field. In former
times, the UK had a range of such facilities,
including the materials research reactors DIDO
and PLUTO60 at the Harwell campus. These
were closed and decommissioned in the 1990s
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and the UK currently has few world-class
nuclear R&D facilities in operation. There
is, however, potential presently being underexploited. In particular, the UK National
Nuclear Laboratory’s Central Laboratory
has world-leading hot-lab facilities including
what is called ‘Phase 2’, which is presently
being commissioned and will permit plutonium
research, important for the fuel cycle, to be
performed. Its Phase 3 laboratories would
permit research with highly active materials
in a flexible ‘plug and play’ user environment,
which is extremely novel when compared
to other international facilities. However,
the facilities are yet to be commissioned
– the impediment being that they have to be
operated on a commercial basis as a result
of NNL’s commercial rather than true ‘National
Laboratory’ status. Clearly such facilities would
permit a growth in world-leading UK research
on the fuel cycle, and there are strong grounds
for supporting the commissioning of the Phase
3 laboratories as a user facility as part of the
national research infrastructure and with an
appropriate funding model.

U
 nited Kingdom Atomic Energy Authority (UKAEA) ‘Harwell project profiles: DIDO and PLUTO Material Testing Reactors’ http://www.research-sites.com/
UserFiles/File/publications/project-info/Harwell-dido-pluto.pdf
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Secondly, the Dalton Cumbrian Facility
will permit the UK to redevelop its irradiated
materials and radiation chemistry research
capacity. This facility is jointly funded by
the NDA and the University of Manchester
and is primarily an ion-irradiation facility for
materials characterisation, ie, understanding
how reactor materials degrade when irradiated.
It is currently under construction and the
research community is growing. However,
its longer-term future needs to be secured
and mechanisms for resourcing the operating
costs developed.
Working with European Union partners,
in particular through initiatives such as the
Sustainable Nuclear Energy Technology
Platform and under collaborative projects
co-funded by the EU’s Euratom Framework
Programme, UK organisations should fully
exploit the potential to share research facilities
and to facilitate mutual access. UK support
for ‘home-grown’ research infrastructures
should also be commensurate with a policy
to maximise complementarity in Europe
and ensure critical mass at key centres of
excellence, thereby avoiding unnecessary
duplication. The bottom line is that if the
UK is to stay abreast of developments in
advanced nuclear technology, it must
develop and/or have access to world-leading
research capabilities in areas such as Gen-IV
technologies. One promising possibility
for specialisation in the UK would be to focus
on the development and characterisation
of advanced materials, which would enable
alignment of crucial research efforts in both
Gen-IV and the fusion energy programme.
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Conclusions and
Recommendations
	Current levels of fission research and related funding are

at a subcritical level. In order to regenerate international
leadership, investment in research facilities is required
as part of a coordinated strategy with European partners.
This should be in the form of research council funding for
the UK NNL’s Central Laboratory Phase 3 development and
support for the operating costs of the Dalton Cumbria Facility.
	Development of world-class nuclear research capabilities

should be a national priority. Materials research, involving
both nuclear fuel post-irradiation examination and
characterisation (fission) and development of advanced
structural materials (fusion and fission), is a critical area
for advanced nuclear technology in general, and the solid
basis of UK expertise in these fundamental fields would
benefit considerably from enhanced national support.
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Is there a roadmap
for nuclear?
What about the future
fuel cycle and plutonium
stockpile?

Joined-up thinking is paramount in ensuring that current investment is not wasted
and future investment is not misguided. A clear strategy on long term commitments
to nuclear fission research is part of this. How, for example, should the UK best
place itself to make an impact in Gen-IV research programmes? A more pressing
concern is what the nature of the future fuel cycle should be and what should be
done with the plutonium stockpile.
As a result of choosing different reactor types
and fuel cycle options over the years, the UK
now finds itself with a variety of materials,
waste products and spent fuel, each presenting
its own challenges and requiring different
facilities and processing and handling needs.
A standardisation of reactor and fuel cycle
options in the future should dramatically reduce
the number of facilities required and thereby
the operation and maintenance overheads as
well as decommissioning costs associated
with new build options, whether that is direct
disposal or reprocessing following disposal
of the resulting residues.
The UK has also developed a number
of technologies over the years associated
with the fuel cycle. MOX (mixed oxide) fuel is
composed of depleted or natural uranium mixed
with recycled plutonium from the reprocessing
of spent fuel, which then acts as the principal
fissile component instead of the 235U in ordinary
fuel. The Sellafield MOX Plant (SMP) – the
UK’s MOX processing plant – was closed in
2011, mainly due because it was no longer
commercially viable. At the time it was producing
MOX fuel for Japan and Europe and the loss of
Japanese orders post-Fukushima exacerbated
its commercial challenges.

However, the UK currently has a stockpile
of plutonium amounting to approximately
112 tonnes (including 28 tonnes stored for
overseas customers – eg, Japan), resulting
from the reprocessing of Magnox and AGR
spent fuel and PWR spent fuel from overseas.
The Government’s current preferred option
for management of this stockpile is reuse as
MOX fuel. However, with the closure of SMP
the UK no longer has the capacity to produce
MOX, which could have been destined for
the new build PWRs such as AP1000 and
EPR, both of which can readily use MOX
fuel. The Royal Society’s report on ‘Fuel
Cycle Stewardship in a Nuclear Renaissance’3
suggests the construction of a new MOX
plant and the use of MOX in thermal light
water reactors (the only proven large scale
method to deal with the Pu stockpile – which
can be regarded as a potential proliferation
hazard). Furthermore, in order to minimise the
attrition of skills and knowledge, it is important
that construction takes place sooner rather
than later.
In this regard, both the Generic Design
Assessment (GDA) and the Regulatory
Justifications of Practices Involving
Ionising Radiation for the EPR and AP1000

The Future of Nuclear Energy in the UK

33

34

The Future of Nuclear Energy in the UK

reactors explicitly exclude the consideration
of MOX type fuels for these reactors. As a
consequence, a new cycle of licensing and
plant modifications will be required if MOX is
to be the chosen route for the UK’s plutonium
stocks, resulting in further delays, risk and
costs. It is a moot point whether this should
be considered streamlining of the licensing
process or lack of foresight.
The waters have been further muddied by
the GE-Hitachi PRISM reactor.61 The NDA
recently agreed with GE-Hitachi to further
study the possible use of a suite of PRISM
fast reactors for dedicated plutonium burning.62
The NDA had previously concluded that such
a technology was not likely to be available
within the timescales necessary for disposition
of UK plutonium. However this is now being
tested by a review to establish whether the
design is licensable in the UK and whether
any utility will credibly adopt it.
A clear position on the UK policy on
plutonium reuse/disposal is required in order
that investment is not wasted and that the
stockpile is managed on an optimal timescale.
There are similar issues when it comes to the
fuel cycle. Is the future plan to have an open
fuel cycle in which the fuel is used once in

a reactor and then stored pending final
disposal or is the plan to reprocess the spent
fuel so that the unused uranium and plutonium
can be recycled in fresh fuel? The THORP
reprocessing plant at Sellafield, scheduled for
closure in 2018,63 separates plutonium and
uranium from the fission products and minor
actinides in the spent fuel so that the plutonium
and uranium can potentially be recycled in
new fuels. The link with the availability and
price of uranium is evident – the recourse to
reprocessing and the use of MOX fuel and/or
development of fast reactors become economic
if uranium demand and market price increase
substantially. Therefore, if careful consideration
is not given to the future nuclear energy
landscape, there is the possibility that UK
expertise in the fuel cycle will be lost and
need to be redeveloped at a later date.
This underlines the importance of a roadmap
that joins up near term requirements with a
longer term vision.
The first steps in the development of a
roadmap have been embarked upon through
the Energy Research Partnership (ERP)
‘UK Nuclear Fission Technology Roadmap’
published in February 2012.5 This should
be further developed as a matter of priority.
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Conclusions and
Recommendations
	Development of a national roadmap for nuclear energy is a

high priority, and must take into consideration factors such as
fuel cycle options. The role of the proposed high level Nuclear
Policy Council, or similar, would be to establish and monitor
progress along this roadmap.
	With the pending closure of key fuel cycle facilities at

Sellafield in the next few years, the UK faces difficulties
regarding continuity of knowledge and loss of expertise.
If fuel cycle options are to remain open for the UK in the
coming years as its nuclear programme develops, it is
imperative that in the interim period at least a minimum
level of required skills and competences are maintained,
even if only in an intelligent customer/custodian capacity.
	Explicitly excluding MOX from the Regulatory Justification

and GDA as part of the preliminary licensing process could
result in substantial additional licensing and plant construction
work at a later date, indicating the need for more coherent
planning regarding energy policy and plutonium management.
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Should the UK
embrace thorium?

The concerns about proliferation and nuclear waste have led
some to increased focus on alternative fuel cycles, eg, that based
on thorium, which potentially mitigate some of the challenges
of the uranium fuel cycle.
One of the attractions of thorium is that it is
three to four times more abundant than uranium
(though this may not be the case for exploitable
reserves). Countries such as India and Norway
have considerable natural thorium resources
and India in particular is actively pursuing the
development of a thorium fuel cycle.
Thorium alone cannot be used as fuel,
since it exists in nature only as the isotope
232
Th, which is not fissile. This means a
more complicated fuel cycle is required, often
involving a mix of reactors in order to breed
fissile 233U from 232Th and then fully exploit
the 233U. For example, India’s plans include
three stages:641) ‘CANDU-like’ pressurised
heavy-water reactors using natural uranium fuel
and normal light-water reactors (LWR) produce
plutonium, 2) fast breeder reactors (FBR) then
use the plutonium to breed 233U from thorium,
and finally 3) advanced heavy-water reactors
(thermal breeders) burn the 233U while breeding
more from thorium. In this case it is the 233U
that provides in the long term the bulk of the
fissile material (as opposed to 235U and 239Pu
in the uranium-plutonium fuel cycle). However,
this three stage cycle requires several decades
before being fully able to exploit thorium, and
India is only now nearing completion of the first
stage-2 reactors, with the first final stage
reactor not foreseen before the 2020s. There
are also alternative thorium fuel cycles involving
only two stages. Being fissile, 233U could also
be used in a weapons programme (instead of
235
U or 239Pu). Indeed, the US explored the
development of a mixed 233U-plutonium
device in Operation Teapot.
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However, a particular problem with the thorium
fuel cycle is the inevitable production of small
quantities of 232U, which has a relatively short
half-life (69 yrs) and whose decay series
includes a number of high-energy gamma
decays, making handling spent fuel and
reprocessing challenging, though it is argued
that this also means the thorium cycle is more
proliferation resistant than the U-Pu cycle.
Building a thermal thorium reactor is a little
more challenging than a uranium fuelled reactor
as it can be difficult to breed more 233U than is
consumed. Correspondingly, the neutron
economy of the reactor needs to be very
good. On the other hand, it is possible to
breed fissile material with slow neutrons
(ie, thermal as opposed to fast), and it is
also possible to use a thorium-plutonium
fertile mix to destroy plutonium while building
up fissile 233U. Moreover, thorium fuel leads
to significantly higher safety margins in most
reactor designs64 (eg, thorium oxide melts at a
higher temperature than uranium or plutonium
oxide – indeed, it has the highest melting point
of all known oxides).
The concept was originally developed in the
USA at Oak Ridge during the 1950s–70s,
initially as part of the military programme
and with the highlight being the operation,
for four years at the end of the 1960s,
of a lithium-beryllium-uranium molten salt
reactor at ambient pressure and a temperature
of 600–700ºC. The pilot was successful
but demonstrated there were a number of
challenging corrosion issues to be resolved.

W
 orld Nuclear Association: Thorium http://www.world-nuclear.org/info/inf62.html

37

38

The Future of Nuclear Energy in the UK

Design work continued in the US on a U-Th
molten salt breeder in the 1970s, though
funding was stopped in 1976. At about this
time, though not using molten salt, a 1MWth
aqueous homogenous suspension reactor was
operated in the Netherlands with continuous
reprocessing outside the core to remove fission
products, demonstrating one of the attractive
features of fuel in liquid form.
The Molten Salt Reactor is currently receiving
a limited revival in interest by virtue of the fact
it has been included as one of the six generic
designs for investigation by GIF. It has also
been argued that since the fuel is already
molten, core meltdown issues are avoided.
However, despite its inclusion as one of the
six GIF advanced concepts, GIF members
such as Russia and, more recently China,65
seem mainly interested in funding related
research on a purely national basis or with only
limited cooperation at the international level.
There are advantages in the use of thorium as a
fuel, not least of which is the abundance of the
element. However, the (2010) National Nuclear
Laboratory position paper observes that, ‘It is
estimated that it is likely to take 10 to 15 years
of concerted R&D effort and investment before
the thorium fuel cycle could be established in
current reactors and much longer for any future
reactor systems’ and also that, ‘The thorium
fuel cycle does not have a role to play in the
UK, other than its potential application for
plutonium management in the longer term’.66
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Conclusions and
Recommendations
	In the short term the UK should continue to pursue

technologies associated with the uranium-plutonium
fuel cycle. The drive of countries such as India towards
development of the thorium fuel cycle may mean this
option could become more attractive in the future.
Given the historic national expertise in the nuclear fuel
cycle, it would be sensible to pursue thorium research
at a level to maintain national expertise and to keep
up with international developments.
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Is nuclear
energy safe?

What are the public
perceptions?

The arguments against nuclear energy revolve largely around safety (mainly the
impact of radiation on human health and the environment), the closely related
issue of waste disposal, and security concerns linked with terrorist attack and
proliferation of nuclear weapons. Regarding safety, the accidents of Three Mile
Island, Chernobyl and Fukushima are often used to frame public concerns. It is
important that any discussion is based on accurate and transparent information
and that the risks are properly understood.
The current (US) regulatory limits by which
nuclear power stations are licensed correspond
to a maximum of one significant core damage
incident every 10,000 years.67 A historical
global analysis of the safety record of civil
nuclear power from its origins in the 1950s
reveals a significant core damage frequency
almost ten times higher (eleven failures in
14,400 reactor years, the most significant
being the accidents above). Nonetheless,
US utilities aim to operate their plants so
that the core damage frequency is ten times
lower than the regulatory limit, and this is
likely to reflect general practice world-wide.
Furthermore, the theoretical safety performance
of the latest designs is probably at least ten
times better still, equivalent to less than one
core incident per million years in the case of
the EPR and AP1000, achieved by completely
redesigning the safety systems to employ
passive features, ie, that work by natural
processes as much as possible, thereby
enabling safety functions to be maintained
without AC or battery power.

In a scenario of an operating fleet of ten to
twenty EPRs or AP1000s, such as is foreseen
in the UK, this would mean a 1 in 50,000 year
possibility of a significant incident.
Regarding terrorist attack (or worst case
accident scenario), modern reactors are
designed to withstand the impact from a
fully laden Boeing 747; the former US NRC
(Nuclear Regulatory Commission) Chairman
Dale Klein has said, ‘Nuclear power plants are
inherently robust structures that our studies
show provide adequate protection in a
hypothetical attack by an airplane’.68 The
UK GDA process requires the reactors to
be constructed to the same specifications.69
If a severe accident did happen, involving
release of radiation into the environment,
how serious would the radiological impacts
be? This is impossible to predict without
detailed knowledge of the so-called source
term (inventory of various radionuclides
released into the environment), the weather
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and wind patterns, the type of terrain, the
population distribution and local farming and
other activities, and the countermeasures taken
by the emergency authorities. A fundamental
limitation remains our lack of knowledge of the
link between cancer incidence, and indeed
other health problems, and exposure to low
doses of radiation. This is essentially because
the incidence of cancer in the population from
all causes is very high – in 2010, 157,250
people died from cancer in the UK70 – and
epidemiologically it is very difficult to identify
those that may have resulted from exposure
to radiation, from whatever source. Better
understanding of the ‘dose-risk’ relationship
at low doses is essential in order to quantify
the true risk, and it is increasingly accepted
that individual genetic make-up determines
people’s sensitivity to radiation. Research
programmes such as those funded via the
Euratom Framework Programme and under the
umbrella of the Multidisciplinary European Low
Dose Initiative (MELODI)71 are addressing this
challenging issue. In the absence of more
precise information, the dose-risk relation
at low dose is assumed to be a linear
extrapolation of the (much better known)
relationship at higher doses, essentially
assuming that the risk is proportional to
dose even at low levels – therefore the ‘linear
no-threshold’ (LNT) hypothesis forms the basis
of all regulatory controls to limit radiological
risk. This is despite the absence of any
epidemiological evidence indicating a risk
from exposure to normal natural background
levels of radiation, though it is believed that
long term exposure to radon (a naturally
occurring radioactive gas) is responsible for
a small fraction of lung cancers, and could
be particularly important in areas of Cornwall.72
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Within Europe, there have been calls for
a long term study of the health effects of the
1986 Chernobyl accident (ARCH initiative73).
The latest UNSCEAR (UN Scientific
Committee on the Effects of Atomic Radiation)
201174 report on the health effects of the
world’s worst nuclear accident indicates that
there were 28 deaths shortly after the accident
amongst the emergency workers and 15 cases
of thyroid cancer deaths in children (which
could have been avoided if tablets containing
inert iodine had been distributed to the local
population as in Japan and as foreseen around
all European reactors as part of the emergency
countermeasures). The World Health
Organisation (WHO) report on Chernobyl
health effects,75 which is endorsed by the
IAEA and UNSCEAR, indicates in addition
that amongst the most exposed groups in
Belarus, Ukraine and Russia one might
expect up to 4000 additional cancer deaths
(integrated over a number of decades) as a
result of the additional radiation exposure, and
a similar number in the wider population from
a strict application of the LNT hypothesis,
even though these figures are unlikely to be
substantiated epidemiologically. That said,
the exceptional nature of the Chernobyl
accident is widely accepted – lack of regulatory
oversight and safety culture, unforgiving
design not licensable outside the old USSR,
and inadequate emergency preparation
and response – as are the widespread
detrimental impacts on mental health
(depression, alcoholism, suicide) from
numerous causes: displacement of populations,
associated stress and fear of radiation,
stigmatisation of affected populations,
compounded by the dissolution of the USSR
and resulting disruption of services such as

healthcare shortly after the accident. Even
though the circumstances at Fukushima are
very different, and health effects from radiation
are expected to be extremely limited, there
will undoubtedly be effects on the mental
wellbeing on many of those involved. In any
event, the indirect health impacts following
such incidents are widely believed to far
outweigh the consequences of the resulting
low levels of exposure.76
Though there is no room for complacency
about radiation safety, one could rightly enquire
whether these psychological consequences
result from our inability to appreciate the true
risks, resulting in the application of an overly
conservative precautionary principle. Is there
a better balance to be found between limiting
public exposure and stigmatising industrial
practices that involve radiation? In all countries,
radiation protection standards are set by
government authorities, generally in line
with recommendations by the International
Commission on Radiological Protection (ICRP),
and coupled with the requirement to keep
exposure as low as reasonably achievable
(ALARA), taking into account social and
economic factors. Current standards limit
the permissible additional radiation dose to
members of the public from artificial sources
to 1 mSv/year, and have led to intervention
levels, requiring evacuation, of 20 mSv/year
being applied in areas around Fukushima.
This should be compared with average radiation
levels in the UK of ~2.7 mSv/year (mostly from
natural background, though about 0.5 mSv/year
is from medical applications), with people living
in Cornwall receiving on average three to four
times higher doses from the natural background.
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Multidisciplinary European Low Dose Initiative (MELODI) http://www.melodi-online.eu
Health Protection Agency (10 January 2012): ‘Cornish radon hotspot targeted’ http://www.hpa.org.uk/webw/HPAweb&HPAwebStandard/HPAweb_C/1317132257592?p=1317132140479
International Agency for Research on Cancer – Agenda for Research on Chernobyl Health (ARCH) initiative http://arch.iarc.fr/ and a critical review: http://www.melodi-online.eu/NoteARCH_SRA.
pdf
UN Information Service (28 February 2011): ‘New Report on Health Effects due to Radiation from the Chernobyl Accident’ http://www.unis.unvienna.org/unis/en/pressrels/2011/unisinf398.html
World Health Organization (2006): ‘Health effects of the Chernobyl accident: an overview – Fact sheet N° 303’ http://www.who.int/mediacentre/factsheets/fs303/en/index.html

International Atomic Energy Agency, World Health Organization and United Nations Development Programme (2005) ‘Press Release. Chernobyl: The True Scale of the Accident 20 Years Later a
UN Report Provides Definitive Answers and Ways to Repair Lives’ http://www.iaea.org/newscenter/focus/chernobyl/pdfs/pr.pdf

77
78

Walker, P (2011): ‘Road deaths fall to record low’ The Guardian, 30 June 2011 http://www.guardian.co.uk/world/2011/jun/30/road-deaths-fall-record-low
http://www.ieahydro.org/reports/ST3-020613b.pdf

The Future of Nuclear Energy in the UK

Perception of risk and actual risk are of
course very different, but only by an objective
comparison can we hope to understand the
true nature of risks that are ever present in our
lives. For example, the annual number of deaths
on the roads in the UK fell just below 2000 for
the first time in 2011,77 though the UK, along
with Sweden, has the lowest road death rate
in the EU at about half the EU average – total
deaths across the EU amount to more than
30,000 annually. This is a level of risk which
most people accept. It is estimated that the
number of fatalities associated with nuclear
energy is, on a ‘full life cycle’ basis, amongst
the lowest of any type of energy production –
it is over a thousand times safer than coal78 and
even slightly lower than wind energy. From the
50 years of experience of operating nuclear
power stations, the level of fatalities is
much less than generally perceived by
the public, and is certainly very low in
the countries of Western Europe.
In general there is poor public awareness
of the effects of radiation, including the various
types of radiation and the related risks from
exposure, with large variations in opinion on
nuclear issues according to gender, age and
socio-economic group. In addition, there has
historically been significant suspicion of the
nuclear industry, largely owing to the past links
with the military and the associated secrecy.
The more recent move towards openness and
public outreach by Industry and public bodies
alike is a step in the right direction, and the
work of the Nuclear Decommissioning Authority
(NDA) in this regard is particularly noteworthy.
Increased public awareness of the true level of
risk and potential impact could lead to a more
informed judgement on nuclear energy and
other uses of radiation, while still respecting
the ALARA principle.

Conclusions and
Recommendations
	The public has a limited understanding of risks associated

with radiation in general and nuclear energy in particular,
often leading to heightened concerns, worry and psychological
stress of those affected. It is important to address these
issues in a dispassionate and rational way that places
nuclear safety and the historical impacts of nuclear accidents
in context. It is time for a more informed debate, in which
both the academic community and nuclear industry have
a role to play, and involving broad and open engagement
with the media and public.
	Public confidence in nuclear energy is a prerequisite for large

scale investment, and must be built on trust in and openness
of the nuclear actors, both Industry and public bodies, in
particular regarding the relationship with local stakeholders
around nuclear sites.
	Potential benefits of nuclear energy vary widely, ranging

from energy security and carbon emissions reductions,
to competiveness and local employment issues, and these
should be presented as a portfolio rather than framing
everything as a single issue such as ‘nuclear energy is
the solution to climate change’.
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Nuclear waste:

Is there a viable
management solution?
The UK has generated a substantial amount of nuclear waste
from its earlier nuclear programmes, both civil and military.

The volumes of intermediate and high level
waste to be disposed of from these activities
are estimated to be 287,000 m3 and 1,020m3
respectively.79 By comparison, the volumes
associated with the operation of the planned
new reactors will be very small. These plants
will produce less irradiated fuel per unit of
electricity generated, and unlike the UK’s
historic Magnox reactors and AGRs are not
associated with large volumes of graphite
waste. As an example, a new build fleet
of reactors of the same electrical installed
capacity as the historic UK fleet will
produce only an additional 10% of high
level and intermediate level waste, yet
because of their longer operating lifetimes
and increased efficiency, will generate
more than 140% more electricity.80
The disposal of all high/intermediate level and
long-lived waste in a safe and environmentally
responsible manner presents both a scientific
and engineering challenge. The internationally
accepted solution, certainly in the expert
community, and the one endorsed in the
CoRWM (Committee on Radioactive Waste
Management) 2006 report to Government
and reflected in the Managing Radioactive

Waste Safely White Paper 2008,81 is that
the most radioactive and long-lived wastes,
such as irradiated nuclear fuels or the
residues from the reprocessing of this spent
fuel, should be sealed in a deep repository
in an environment that will remain geologically
stable over the period during which the waste
continues to present a radiation hazard,
which could be tens of thousands of years.
This ‘confine and contain’ strategy, which
ensures that the radiation decays to safe
levels before there is any degradation in the
containment barriers, is the principle behind
management of all radioactive waste, whether
it concerns the short-lived wastes that are
currently disposed of in engineered surface
or near-surface repositories in many countries,
or the much more radioactive and longer
lived nuclear wastes destined for geological
disposal. In the latter case the disposal should
be at a depth sufficient to avoid accidental
man-made interference and possible disruption
by future glacial activity, which is considered
to be at least 400–500m. The repository would
stay open for around 100 years, but eventually
would be sealed leaving the waste in a
passively safe condition without the need
for further active measures by future society.
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In this way, no burden is passed on to future
generations who have not benefitted from the
electricity produced by the nuclear power
programme, though it is likely that some form
of long-term stewardship will be undertaken
for many years post-closure.
Though management and disposal of
short-lived waste is now a mature industrial
practice in most countries with nuclear
energy programmes (eg, UK’s Drigg facility
in Cumbria), there are currently no operating
geological repositories for high level radioactive
waste anywhere in the world. Most nuclear
programme countries have active R&D
programmes, and the most advanced carry out
research in underground research laboratories
(URLs) constructed in promising host rock
formations in order to investigate the geological
environment, the performance of engineered
barriers and the associated technology.
In Europe, URLs either are operating or have
operated in the past in Belgium, Germany,
Finland, France, Sweden and Switzerland,
covering a range of host rocks from granite
to salt and various clays, and providing a
focal point for much of the national as well
as EU collaborative (eg, through the Euratom
programme) research over the last 20 years.
Within the UK, the NDA is responsible for
developing the detailed disposal concept
and overall strategy, piloting the licensing
process and constructing the repository.
According to NDA plans for both the
timeframe and construction of a future
Geological Disposal Facility (GDF),82 it is
anticipated that the facility will be constructed
by 2040 and will begin accepting intermediatelevel waste at this point. It would then be
licensed to accept legacy high level waste and
spent fuel from existing power stations around
2075. Later, in 2130, spent fuel from the new

build power stations would be transferred
to the GDF, which would be closed in 2175.
The NDA’s predecessor, UK NIREX Ltd.,
was an important partner in the European
cooperative research effort in the past, and the
NDA is maintaining this important interaction
with key European research actors, in particular
through its membership of the Implementing
Geological Disposal of Radioactive Waste
Technology Platform (IGD-TP).83 Being less
advanced in this endeavour than a number
of other European countries, the UK stands
to benefit significantly from such alliances
at the R&D level.
Indeed, the development of disposal sites
elsewhere, for example in Sweden and Finland,
means that lessons can be learned and applied
in the UK context, not only regarding scientific
and technical issues but also on interaction
with civil society and overall management
of the process of repository siting and
development. In the 1980s, early attempts
by NIREX to site low level nuclear waste
repositories at Billingham, Elstow, Bradwell,
Fulbeck, and South Killingholme, were
subsequently abandoned owing to local
opposition resulting largely from lack of local
engagement and communication. This was
a classic case of ‘decide-announce-defend’
(DAD), which was increasingly proving
ineffective in the siting of controversial facilities
across the world, especially in cases where
the NIMBY – ‘not in my backyard’ – syndrome
was so potent. In the 1990s, NIREX was
to suffer another setback, this time in its
high-level waste / GDF programme when
a public enquiry rejected its appeal against
a local authority decision to refuse planning
permission to construct a URL (so-called
‘rock characterisation facility’ – RCF) in the
region of Sellafield. The reasons cited were
the scientific uncertainties and technical
deficiencies in NIREX’s proposal.

In recent years, the only truly successful
processes have been those that have sought
to engage and enter into a meaningful dialogue
with local communities in the vicinity of
potential sites, whether it concerns low level
surface facilities or GDFs. This interaction
must be on the basis of trust and transparency,
and can take many years, if not decades,
to be effective. At the start of the process,
voluntarism on the part of the local communities
willing to be considered as a potential host
can be effective, though must be linked with
specific guarantees and veto rights (at least up
to a certain point in the process). This has been
effective in countries like Sweden and Finland,
but the overall time for this process can be very
long – in Sweden it will have been 40 years
from the start of the programme (when it too
suffered setbacks as a result of DAD
approaches) to final completion of the GDF,
expected in the next ten years. The attractions
to local communities include employment,
but also long-term socio-economic investments
in addition to expenditure associated with
the repository construction and operation. In
the case of the final selection in 2009 of the
site for the Swedish GDF, there was fierce
competition between two bidding communities,
both demonstrating public support of 80–85%
for hosting the facility. The eventual winner,
Forsmark to the North of Stockholm, was
actually the site with the slightly lower local
support, but the decision was taken on the
basis of host rock quality. Following this and
other examples in Europe and around the
world, the NDA has also instigated a process
of site selection through local voluntarism,
though so far this has resulted in only one
potential site close to Sellafield, corresponding
to the communities represented by Allerdale
Borough Council, Copeland Borough Council
and Cumbria County Council. There are signs
that other communities are also considering
this option (eg, Shepway District Council
in Kent84).
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In the case of the repositories in Scandinavia
the host rock is granite. France is on course for
the commissioning of its GDF in clay host rock
around 2025, shortly after those in Sweden
and Finland. Other national programmes are
also investigating clay as a potential host rock,
and Germany has extensively developed the
salt disposal concept. The proposed repository
host rock at Sellafield is within the Borrowdale
Volcanic Group (BVG), a succession of mainly
volcanic rocks,85 and the disposal concept
would therefore be similar to the Scandinavian
examples. However, the site is situated
between three fault zones, underlining
the difficulties in marrying ideal geological
conditions with a willing host community.
The local population around Sellafield have
lived with the nuclear industry for over half a
century, and as well as relying on the nuclear
industry for employment, they have become
more familiar and trusting of the sector as
a whole. Moreover, much of the waste is
already stored at Sellafield and hence the
arguments for disposal locally are more
compelling (though it is interesting to note
that in the case of the 2009 decision in
Sweden, the competing site at Oskarshamn
to the South of Stockholm was actually the
location of the Swedish centralised interim
spent fuel storage facility, so in this case
proximity of the waste to the final site was
not a deciding factor). Nonetheless, regarding
construction and long term demonstration of
safety, the local geology around Sellafield may
present more difficulties than other potential
sites in the UK. Furthermore, putting all one’s
eggs in the same basket would create a
problem later if the Cumbrian community
were to withdraw.

Conclusions and
Recommendations
	Engagement in and commitment to a process of GDF siting

and construction is crucial in order to give confidence to all
stakeholders and the public regarding new build and the safe
and responsible management of the whole nuclear fuel cycle.
In this process, voluntarism and a partnership approach with
potential host communities has an important part to play, and
the NDA and the Government must explore all avenues and
options, while at the same time ensuring that the geological
conditions of the final selected site are adequate to guarantee
long-term confinement.
	Cooperation with European partners regarding both technical

R&D as well as waste governance issues, involving exchange
of know-how and best practice, is essential, and the early
completion and operation of GDFs in countries like Sweden,
Finland and France will provide a considerable confidence
boost to all other national high level waste disposal
programmes in the world, including in the UK.
	The current UK strategy of seeking volunteering communities

to host a geological repository has been found to be
successful elsewhere. However, there is a fundamental
weakness if only one community steps forward, since this
limits options and potentially increases costs if additional
engineering is needed because of more challenging
geological conditions. The Government together with the
NDA need to reconsider whether enough information is
being provided to potential host communities and whether
the incentives for them to engage in the site selection
process are sufficiently attractive.
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Concluding
comment

The UK is now at a crossroads in terms of electrical
energy supply – how should the energy generation
landscape be reshaped? The key drivers are the
need to reduce greenhouse gas emissions, in
order to minimise potential climate change, and to
maximise national energy security. This will involve
less coal, perhaps less gas, more renewable energy
and greater energy efficiency. Nuclear energy
should be a significant part of the solution as it
has the potential to provide low cost, low carbon
electricity. Rebuilding the UK as a suitably qualified
nuclear nation, capable of building new stations and
developing new technologies, is a priority. There
are, however, a number of hurdles which stand
between now and the eventual construction of new
power stations. Getting the solution right now is
essential as it will have significant consequences
for generations to come.
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1

Nuclear energy
in context

In 2010, 441 nuclear reactors in 31 countries generated 12% of the world’s
86
electricity. The 104 reactors in the USA provided almost 20% of its electricity,
while the 58 reactors in France provided close to 75%. A few months before the
Fukushima disaster, Japan had 54 operating reactors.
Fifteen countries were building 68 reactors
between them: 28 of these were in China
(which had 13 operating reactors) and 12
in Russia (which had 32). Three-fifths of the
operating reactors, and five-sixths of those
under construction, were Pressurised Water
Reactors (PWR).
Civil nuclear power technology has developed
over a number of decades and has been
characterised, until now, by three stages of
development. The initial prototypes were
constructed in the 1950s and 60s and
culminated in the construction of the first series
of civil nuclear power reactors coupled to the
grid, which included the Magnox plants in the
UK (gas-cooled graphite-moderated reactors
capable of operating with natural uranium in
metallic form clad in a magnesium alloy fuel
can – Magnox being short for magnesium
non-oxidising). The construction of the second
generation of reactors started at the beginning
of the 1970s and marked the widespread
appearance of Light Water Reactors (LWR):
either Pressurised Water Reactors (PWR) or
Boiling Water Reactors (BWR), both using
normal water as coolant and moderator. The
original designs originated in the USA and,
independently, in Russia in the 50s, the PWR
in particular having been developed as an
effective power plant for use in nuclear
submarines. All LWR designs required the
uranium fuel to be slightly enriched in the fissile
isotope (235U) and, therefore, relied on parallel
advances in mass uranium enrichment
technology. Though more refined designs of
these reactors have evolved since the 70s, in
particular as a result of operational feedback,
the vast majority of reactors currently in
operation worldwide are essentially of the
same ‘Gen-II’ stock.

The production of energy by fission is in
principle very simple, which is in part what
makes the technological approach so robust.
In nuclear fission reactors a chain reaction
occurs. The nuclei of the isotope of uranium
235
U absorb a neutron causing them to fission
(split) into two fragments. In the fission process
further neutrons are released which in turn are
themselves captured, creating fission. In order
that the process does not runaway, the number
of neutrons is controlled using ‘control rods’
which capture neutrons and may be inserted
or removed from the reactor to decrease or
increase the number of neutrons inside.

core. A heat exchanger is then used to convert
water in a secondary circuit (which does not
enter the reactor) into steam, which generates
electricity in a turbine (as with a coal or
gas-fired power station).

In order to maximise the probability of the 235U
capturing, or absorbing, a neutron the neutrons
have to be slowed down or moderated.
Neutrons from fission are produced at high
energies (fast neutrons), whereas it is at low
energies that the probability for capture is
highest. The neutrons at these lower energies
are known as thermal neutrons as their
velocities are characteristic of that being
induced by their thermal environment. Typical
moderators are light nuclei such as hydrogen
or carbon. Correspondingly either water or
graphite is used in reactors – or heavy-water
which contains deuterium rather than hydrogen
in the water molecules.

Important evolutionary developments have
been integrated into the latest LWRs (PWRs)
available today (eg, the AP1000 and EPR),
especially with regard to design lifetime
(typically 60 years compared with 40 years
in the past) and behaviour under severe
accident scenarios. These new designs
are classified as Gen-III or III+, and the
first commercially available reactors of this
generation are now under construction.
Most, if not all, reactor vendors worldwide
have an approved Gen-III model to propose to
potential customers and any nuclear new build
over the next two or three decades will largely
involve these designs.

The fission process generates energy through
the kinetic energy (motion) of the fission
fragments. These fission fragments travel less
than a millimetre and hence are trapped inside
the uranium fuel. As they slow down, the fission
fragments impart their energy as heat to the
fuel. In a PWR, the water, which is pressurised
to keep it water (to stop it boiling), is heated by
the fuel rods and then through circulation cools
them and takes the heat away from the reactor

Most of the UK’s current reactors are
actually cooled by carbon dioxide gas and use
graphite as a moderator. When the UK began
developing civil nuclear power, in the 1950s,
it developed its own technology to use natural
uranium, because it did not have access to the
enriched uranium (with a higher proportion of
the 235U isotope) needed in water-cooled
reactors. Magnox reactors use graphite
moderators rather than water moderators.

As noted above, there are many designs of
reactor, for example the Boiling Water Reactor
(BWR), which does not have two separate
water circuits, as in the PWR, but the water
is allowed to turn into steam inside the core.
The UK has no BWRs (the type of reactor
at Fukushima) and one operating PWR –
Sizewell B, commissioned in 1995.

Nuclear energy in context

The UK built 26 reactors at 11 stations,
commissioning one of the world’s first civil
nuclear power stations at Calder Hall in
1956. The early reactors at Calder Hall and
Chapelcross were also used to produce
plutonium for the weapons programme in
addition to producing electricity.
The government initially expected these
stations to be cheaper than coal-fired
electricity, treating the plutonium that they
produced as a valuable by-product and failing
to predict the rapidly falling costs of coal-fired
power as those plants became larger and
more efficient. The plutonium was soon seen
as a waste that had to be disposed of, and
Parliament was subsequently told that the cost
of the programme was ‘pretty considerable’.87
The UK announced its second programme
of nuclear power stations in 1964, the year
after General Electric had announced a cost
breakthrough with a Boiling Water Reactor
planned for Oyster Creek in New York State.
The Government had to referee an argument
between the UK’s Atomic Energy Authority,
which wanted to promote its own Advanced
Gas-cooled Reactor (AGR) design – which,
like Magnox, used graphite moderators – and
the Central Electricity Generating Board, which
wanted to use one of the water-moderated
designs that were starting to emerge as the
international standard. The compromise was
to invite the UK’s industrial consortia to tender
to build reactors of either type and, perhaps
surprisingly, an AGR design emerged as

the winner. The programme was beset by
constructional and financial problems, as the
full-size stations proved far harder to build than
the first prototype. Three of the five stations
which started construction in the 1960s
were not completed until the mid to late 1980s.
A significant issue was the fact that there was
not a single reactor design as used to build up
the nuclear fleet in France, but there were many
different ones as the reactors evolved from the
first ones built at Calder Hall and Chapelcross.
By 1980, the Government was ready to allow
the electricity industry to build a series of PWR
stations, and work started at Sizewell B in
1988. However, that was the year in which the
decision to privatise electricity was announced.
Privatisation, coupled with the election of an
anti-nuclear Labour Party to government in
1997, put a two-decade stop to further nuclear
investments. The (relative) transparency of
private sector accounting revealed that the
industry had made insufficient provision for
the cost of decommissioning old stations
and dealing with nuclear waste, and the
nuclear stations had to be withdrawn from the
privatisation in 1989. Neither the Government
nor the privatised companies wanted to invest
in nuclear power during the 1990s, although
the AGR stations and Sizewell B were
privatised in 1996 in a company named
British Energy. Low energy prices at the
start of the twenty-first century created financial
trouble for British Energy, and the company
was rescued by the Government in 2004.
In 2008, it was bought by Electricité de France

(EDF). The following year EDF formed the
new build company NNB Genco in which
Centrica (owner of the British Gas brand)
hold a 20% stake.
The UK is moving towards a new generation
of nuclear energy. The Government would like
to see the construction of ten or more reactors
of the PWR type: AP1000 and/or EPR. There
are a number of significant hurdles that must
be overcome to get to this point as reviewed in
the subsequent sections. Moreover, there exist
challenges in determining the future UK fuel
cycle, open or closed, future reactor
technologies on the timescale of 40+ years,
geological disposal of the nuclear waste and
understanding public opinion. Here the issues
are reviewed and specific recommendations
made and/or conclusions drawn.
In the sections that follow, this report
examines eight areas shown by the
Commission’s deliberations to be of key
importance in thinking about the future
of nuclear energy in the UK: energy policy,
challenges in nuclear new build, the nuclear
fuel cycle, future nuclear technologies,
research and development, geological
disposal, public opinion, and training
and educational programmes. In each
case the report offers specific conclusions
and recommendations.
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2

Energy policy
2.1 Background
Energy policy-makers face what is sometimes
described as a trilemma – they may have to
choose between policies that will raise the
cost of energy, reduce its security of supply,
or worsen its impact on the environment.
At times, a new technology will appear that
is thought to offer benefits for more than one
of these objectives. In the 1950s, nuclear
energy was portrayed as a low-cost option
and the UK’s programme was expanded shortly
after the Suez crisis highlighted the country’s
dependence on imported fossil fuels. In the
1990s, new gas-fired stations allowed the
UK to diversify its fuel supplies away from coal
and to reduce its emissions of sulphur dioxide,
a major cause of acid rain, while helping to
make the electricity market more competitive,
driving down prices. Switching from coal to
gas had the added benefit – somewhat less
appreciated at the time – of reducing emissions
of carbon dioxide.

2.2 Environmental Impact
Climate change is now the dominant
environmental concern in UK energy policymaking. Burning fossil fuels releases carbon
dioxide into the atmosphere, where much
of it stays, as can be seen from the rising
concentrations during 50 years of direct
measurements. Carbon dioxide is one of a
number of greenhouse gases that trap heat in
the atmosphere, and as the rising concentration
means that less of the earth’s heat is radiated
out into space, the planet will become warmer.
This may trigger other effects on the climate,
and while some of these may reduce the rate
of warming, others (such as the release of
methane, which is also a powerful greenhouse
gas, currently trapped in the permafrost around
the Arctic) would worsen it. Global average
temperatures have risen significantly over
most of the last 50 years, and this cannot
be explained by climate models that ignore
the role of carbon dioxide.

Under the Climate Change Act 2008, the
UK has a legally binding target of reducing its
greenhouse gas emissions by 80% of 1990
levels by 2050, and the Committee on Climate
Change was set up to advise on a series of
carbon budgets that put the country on course
to meet that goal. While the Committee’s
role is to advise the government on emissions
targets, it has also outlined a strategy that
would allow us to meet the targets it
recommends. This involves reducing the
carbon emissions of the electricity sector
to very low levels over the next two decades,
and then using low-carbon electricity to meet
an increasing proportion of our energy needs
for heat and for transport. The three main kinds
of low-carbon electricity that should become
available to the UK are renewable power (from
wind, biomass, hydro and solar energy), carbon
capture and storage/sequestration (CCS) fitted
to fossil- or biomass-fuelled power stations,
and nuclear power.
No energy source is entirely free from carbon
emissions across the full life cycle. In the case
of nuclear energy there are some emissions
incurred in building the station, and in uranium
mining and fuel processing. Emissions from
nuclear energy are generally accepted to
be low.88 Government figures indicate
that it is the lowest, on a par with wind. 89
The main environmental concern associated
with nuclear power is its radioactive waste.
During the lifetime of the exposure of the
uranium to neutrons inside the core, the
238
U, which is the bulk of the fuel, can capture
neutrons to make heavier elements known as
actinides. Some of these new elements have
very long half-lives, which present significant
issues in terms of storage and disposal of the
spent fuel in the very long term. Initially of
higher activity, but with generally shorter
half-lives than actinides, the fission products
formed in the fission process make up a
significant fraction of the radioactive inventory
of spent fuel. In addition, at the end of the

station’s life, the reactor structural materials will
be radioactive and must be carefully dismantled
– usually after a long delay for the level of
radioactivity to fall. The remaining waste must
then be disposed of safely. The high level
waste, comprising the fuel (or, if reprocessing
is being undertaken, the fission products and
the actinides in higher activity waste), is then to
be disposed of in a deep geological repository.
The problem of radioactive waste is unique
to nuclear power.90 However, some other types
of power station have other environmental
side-effects. Coal and oil contain sulphur,
which forms sulphur dioxide when the fuel
is burned, leading to the creation of acid rain.
The EU’s Large Combustion Plant Directive
now requires power stations to fit flue gas
desulphurisation equipment, trapping the
bulk of the emissions, or to close by the end
of 2015. Similarly, burning fossil fuels in air
creates nitrogen oxides, and the Industrial
Emissions Directive requires stations to fit
appropriate control equipment by 2020 (or
close by 2023). Coal contains small amounts
of pollutants such as mercury, and mining has
a long history of industrial accidents.

2.3 Energy Security
Energy security can be defined as having
sufficient supplies of energy (or energy
services) available, when they are required,
at a reasonable price. Physical interruptions
to the supply of oil have been rare, in part
because it can be transported relatively easily,
but this also means that concerns over the
supply of oil from any part of the world translate
into price rises, even for countries that do not
directly import from that region. Gas is harder
to transport, and disputes between Russia
and Ukraine have led to shortages in some
EU countries (but not the UK), although the
increasing role of liquefied natural gas gives the
UK more options. In the USA, new production
techniques have created a boom in previously
inaccessible shale gas and reduced that
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country’s imports, increasing the amount of gas
available to European countries – which may
exploit their own reserves in due course. The
UK has its own shale gas reserves, recently
estimated to be in the top 20 internationally91
– the question is, over and above the
environmental concerns, how much can be
extracted at a cost which makes it worthwhile?
Electricity is expensive to store (the capacity
of the UK’s pumped storage hydro stations
is limited) and must therefore currently be
generated when it is required. This means
that power stations must not only exist, but
must be available at particular times, and the
industry should always own more capacity
than the expected peak demand. In the past,
a capacity margin of 15% has been seen as
adequate, although the CEGB’s planners
worked to a much higher margin when deciding
(seven years ahead) how much plant to build,
in case demand grew faster than expected. It
is rare for many fossil-fuelled power stations
to be out of action simultaneously, but an area
of low winds could cover the UK, creating a
significant risk that a large number of wind
farms could provide very little electricity
at a time of high demand. This means that
increasing the amount of wind capacity may
not allow for a significant reduction in the
amount of other generating capacity, even
though a large number of the power stations
kept open will not run very often,92 without
greater interconnection or smarter electricity
management systems.
The supply of uranium is unlikely to pose a
major risk to energy security over the next few
decades. It is mined in a number of politically
stable countries (including Australia and
Canada) and the relatively small volumes
required make it easier to stockpile than coal,
oil or gas. The biggest risk to energy security

from nuclear power concerns the possibility
of a forced shut-down of a large number of
nuclear plants on safety grounds. This might
come about if a large number of reactors
share the same design, and this is revealed
to have a generic fault requiring urgent repair,
as occurred in Japan in 2002, or if a nuclear
accident (in the UK or elsewhere) leads to a
political decision to shut down nuclear plants,
as happened in Germany and Japan after
Fukushima. Carbon capture and storage
might be subject to similar risks if leakage
or an accident in the transportation system
led to the release of a large amount of carbon
dioxide, which is heavier than air and presents
serious safety concerns when concentrations
rise above a few percent.
Nuclear power also has implications for
security in the more general sense. The
technology needed for civil nuclear power is
related to that required for nuclear weapons
– as nuclear power spreads around the world,
the number of states able to make nuclear arms
could increase. Nuclear fuel and nuclear waste
could also be used by terrorist groups, and
must be guarded appropriately. One means
of reducing this risk would be to create an
internationally-controlled nuclear fuel bank.
Another would be to give priority to nuclear
technologies which were more proliferation
resistant – though no nuclear technology is
100% proliferation resistant.

2.4 Cost
It is impossible to know whether building
nuclear power stations will increase or
decrease the cost of the UK’s electricity
supplies relative to alternative options.
Government commissioned reports from
engineering consultants93 imply that future
nuclear power stations would be cheaper

than (or equivalent to) gas- or coal-fired plants
or offshore wind power but these predictions
depend on forecasts of future fuel and carbon
prices. The EDF 2010 estimate for construction
of twin EPR reactors was £4.5b. However, it
is reported that EDF has recently revised these
cost upwards94 indicating that construction
costs may be closer to £7b, which will also
have consequences for the eventual cost of
electricity. In any case, it is not always helpful
to concentrate on predicting the cost of
running one particular power station (the
standard way in which costs are presented),
for a large number of stations have to work
together to meet demand. While the standard
calculation gives the cost for a base load
power station running for 85% or 90% of the
time, many stations will be required to run for
shorter periods to meet the peaks in demand.
Nuclear power stations are well suited for base
load operation, since their variable operating
costs are low; once the (high) cost of building
them has been incurred, so it is best to use
them as much as possible. If a nuclear power
station was only used in the winter (when
electricity demand in the UK is highest), its
average cost would be much greater, since
the high fixed costs would be spread over
a relatively small level of output. If we need
to build capacity just to meet the peaks in
demand, it is best to build plants with a
relatively low capital cost, even if this means
accepting a much higher operating cost, since
there will be relatively few hours of operation.
It is also best to build plants which can be
turned on and off quickly and easily. Both
these factors point to gas stations as the
most suitable back-up capacity to mitigate
the variability in demand and wind power.
It should be noted, however, that gas produces
CO2 emissions and in a bid to limit greenhouse
gas emissions this presents additional issues.
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A more appropriate measure (though more
involved) is to calculate and compare the cost
of running two portfolios of power stations,
one including nuclear power and one without.
But such estimates still depend on predictions
of the price of gas – inherently unpredictable
– and of the cost of building a nuclear power
station in the UK, where none has been built
for almost 20 years. The first stations of a new
programme (‘first of a kind’) will almost certainly
cost more than the following ones (‘n of a kind’)
– the supply chain will need to be developed,
workers trained and designs finalised. Because
of the uncertainty over exactly what they will
cost, the early stations will have to be financed
with a higher proportion of risk-bearing equity
and a lower proportion of (cheap) debt.
In contrast, gas-fired combined cycle gas
turbine stations are a mature technology
with little construction risk. The cost of building
an onshore wind turbine is also predictable,
although the time and expense involved in
getting planning permission is not. Building
wind turbines far offshore is much riskier, and
the cost of near-shore turbines has failed to fall
as expected. Carbon capture and storage also
involves significant technical and construction
risk at present, until full-scale systems have
been shown to work.
All power stations need to be decommissioned
at the end of their working lives, but the cost
of dealing with nuclear waste and spent fuel
makes this a much greater expense for nuclear
stations. It is an expense that will not need
to be paid out for decades, however, which
means that relatively modest contributions
during the station’s operating life, if set aside
and allowed to earn interest, can build up to
a sufficient fund. One problem that kept the
nuclear stations out of the privatisation of
1990–1 was that no separate decommissioning
fund had been built up, and a special levy was
instigated during the 1990s to create one.
While the price of uranium and of fuel
processing may move up and down, it is a
small part of the total cost of nuclear energy
(10–20%). In contrast, the price of gas has
a significant impact on the cost of gas-fired
generation. This means that once a nuclear
station has been built, it faces relatively low

cost risks, as long as its technical performance
meets expectations. In a power system where
prices are linked to the average cost of
generation, such as the regulated companies
in many parts of the USA, this means that the
presence of nuclear power stations will make
prices less variable. In the UK, however, the
price of power is set in a wholesale market
and linked to the cost of the most expensive
stations needed to meet demand, typically
those burning gas. Adding some nuclear
power stations to the system will not change
this. Prices to consumers still go up and down
with the cost of gas.95 This also means that a
nuclear power station which sells at the same
wholesale price will face a significant risk to its
profits – when gas prices are high, the station
could be highly profitable, but a low gas price
would mean that its revenues fell below its
costs. It was during a period of low gas prices
that British Energy had to be rescued by the
Government. It is worth noting that the present
glut of shale gas in the US has resulted in
particularly low gas prices. Under the proposed
electricity market reforms (EMR) some of the
sensitivity to gas prices will be removed.

2.5 UK Energy Policy
Following electricity privatisation, the UK
Government followed a market-led energy
policy, working on the assumption that
companies following signals from the market
would generally make the best decisions for
the country. There were small-scale schemes
to promote energy efficiency, and a series of
auctions to commission renewable generation
under the so-called Non Fossil Fuel Obligation.
The 1995 White Paper that led to the
privatisation of British Energy made it clear
that the Government was not about to promote
the building of more nuclear power stations.
Following the 1997 election, the Labour
Government intervened more, changing the
way in which electricity was traded and
attempting to slow the rate at which gas-fired
stations were replacing coal. It also scaled
up support for renewable energy, creating a
system of Renewables Obligation Certificates
which energy retailers had to buy from the
generators, giving them a premium over the
wholesale price. And Labour’s 1997 manifesto
took a strongly anti-nuclear line.

During its 13 years in power, Labour gradually
moved to a pro-nuclear position. In 2003, the
Government issued an Energy White Paper
that set a target of reducing the UK’s carbon
emissions by 60% (relative to 1990 levels) by
2050. It did not ‘propose to set targets for the
share of total energy or electricity supply to be
met from different fuels.’ The White Paper
noted that the ‘current economics [of nuclear
power made] it an unattractive option for new,
carbon-free generating capacity and there
[were] also important issues of nuclear waste
to be resolved.’ It did ‘not contain specific
proposals for building new nuclear power
stations. However [the government did] not
rule out the possibility that at some point in the
future new nuclear build might be necessary
if we are to meet our carbon targets.’96
A few years later, however, there was another
energy review, against a background of higher
fossil fuel prices and a rapid decline in the UK’s
output of oil and gas. The Stern Review on the
economics of climate change, published in
2006, had set out an economic case for taking
early action to reduce carbon emissions and,
indeed, spelt out in harsh economic terms the
consequences of ‘do nothing’ and of the global
impact of implementation delays. The 2006
Energy Review included an explicit consultation
on policy towards nuclear power. The Energy
White Paper issued in May 2007 announced
that the Government would adopt legally
binding targets for carbon emissions, and
increased the future targets for renewable
generation. The White Paper also announced
that it was the Government’s ‘preliminary
view... that it is in the public interest to give
the private sector the option of investing
in new nuclear power stations.’97 This could
only be a preliminary view, however, for
the Government had lost a judicial review,
sought by Greenpeace, on the basis that
ministers had made overly pro-nuclear
statements during the consultation period,
thereby prejudicing its result.
The new policy was announced in January
2008. ‘The Government believes it is in the
public interest that new nuclear power stations
should have a role to play in this country’s
future energy mix alongside other low-carbon
sources; that it would be in the public interest

Energy policy

to allow energy companies the option of
investing in new nuclear power stations; and
that the Government should take active steps
to open up the way to the construction of new
nuclear power stations. It will be for energy
companies to fund, develop and build new
nuclear power stations in the UK, including
meeting the full costs of decommissioning and
their full share of waste management costs.’
The White Paper set out the active steps
envisaged, which included (already announced)
reforms to the planning process intended to
separate site-specific issues (properly the
province of a public enquiry on a specific
proposal) from more general issues of energy
policy. In particular, the nuclear safety and
environmental regulators were to start a
process of Generic Design Assessment
(GDA) which would provide information
on the acceptability (in terms of safety and
environmental impact) of particular reactor
models and ‘limit the need to discuss the
issues in depth during the site-specific
licensing process’.98

The EU has also been active in energy policy.
The EU Emissions Trading Scheme99 (ETS),
which came into force in 2005, requires
generators (and some other large users of
fossil fuels) to have a permit for every tonne of
carbon dioxide that they emit. If the permits are
expected to be scarce, they will be expensive
and generators will have an incentive to use
lower carbon fuels. Generators were given
large numbers of permits in the first two
phases of the scheme (from 2005–7 and from
2008–12). From 2013 they will have to buy
permits at auction. The giving out of permits
reduced the impact of the ETS, but the ETS
should still have created the incentive to shift
towards lower carbon generation, since
generators had the option of selling their
unwanted permits. The initial allocations for
2005–7 turned out to be so generous,
however, that ‘business as usual’ emissions
were lower than the number of permits

available, and their value fell to zero. The
allocations for 2008–12 were tighter, but when
European economies went into recession after
the financial crisis of 2008, worsened by the
subsequent problems of debt in the Eurozone,
they too proved to be little tighter than business
as usual demand, and permit prices fell again.
In April 2012 they were around €7/tonne of
carbon dioxide, compared to the European
Commission’s expectation at the time when it
set the caps for the post-2013 phase of around
€30/tonne. The ETS has done what it was
(formally) required to do, which is to ensure that
the EU’s emissions (from installations covered
by the scheme) are below the target level, but it
has not set and sustained a price for carbon at
a level that would provide a strong incentive to
invest in low carbon generation.

Figure 1: European Emissions Allowance Prices (Euros per tonne of carbon dioxide). Source: European Carbon Exchange.
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The EU’s other major energy policy is to require
its members to adopt targets for the share of
renewable energy in 2020 which add up to
20% of the EU’s final energy demand. The
UK’s target is for 15%, for it has started from
a very low base. The EU does not lay down
how member states should meet their targets;
the UK’s Low Carbon Transition Plan suggests
that around 1/3 of our electricity would come
from renewables, were we to meet the target
in the most cost-effective manner.100 The EU
also allows member states to choose their
own policies for supporting renewable energy,
although it has stated that ‘well-adapted
feed-in tariff regimes [were] generally the most
efficient and effective support schemes.’101
The UK had been using a different policy to
support large scale renewable generators,
although it introduced a feed-in tariff for
generators with a capacity below 5 MW
in 2010. At the end of that year, the new
Coalition Government started to consult on
a package of changes to the arrangements for
larger generators, which has become known
as Electricity Market Reform. The Government
plans to impose an Emissions Performance
Standard which would prohibit generators
building coal-fired power stations without
(at least some) carbon capture and storage.
A Capacity Market will provide a more secure
revenue stream to the stations needed to offset
the variability of wind power output. A new tax,
the Carbon Price Support, will be imposed at
a rate calculated (each year) to bring the sum
of the tax and the carbon price in the ETS to
a pre-determined level. From 2013, electricity
generators will have to pay £16 for every tonne
of carbon dioxide they emit, moving to £30 by
2020. This level has been calculated to make
investment in low carbon generation attractive
(and had been specifically requested by EDF
energy as the tool necessary to build new

nuclear stations in the UK), although its
profitability would still depend on the price
of fossil fuels. To avoid this uncertainty,
the final element of the package is a new
support instrument, a so-called ‘feed-in
tariff’ with ‘contract for differences’.
The aim of the FiT-CfD is to combine the price
guarantee of a feed-in tariff with the incentives
given to a power station that has to sell at
market prices. Nuclear stations will be offered
a contract that pays the difference between
a pre-determined strike price and the eventual
price of electricity over the period for which
the contract is valid. For nuclear stations, this
out-turn price will probably be based on the
cost of a contract for baseload (continuous)
power sold one year in advance. If the station
sells its output through this kind of contract
and the market price turns out to be lower than
the pre-determined strike price, extra payments
under the contract will make up the difference.
This provides insurance against low prices.
At the same time, the station has to sell its
output in the market and can respond to market
signals on the true value of its power, which
is not the case for the standard feed-in tariff,
paying the same amount whether electricity
is needed or not.
Many details of the contracts are still to
be worked out, including, perhaps most
importantly, how the prices are to be set.
Many Liberal Democrats would be reluctant
for the price of the FiT-CfD to be set above
the expected future level of electricity prices, as
this would imply that nuclear energy was being
subsidised. Carbon Price Support will raise the
price of electricity, and thus make it less likely
that any given price for a FiT-CfD does in fact
imply a subsidy. The package may thus meet
a mix of political and economic constraints.
The Conservative-Liberal Democrat coalition

agreement explicitly stated that new nuclear
stations would be supported, but that there
would be no subsidy. But Energy and Climate
Secretary Chris Huhne told delegates at his
own Liberal Democrat party conference in
2012102 that nuclear was a necessary part of
the low carbon mix, and in media interviews
said only that there should be ‘no specific
subsidy’103 to nuclear. Most Liberal Democrat
party members remain anti-nuclear, although
the number of pro-nuclear Liberal Democrats
is increasing. Labour remains pro-nuclear
under Ed Miliband.

Recommendations
 Estimates of the cost of electricity

should emphasise the cost of the
system as a whole, as well as that
of individual stations.
 Consideration needs to be given to

the system requirements of both a
high – larger than 30% – renewable
energy share and large nuclear
baseload capacity.
 The Government should rapidly

provide details of the contracts
for its feed-in-tariff with contracts
for differences (fit with CfD), to help
investors make decisions.
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New nuclear
stations in the UK
Since the 2008 White Paper, UK government policy has been to ‘take active steps
104
to open up the way to the construction of new nuclear power stations.’ However,
104
it would ‘be for energy companies to fund, develop and build’ those stations.
3.1 Background
This chapter asks whether conditions are right
for a new generation of nuclear power stations
in the UK to go ahead. This question can be
broken into three parts: i) the Government and
its regulatory agencies must be in a position
to give consent to a new development; ii) the
developer must decide to go ahead with the
project, with a suitable business case and
finance available; iii) Industry in the UK must
be capable of building the station. We examine
each of these parts in turn.

3.2 The Role of the
Government
There is currently a broad political consensus
in favour of nuclear energy, at least as
measured by the official policies of the three
main UK-wide parties. The 2008 White Paper
committed the Labour Party to nuclear new
build, and the Coalition Agreement of 2010
was agreed by the Conservatives and the
Liberal Democrats. It is worth noting that many
Labour and Liberal Democrat activists may be
anti-nuclear, however, along with a significant
proportion of the general public. While the
front-bench consensus appears firm at
present, it should be noted that governments

104

can sometimes change their mind on nuclear
power. The response of the German
Government to the Fukushima disaster,
closing seven nuclear reactors immediately
and reducing the lifetimes of another nine,
is an obvious example which actually came
shortly after Chancellor Merkel’s government
had reversed the early closures ordered by
its predecessor. A serious nuclear accident
in Western Europe, however unlikely, might
put the UK’s current political consensus at risk.
A strong swing in public opinion is something
that many politicians would find hard to resist.
Witness the Japanese situation where in early
May 2012 no reactors are in operation.
It is hard for a democratic government to
bind its successors. Payments for electricity
produced by nuclear power stations can be
arranged through long term contracts which
a court would enforce. A contract that
committed the Government (or electricity
consumers) to make payments, even if a
subsequent government decision meant that
the station was no longer producing any power,
might be politically unacceptable. We doubt
that there is any practical step that the UK
Government could take to insure nuclear
developers against the consequences
of a future change in nuclear policy.

UK government decisions must be consistent
with European Union rules. The most important
of these concern state aid for industry. The
European Commission has attempted to take
a larger role in nuclear safety regulation –
following the Fukushima disaster, national
regulators were required to ‘stress-test’ their
approach to regulation and the reactors in
their territories.
The 2008 White Paper sets out a procedure
for giving permission for new stations. First,
the Government would have to decide that
there was a national need for more nuclear
power stations. This was part of a procedure
established under the Planning Act 2008,
intended to focus planning decisions on local
issues, rather than debating the national need
for a particular kind of installation on every
occasion that one was proposed. The new
procedure should reduce the time and cost
taken up by planning inquiries, while the
National Policy Statements were to be debated
in, and approved by, Parliament, maintaining
democratic accountability. Six statements on
energy infrastructure were approved in July
2011. The National Policy Statement for
Nuclear Power Generation105 instructs the
planning authorities to assess applications
for consent to build nuclear power stations
on the basis that the need for them has been

 epartment for Business, Enterprise & Regulatory Reform (2008): ‘Meeting the Energy Challenge. A White Paper on Nuclear Power’ TSO (The Stationery Office): Norwich http://webarchive.
D
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demonstrated. The statement also reported
on the results of a Strategic Siting Assessment,
which listed eight sites nominated by would-be
developers as potentially suitable for new
nuclear stations. Each of these was very
close to an existing (or closed) nuclear station.
Three other sites were rejected as unsuitable.
The procedure allows developers to propose
building a new station on a site which is not
on the approved list, but doing so would
clearly involve delays while a further
assessment was made. At a similar time the
Scottish Government’s policy was to migrate
away from a dependence on nuclear power.106
Another step for nuclear power stations is
that the Secretary of State has to issue a
Regulatory Justification under the UK’s laws
on activities involving radiation to comply with
the EU Basic Standards Directive. Statements
were issued in October 2010 for the two main
designs of nuclear power station proposed by
developers, the Westinghouse AP 1000 and
the Areva EPR. In each case, the statement
concluded that the benefits from any station
of this kind would outweigh any radiological
health detriments that it might cause. Once
again, the House of Commons approved these
decisions by a very large majority, and these
were implemented in the form of statutory
instruments,107 in November 2010.
Nuclear safety regulators (the Health
and Safety Executive’s Office for Nuclear
Regulation and the Environment Agency)
have also been conducting a Generic Design
Assessment (GDA) for each of these designs.
This is intended to assess the acceptability
of a proposed design for a nuclear power
station, before its suitability for a particular
site is considered in the planning process. Four
companies submitted designs for assessment
in July 2007 – as well as the AP1000 and EPR,
Atomic Energy of Canada Limited (AECL)
and GE-Hitachi Nuclear Energy submitted
proposals. The GDA process started with
a high level assessment, which all four designs
passed, but AECL withdrew its design before
work started on the next, more detailed, stage.
GE-Hitachi suspended their application a few
months later, in September 2008. None of the
consortia proposing new stations in the UK
were planning to build either type of plant.

The GDA process is iterative, both in the
sense that the regulators start with an overview
of the reactor designs and then consider more
detailed issues of system design and evidence
for safety, and in the sense that the companies
are given opportunities to respond to the
regulators’ concerns. At the time of writing,
both reactor designs have been given interim
design acceptance. Some issues remain to
be resolved, and a reactor cannot be built
in the UK before the regulators are satisfied
that they have been, but the regulators were
satisfied with the companies’ approach to
resolving each of these. Overall, the process
of gaining government and regulatory approval
for building new nuclear power stations in the
UK appears to be going smoothly.

3.3 Company Decisions to
Invest in New Nuclear
Energy
Three consortia have shown an interest in
building new nuclear power stations in the
UK. EDF Energy has set up a consortium
with Centrica to build new stations through
a company known as NNB Genco. Two
subsidiaries of German companies,
E.ON UK and RWE npower, set up Horizon
Nuclear Power. Both parent companies
operate nuclear reactors in Germany.
A third consortium, NuGen, contained
Iberdrola of Spain, GDF Suez and Scottish
and Southern Energy. Iberdrola and GDF
Suez operate nuclear reactors in Spain
and Belgium, respectively.
Scottish and Southern pulled out of the
NuGen consortium in September 2011,
saying that it wished to concentrate on
developing renewable energy, in which it
had greater expertise. Its stake was bought
by its partners, Iberdrola and GDF Suez, which
now each own 50% of the consortium. RWE
and E.ON announced in March 2012 that they
had decided to sell their joint venture, Horizon
Nuclear Power, with its plans to develop
two nuclear sites. RWE’s press statement
explicitly linked the decision to the German
Government’s phase out of nuclear energy. The
company had responded to this by divesting
assets and reducing its capital expenditure. In
April 2012, the Financial Times108 reported that
Centrica had told the Government that it was
likely to withdraw from its consortium with EDF
Energy unless it received assurances on the
future price of nuclear energy.

Nuclear power stations are large and capitalintensive. A company that invests in nuclear
energy must commit a large amount of money
for a long period. It needs to believe that there
is a more than reasonable prospect of getting
that money back, together with a return that
compensates for the risks involved. The higher
the risks, the higher the return that the
company – and its investors – will seek.
Most existing reactors were built by companies
under (explicit or implicit) systems of regulation
that allowed them to pass their costs on to
consumers, who had no choice over where
they bought electricity. This model minimised
the risks to the company, keeping down its
cost of capital, although incentives for
companies to keep their costs down were
correspondingly weak. Since 1990, the UK
(like many other countries) has liberalised its
electricity industry, allowing many different
companies to compete to sell electricity in
a wholesale market that sets prices on the
balance of supply and demand. This has
provided strong incentives to keep costs
down, but also raises the risks of investment.
The price of electricity depends on the cost
of the fuel used by the plants with the highest
variable costs (generally gas) and on the
amount of spare capacity – the lower the
capacity margin, the higher the market price.
All generators are exposed to risks over the
capacity margin (the industry, like many others,
tends to have cycles of investment and prices).
Fuel price risk does not affect every technology
in the same way. If the price of fossil fuels is
low, this will depress the price of electricity, but
nuclear (or other low carbon) stations will still
have to service their debts. Gas-fired plants
may be less affected by this (depending on
how far ahead the gas is purchased) because
their revenues and costs may move together.
Finland is part of the Nord Pool electricity
market, where the price of power varies with
fuel prices and the amount of water available
to Scandinavia’s hydro stations. Nonetheless,
the Olkiluoto 3 plant was financed, by a
consortium of energy-intensive industrial
consumers that wanted a long term supply
of power at a fixed price and were prepared to
make a corresponding commitment to develop
a nuclear station. There is no sign that the UK
contains a similar group of industrial energy
users able to underwrite a similar deal.

New nuclear stations in the UK

To reduce the risks for nuclear energy
(and other low carbon generators) the UK
Government is going to reform the electricity
market, introducing a feed-in tariff with
contracts for differences (FiT with CfD).109
This has the potential to fix the nuclear station’s
revenues at a level sufficient to cover its costs,
regardless of swings in the wholesale price of
power. The feed-in tariffs used for renewable
power in Europe (including for small-scale
generators in the UK) pay a set price for all
the output from a station, giving it no incentive
to respond to market signals, for example by
scheduling maintenance at times of relatively
low demand. The proposed arrangements for
nuclear energy aim to preserve some market
signals, in that the stations will have to sell
their output into the wholesale market, and
will receive a price reflecting its market value
at the time of the sale. However, the CfD part
of the arrangement ensures that the station will
also receive, or make, payments based on the
difference between a strike price specified in
the contract and the market price for the kind
of power that the station is selling – how this
is measured will also need to be specified in
the contract. In the case of nuclear stations,
this market price will probably be the price
for a year’s continuous supply of power, sold
shortly before the start of the year. It will not
be the actual price received by the station
– guaranteeing the actual revenues received
could create perverse incentives – and so
the station still has to find a buyer for its power
and operate in a way that the buyer wants.
However, as long as the station can sell its
power at a price close to the market price,
the sum of what it gets from doing so and
the side payment should be nearly constant.
This has the potential to greatly reduce
the financial risks from operating a nuclear
power station in the UK. Once the stations
are commissioned, they could benefit from
a low cost of capital, and it might be possible
to finance them with a high proportion of debt.
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Even so, the consortia will not be able to
make a final investment decision to build a new
station (and may be reluctant to spend much
money preparing to do so) until they know
exactly how the contracts will work. It is not
yet clear who the counter party to the contract
will be (possibly the National Grid), and how
their finances will be guaranteed. Investors
will get little security from holding a contract
with a company that they believe might
become bankrupt. In the end, the contracts
will be financed by electricity consumers,
but water-tight arrangements are needed
to ensure that their payments end up with
the nuclear operators.110
	We recommend that the Government

clarifies the terms of its FiT-CfD
contracts as soon as possible, and
has robust arrangements to make them
acceptable to the parties who will have
to finance new nuclear investments.
The other significant risk facing a nuclear
developer is construction risk – how much
will the station cost, and how long will it take
to build? (Even if a delay in construction did
not involve additional payments to the builder,
the developer would still have to pay interest
on its debts for a longer period before it started
to receive any revenues, adding significantly
to its overall costs.) We address measures
to mitigate these risks below, but the question
here is how they affect the decision to invest.
For the first of a kind nuclear plant, the risks are
particularly acute – there is no experience of
building a station in UK conditions that would
allow more accurate cost estimates. Gas-fired
power stations can be project financed – the
parent company (or joint venture) sets up a
subsidiary to build and run the station, financed
with a mix of debt and of equity – money put
in by the parent(s). If the project is risky, the
proportion of equity and the interest rate on
the debt will be higher than if the project is

regarded as safe. Gas-fired projects can
reduce their risks with matching contracts
to buy gas and sell power (at prices that leave
a suitable profit margin) and guarantees about
the cost and performance of the power station,
provided by a builder with the experience (and
financial resources) to make these credible.
No credible cost and performance guarantees
could be provided for a first of a kind nuclear
power station. The parent companies of the
UK’s nuclear consortia will need to invest
a large amount of equity, providing a cushion
that gives lenders confidence that their money
can be repaid, even if things go wrong in the
construction phase. It may well be necessary
for the parents to guarantee the consortium’s
debts. This would support each project with
the full strength of the parent companies’
balance sheets. Unfortunately, the costs of
a nuclear power station are such that even
a strong balance sheet may not be able to
support more than a few projects. Europe’s
financial markets are not working well in 2012,
in terms of delivering finance for investment in
physical assets.
One feature of many contracts (to build roads,
schools or hospitals) under the Private Finance
Initiative is that they were initially funded with
a relatively high cost of capital, reflecting the
significant risks involved at the construction
stage. Once construction was complete,
it was possible to re-finance the contracts
at a much lower cost of capital, providing an
immediate reward to the developer. On one
view, this is simply the reward for bearing
a risk that turned out well – had there been
a significant cost over-run, there would
have been no money available for a reward.
A cost-plus contract might reduce the risks
and the rewards, but could also reduce the
incentive to control costs. For a relatively
simple project, the incentive effects may be
more important than trying to minimise the
cost of capital.

Department of Energy and Climate Change (2011): ‘National Policy Statement for Nuclear Power Generation (EN-6)’, The Stationery Office: London http://www.decc.gov.uk/assets/decc/11/
meeting-energy-demand/consents-planning/nps2011/2009-nps-for-nuclear-volumeI.pdf
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Department of Energy and Climate Change (2010): ‘The Justification Decision (Generation of Electricity by the AP1000 Nuclear Reactor) Regulations 2010’, The Stationery Office: London http://
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Contracts for difference is a contract in which a price for the electricity is pre-agreed and the if the market price for the electricity is less than the agreed price then the utility would receive the
difference in price as compensation, alternatively if the market price is over the agreed strike price then the utility would pay the difference.
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For nuclear power stations, it may be better
to minimise the cost of capital, even if this
involves reducing the incentive to minimise
the construction cost. The way to minimise
the cost of capital is to link the final price of
electricity under the FiT with CfD to the cost
of building the station. This might be achieved
by an open-book approach to contracting, in
which actual costs are passed through, rather
than by attempting to fix a price which would
inevitably include a high margin for error. The
contracts should not ignore incentives – there
should be modest payments for keeping to time
and budget – but it is important to recall that
real incentives are generally linked to risks.

3.4 Can the UK Build Nuclear
Power Stations to Budget
and on Time?
Due to the complexity of construction of large
scale projects a realistic determination of the
construction costs is challenging, especially
a first of a kind (FOAK) project within the UK.
More specifically the nuclear industry has a
poor track record in terms of keeping projects
within cost. In recent times the cost of the EDF
EPR reactor at Flamanville, France, has seen
costs rise at an annual rate which is 13%
above Eurozone inflation.111 Costs of the
Darlington reactor in Canada were 70% over
budget. In addition NDA’s estimates of the
decommissioning costs have risen from
£47.9bn in 2002 to £103.9bn in 2011, rising
at a rate of 4.2–6.0% above inflation.112 The
construction of the Olkiluoto 3 power plant in
Finland has also encountered significant delays
– it was due to be completed in 2009, but now
is not expected to start operation until 2014.
For many critics of nuclear energy it is this
track record that stands in the way of a credible
new build programme in the UK. However,
the UK has been through the Generic Design
Assessment process in advance of the build
programme, which is something that was not
performed in either Finland or France.
In recent years the UK has embarked on
a number of large construction projects.
These include the Olympic site and associated
infrastructure, Terminal 5 at Heathrow, the
Channel Tunnel Rail Link and the construction
of Wembley Stadium. The Nuclear Industry
Association 2008 report,113 provides an upbeat
assessment of the last two and recognises
that the lack of clear brief, in part, lay at
the heart of the problems over the £760m
construction of Wembley stadium. This ended
up with wrangles with the contractors and

changes in design. The most recent project,
the construction of the London Olympics site,
has been completed on budget, on time
and with an excellent safety record. It has
been described as ‘the biggest construction
project in Europe and one of the biggest ever
mobilisations of a nation’s manpower outside
a time of war.’114 The cost of the construction
of the Olympic stadium is close to £500m
and the total construction, including the other
venues, £1bn. Based on the experience
of Flamanville and Olkiluoto, the cost of
constructing a new nuclear power station will
be up to a factor of 10 higher than that of the
Olympic Stadium. The example of the Olympics
shows that successful civil engineering projects
can be managed in the UK, but nuclear build
is an order of magnitude higher in terms of
cost and complexity.
In terms of new build in the UK, if the first
project goes over budget and overruns in
time then that will almost certainly see a
loss in public confidence and curtailment
of the programme. As such the construction
of the first reactor will be seen as the litmus
test of the ability of the nuclear industry
to have learned past lessons. In this regard
understanding the issues associated with the
build of the EPR reactors at Flamanville and
Olkiluoto is important. In the case of the latter,
problems were found with the concrete in
foundations, forgings were not up to standard,
welding skills were inadequate and there were
issues with a lack of understanding of
standards.115 Subsequent EPRs at Taishan in
China were started in 2009 and 2010 and
construction is on course to be much faster
than the Finnish and French experience,116, 117.
Similarly, construction of the AP1000 design
reactors in China is also on schedule.118
The successful project management developed
for these projects needs to be transferred to
the UK new build programme.
Important in optimising any construction project
is careful project planning and management
– for example understanding the design in
detail ahead of construction and not making
non-essential adjustments/improvements
during the construction phase. Such changes
incur further safety reviews. In this regard the
role of the Regulator is vital. It is also extremely
important to firm up the final design and have
rigorous change control.
In the UK the designs of the EPR and
AP1000 have been reviewed extensively
by the Office for Nuclear Regulation (ONR)119
and the Environment Agency120 in what is

called the Generic Design Assessment
(GDA).121 In December 2011 the two designs
were granted interim Design Acceptance
Confirmations (iDACs) and interim Statements
of Design Acceptability (iSoDAs). These did
not constitute final approval but the Regulators
confirmed that they were satisfied with the
plans of EDF and Westinghouse to resolve
outstanding issues. It is this close upfront
inspection which is likely to play an important
role in the minimisation of uncertainties
in the construction process. Such best
practice should also be a key component
of the licensing process associated with a
Geological Disposal Facility (GDF).
In their report, the NIA highlight a series of
criteria which would further minimise delays
and cost overruns113:
	Ensure planning and regulatory approval
procedures are streamlined and deliver
fast-track resolution of any issues arising
during the project and avoid interference
once decisions are made.
	Ensure documentation requirements and
their approval routes are well understood
by all.
	Involve main contractors early and through
collaboration with architect engineers,
regulators and nuclear vendors; ensure
that all parties understand what they
have to deliver and under what terms
and conditions.
	Ensure that the supply chain is suitably
qualified and experienced. Although the
previous NIA studies have demonstrated
that the UK can supply 70% to 80% of the
power station, it is essential that companies
are experienced and get themselves formally
qualified for the scope that they are seeking
and that they have the resources necessary
to deliver on time.
and
	Engage early with external and local
stakeholders – be straightforward and
up-front with people.
	Learn from what was done well in other
projects.
	Avoid optimism fallacy – ‘Our project won’t
encounter such difficulties’.
	Hold collaborative workshops after award of
contract, but before any manufacturing/site
work starts, to review the design, to ensure
understanding of the contract and to start
teambuilding.
	Establish strong controls and monitoring
of programme and costs.
	Ensure high level leadership that must
be visible.
	Success is carried forward by people.

New nuclear stations in the UK

Such principles provide excellent foundations
for the new build programme.
	Success of any major new build

programme relies on the completion of
the first reactor (likely to be at Hinkley
Point) on time and within budget and
with high levels of local engagement.
This has to be followed by learning from
experience from the FOAK construction,
resulting in faster and less expensive
construction – a fleet of reactors of the
same design is the only way to achieve
this. If the construction of the first
reactor is problematic then the
downturn in public support could see
the premature termination of the entire
programme. It is essential that lessons
are learned from the construction of
other similar reactors worldwide (eg,
China and South Korea) and experienced
project management is engaged.

3.5 The Nuclear Supply Chain
It is estimated that the construction of new
nuclear power stations in the UK will require
an investment of the order of £40bn
by 2025.122 This presents a number of
opportunities but also potential challenges.
On the positive side there are tremendous
opportunities for UK business to engage in
the construction and the associated supply
chain stimulating employment across the
construction and engineering sectors. In the
Nuclear Industry Association 2006 report123
(updated in 2008113) it was concluded that

it should be possible for the UK to supply
70% of the components of a new nuclear
plant. Further, it was believed that this could
be increased to 80% with appropriate
investment in facilities. It was recognised
that large components such as the reactor
pressure vessel and steam turbines could not
be constructed in the UK and would need to
be imported. At the 70% level this would imply
that ‘on the basis of a capital cost of £2m per
MWe, UK orders worth more than £4,500m
could conceivably be available for a twin unit
EPR, and £3,500m for a twin unit AP1000.’122
A programme of 10 reactors would generate
64,000 person-years of employment.122
The challenge is to realise this potential
opportunity. For this to happen the capacity of
business must be aligned with the high quality
standards required by the nuclear sector.
These standards are typically much higher
than required elsewhere. Correspondingly,
business needs to equip itself with facilities
and training appropriate to the sector.
To this end the work done in developing the
supply chain by the NIA has been essential
(see http://www.nuclearsupplychain.com/). The
development of a clear structure and strategy
for business engagement involving a series of
‘tiers’ provides an excellent framework for
engagement. Tier 1 (on a four-point scale) are
the main project leaders (eg, for the delivery of
the EPR to Horizon-Npower, AREVA, Balfour
Beatty/Vinci and Siemens formed a Joint
Venture). Tier 2 are a spectrum of companies
typically already engaged with the nuclear
industry and so likely to have already adopted
the requisite working practices. Tiers 3 and 4

are typically companies from outside the
nuclear sector, including SMEs, but whose
area of expertise provides opportunity.
As to the question of whether the UK has the
civil, electrical and mechanical engineering
capacity to undertake a significant new build
programme, it is estimated by the NIA that
the demand would only amount to 2–3% of the
civil and 4–5% of the mechanical and electrical
engineering capacity of the UK122. As such
it would seem that there should also be a
sufficient degree of selectivity and competition.
The imperative for domestic, UK, engagement
comes from the need for a substantial
component of the build programme to be
UK-based so that the economic benefit is
felt. It would be a significant error if most of
the funding were to go to overseas suppliers.
Second, there is the significant opportunity
to develop export opportunities. However,
there is also the important question of whether
UK companies can meet the stringent nuclear
quality requirements.
There also exist potential pitfalls. In the building
of new nuclear power stations it takes about
five years to get to the point of construction
and then a further five years to complete
construction. The initial period includes
licensing and the present Electricity Market
Reform (EMR) process. Internal investment by
companies to develop new facilities and skills
requires certainty. Currently, there is very little
certainty in this sector and the building of
nuclear power stations, though likely, is not
guaranteed. Hence, there will be a natural
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reluctance for Tier 3 and 4 companies
to engage strongly. As a carrot, the recent
Technology Strategy Board call124 to provide
funding to develop the nuclear power supply
chain (which includes decommissioning)
is designed to improve businesses’
‘competitiveness, productivity and performance
in the nuclear sector’ and provides, through
funding from the NDA, TSB, EPSRC and
DECC, mechanisms for SMEs to engage.
This is a modest, £15m, programme, and
should be the first of several such steps
to developing the UK skills base.
The recent freezing of the Horizon Nuclear
Power plans to proceed with developing
new nuclear power stations may also
present challenges to UK engagement.
EDF proposes to develop the Hinkley Point
and Penly (in France) EPR reactors together.
The procurement for both stations will be
common.125 There is a corresponding danger
that a significant fraction of the supply chain
for both build programmes will then be located
in France.

Conclusions and
Recommendations

Recommendation
 The fact that the nuclear new build

 For businesses to engage strongly

and more widely with the opportunities
in UK new build, certainty is required.
Incentive schemes such as those
offered by the TSB are needed to
encourage SMEs to prepare for the
opportunities in advance.
 The UK Government should ensure

as part of the negotiations with
the new build companies that the
opportunities for UK business to
engage in the new reactor build
programme are maximised.

In 2008 Sheffield Forgemasters was planning
to extend their capacity to include very large
forgings which would be appropriate for the
nuclear new build programme. In order to
expand its capacity to make it one of only two
companies in the world capable of large scale
forgings for the nuclear industry an £80m
government loan was sought. This was initially
awarded shortly before the 2010 election,
and then withdrawn by the new Coalition
Government,126 which suggested that the
financial markets might be the optimal route
to financing the investment. Subsequently
(2011) a loan of £36m was provided by the
Government, but was to support smaller scale
equipment investment127 – in the belief that
post Fukushima that demand for building new
nuclear power stations internationally would
decline. This was a decision made in the
aftermath of Fukushima and it is possible
that in the longer term energy economics and
the relative attractiveness of nuclear energy
in terms of cost and CO2 footprint will cause
many governments to return to nuclear new
build. It is likely that short term interest has
resulted in a lost opportunity for the UK to
have major international impact.

programme in the UK is likely to be
in advance of that in many overseas
countries means there exists potential
for UK companies to place themselves
in a strong position in terms of
international supply-chains and
exports – this opportunity should be
maximised. The Government should
recognise this through loans to key
companies in the nuclear supply chain.

Generating innovation in manufacturing is vital
in the UK developing a competitive edge in
international markets. In this regard nuclear
manufacturing and engineering is no different.
The development of a series of advanced
manufacturing research centres across
the UK is a potential vehicle for stimulating
cutting edge manufacturing techniques.
The establishment of the Nuclear Advanced
Manufacturing Research Centre (NAMRC),128
a University of Sheffield and University of
Manchester joint venture, is important. This
aims to target growth in manufacturing by
gearing up the UK manufacturing supply chain
to supply components for new nuclear build
in the UK and overseas. Stimulated by this
development, Rolls-Royce have announced
that they are building a new nuclear
manufacturing factory in Rotherham129 and
the AREVA/Rolls-Royce partnership for
Rolls-Royce is to provide £400m components
for the first wave of nuclear power stations.130
The NAMRC has also formed the basis for
the expansion of the National Skills Academy
Nuclear (NSAN) into manufacturing.131 This
highly developed focus which brings together
universities, industry and skills development
around high value manufacturing could in
principle provide the much needed stimulus
to place UK nuclear manufacturing in a
leadership position.
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The UK nuclear
fuel cycle:

historic, present and future

Although there is much discussion regarding the future role of nuclear energy in
the UK, the choice of reactor technology, the number of reactors to build and the
location of those reactors, the associated fuel cycle choices and challenges are
often overlooked by commentators and the stakeholder community at large.
4.1 Background
The nuclear fuel cycle has an equally important
role to play in the future choices and resulting
challenges that the UK will face in deploying
nuclear energy. There are many lessons
to be learned for example from the historic
choices, some good and some bad. Above
all, a coherent, consistent and well thought
out long term plan for any future UK fuel cycle
has to be at the heart of the decisions taken
by the operators, Governments and regulators.
After all, any decision to proceed with a
reactor technology and a given fuel cycle has
implications, not just during the planning and
operations phases of a new build programme,
but for decades and centuries ahead and
indeed the timing of the new build programme
and the degree of the farsightedness of the
nation will also govern which option(s) are
selected. For example, if a once-through light
water reactor (LWR) programme is chosen,
then this could close off the potential future
deployment of fast reactors for utilisation of the
separated plutonium and minor actinides (MA).

4.2 What is the ‘Nuclear
Fuel Cycle’?
The term ‘nuclear fuel cycle’ refers to the
sequence of processes in which nuclear
material is handled before (front end), during
(reactor operations) and after (back end)
its use in a reactor for energy generation.
Figure 2 shows a simplified schematic of
the stages, starting with uranium mining.

Figure 2: Schematic of the Nuclear Fuel Cycle (store indefinitely includes geological disposal)
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In order to minimise the volume of material
needing to be shipped, the milling and
extraction of the uranium ore (refining of the
original ore body) is completed next to or
nearby to the original mine (for example in
Australia, Canada or Kazakhstan). However,
the remainder of the front end of the fuel
cycle has historically been, and still can be,
completed in the UK at the Springfields site
in Preston, Lancashire along with enrichment
at Capenhurst in Cheshire. Every one of
the Magnox fuel rods and Advanced Gas
Cooled Reactor (AGR) fuel bundles has
been manufactured in the UK since the
reactors were built and hence fuel technologies
were originally developed by the UK industry.
However, in the case of the UK’s only
Pressurised Water Reactor (PWR), Sizewell
‘B’, after having the original fuel load made
in the UK, the fuel is now manufactured in
France or Germany. Since there are more than
270 PWRs out of approximate 430 reactors
operating today, it is clear that the fuel supply
for these reactors is based on a commodity
supply basis, providing not only diversity in
the designs, but also competition amongst
the suppliers; this is one of the advantages
of the UK moving to a truly international
reactor technology.
Once the fuel has been irradiated in a given
reactor and following a period of several years
at the reactor for cooling in the storage ponds
to allow the radioactivity and therefore the heat
output to decay to manageable levels, there
are then two options for handling the so-called
‘spent’ nuclear fuel:
(i)	dispose of the spent fuel indefinitely via
direct disposal in a Geological Disposal
Facility (GDF), which is known as the
‘open fuel cycle’
(ii)	reprocess the fuel and recycle the reusable
materials, known as the ‘closed fuel cycle’
(actually partially closed as a fully closed
cycle would require fast reactors).
Reprocessing is the method by which
the unused, useful uranium and plutonium
can be separated from the waste fission
products and minor actinides and recycled
for potential future re-use in new fuel.
The potential benefits of reprocessing and
subsequent recycling of the plutonium and
reprocessed uranium are that it reduces
natural uranium requirements and considerably
decreases the volumes of radioactive waste
which have to be stored awaiting subsequent
disposal.132 Reprocessing therefore enhances
the sustainability of nuclear by reducing the use
of natural uranium resources while ultimately

assuring improved waste management:
typically 25% less uranium ore is required
if the plutonium and uranium are recycled.
However, there is international concern over
the potential illegal use of reprocessing for
non-civil purposes and therefore many
countries are opposed to reprocessing for
reasons of proliferation. Furthermore, with
the abundance of uranium ore and relatively
low uranium prices, the economic case for
reprocessing is currently also difficult to
make. In addition, the full potential benefit of
reprocessing can also not be fully realised until
fast reactors are commercially demonstrated
and it becomes possible to recycle the
minor actinides as well at the plutonium and
uranium in order to assist the sustainability of
nuclear energy. This is one of the areas under
investigation as part of the international R&D
effort on Generation-IV systems.
In addition to the recycled uranium and
plutonium, the remaining waste streams
from reprocessing are:
	High Level Waste (HLW), which is
heat generating and contains the fission
products and minor actinides. In the event
that the spent fuel is not reprocessed, then
it also is classed as HLW.
	Intermediate Level Waste (ILW), which
is not significantly heat generating, for
example mechanical components such
as the cladding from the spent fuel.
	Low Level Waste (LLW), which is below
a certain radioactive level, for example
process waste such as paper and gloves.
These materials are then processed, packed
and stored at Sellafield ready for final disposal.
Currently, disposal of HLW and ILW is awaiting
the decision on the location and design of the
UK’s GDF and the LLW is sent to the LLW
Repository (LLWR) near Drigg in Cumbria
and some specialist landfill facilities.

4.3 The Historic UK
Fuel Cycle
Before reviewing the fuel cycle options that the
UK has either deployed or is considering/has
considered, it is important to note the range
of reactor systems built and operated in the
UK as this has driven the decisions over the
fuel cycle(s).
The UK civil nuclear reactor programme began
in 1953 when construction started of the first
Magnox design at Calder Hall on the
Windscale site in the far north west of England.
It is important to recognise that these early
Magnox stations were designed principally

to produce plutonium for the UK’s nuclear
weapons programme. As such, the separation
of the plutonium from the spent fuel in some
ways represented the start of the UK’s
first commercial fuel cycle. Following the
early prototype stations at Calder Hall and
Chapelcross in Scotland (each site with
four units), a total of 18 further units were
built in the UK. Following limited lifetime
extensions, the Magnox reactors have
continued to supply electricity to the national
grid, with the closure of the final Magnox
station at Wylfa due in 2014.
In 1964 the UK decided to develop advanced
gas cooled reactor (AGR) technology to
succeed the Magnox stations as the principal
source of nuclear energy. This new reactor
technology also represented a move to civil
nuclear energy as the AGR reactors did not
have plutonium production, but instead energy
production as its main driver. Five AGR stations
were built in England and two in Scotland.
All of the AGRs are still operating today,
generating approximately 8 GWe, with the first
closure planned for 2016 and the last AGR
expected to be retired in 2023, assuming no
further lifetime extension beyond those already
announced (typically five years extension to
date with the potential for a further five years).
Construction of the UK’s first (and to date,
only) PWR, Sizewell ‘B’ in Suffolk, started
in 1987. Electricity generation began in 1995
and without any lifetime extension, the plant
is planned to operate until 2035, with a
capacity of approximately 1.2 GWe. A lifetime
extension until 2055 could be envisaged based
on extensions for similar plants in, for example,
the USA.
During the evolution of the UK nuclear
programme, a variety of fuel cycles have been
developed and deployed including reprocessing
(with limited recycle of reprocessed uranium
from Magnox and AGR reprocessing) and
direct disposal of spent fuel, pending the GDF.
As can be seen, a long-term strategy was never
established and instead the UK has taken ad
hoc decisions with no overall consistency.
In the case of Magnox fuel, the cladding
degrades over time when stored under water
(to allow cooling) and so all of the Magnox fuel
must be reprocessed in a timely manner even
though the plutonium from that fuel is no longer
required for the UK weapons programme.
For this reason, reprocessing of Magnox fuel
continues today – but is a significant source of
the UK’s environmental radioactive discharge.
In the case of AGR fuel, the commercial
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contracts have altered over time such that
all of the spent fuel generated by 2007 will
be reprocessed, but the remainder will be
ultimately disposed of in a GDF. Similarly,
in the case of the PWR fuel for Sizewell ‘B’
all of the fuel will be stored pending disposal,
with no reprocessing planned.
This ‘mix’ of fuel cycles will eventually result
in a variety of materials and spent fuel forms
(all figures are approximate)133,134:
	100 tonnes of separated plutonium:
approximately 80t from Magnox and
25t from AGR fuel
	30,000 tonnes of uranium from
Magnox reprocessing
	5,000 tonnes of uranium from
AGR reprocessing
	25,000 tonnes of depleted uranium,
a residue from the enrichment of the
AGR and Sizewell ‘B’ fuel.
	1,800m3 of vitrified and packaged HLW,
350,000m3 of packaged ILW and
40,000m3 of packaged LLW
	3,500 tonnes of spent fuel from AGRs
	1,200 tonnes of spent fuel from Sizewell ‘B’
As can clearly be seen, having chosen different
reactor types and fuel cycle options over the
years, the UK finds itself with a variety of
materials, waste products and spent fuel types,
each with different processing and handling
needs, which means different facilities, different
challenges etc. Standardisation of reactor and
fuel cycle options in the future will dramatically
reduce the number of facilities required and
thereby the operating and maintenance as well
as decommissioning costs associated with new
build options, whether that is direct disposal or
reprocessing. Standardisation will also simplify
the design and operations of the future GDF.

It should be noted that the UK’s fuel cycle
facilities (both historic and current), have not
been constructed and operated for the UK
nuclear programme alone. The likes of the
Thermal Oxide Reprocessing Plant (Thorp)
in which the AGR fuel is reprocessed, was
also used to reprocess many hundreds of
tonnes of overseas fuel eg, from Europe
and Japan and indeed at one time was the
largest earner of Japanese Yen for the UK.
This international context is an important factor
when considering the UK fuel cycle facilities,
not just in an historic, but also in a future
context. The UK has a great deal of experience,
expertise and technology that could support
UK and international nuclear industry and
growth – however, with the pending closure
of Thorp and the Sellafield MOX Plant (SMP),
continuity of expertise and knowledge could
limit these opportunities.
In addition to the drive in the 1950s and 1960s
for nuclear weapons material, it should also be
remembered that the policy to pursue a larger
nuclear energy programme and to reprocess
UK spent fuel was also a strategic and
economic one, driven primarily by the Suez
crisis in 1956 and the oil crisis in the 1970s.
With oil prices rising dramatically and a
resulting shift to nuclear, the expectation
was that the price of uranium ore would rise
dramatically and as such, uranium had to be
used more efficiently. The proposed solution
was the use of fast reactors in which more
plutonium is ‘bred’ (ie, generated) than is
consumed and could, therefore, enhance
the UK’s energy independence. Although
the concept was demonstrated technically
at Dounreay in Scotland, the uranium ore
price increase never materialised and the
demand for a new commercial fast breeder

With the pending closure of
many of the key fuel cycle
facilities at Sellafield in the
next few years, the UK faces
issues over continuity of
knowledge and expertise.
If fuel cycle options are to be
considered by the UK in the
next few years as a nuclear
programme develops, it is
imperative that these skills
are maintained as a minimum,
even if only in an intelligent
customer/custodian capacity.

reactor programme diminished. Thus in
1992 the Government announced that
funding for the UK’s fast reactor development
programme would be terminated and in 1994
the Prototype Fast Reactor (PFR) at Dounreay
was shut down.
As a consequence, until the recent public
consultation (published in February 2011)
and the subsequent recent Government
announcement, there was no decision as to the
best way to manage the plutonium separated
during reprocessing. There were three major
options for the Nuclear Decommissioning
Authority (NDA) to consider:
(i) continued storage
(ii) immobilisation as a waste form
(iii) reactor re-use
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Reprocessing does create more LLW and ILW waste and in principle greater release of waste into the environment.
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Nuclear Decommissioning Authority (June 2007): ‘Uranium and Plutonium: Macro-Economic Study. Final Report’ – prepared by ERM and IDM http://www.nda.gov.uk/documents/upload/Uraniumand-Plutonium-Macro-Economic-Study-June-2007.pdf
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Committee on Radioactive Waste Management (July 2005): ‘CoRWM’s Radioactive Waste and Materials Inventory’, CoRWM Document No: 1279 http://corwm.decc.gov.uk/assets/corwm/prenov%202007%20doc%20archive/plenary%20papers/2006/28-30%20march%202006/1279%20-%20task%20088%20corwm%20inv%20july%202005%20final.pdf
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Unlike the plutonium, a relatively small amount
of reprocessed uranium and Magnox depleted
uranium has been recycled in the AGRs and
Sizewell ‘B’. In this sense, the UK has managed
to close the fuel cycle partially. The remainder
of the materials are in various states awaiting
some form of disposal, as summarised above.

4.4 Future UK Fuel Cycle
Options
The UK Government’s policy on new nuclear
build has made it very clear from the outset
that the energy mix and associated technology
choices should be left to the market to decide.
However, when it comes to the nuclear fuel
cycle options that any prospective nuclear
operator may wish to consider, their options
have been limited by Government policy
and the content of key documents and due
process eg, Justification and the Generic
Design Assessment. In particular, Government
has declared that reprocessing will not be
considered and all of the spent fuel from
new nuclear build will be directly disposed
of (ie, an ‘open fuel cycle’) requiring it to
be stored at the reactor sites, pending the
availability of a future GDF.135
Similarly, the fuel for new nuclear build
will be based on uranium dioxide fuel and the
requesting parties will have to explicitly exclude
MOX (Mixed OXide of plutonium and uranium)
fuel from any of their considerations. The
exclusion of MOX from justification and GDA
will result in substantial re-work for licensing
and plant construction. If the Government’s
plutonium strategy had been clear from the
outset, the requesting parties could have
included MOX in their submissions
and deliberations.

When it comes to the nuclear
fuel cycle options that any
prospective nuclear operator
may have, their options have
been limited by Government,
which is inconsistent with the
Government’s energy policy
of ‘leave it to the markets to
decide’.

Nevertheless, since the announcement
in 2011 of the closure of the SMP, the UK
Government’s response to the consultation
on management of plutonium stocks has
indicated that it will pursue a preliminary policy
view that re-use of plutonium as MOX fuel is
the best available option to manage the UK’s
plutonium stocks, with any remaining plutonium
that cannot be converted into MOX being
immobilised and treated as waste for disposal.
While the Government believes it has sufficient
information to set out a direction, it is not yet
sufficient to make a specific decision to
proceed with procuring a new MOX plant,
whereas the Royal Society’s (RS) report
on ‘Fuel Cycle Stewardship in a Nuclear
Renaissance’136 repeats and endorses previous
RS suggestions for the construction of a new
MOX plant and the use of MOX in thermal light
water reactors (the only proven large scale
method to deal with the Pu stockpile – which
can be regarded as a potential proliferation
hazard). The Government is now commencing
the next phase of work, which will provide the
information required to take such a decision.
The key element to this decision, however,
is whether the mission goal for the UK is
reduction or destruction of the plutonium
stocks as quickly as possible, or construction
of an integrated fuel cycle and use of the
plutonium as a potential valuable resource
in the future, (eg, in fast reactors). These
strategies are to some degree mutually
exclusive. A decision by the UK is therefore
required on this before the most appropriate
technical choice for a reactor re-use option
can be made.
Irrespective of the reactor technology of choice
for the MOX mission, it is clear that the UK’s
plutonium and reprocessed uranium stocks
could act as a strategic asset, potentially
reducing exposure to uranium price rises in the
event that uranium prices escalate in the future;
both reprocessed uranium and MOX involve
mature technologies that could be deployed
at an early stage with little technical risk. This
would also be true in the future if fuel from the
new build reactors was reprocessed and the
material recycled.
For example, based on the current expected
60 year lifetime of a modern PWR such as
AP1000 or EPR, each of these reactors will
require around 1,300 tonnes of fuel, which
equates to approximately 19,000 tonnes
of uranium ore that would need to be

purchased. If the resulting spent fuel
was reprocessed, and the plutonium and
reprocessed uranium was re-used as fuel
in those same reactors, approximately 25%
less uranium would need to be purchased
(it is a potential UK asset). At current market
prices of uranium ore, this equates to a
saving of more than £150m per reactor
(this needs to be offset by the reprocessing
costs).137 If demand for uranium ore was
to increase as new build projects started
worldwide, then the uranium price would
likely increase further, making the value of
the recycled material even greater. The UK
would need even less uranium ore if its
historic plutonium and reprocessed uranium
stocks were also utilised. These stocks
could be used to manufacture more than
2,500 tonnes of additional new fuel, enough
to fuel two additional PWRs for their entire
operating lifetime.
It is important to note that the use of MOX
fuel in PWRs not only places the plutonium into
a strong irradiation field in the spent MOX fuel,
making it much more resistant to proliferation,
but it also destroys approximately one third
of the plutonium loaded into the MOX fuel
assemblies as well. This means that if plutonium
is deemed to be a strategic asset for future
fast reactors, the impact of destroying the
plutonium in PWRs must also be considered
as that material will form the initial fuel loads
for the fast reactors. Nevertheless, since
MOX is typically only loaded in one third to one
half of the core in a PWR (the remainder being
uranium), further plutonium is still generated
in the uranium fuel which too could be
reprocessed and the resulting material recycled.
Nevertheless, with the pending closure of
Thorp within the next few years, any decision
by the UK to change the policy on future
reprocessing will mean that the UK will have
to rely on overseas facilities, most likely in
France, rather than an indigenous industry and/
or capability. This raises important issues not
only of an economic and strategic nature, but
also regarding the ability of the UK to maintain
the necessary skills and expertise in some of
the key fuel cycle stages in the medium term.
The pure economic justification for building
a reprocessing plant is not great, unless
there is a longer term vision BUT for countries
that have such plants, it seems wasteful to
close them down, until final disposal strategies
are decided.
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Any shift away from proven reactor technology
(such as PWRs) and its associated fuel cycle
– ‘proven’ in the sense that it has been
demonstrated technically and economically
and has also been subject to regulation and
approval) – must clearly be able to demonstrate
sufficiently significant benefits and overcome
the ‘hurdle to change’. It is not just the
operators and investors that need to be
convinced, but also the regulators and other
stakeholders. The main drivers for new reactors
and fuel cycle options are associated typically
with improved sustainability of the nuclear
option through a better use of resources
and better management of radioactive wastes,
together with improved economics, safety
and reliability, proliferation resistance and
physical protection. With a modest new
build programme as currently planned
(around 16 GWe), the demands on uranium
ore and fuel cycle facilities (primarily the interim
spent fuel storage ponds and ultimately the
GDF) are relatively limited. However, if new
nuclear build expands in the UK to the levels
proposed by some commentators (of the
order of 40–80 GWe) then a similar expansion
could be envisaged elsewhere in the world,
with a resulting demand and thus price
increase for the uranium ore. It is clear that
under these circumstances, alternative fuel
cycles, particularly those associated with better
uranium utilisation, will be key, with the role
of fast reactors and closing the fuel cycle
ie, reprocessing and recycle being major
factors. As part of these future developments,
the proliferation concerns raised over the
separation of pure plutonium are being
addressed in advanced reprocessing
techniques, where the plutonium is coseparated with uranium and/or other
minor actinides such as neptunium, thus
increasing the proliferation resistance of
the separated material.
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For fast reactors (some of the Generation IV
designs), the intention is to reach a situation
where the programme produces just enough
plutonium to replace what it consumes ie,
it is self sustaining. This allows the potential
exploitation of the full energy content of
uranium, both fissile and fertile isotopes
(ie, those isotopes that do not undergo fission
themselves, but on capturing a neutron are
transformed into fissile material), and also
of all actinides found in the waste through
their recycling. The way this is achieved is
to ‘breed’ plutonium by using uranium tails
ie, the residue from the historic enrichment
process. There is a sufficient stock of existing
uranium tails in the UK (currently stored as
‘residues’) to fuel a new build fleet of several
tens of GWe of fast reactors for their entire
design lifetime, ie, the UK already has sufficient
fuel stocks for future fast reactors without
having to buy any more uranium ore or for any
further mining to take place. However, a ‘driver’
fuel which produces the neutrons to allow the
breeding to take place is required and this is
where the UK’s historic plutonium stocks
could be used.
Although there is a lot of potential in the
fast reactor technologies and associated fuel
cycles, they are yet to be demonstrated on a
commercial or large scale. There are extensive
international research programmes already
underway looking to address the remaining
issues, but the commercial deployment in the
UK is still likely to be some 30 to 40 years away.
It should be noted that there are accelerated fast
reactor programmes in China and India, and the
UK may benefit from the demonstration of the
technology in these programmes. Nevertheless,
with PWR lifetimes of approximately 60 years,
a transition to the new technologies in the UK
can be foreseen as confidence is gained
in the new technology and the world-wide
growth of nuclear places further demand
on the uranium resource.

An alternative option to using the existing
stocks of uranium tails is to use thorium.
Naturally occurring thorium consists entirely
of 232Th, which is a fertile nuclide ie, it does
not undergo fission itself, but on capturing a
neutron it is transformed to fissile 233U. In the
same way as in natural uranium, 238U is a fertile
nuclide which transforms to fissile 239Pu.
However, because thorium does not have a
naturally occurring fissile isotope (unlike natural
uranium which contains a small percentage
of 235U), the thorium fuel cycle needs another
fissile material, either 235U or 239Pu, to get
started. In its simplest form of implementation,
with a once-through fuel cycle, thorium fuel
can be used to augment the useful energy
output produced per tonne of uranium ore,
but this benefit is relatively small. However,
with the reprocessing of thorium fuel and
recycle of the 233U, it is theoretically possible to
achieve a breeding cycle in a thermal reactor.
With the uranium-plutonium fuel cycle a thermal
reactor breeder cycle is difficult to achieve.
As with the uranium-plutonium fuel cycle, the
main advantage of the breeding cycle is only
realised once a fully closed fuel cycle is
achieved ie, reprocessing and recycle is
required. The disadvantage with the thorium
fuel cycle is that the fuel technology and
moreover the reprocessing technology is not
proven on a commercial scale and is notably
more difficult owing to the chemical processes
involved. Furthermore, many of the concepts for
thorium fuels require new reactor technologies
as well as unproven fuel cycle technologies.
These technologies have very little active
research underway currently and so there are
extended timescales before this option could
be realised and this also carries notable risk.
Although more abundant than uranium in the
earth’s crust, the deposits are not necessarily
as concentrated as uranium and indeed there
is currently no major commercial mining or
refining of thorium in those countries where

Department of Energy and Climate Change (October 2010): ‘The Justification of Practices Involving Ionising Radiation Regulations 2004’ DECC: London http://www.decc.gov.uk/assets/decc/
What%20we%20do/UK%20energy%20supply/Energy%20mix/Nuclear/newnuclear/667-decision-ap1000-nuclear-reactor.pdf
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Royal Society Science Policy Centre report (2011): ‘Fuel cycle stewardship in a nuclear renaissance’ Royal Society: London http://royalsociety.org/policy/projects/nuclear-non-proliferation/report/
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Reprocessed uranium is not suitable for LWRs unless it is re-enriched and this will require an enrichment plant capable of dealing with slightly radioactive material. The French are building one
such line at the Georges Besse II plant.
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it is in abundance. India is the major exception,
with a strong commitment to the thorium fuel
cycle because of its large indigenous reserves
of thorium, the very ambitious nuclear expansion
planned and an acute shortage of access to
uranium ore. Also, until recently, India was
prevented from accessing international nuclear
technology, including uranium ore and fuel
supply, due to proliferation concerns, and
was forced to develop its own technology.
The technology is innovative, although
technically immature and currently not of
interest to the utilities, representing significant
financial investment and risk without notable
benefits. In many cases, the benefits of the
thorium fuel cycle are often over-stated and as
yet unproven. In particular, the non-proliferation
claims of the thorium fuel cycle are overstated
as the IAEA, under the Convention on the
Physical Protection of Nuclear Materials,
categorises 233U on the same basis as
plutonium (239Pu).

4.5 Conclusions
Over time, the historic UK fuel cycle choices
have been made for a variety of reasons,
whether they be military, commercial or
technical. Nevertheless, the drivers are varied
and are often temporal. Therefore, the future
choices for the UK must be considered
from a wide range of perspectives and by the
appropriate stakeholders; they must consider
all of the appropriate drivers eg, sustainability,
economics, safety, reliability, proliferation
resistance, physical protection etc. However,
amongst the stakeholders, drivers are often
viewed in inconsistent ways and certainly
with different priorities. With this in mind and
considering the current UK Government view
that ‘the markets will decide’, the question
remains of who will make the decisions over
the future UK fuel cycle options. The current
and future nuclear utilities will have economics
along with safety as their highest priority.
In contrast, Government bodies such as the
NDA have ‘value for the UK tax payer’ as their
main priority while the public at large are mainly
concerned with the safety, economics and
waste issues associated with nuclear. So who
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is addressing the future sustainability of
nuclear as a low carbon technology, uranium
ore utilisation and, overall, the nuclear fuel
cycle issues? This decision should sit with
the UK Government, but with flexibility, given
the changing world circumstances, so that the
operators can determine what are their most
suitable options, including the potential to
recycle and use MOX fuel.
A clear, consistent and long term strategy will
be key to the success of the nuclear fuel cycle
of the future as well as to the sustainability
issues in the successful application of nuclear
energy generation and its impact on future
generations eg, managing the wastes, efficient
use of uranium ore and effective use of the
GDF. Because of inconsistencies over the
years in policy and technology, the UK
finds itself with a variety of materials, waste
products and spent fuel, each with different
processing and handling needs, which has
resulted in a significant number of facilities
together with the associated challenges
not just with the operations, but also the
subsequent decommissioning of the legacy
sites. A move to PWRs (and potentially fast
reactors in the future) and an integrated,
consistent fuel cycle in the future will
dramatically reduce the number of diverse
facilities required and thereby the operating
and maintenance as well as decommissioning
costs associated with new build options,
whether direct disposal or reprocessing
is ultimately chosen.138
In the absence of an organisation like the
historic British Nuclear Fuels Ltd (BNFL),
there is no organisation responsible for
considering and addressing the UK’s integral
fuel cycle issues of the future. BNFL used to
fund and manage the UK’s participation in
international research and development
programmes on advanced reactors and
fuel cycles, eg, the UK’s participation in
the Generation IV International Forum and
associated technical programmes. With
the absence of UK participation in these
programmes along with lack of investment
in future fuel cycle options for the UK, there is
a clear danger of the UK losing the necessary

skills to adopt and adapt the appropriate fuel
cycle technologies of the future, whether this
is a commercial opportunity for UK industry
or simply as an ‘intelligent customer’ of the
future. Certainly the continuity of knowledge
of lessons to be learnt from historic choices
and technology developments will remain
a major concern.
The fuel cycle choices for the UK will be heavily
dependent on the size of the role of nuclear in
the future. As a minimum, the varied legacy
spent fuels and wastes will have to be
managed along with the spent fuel arising
from new build. Management of historic
plutonium stocks, most likely in the form of
MOX fuel, irradiated in the new build PWRs
such as AP1000 or EPR, will also be
required. However, if nuclear is to play a more
considerable role in the energy production for
the UK, and if the possible nuclear renaissance
is seen world-wide, then demands on uranium
ore are inevitable. These demands will naturally
result in new prospecting for uranium ore, but
they will more likely still result in an increase in
the price of uranium and this will lead to a need
for increased consideration of uranium ore
utilisation. Such improvements will most
likely occur via reprocessing, recycling and
the future use of fast reactors. Use of the UK’s
legacy uranium tails becomes a real win-win
for the UK at that time in the sense that there
are sufficient existing uranium tails in the UK
(currently stored as ‘residues’) to fuel a new
build fleet of several tens of GWe of fast
reactors for their entire design lifetime ie,
the UK already has sufficient fuel stocks for
a significant future programme of fast reactors
without having to buy any more uranium ore.
Any decision to proceed with a reactor
technology and a given fuel cycle has
implications not just during the planning and
operations phases of a new build programme
today but for decades and centuries ahead
and indeed the timing of the new build
programme and the degree of farsightedness
of the nation will also govern which option(s)
are selected. In order to maintain these future
options it is essential that the UK maintains and
grows an R&D programme associated with the
nuclear fuel cycle.

A
 n alternative future approach, if there is a tendency post Fukushima to move away from light water reactors, would be to develop high temperature reactors.
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Ever since the start of the civil nuclear age, research has been undertaken to
address the limitations of LWR technology, especially the low thermodynamic
efficiency and the need to operate in a thermal spectrum, which essentially limits
the exploitation of uranium to just the fissile 235U fraction.
5.1 Background
Since the 1960s, numerous demonstrator
and prototype reactors have been constructed
and operated that use different fuel designs,
coolants and degrees of moderation. In
particular, reactors with less moderation,
so-called fast neutron reactors (FNRs), have
been built in several countries and are capable,
through the ability to breed efficiently fissile
239
Pu from fertile 238U, of producing at least
50 times more energy from the same quantity
of natural uranium than LWRs. Though
never developed to the level of wide-scale
commercial exploitation, these prototype
FNRs have certainly demonstrated the
feasibility of vastly enhanced uranium resource
sustainability. They include notably Phénix and
Superphénix in France, the former operating
at Marcoule from the early 1970s to the end
of 2009 and the latter closed in 1997; the
Experimental Breeder Reactor I and II in the
U.S.; the UK’s FNR programme which came
to an end with the closure of the PFR
(Prototype Fast Reactor) at Dounreay in
1994 after 20 years of operation. Currently,
FNRs are in operation in Russia and Japan,
under construction in Russia, India and China,
and planned in a number of countries, including
ASTRID139 (Advanced Sodium Technical
Reactor for Industrial Demonstration) in
France. The Chinese fast reactor was
connected to the grid on 21 July 2011.

These projects have been largely carried out as
part of national R&D programmes with limited
investment from industry. On the other hand,
industry has been very active in refining LWR
technology driven by normal commercial
competition as well as regulatory requirements,
and this has resulted in the evolutionary
Generation III designs available today. It is clear
that there is little incentive for industry to invest
heavily in developing radically new designs in
view of the long term uncertainty, be it political,
financial or regulatory. This reticence is even
more understandable in view of the current
liberalisation of the electricity markets.
Revolutionary advances in technology in
these circumstances will only come about
with appropriate support at national level.

5.2 The Future –
Drivers for Change
A number of areas can be identified that will
drive the development of future systems. These
include continuing concerns regarding safety
and non-proliferation, economic performance,
a growing market for large-scale production
of low-carbon heat for industrial processes,
the need to optimise the use of future
geological repositories, and in particular
sustainability of natural uranium reserves.
In view of the widespread agreement on the
importance of these drivers, many countries
share a common interest in undertaking the

necessary R&D, and it therefore makes sense
for nations to collaborate in order to aid
progress toward the realisation of such
systems, leverage resources, provide
synergistic opportunities and avoid
unnecessary duplication.
Regarding uranium resources in particular,
the picture over the long term is far from
clear. Though the NEA’s biennial Red Book,140
the recognised authority on the subject,
currently considers resources plentiful
and known reserves increasing, this is
no reason to waste them – and this assumes
new mines go ahead. There is considerable
uncertainty regarding future new-build growth
rates and even the possibilities of opening
major new uranium mining exploitations.
Utilities faced with decisions on new build
around the middle of the century will need
assurances that uranium supply will remain
relatively cheap and plentiful for the expected
lifetime of the their plant, which in the case of
Gen-III technology with lifetime extension could
be as much as 80 years. Failure to reassure
potential customers on this crucial issue will
tip the balance in favour of alternatives, and it
is then that Gen-IV FNR models would need
to be commercially available.
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5.3 Gen-IV – a Revolution
in Nuclear Design
In 2000, at the instigation of the US
Department of Energy (DoE), experts from
around the world began formulating the
requirements for the next generation of nuclear
systems that could respond to the world’s
future energy needs, in particular in a scenario
of increased demand, especially for electricity,
and reduced CO2 emissions. Increased
sustainability of uranium natural resources and
minimising waste production become major
concerns in such a scenario, in addition to
satisfying economic competitiveness and
maintaining stringent standards of safety and
proliferation resistance. The emergence of new
applications, such as hydrogen production or
water desalination, is expected to offer other
uses for Gen-IV technology.

Figure 3: The Generation-IV International Forum today
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The initiative led to the establishment of the
Generation-IV International Forum141 (GIF),
which brings together the major civil nuclear
power programme nations in a collaborative
venture focused on pre-conceptual design
(ie, essentially pre-commercial) research in
advanced nuclear technology.
The GIF governance comprises a high-level
Policy Group with representatives of all the
active members advised on technical issues
by the Expert Group. Three Methodology
Working Groups – Proliferation Resistance
and Physical Protection, Economic Modelling
and Risk and Safety – provide the
methodological framework in each of the
major cross-cutting areas. In addition, the
Policy Group has established a Senior Industry
Advisory Panel of high-level representatives
from the nuclear industry, both vendors and
utilities, in order to ensure the views of industry
are heard. The OECD / NEA provides the
GIF technical secretariat, managing in
particular the interaction within the various
systems and projects, the flow of information
and control over access to intellectual property
and generated information. It is also the
depository for the legally binding agreements
signed between the parties. The NEA’s
technical services are funded by cash or
in-kind contributions from the GIF members.
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G
 eneration-IV International Forum (GIF) http://www.gen-4.org/

All GIF members are signatories to the GIF Charter [i].
Ten members have since acceded to the Framework
Agreement (FA) [ii], which is a binding agreement
between nations, and establishes system [iii] and
project [iv] organisational levels for further cooperation.
Non-active members are those among the nine founding
members in 2001 that have not yet acceded to the FA
– this includes the UK. Non-founding members joining
the GIF are committed to acceding to the FA within 12
months of signing the Charter. The most recent nonfounding members include China and Russia, both of
whom have now acceded to the FA. Accession to the
FA requires the member to nominate an Implementing
Agent (eg, in the case of France this is the CEA, in the
case of Euratom it is the European Commission Joint
Research Centre – JRC).
UK situation: The UK was one of the founding members,
signing the Charter in 2001, but following a reversal
of policy never ratified the FA and became non-active.
It no longer takes part in any of the activities in its own
right nor is it represented in the GIF governance bodies.
However, thanks to the participation of Euratom, UK
organisations can still cooperate in the GIF, albeit at
reduced levels compared with possibilities offered via
national involvement.
[i] http://www.gen-4.org/PDFs/GIFcharter.pdf
[ii] h
 ttp://www.gen-4.org/GIF/Governance/framework.
htm
[iii] http://www.gen-4.org/Technology/systems/index.htm
[iv] http://www.gen-4.org/GIF/Governance/project.htm

Figure 4: GIF Governance Structure
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It should be stressed that the concept of
Gen-IV technology lies in the defining criteria
and not a particular type of reactor. These
criteria, as established at an early stage
by the GIF, are outlined below.
Sustainability:
	Gen-IV nuclear energy systems will provide

sustainable energy generation that meets
clean air objectives and provides long-term
availability of systems and effective fuel
utilisation for worldwide energy production.
	Gen-IV nuclear energy systems will
minimise and manage their nuclear
waste and notably reduce the long-term
stewardship burden, thereby improving
protection for the public health and
the environment.
Economics:
	Gen-IV nuclear energy systems will have

a clear life-cycle cost advantage over other
energy sources.
	Gen-IV nuclear energy systems will have
a level of financial risk comparable to other
energy projects.
Safety and Reliability:
	Gen-IV nuclear energy systems

operations will excel in safety and reliability.
	Gen-IV nuclear systems will have a

very low likelihood and degree of reactor
core damage.
	Gen-IV nuclear energy systems
will reduce the need for offsite
emergency response.
Proliferation Resistance and
Physical Protection:
	Gen-IV nuclear energy systems will increase
the assurance that they are very unattractive
and the least desirable route for diversion
or theft of weapons-usable materials, and
provide increased physical protection
against acts of terrorism.
The Gen-IV process is therefore an opportunity
to return to basic principles in the development
process, allowing safety to be designed into
the plant at a very early stage rather than
being added on later. This resulting increased
emphasis on passive and inherent safety (eg,
use of gravity, natural circulation, etc.) will be a
hallmark of Gen-IV systems, and is particularly
important in the aftermath of Fukushima, which
demonstrated the weakness in extreme
scenarios of certain active safety measures.

5.4 Advanced Designs
In the very early days of the GIF, some
100 experts from around the world examined
a range of possible reactor designs and
associated fuel cycles in order to assess their
suitability in the context of future energy needs.
This led to a down-selection to just six basic
concepts (Figure 5) that would be the initial
focus of attention within the GIF. However, it
will take at least two or three decades before
the deployment of commercial Gen-IV systems.
Furthermore, the Gen-IV concepts currently
under investigation are not all on the same
timeline and some might not even reach the
stage of commercial exploitation. Some of
the concepts under study have already been
operated in the past using the technology
available at that time, though considerable
R&D is needed to turn these into technology
worthy of the Gen-IV label.
In each of the six GIF systems, the required
research effort is governed by a detailed
System Research Plan (SRP) agreed and
maintained by the experts in the respective
System Steering Committee. In four of the
systems, formal binding Systems Arrangements
(SAs), signed between GIF Implementing
Agents, are in force and a number of common
R&D projects have been launched, with
well-defined deliverables, milestones and
time schedule, and within a clearly defined
contractual framework (the Project Arrangement

– PA), which also includes provisions for IPR
and the license-free exchange of generated
information for research purposes. The GIF
does not fund research directly; instead all
contributions are made in kind by the members
and the results offered within the framework
of the SAs and PAs. The Policy Group
monitors the value of this combined research
effort in the various systems.
The four SAs currently in force are for the SFR,
VHTR, SCWR and GFR. Only Canada and
Switzerland are not parties to the SFR SA,
and only Russia is not involved in the VHTR.
In view of the broad research base across the
EU member states, Euratom is a party to all four
SAs, partnering with Japan and Canada in the
case of the SCWR and with France, Japan and
Switzerland in the case of the GFR. Under
these four SAs, some ten PAs are also now
signed and in force – four for the SFR, three
for the VHTR, and two and one for the SCWR
and GFR respectively. This involvement in SAs
and distribution of PAs is probably indicative
of the general interest worldwide in the various
systems, with the SFR and the VHTR being
the most popular (these are also the systems in
which there is the most previous experience).
Euratom is actively involved in seven of the ten
PAs, but in only one of the four under the SFR.
This is probably explained by the fact that the
majority of European competence in the SFR
is retained within France, which participates
in the GIF in its own right.

Figure 5: Overview of Gen-IV Systems
System
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VHTR (Very High
Temperature Reactor)

thermal

helium,
900–1000

open

250–300

SFR (Sodium-cooled
Fast Reactor)

fast

sodium, 550

closed

30–150
300–1500
1000–2000

SCWR (Supercritical Watercooled Reactor)

thermal/fast

water, 510–625

open/
closed

300–700
1000–1500

GFR (Gas-cooled Fast Reactor)

fast

helium, 850

closed

1200

LFR (Lead-cooled Fast Reactor) fast

lead, 480–800

closed

20–180
300–1200
600–1000

MSR (Molten Salt Reactor)

fluoride salts,
700–800

closed

1000

epithermal
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The Very High Temperature Reactor is
a next step in the evolutionary development
of high-temperature gas-cooled reactors,
which have operated in the past (including
the AVR in Germany and the Dragon at
Winfrith in the UK in the 1960s and 70s), and
for which demonstrator plants are currently in
operation or under construction in Japan and
China. Others, such as the NGNP – Next
Generation Nuclear Plant – in the USA are
planned and would push the technology further
towards Gen-IV goals. The VHTR reference
thermal power is set at a level that allows
passive decay heat removal, currently estimated
to be about 600 MWth. The VHTR is primarily
dedicated to the cogeneration of electricity
and hydrogen, as well as producing low carbon
process heat for other industrial applications.
Hydrogen can be produced using thermochemical, electro-chemical or hybrid
processes with reduced emission of CO2.
Initially, a once-through low-enriched uranium
(<20% 235U) fuel cycle will be adopted,
but a closed fuel cycle will also be assessed,
as well as potential symbiotic fuel cycles with
other types of reactors (especially LWRs) for
waste reduction.
In view of the UK’s considerable experience
in gas-cooled graphite-moderated reactor
technology, this is one reactor concept in
which significant UK R&D involvement could
be expected. Thanks to past and current
Euratom projects, Euratom is contributing
significantly to GIF collaborations in all the
PAs within the VHTR system, and UK partners
are present in these Euratom projects (those
most involved include the University of
Manchester, Alstom Power Ltd and AMEC).

The Sodium-cooled Fast Reactor couples
high power density with low coolant volume
fraction. The reactor can be arranged in
a pool layout or a compact loop layout.
A variety of different reactor size options
are currently under consideration, from
small (50 to 300 MWe) modular reactors
to considerably larger versions (up to
1500 MWe). The two primary fuel recycle
technology options are advanced aqueous
and electrometallurgical processing
(pyroprocessing). A variety of fuel options are
being considered, with mixed oxide preferred
for advanced aqueous recycle and mixed metal
alloy preferred for pyrometallurgical processing.
Owing to the significant past experience
accumulated with sodium-cooled reactors
in several countries, demonstrator Gen-IV
SFR systems could be in operation within
the next decade.
The SFR is the reference technology in the
European Sustainable Nuclear Industrial
Initiative (ESNII),142 one of seven European
Industrial Initiatives (EIIs) under the SET-Plan143
(Strategic Energy Technology Plan), the EU’s
principal ‘technology push’ initiative as part of
the drive to establish a European low carbon
economy by 2050. Other SET-Plan EIIs focus
on renewables (wind, solar and bio-energy),
CCS, electricity grids and smart cities.144 ESNII
is an umbrella initiative for a number of Gen-IV
FNR demonstrator projects, bringing together
13 key European nuclear research and
industrial players including AMEC and NNL.
Apart from the SFR, for which the French
ASTRID project is the demonstrator, ESNII
includes plans for demonstrators for two
alternative concepts – the GFR and LFR
(see below). However, the UK national SFR
programme ended many years ago, and it

is unlikely that much expertise still remains in
the area of reactor design or SFR operations,
although it is recognised that fuel development,
fuel and core design and performance,
materials and fuel cycle activities are still
relatively strong. Furthermore, the Euratom
contribution to GIF in the SFR system is
relatively modest since the French contribute
directly. However, the Civil Nuclear Cooperation
Agreement145 signed recently between UK and
France also strengthens ties in the area of
research in Gen-IV systems, which may open
the door for increased involvement of the UK
in ASTRID in those areas where appropriate
UK competences still exist.
The Supercritical Water Reactor is a
high-temperature, high-pressure water-cooled
reactor operating with a direct energy
conversion cycle and above the thermodynamic
critical point of water (374°C, 22.1 MPa).
The higher thermodynamic efficiency and
plant simplification opportunities afforded
by a high-temperature, single-phase coolant
translate into improved economics. A
wide variety of options are currently being
considered, and both thermal neutron and
fast neutron spectra are envisaged and
pressure vessel or pressure tube configurations
are considered. The SCWR would enable
synergies with fossil fuel thermal power plants
already operating with supercritical water
as coolant, and would enable many aspects
of current LWR technology to be
further developed.
Euratom is one of the main exponents
of research in this Gen-IV concept within
the GIF, with organisations in the Czech
Republic and Germany being the most active.
However, there is currently no interest from
UK-based organisations.
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E
 uropean Sustainable Nuclear Industrial Initiative (ESNII) http://www.snetp.eu/ – menu: ‘Activities’, option ‘ESNII’
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T
 he European Strategic Energy Technology Plan (The SET-Plan) http://ec.europa.eu/energy/technology/set_plan/set_plan_en.htm and Strategic Energy Technologies Information System (SETIS)
http://setis.ec.europa.eu/about-setis/overview
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S
 trategic Energy Technologies Information System (SETIS) – Industrial Initiatives http://setis.ec.europa.eu/activities/initiatives
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N
 o. 10 (Official site of the British Prime Minister’s Office)(17 February 2012): ‘UK France Declaration on Energy’ http://www.number10.gov.uk/news/declaration-on-energy/

The future nuclear technologies

The main characteristics of the Gas-cooled
Fast Reactor are fissile self-sufficient cores
with fast neutron spectrum, robust refractory
fuel, high operating temperature, high efficiency
electricity production, energy conversion with a
gas turbine and full actinide recycling possibly
associated with an integrated on-site fuel
reprocessing facility. No fast reactor cooled
by gas has ever been constructed or operated,
and if this concept is to be developed past
the design and basic R&D stage, a low power
technology demonstration reactor would first
be needed to qualify key technologies.
Along with the LFR, this is one of the
two alternative FNR technologies under
consideration in ESNII. Although still at
a very early phase, there have been moves
at national level in the Czech Republic,
Slovakia and Hungary to collaborate in
the siting of a GFR demonstrator plant
(the French inspired ALLEGRO project)
in one of these countries, possibly with the
help of EU Structural Funds. Once again, UK
experience in gas-cooled technology would
imply significant interest from UK-based
research partners. Indeed, the Euratom project
GOFASTR (3-year duration ending Feb. 2013,
22 consortium partners, total budget = €5.4M)
dealing with aspects of the GFR design as part
of GIF collaborations is coordinated by AMEC
and also includes Imperial College and NNL
from the UK. However, France remains the
principal driver for this research in Europe,
and there is uncertainty at the moment how
much this concept will feature in French
strategy in the future.
The Lead-cooled Fast Reactor would offer
the possibility of a closed fuel cycle with
full actinide recycling, possibly in central
or regional fuel cycle facilities. The coolant
could be either lead or lead/bismuth eutectic.
The LFR can be operated as a breeder,
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a burner of actinides from spent fuel using inert
matrix fuel, or a burner/breeder using thorium
matrices. Two reactor size options are being
considered: a small transportable system
of 50 to 150 MWe with a very long core life
and a medium system of 300 to 600 MWe.
In the long term a large system of up to
1200 MWe could be envisaged. The country
with the most experience with lead-cooled
reactor technology is undoubtedly Russia, with
LFR systems being used in the past as power
sources in nuclear submarines. Based on this
technology, Russia has plans to develop a
commercial plant using lead/bismuth eutectic
within the next 10 years. Nonetheless,
within the GIF there has been to date no
interest in establishing a formal legally binding
System Arrangement and subsidiary Project
Arrangements for the LFR. However, some
of the research is closely related to that being
undertaken for the SFR, and a Memorandum
of Understanding (MoU) between Euratom,
Japan and Russia has recently been signed
in order to pursue GIF collaborations in a less
formal framework.
In Europe there is widespread interest in
lead-cooled systems as a result of considerable
investment in research on P&T (partitioning and
transmutation) and related Accelerator Driven
Systems (ADS) in recent years, much of it
supported through Euratom. The ADS is seen
as an efficient transmutation system for burning
long-lived waste, and has therefore continued
to be supported even by countries with an
ambivalent attitude towards advanced nuclear
power technology. The €1bn MYRRHA
project146 in Belgium is the culmination of this
effort, and has already being given the initial
go-ahead and funding from the Belgian
Government. Initially this will be an ADS
coupling a high powered proton accelerator
to a lead-bismuth eutectic cooled core, but
in the longer term the intention is to operate

SCK•CEN: Multi-purpose hybrid research reactor for high-tech applications (MYRRHA) http://myrrha.sckcen.be

it in critical mode (ie, without accelerator) as
an energy technology pilot plant for the LFR
system under the ESNII umbrella. A European
LFR demonstrator project (ALFRED) is also
under consideration by ESNII, and as for
ALLEGRO the idea is that it would be hosted
by a new EU Member State and benefit from
support via EU structural funds. There is no
past experience in LFR technology in the
UK and little interest amongst UK research
stakeholders in heavy liquid metal (HLM)
systems in general, including ADS; practically
no UK partners are involved in the numerous
Euratom projects linked with MYRRHA.
The Molten-Salt Reactor embodies the very
special feature of a liquid fuel. MSR concepts,
which can be used as efficient burners of
minor actinides from spent LWR fuel, have
also a breeding capability in any kind of neutron
spectrum ranging from thermal (with a
thorium-based fuel cycle) to fast (with the U-Pu
fuel cycle). Whether configured for burning or
breeding, MSRs have considerable promise
for the minimisation of radiotoxic nuclear waste.
Some past experience of this concept was
gained in the USA in the 1960s and 70s,
and there is still some interest today in parts
of Europe and also in Russia. As with the LFR,
so far there has been no interest amongst GIF
members to progress towards legal instruments
to govern the collaborative research on the
MSR, and instead an MoU, presently agreed
only between Euratom and France, is the
current basis for GIF collaborations.
Perhaps the principal organisation interested
in this concept in Europe is the French CNRS
(Centre national de la recherche scientifique),
which is currently the coordinator of a relatively
small Euratom project, EVOL, carried out in
collaboration with Russia (Rosatom). Regarding
UK interest, Oxford University is one of the
eleven partners in the EVOL consortium.
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5.5 The UK’s Contribution to
Gen-IV Research through
Euratom
Though UK organisations can continue
to participate in international cooperation
in Gen-IV research through Euratom
membership in GIF, this involvement is
necessarily constrained by Euratom policy
and the level of funding available through the
Euratom Framework Programme (the principal
instrument to support nuclear research at the
EU level). In recent years, the annual Euratom
budget for support to research carried out
in member states in all areas of nuclear
fission and radiation protection has been very
modest, c. €50m, and only a fraction of this is
devoted to research on advanced concepts.
Furthermore, as a result of the need for
unanimous support by EU member states in
Council on the adoption of Euratom Framework
Programmes, it is unlikely that this level of
funding will rise significantly in the future,
certainly as regards research in the area of
Gen-IV. The question therefore arises whether
the UK’s interests can be adequately served
by Euratom alone.

Nonetheless, an idea of the recent interest
and capabilities in the UK regarding Gen-IV
research can be gained from statistics on
involvement in relevant Euratom projects.
Figure 6 shows the breakdown of funding
in projects on Gen-IV launched within the
Euratom Seventh Framework Programme
(2007–2011) following open calls for
proposals. Projects are carried out by
multi-partner consortia usually on the basis of
shared cost, with approximately 50% provided
by Euratom and the remainder by the partners
themselves, though SMEs and educational
establishments are reimbursed by Euratom
at 75%. A wide range of projects have been
launched over the duration of Euratom FP7 on
topics related to Gen-IV, either focused on GIF
systems as part of the Euratom contribution
to GIF (in which case the projects are
usually defined with the help of the Euratom
representatives in the relevant GIF System
Steering Committees), or in cross-cutting
fields such as nuclear safety, materials, fuel
cycle (reprocessing and recycling), nuclear
data, thermal hydraulics, etc.

Figure 6: Breakdown of Funding in Gen-IV Projects Launched within the Euratom
Seventh Framework Programme (2007–2011)

In total, some 22 projects, amounting to a
Euratom contribution of c. €80m (total funding
c. €160m), can be identified, and UK-based
partners are present in most of these, often
more than one per project, and benefit from
some €6m of Euratom funding. However, this
represents only fifth place in the funding table,
behind France, Germany, Italy and the
Netherlands, and on a par with Belgium and
the European Commission’s own JRC, which
can also benefit from these open calls for
proposals. Interestingly, of the 16 UK-based
organisations involved, half are universities
receiving funding ranging from as low as
€8,000 to about €300,000. AMEC is present
in five projects, notably those focused on
specific Gen-IV systems such as CP-ESFR
(SFR), ARCHER (VHTR) and GOFASTR
(GFR). In the latter case AMEC is also the
project coordinator, the only UK organisation
to play this key role in these Gen-IV-related
projects. NNL is present in four projects,
but plays significant roles in only two fuelcycle-related projects dealing with advanced
partitioning, recycling and reprocessing
(ACSEPT and ASGARD). The most active
universities are Manchester followed by
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Imperial College, and in the case of all
university participation there is a preference
for more fundamental research in areas such as
materials. Judging by the number of UK-based
partners involved and the level of funding,
the most popular topics with UK organisations
appear to be gas-cooled technology (VHTR or
GFR) or those dealing with the fuel cycle. Apart
from AMEC, there appears to be little interest
in SFR topics, though the Euratom programme
itself has a limited number of projects focused
specifically on SFR technology.
Not all the above Euratom projects are
likely to produce results of interest within GIF.
However, in those cases where new generated
data can contribute to the milestones in the
GIF systems roadmaps, Euratom will offer
them to GIF in agreement with the consortium
partners in the Euratom project. This potentially
will lead to reciprocal access to data from
other GIF members contributed within the
same PA. Detailed information on access to
and exchange of such information within the
GIF is currently lacking, but it is expected
that as projects get up to speed in the various
GIF members more such contributions will be
made, and this will become an effective means
of cooperation amongst the countries and
research organisations involved. However,
it is probably true to say that progress to
date in this regard has not been rapid, the GIF
having been bogged down for many years on
resolving legal issues and agreeing the terms
of the SAs and PAs, in particular regarding IPR
and exchange of information.

5.6 Other International
Forums
GIF is the only international forum in the field
of advanced fission systems with the aim
of fostering collaboration in R&D and with a
contractual framework to promote these efforts.
Nonetheless, other initiatives are also on-going,
under the auspices of either the IAEA or NEA
or, in the broader international context, that
are contributing in the area of strategy / policy
or on related regulatory issues. The principal
ones are described in more detail below. In
addition, there are other collaborative initiatives
coordinated either by the NEA or IAEA as part
of their routine activities in the nuclear field
(eg, the IAEA CRPs – Coordinated Research
Programmes – or working parties and ad hoc
expert groups set up under the NEA’s Nuclear
Development Committee, amongst others)
that involve representatives of UK-based
organisations and may also cover issues
related to advanced systems.
The Multinational Design Evaluation
Programme147 (MDEP) is a multinational
initiative taken by national safety authorities,
including the UK’s ONR, to develop innovative
approaches to leverage the resources
and knowledge of those national regulatory
authorities currently responsible for, or who
may in the future need to undertake, the
review of new reactor power plant designs.
As with the GIF, the NEA serves as the
technical secretariat. The MDEP programme
incorporates a broad range of activities
including enhanced multilateral cooperation
within existing regulatory frameworks,
multinational convergence of codes, standards
and safety goals, and implementation of MDEP
products to facilitate the licensing of new
reactors, including those being developed

by the Generation IV International Forum. A key
concept throughout the work of MDEP is that
national regulators retain sovereign authority
for all licensing and regulatory decisions.
The International Project on Innovative Nuclear
Reactors and Fuel Cycles148 (INPRO) was
established by the IAEA in 2000 to help ensure
that nuclear energy is available to contribute to
meeting the energy needs of the twenty-first
century in a sustainable manner. It is a
mechanism for IAEA member states to
collaborate on topics of joint interest. Currently
35 IAEA member states collaborate within
INPRO, including all the active GIF members,
and in addition the European Commission is
represented. The UK is not a member, though
INPRO’s output is shared with all IAEA
members. INPRO is essentially a policy forum
and its role is not to carry out collaborative
R&D activities on advanced technology.
There are regular interface meetings between
GIF and IAEA/INPRO Managers.
The International Framework for Nuclear Energy
Cooperation149 (IFNEC), which grew out of
the ill-fated Global Nuclear Energy Partnership
(a President Bush initiative launched in 2006),
has the mission ‘to provide a forum for
cooperation among participating states to
explore mutually beneficial approaches to
ensure the use of nuclear energy for peaceful
purposes proceeds in a manner that is efficient
and meets the highest standards of safety,
security and non-proliferation … participating
states would not give up any rights and
voluntarily engage to share the effort and gain
the benefits of economical, peaceful nuclear
energy’. The UK is an IFNEC member. IFNEC is
much more concerned with issues such as fuel
services and infrastructure, though where there
are links with advanced technology these will
probably be coordinated with INPRO.
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Nuclear Energy Agency (NEA) – Multinational Design Evaluation Programme (MDEP) http://www.oecd-nea.org/mdep/
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International Atomic Energy Agency (IAEA) – International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO) http://www.iaea.org/INPRO/
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International Framework for Nuclear Energy Cooperation (IFNEC) http://www.ifnec.org/
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5.7 Other Technology
Issues Relating to
Advanced Reactors
The current focus of efforts on Gen-IV systems
has largely been determined by decisions
taken during the initial phase of the GIF.
However, the GIF as a body recognises
that the technological, political and regulatory
landscape evolves over time, and in a field such
as nuclear technology in which R&D and the
introduction of new designs will take decades
it is therefore crucial to ensure that progress
and new developments are kept under constant
review. The events at Fukushima are one such
example, and the impacts on future technology
developments are still unclear; on the one hand
the negative impact on the nuclear sector in
general is self evident, though the resulting
heightened importance of passive and inherent
safety in future plants is clearly an argument
in favour of Gen-IV designs.
In any case, if there is consensus within
the GIF to divert attention towards other
concepts or technologies, or concentrate
on only a sub-set of the current selection,
then research collaborations will be adapted
accordingly. Issues that have arisen recently,
and on which the GIF has given its collective
opinion, concern the thorium fuel cycle and
SMRs (small and medium-sized, or small
modular, reactors).
Concerning SMRs, the GIF could find no
identifiable rationale that would cause the
forum to treat SMRs as a separate technology,
though most of the technology options under
study could involve an SMR concept (see
Figure 5). There are already operating in the
world a large number of reactors classified
by the IAEA as SMRs, and recently there has
been increased interest in SMRs in a number
of countries, including the USA, in particular
with regard to integral PWRs such as the
Westinghouse IRIS design. Clearly advanced
technology could also be of benefit to SMR
concepts, and GIF needs to remain aware
of SMR initiatives; if there are viability and
performance issues that can be addressed
through the GIF collaborative R&D framework
then specific projects can be proposed by
GIF members.
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The use of thorium in nuclear fuel has been
a topic of interest for decades. Reactors have
already operated with Th-U fuel in the past,
notably the Shippingport Light Water Breeder
test reactor in the USA from 1977–82. India in
particular maintains a strong interest in thorium
reactors today in view of its substantial thorium
reserves. The GIF opinion is just one of a
number of authoritative views from a range of
national and international bodies, including the
IAEA.150 The fundamental question is whether
thorium represents a better choice of fertile
material than depleted uranium (238U).
There are many aspects and angles to this
question, involving issues such as the relative
merits of 233U and 239Pu as a fissile fuel,
proliferation resistance, cost, radiation
protection, availability of resources, and
management of minor actinides. The GIF already
considers the MSR operating with a U-Th fuel
cycle as a potential long-term alternative to
U-Pu fuelled FNRs, provided technical and
commercial viability can be proven. In addition,
it acknowledges that a first application of
thorium-based fuels could be in countries with
excess plutonium, since the use of a thorium
fuel matrix would allow maximum destruction
of plutonium and minimised generation of minor
actinides. The use of thorium fuel in symbiotic
generating fleets of thermal and fast neutron
reactors is also appealing in terms of resource
utilisation. However, all these options would
require significant investment in research
and facilities, as well as the performing of
comprehensive feasibility and economic studies.
In the end, the GIF decided that the general
strategy regarding use of thorium should be
discussed in forums such as INPRO, and that
further consideration of the use of thorium fuel in
the six GIF systems under study should be left
as an option to be decided by the relevant
System Steering Committee.

International Atomic Energy Agency (IAEA) (2005): ‘Thorium Fuel Cycle — Potential Benefits and Challenges’ IAEA-TECDOC-1450, IAEA: Vienna http://www- pub.iaea.org/mtcd/
publications/pdf/te_1450_web.pdf
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Conclusions and
Recommendations
 If the UK is serious about embracing

nuclear technology in the long term,
then it needs to stay abreast of
technological advances that are likely
during this period. Since the nuclear
industry, left to market forces, is
probably unable or not prepared to
cope with the long timescales or the
risks involved in the development of
radically new reactor designs, most
countries with sizeable civil nuclear
power programmes have allocated
significant public R&D funding in order
to support the attaining of long-term
energy objectives and to ensure their
long term interests in nuclear
technology are protected. The recently
published House of Lords Science and
Technology Select Committee Report
on Nuclear Research and
Development Capabilities underlined
the need for a similar approach in the
UK. Moreover, if a hi-tech sector such
as nuclear science and engineering is
to attract top quality students then it
needs to offer an exciting and dynamic
R&D environment at the cutting-edge.
The level of talent will have a bearing on a
range of crucial issues, not least of which
are those directly concerned with nuclear
safety. In this regard, countries looking
to phase out nuclear technology may
encounter serious problems in attracting
professionals of sufficient calibre. Even
though current collaborations being
fostered by the GIF are at the level of
pre-conceptual design research, the
following steps of demonstrator design
and construction will probably mark a
return to more protectionist approaches
and the increasing involvement of Industry.
In this regard, unlike most of the other GIF

members, the UK no longer has an
indigenous large scale nuclear construction
industry to protect.
 The opportunities offered by the

membership of GIF and, to a lesser
extent, INPRO, need to be seen in a
wider context, namely the possibility
of forming alliances and shaping
the future in collaboration with the
world’s leading nuclear players. In
this process, the UK would be able to
ensure that the skills and supply chain
it still retains have the best chance of
being exploited in the future.
 It is unwise to assume that UK

interests can be represented via
Euratom participation. Though
current and future Euratom projects
on Gen-IV topics can offer the
possibility of cooperation and
information exchange of benefit to a
range of UK organisations, Euratom
funding will remain limited and the
selection of topics is on the basis of
competitive calls for proposals, with
no guarantee that issues of particular
importance to the UK will be covered.
Furthermore, since Euratom Framework
Programmes have to be adopted in Council
in unanimity, their content is effectively in
the hands of other EU member states with
diametrically opposite views on nuclear
power to those in the UK. Already this
has led to a significant tightening of the
conditions allowing funding on advanced
technology projects in the current Euratom
Framework Programme for the years
2012–13.

In comparison with comparable EU member
states, the UK is underperforming as far as
involvement in collaborative European
research on Gen-IV topics is concerned.
Though the participation of a number of UK
universities, especially in projects dealing
with more fundamental areas of nuclear
science, is to be welcomed, other key
actors are generally under-represented,
either for reasons of lack of funding or
competences, though this also may
reflect current national strategy / priorities.
Nonetheless, UK players are represented in
ESNII, and this with the endorsement of the
UK government ministries involved in the
SET-Plan governance bodies. Current
activities are relatively low key and limited
to coordination activities.
The UK is an important player in fusion
research, and the current evolution of the
fusion energy research programme from
basic plasma physics towards more power
plant technology development bodes well
for increased collaboration and crossfertilisation with Gen-IV research. Common
issues such as liquid metals, helium cooling,
remote handling, neutronics, diagnostics
and above all material science would benefit
from a more integrated approach. Already
much of the fundamental research on
materials carried out in UK universities
and funded through Research Council
grants could be of benefit in either the
fusion or fission sector, and this emphasis
on cross-cutting research is also likely to
be a feature of future research programmes
at the European level.
If collaborations within the GIF are a good
guide, then the SFR shows the greatest
potential as a Gen-IV FNR system for
deployment in the medium to long term.
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Conclusions and
Recommendations
(continued)
However, this is a GIF system in which
Euratom participation is quite low, and as
a result there are very few Euratom projects
dealing specifically with SFR technology
issues, limiting even further the possibility
for involvement of UK partners. Direct
involvement of the UK in GIF could enable
UK organisations to participate up to their
full potential.
 The recently signed civil nuclear

cooperation agreement between the
UK and France mentions closer ties
in the area of research on Gen-IV
systems, and this is seen as a very
positive development. France is
the leading civil nuclear power
programme nation in Europe, with
a comprehensive and well funded
research sector, and the UK stands
to gain a lot from being more
closely associated.
In exchange, the UK retains considerable
experience and competences in a number
of areas, in particular the fuel cycle and
graphite and gas-cooled technology,
and also can offer (albeit a limited number
of) world class research infrastructures,
in particular the Central Laboratory,
managed by NNL at Sellafield. The UK
has already demonstrated its willingness
to contribute in these areas in the context
of European research.
In the short to medium term there is
potential for involvement in demonstrator
plants under the ESNII umbrella, especially
ASTRID, and it is here that enhanced
collaboration with France could be
particularly beneficial. Though the UK
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has not been much involved in research
on heavy liquid metal systems in the past,
the Belgian decision to construct MYRRHA
is a major development occurring on the
UK’s doorstep and could also offer
opportunities for UK organisations,
possibly as contractors in the design
and construction, but also in the eventual
exploitation, since this will be a unique
research facility with many potential
uses in a wide range of areas, including
the development of advanced systems.
However, in the UK’s traditionally strong
areas of gas technology, the prospects for
ALLEGRO – the GFR alternative technology
path proposed under ESNII – are far from
assured, and the future evolution of HTR /
VHTR technology in the European and
international context is also uncertain.
 If the UK were to accede to the GIF

Framework Agreement and become
a fully active GIF member, this must
go hand in hand with a commitment
to an indigenous programme of
research and to participation in GIF
collaborations in at least one of the
current six systems under study. The
decision regarding which system(s)
to support must be based on a
detailed analysis of current skills and
competences in the UK, the future
funding possibilities in these areas,
the potential for UK supply chain
involvement in eventual demonstrators
and, in the longer term, commercial
systems, and the prospects for future
commercial deployment of the various
systems. These aspects would also
have to be considered in the light of
overarching requirements regarding

sustainability and energy security of
the UK’s energy sector as a whole.
As far as possible, the decision should
also be consistent with policy options
regarding choice of current fuel cycles
(open or closed), plutonium disposition
and management of high-level waste /
spent nuclear fuel. The current UK Nuclear
Fission Technology Roadmap151 prepared
by NNL is a starting point for these
considerations, but more detailed analysis
would be necessary.
Even though Gen-IV decisions must
be consistent with national strategy on
nuclear as a whole, they necessarily
concern the cutting edge of the sector
and therefore involve a degree of
technological (not to mention political and
regulatory) risk. The possible returns in
terms of business opportunities in the long
term could be considerable, but there can
be no guarantees. Therefore it is crucial to
remain informed of global developments,
in particular through membership of GIF
and INPRO, to stay abreast of technology
advances in the various systems in general,
and to monitor closely the evolution of
current, and the development of new,
Gen-IV demonstrator projects, especially
those in Europe. A coordinated and long
term strategic approach, involving
the UK’s main research actors in close
cooperation with key European players,
is therefore a prerequisite to successful
involvement in Gen-IV development on
the world stage.

E
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UK research and
development
in nuclear fission

One of the major challenges facing the UK in its bid to establish a credible future
nuclear fission energy programme is the need to back that up with a fit for purpose
R&D programme.
6.1 Background
The benefits of an R&D programme are
manifold, but primarily it will provide the UK
with the expertise needed to be an intelligent
custodian of the existing nuclear power stations
and deliver trained experts into the nuclear
industry, crucial to maintaining and developing
options for the nuclear fuel cycle, reactor safety
and reactor life extension but also for providing
the UK with a route to avail itself of future
technological options. A further key element
is the ability to retain regulator expertise and
skills in decommissioning and waste disposal.
There are, necessarily, two components to this:
the first is to secure a base-level research
programme spanning both the university and
industrial sector and the second is a need to
develop a clear view of future developments
of strategic importance to the UK civil nuclear
power industry, which include consideration of
legacy issues such as waste and the separated
plutonium stockpile.
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6.2 A Fit-For-Purpose
Nuclear Research Base
The history of UK nuclear research and
development has been turbulent. The early
years saw the UK as world leaders in the
exploration and development of nuclear
technologies. This leadership was dramatically
eroded in the 1980s and the UK now trails
other leading nations (and even some that
have no energy production by nuclear means,
eg, Italy) in nuclear fission research.
Some of the earliest developments in nuclear
energy have their origins in the UK. The nearly
retired fleet of Magnox power stations were a
UK innovation. Intrinsic to their design is safety
– they used a gas coolant rather than water as
in subsequent PWR and BWR reactors. In the
UK there were 26 reactors of this basic design
(although each differed slightly), including one
of the world’s first commercial power stations
at Calder Hall. The last remaining Magnox
power station is at Wylfa and is set for closure

in 2014. The Advanced Gas-cooled Reactor,
an extension of the Magnox design, was
developed in the 1960s and 70s in preference
to the BWR, without proper regard to the
greater impact of this design on the ‘back end’
decommissioning – a large part of the UK’s
potential decommissioning expenditure –
and there are seven twin reactor stations
still in operation in the UK, the last of which is
currently scheduled to close in 2023. The final
UK reactor, Sizewell B, was completed in 1995
based on a Westinghouse design and is the
UK’s only pressurised water reactor; it is due
to cease operation around 2030, though
lifetime extension is a possibility.
The heyday of UK nuclear energy lasted from
the mid-1950s through to the late 1980s.
During this period the volume of nuclear fission
research was at its highest with close on 8,000
workers and a research budget of £300–400m
per year.152 Together with incidents such as
Three Mile Island and Chernobyl, the switch
to cheap fossil fuel alternatives resulted in a

Sherry A. H., Howarth P. J. A., Kearns P. and Waterman N: ‘A Review of the UK’s Nuclear R&D Capability’ (Prepared by the Dalton Nuclear Institute, National Nuclear Laboratory and Battelle,
commissioned by the Technology Strategy Board in partnership with Materials UK and Regional Development Agencies) http://www.innovateuk.org/_assets/pdf/corporate-publications/
uk_nuclear_r-d_review_web.pdf
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de-investment in nuclear energy and nuclear
energy research and an almost complete
collapse in funding and the research base.
BNFL was set up as a purely commercial
operation with no incentive for non-profit
activities; the ‘Company Research Laboratory’
set up in 1990 to expand the company turnover
proved short-lived. The current national
research remit is held by the National Nuclear
Laboratory and comprises ~550 research
staff152 (less than 10% of the original R&D
base). The level of government funding for
research in nuclear fission compared with
that for all energy technologies, over the years
2007–2009152, is significantly less than in
other nations exploiting nuclear power and this
is even more striking when one compares the
percentage power generation from nuclear
in these countries. Even countries such as
Germany, who have made significant

investments in renewable energy sources and
with a long term ambivalent attitude to nuclear
power, spends 7.4% of its national energy
budget on nuclear fission research, and even
Italy and Australia (who have no nuclear fission
energy generation) spend a greater fraction on
nuclear fission research than the UK (in 2009
it was only 1.5%). This level is more
commensurate with a policy to phase out
nuclear energy than an ambition to build new
nuclear plants, perhaps even to a level
outstripping current generating capacity. This
contrasts strongly with the amount of money
spent on fusion (£94m pa), 23% of the energy
programme for 2010–11152,153,141. This balance
in part reflects the fact that fusion power is
a long way from being commercially viable,
and that there is a greater fission component
industrially funded. Nevertheless, the
comparison with other nations is revealing.

Although it is clear that the technological and
scientific challenges in development of nuclear
fusion as a realistic source of energy remain
considerable and hence the level of research
funding is necessarily high, there are significant
scientific challenges in fission. For current
generation power stations, these include the
characterisation of materials used in reactor
construction and fuels crucial in the bid to
extend the operating life of currently operating
nuclear reactors, optimisation and development
of the fuel cycle and development of credible
waste disposal methods. In large part these
should be funded by Industry. However, looking
forward to the future and so-called Generation
IV reactors, these promise improved fuel cycle
minor actinides thereby greatly reducing heat
generation and long-lived radioactivity in spent
fuel for disposal. It is also worth mentioning that
hydrogen, as storable energy vector, can be

Figure 7a: Comparison between the percentage of national energy generated by nuclear power
and the fraction of funding on fission R&D as a proportion of total energy funding
n Percentage of Electricity Generation by Nuclear Power
n Fission R&D as a proportion of total energy R&D (%)

Figure 7b: The time profile of the UK fission R&D expenditure and manpower
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made ‘on the back’ of high temperature nuclear
reactors. Key is the ability of these reactors
to utilise the abundant isotope 238U, through
efficient breeding of 239Pu, rather than the more
scarce 235U, thereby extending the potential
period over which nuclear power could
contribute to the energy economy. This future
generation of reactors pose technological
challenges, for example in the development
of materials capable of withstanding radiation
and temperatures in excess of those
encountered in current day commercial
reactors. There is a major international
programme through the Generation-IV
International Forum (GIF)141 involved in
research related to such developments (See
Chapter 5). Current UK involvement is at an
extremely low level following the UK’s
withdrawal from GIF as an active participant
and the existing role is merely as an observer.

6.3 Facilities
At present the UK research linked to fission is
at a minimal level both in terms of funding and
capacity. A recent OECD survey of nuclear
energy research and test facilities154 showed
the UK to be woefully short of research
facilities, and almost completely lacking in any
which might be internationally competitive. Five
facilities were identified. 1) The post irradiation
examination (PIE) facility at Sellafield (to be
decommissioned in 2040155) operated by NNL.
The facility is used primarily for PIE which
includes fuel research; materials research;
nuclear and radiochemistry research and in
particular PIE of fuel rods, components and
reactor structure, irradiated material
conditioning. 2) The uranium active facility at
Springfields, operated by NNL, in which fuels
research, uranium chemical processing and
radiochemistry is undertaken. 3) The Central
Laboratory at Sellafield, which is the flagship
facility of the NNL. The Central Laboratory
offers experimental programmes and a wide
range of analytical services on materials that
cannot be analysed in any other facility in the
UK. Future phases of commissioning include

154

plutonium/MOX laboratories and high active
cells that have been designed to accept
a wide range of gases and chemicals and
to allow as wide a range of experiments as
possible. 4) The Dalton Cumbrian Facility
(DCF),156 which is a radiation science facility
including a cobalt 60 source, an ion beam
accelerator and associated laboratories for
radiation effects on materials and chemistry
(yet to be completed and fully commissioned).
5) Radiochemistry laboratories at the
Universities of Manchester and Loughborough.
In addition, there are restricted facilities which
the research community does not have access
to such as: AWE, which has a fast burst
reactor; VIPER, which is presently shutdown;
and ASP, an accelerator based neutron
generator system for 14 MeV neutrons.
As part of the House of Lords Assessment
of Nuclear Research and Development
Capabilities157 the facilities at Sellafield were
visited. These included the National Nuclear
Laboratory’s (NNL) Central Laboratory. Of
particular significance are the Phase 2 and
Phase 3 hot lab facilities. Phase 2 is currently
being commissioned and is designed for
plutonium-based research, for example relevant
to MOX type fuels. Phase 3 was constructed
over five years ago at considerable cost and
is waiting to be commissioned (estimated to
be £10–20m). These laboratories are designed
to handle active materials such as radioactive
fuels and would provide the ability to perform

fuel-cycle research. The particular edge that
these facilities possess over and above other
similar facilities found internationally is their
flexibility. They possess a novel design which
permits an element of ‘plug and play’. Hot
cells can be tooled up offline before being
transported to the active location within the
Phase 3 facilities. This kind of flexibility is ideal
for a responsive research programme – ie,
one in which the nature of the research is not
predetermined and needs to be flexible over
time. A number of UK universities (Manchester
and Liverpool) have signed up for the new
Third Party Access Agreement that enables
universities to undertake active experiments
in the NNL Central Laboratory and around
six other universities have expressed interest.
The UK has a long track record in fuel cycle
developments which have resulted in the
Sellafield MOX Plant (SMP) and the Thermal
Oxide Reprocessing Plant (THORP). As such
this is an obvious area for the UK to re-grow
its research activities. The commissioning of
the facilities is currently held up by an
assessment of whether the facilities are
commercially viable. This waste of a potentially
vital national research facility was recognised in
the House of Lords report and the Government
response.158
House of Lords Select Committee report
stated: ‘We recommend that the proposed
Nuclear R&D Board should work with DECC,
NNL, the NDA, BIS, the research councils and

Figure 8: The National Nuclear Laboratory’s Central Laboratory

Nuclear Energy Agency (NEA), Organisation for Economic Co-operation and Development (2009): ‘Research and Test Facilities Required in Nuclear Science and Technology’ OECD: Paris
http://www.oecd-nea.org/science/reports/2009/6293-Research-Test-Facilities.pdf
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Figure 9: The Dalton Cumbrian Facility (DCF)

relevant industry groups to develop a business
case to commission the Phase 3 laboratory at
NNL as a national research facility for studying
irradiated materials, taking into account its
wider value to the nuclear sector and to the
research community for research and, in
particular, its contribution to training the
next generation of experts and increasing
the attractiveness of the UK as a destination
for international research collaboration.’
The Government responded: ‘The Government
acknowledges the significant current and
potential future capability of NNL, and also
recognises that it is important that NNL’s
activities continue to make commercial sense.
We note the potential that NNL Labs could
become part of a European network, and agree
that commissioning of Phase 3 of the already
world class Central Laboratory could enable
research to be conducted on a range of highly
radio-active materials.

Figure 10: Postgraduate research into Dissociated Electron Attachment (DEA) to H2O.

NNL is already working with a wide range
of potential users of the Phase 3 facility,
both in the UK and overseas, covering the
full spectrum of potential uses. This is to
understand their requirements and to see
if a business case can be developed to
commission the facility. Subject to the
outcomes of this work, the Government
will consider further the business case,
technical challenges and options for
commissioning the laboratory.’
The conclusion is that there is broad
consensus that these facilities offer a
research capability which could go some
way to re-establishing the UK’s research
capacity in the area of the fuel cycle.
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However, an essential element of this
conundrum is the role of the National Nuclear
Laboratory. The National Nuclear Laboratory is
a commercial, customer funded, Government
Owned, Contractor Operated (GoCo)
organisation. As such it operates research
based on a commercial model rather than one
which is exclusively driven by national strategic
and research interests. This places the National
Nuclear Laboratory in a unique position, unlike
international counterparts, which means that
research facilities should also be operated
on a commercially viable basis. This can be
contrasted with other RCUK facilities such
as ISIS and DIAMOND which are operated by
the Science and Technology Facilities Council
(STFC) via research council funding, accessed
competitively on a case by case basis by
researchers and free at the point of access.
This mechanism gives university researchers
access to world-class neutron scattering and
synchrotron radiation facilities. If the Phase
2 and Phase 3 laboratories are to become
national user facilities then an alternate
funding model will be required. This could
involve direct funding to NNL to operate
them as non-commercial user facilities,
with non-academic access being charged
for at a commercial rate. As with DIAMOND,
NNL could be a partner in large EU consortia
with commercial rate ‘access charges’ written
into the EU costing model. As a by-product
these approaches may further foster closer
industry-academic collaboration.
A further national facility which will foster
a re-growth in fundamental materials and
applied nuclear research is the Dalton
Cumbrian Facility (DCF).156 The facility is

presently being commissioned as a £20m
joint investment between the University of
Manchester and the NDA. The heart of the
facility is a 5MV ion accelerator (Pelletron)
capable of supplying 10MeV protons and
15MeV helium ions as well as a variety of
partially stripped heavy (eg, metal) ions.
This will be used for materials irradiation and
radiation chemistry to explore changes in
characteristic properties of materials used
in the nuclear industry. Such work is important
in, for example, reactor life extension research.
Although reactors produce neutrons rather
than protons it is possible to refine models of
radiation damage of ions which may then be
applied to neutron damage. Similar facilities
exist elsewhere, for example in the US, and
the University of Birmingham is developing
a facility based around 40 MeV protons.
Ultimately, testing using neutrons provides
the most accurate characterisation of nuclear
materials and to this end the Jules Horowitz
Reactor, being built by the CEA at its
Cadarache site in the South of France, will
provide the premier materials testing facility
for advanced nuclear technology. Construction
is due to be completed in 2014 and though
most of the funding is French, 20% is provided
by EU partners (Spain, Belgium, Finland,
the Czech Republic and Euratom).
The DCF has the ambition to become a
national user facility which credibly would
become a focus for the regeneration of
irradiated materials research programmes.
In order to operate such facilities there are
running costs, which reach beyond the original
construction budget.

Recommendations
 As part of the development of a suite

of competitive research facilities it is
important that these are genuine user
facilities. As such there needs to be
an appropriate national funding model
for fission research in which operating
costs for national facilities are
provided as a quid-pro-quo for
securing access by end-users, in
particular university research groups.
 The development of the Phase 2

and 3 facilities at the NNL’s Central
Laboratory would provide a much
needed opportunity for the UK
research community to engage in
nuclear fuel and nuclear fuel cycle
research. This may mean that the
rationale for operating the facilities
should be research opportunity and
impact rather than commercial benefit.
This would have implications for
how NNL operate and might be
inconsistent with their current mission.
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6.4 Future Facilities
In terms of nuclear energy, the EU – with the
unanimous support of member states who all
contribute to the EU budget – has made a
major financial commitment to the construction
of the ITER fusion reactor. ITER is to study
plasmas under conditions relevant for future
power plants. However, it will not produce
any electrical power. The timescale for these
studies is 2020–2030. Beyond that it is
planned to build DEMO which could eventually
deliver power into the grid around 2040–50.
There are many technical issues to overcome
most notably those associated with the
development of new materials. As observed
earlier, the UK’s commitment to fission
energy research is minimal and pales into
insignificance when compared to international
partners. In the case of the Jules Horowitz
materials test reactor, the French atomic energy
commission (CEA) is funding 50% of the
total €630m construction cost, with the
remainder coming from EdF (20%), Areva
(10%) and 20% from European partners.159
The Belgian Government has committed
to funding up to 40% of the €960m
investment in MYRRHA, to be constructed
at its national nuclear research centre at
Mol. The facility is a subcritical reactor driven
by a proton accelerator and is scheduled for
operation in 2023.160 In evidence to the House
of Lords enquiry it was pointed out that ‘the
US had recently added $120m a year to their
programme and France recently announced
an additional €1bn for new demonstrators
for advanced reactors’.161 The UK is a long
way behind the curve in terms of research
infrastructure. This has placed the research
community at an extreme disadvantage in
terms of engagement in initiatives such as GIF.
At the heart of creating a vibrant internationally
competitive research community in nuclear
fission lies the need to attract bright young

people who see creative opportunities in
research. In this regard nuclear fusion has
been extremely successful thanks largely to
a well coordinated effort at European level
and an sufficient level of funding through a
combination of Euratom support and national
resources. A successful future UK research
programme in fission also needs to be based
around areas of innovation and challenge.
In this regard the scientific challenges
around Generation-IV type reactors have
great potential. These are summarised
as: sustainability, economics, safety and
reliability and proliferation resistance
and physical protection.162
There are six different potential reactor
designs and many different design challenges.
To provide a foothold in Gen-IV research
the UK needs to invest both in research and
research facilities. One that stands out is the
development of new materials capable of
operating at the higher temperatures and
neutron energies mandated in these designs.
There is thus a need to test new materials,
eg, silicon carbides and ODS steels, at high
temperatures and with neutrons which have
an energy spectrum which is different from
that required for characterisation of materials
for current thermal reactors.

In a second strand, the characterisation of
irradiated materials using precision techniques
can lead to a fundamental understanding of the
processes through which irradiation damage
changes the properties of materials – which
leads to improved modelling and predictive
power. A very interesting innovation would
be the coupling of an ion-irradiation facility
(à la the DCF) with the ability to provide in
situ (ie, real time) characterisation of the
degradation/transformation of the material.
This could be done by constructing an ionirradiation facility on a synchrotron beam-line.
Moreover, the ability to perform X-ray diffraction
or X-ray tomography on active nuclear materials
would be a considerable advance. There are
discussions ongoing at Brookhaven National
Laboratory (BNL) to use the Brookhaven
light source for such studies,163 and similar
discussions are being held at Argonne National
Laboratory.164 The existence of DIAMOND,165
which is a world-class light source, could
provide the UK with an opportunity to take a
leading role within Europe on the fundamental
characterisation of nuclear materials through
ion-irradiation techniques. This would be
entirely complementary to the development
of the Jules Horowitz facility in France.

In the case of materials there is a remarkable
confluence of research interests. One of the
outstanding challenges in fusion research is the
development of materials which can withstand
the flux of high energy neutrons produced in
the d+t fusion reaction. For fast reactors and
fusion the materials characterisation needs to
be performed in similar radiation environments.
In addition, the ideas currently being explored
by the UK fusion community to develop an
accelerator based facility to produce a high
flux of fast neutrons could form the basis for a
fusion+Gen-IV materials research programme.
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Conclusions and
Recommendations
 The UK nuclear fission research

community and research councils
should open up a dialogue regarding
the development of future research
facilities which create world-class and
world-leading research opportunities.
These would provide the mechanism
to grow the UK’s research base both
in terms of expertise and volume and
the ability to attract talented new
researchers into the field.
 The area of nuclear materials research

is an area of strength for the UK. The
development of new facilities to
characterise materials for both current
and future generation nuclear reactors
is important. These could be coupled
to the DIAMOND light source or with
the ambitions of the fusion community
to develop a materials irradiation
facility for fusion materials.
 With limited resources (investment,

facilities and people), any future
national R&D programme will need
to be appropriately focussed on a few
key areas. A national committee (akin
to that recommended by the Royal
Society) should oversee that
programme of work. Determining the
priority areas/activities needs to be
endorsed by the UK Government
as part of any future road-mapping
exercise. Considerations of the
prioritisation should include:
– The development of intellectual
property, products and services for
the UK nuclear industry both in the
domestic and international setting.
– To develop the UK as an intelligent
customer (assuming other countries
will develop the technologies).

– Skills maintenance and development
for industry and regulators.
– Political/strategic reasons for
a conscientious nuclear nation.
 Regardless of the reasons, it clearly

makes sense to work on those
technologies that are likely to be
successful, either because:
– They offer the best prospect
of a return on investment.
– They have the best chance of
gaining access to intellectual
and financial gearing.
– They need skills and knowledge
relevant to the technologies that
will be deployed in the future.
 The guiding principles for UK

participation in international R&D
programmes are likely to include:
– Avoid spreading modest resources
too thinly.
– Extract maximum benefit from
past and current investments.
– Seek a balanced portfolio capable
of addressing a range of future
demands, but with a minimum
of technology development.
– Build on available UK expertise
and capabilities, especially where
these are key to maintaining
strategic options.
– Ensure that at least one ‘sustainable’
system is included (ie, a fast reactor
system).
The review being conducted by Nuclear
Research and Development Advisory
Board into nuclear R&D in the UK, chaired
by the Government’s Chief Scientific
Adviser Sir John Beddington, is a most
welcome development.
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A roadmap for
nuclear energy,
nuclear research
and the fuel cycle

The issues connected with nuclear energy are long term and have a historical
imperative (through legacy waste and the plutonium stockpile). The complexity
of the arguments means the need for a roadmap is even more important in this
area than other parts of energy policy – joined up thinking is key to avoiding
costly investments which turn out to be white elephants.

This approach is also an essential starting point
to ensuring that there are the appropriate skills
bases in research, construction, operation and
maintenance to underpin the UK’s ambitions.
As outlined in Chapter 4 of this report,
coherent oversight was historically provided
by BNFL but there is currently a disconnect
between short term economic and long term
strategic policy in regard to both nuclear
technologies and the nuclear fuel cycle.
At the moment a roadmap is severely lacking.
There have been many calls for such a
roadmap, the last of which came in the
House of Lords Select Committee report161:
‘We recommend that, as part of its overall
nuclear energy strategy, DECC should lead
the development and implementation of a
long-term R&D roadmap in collaboration with
industry, academia, the [Culham Centre for
Fusion Energy] CCFE and NNL to ensure that
the UK has adequate R&D capabilities and the
associated expertise to keep a range of nuclear
energy options open up to 2050 and beyond.’
In turn the Government acknowledged the

need for a roadmap158 and set out the steps
to put such a roadmap in place – by the end
of 2012. This process has started with the
fission roadmap developed by the Energy
Research Partnership (ERP). It is vital that
the development of a roadmap should
continue to be in collaboration with all
of the stakeholders: industry, government
and academic.
Such a roadmap is pressing as the following
examples extracted from Chapter 4 reveal. The
preferred government option for reducing the
~100 tonne stockpile of plutonium that the UK
oversees is MOX fuel. This involves mixing the
plutonium with uranium and recycling in
reactors as fresh fuel. The UK has in-depth
experience in developing MOX fuel, but the
MOX plant at Sellafield has now been closed
– as a consequence of its very poor economic
performance and fuel production. The Royal
Society’s report on ‘Fuel Cycle Stewardship
in a Nuclear Renaissance’136 suggests the
construction of a new MOX plant. This is a
reasonable conclusion in view of the fact that

both the EPR and AP1000 have the capacity
to use MOX fuel, ensuring the plutonium was
either consumed in the reactors or made much
more proliferation resistant by virtue of the
intense radioactivity of the spent fuel. However,
the Generic Design Assessment, which is the
process by which the EPR and AP1000 are
being licensed, and the regulatory justifications
for these reactors under the process for
Justification of Practices Involving Ionising
Radiation Regulations 2004, have been
performed on the basis that the reactors will
not use MOX fuel. The adaption to use MOX
fuel at a later date would require further review
and licensing and possibly modification – and
would involve significant additional cost.
Furthermore, the Government’s view on the
future value of the plutonium for use in fast
reactors is now being considered, whereas
previously anything other than MOX fuel was
excluded from consideration. Here the proposal
is to build a suite of dedicated fast reactors.
Recently the Nuclear Decommissioning
Authority (NDA) agreed with GE-Hitachi to
further study the use of the PRISM166 reactors

A roadmap for nuclear energy, nuclear research and the fuel cycle

for plutonium management.167 The NDA had
previously concluded that such a technology
was unlikely to be available within the
timescales necessary for disposition of UK
plutonium. However this is now being tested
by a review to establish whether the design
is licensable in the UK and whether any utility
will credibly adopt it. Similarly the THORP fuel
reprocessing plant is due to close. The UK has
built up much expertise in fuel recycling on an
industrial scale. The loss of that expertise will
close off options regarding the kind of
fuel cycle the UK is able to exploit in the future
– being limited to ‘once through’ where the
fuel is used in the reactor and then sent to a
repository, as opposed to being reprocessed
and the unused uranium and plutonium
recycled and reused in fresh fuel, with an
associated potential cost saving (Chapter 4).
There are also the longer term questions of
what size of nuclear fleet the UK is building.
Is it to replace the existing nuclear generating
capacity or is it to increase that capacity
to close to 40% of the UK’s electricity
production? The currently proposed reactors
have a lifespan of approximately 60 years. Does
the UK plan to develop/build next generation
reactors (Gen-IV) with greatly increased
sustainability, increased efficiency and safety,
with the ability to recycle spent fuel from
current reactors and burn long-lived high
activity waste? Will the UK be involved in
developing such reactors or will it be an
intelligent purchaser of the technology?
Should the UK ‘buy in’ to overseas Gen-IV
development programmes, or consider joint
development with overseas consortia?
The lack of direction may reflect a need
to keep options open, but will also create
problems as technological expertise is lost
and options close owing to a lack of coherent
planning and thought. A roadmap would
help clarify the options, crystallise the
areas for future investment, both in terms
of infrastructure and research capacity,

and provide an incentive for our young talent
to develop their careers within the UK instead
of following opportunities overseas.
Examples of best practice in terms of
developing a credible strategy lie close by.
France has a well developed strategy for the
development of nuclear energy up to 2040168
with a programme to develop a Gen-IV
demonstrator sodium-cooled fast reactor,
building on the experience of Phénix and
Superphénix but with more advanced
technology resulting from on-going R&D.
In addition, research is continuing on the
gas-cooled fast reactor as an alternative
technology, though plans for moving
to the demonstrator stage are much less
advanced. New fast reactor technologies
will form the basis for future exports to build
on the existing French market presence
through the EPR reactor. Overall nuclear policy
is established by a high level Nuclear Policy
Council (Conseil de Politique Nucléaire –
CPN) chaired by the President and on which
the Prime Minister also sits. At the working
level, the Strategic Committee of Nuclear
Power (Comité Stratégique de Filière
Nucléaire), established by the CPN, is chaired
by the Minister of Energy and brings together
all nuclear players in France, including Industry,
the Unions, as well as R&D and education and
training actors. In general, there is strong
recognition of the importance of public
information and education as well as the
economic potential associated with nuclear
power technologies. It is unlikely this model
would be ideally suited to the UK situation,
but nonetheless there are important lessons
here for other countries and the UK
Government would be well advised to consider
both the French as well as other national
models for defining and implementing
nuclear policy in the dual national interests of
sustainable energy and energy security. In this
regard, it is worth underlining that the House of
Lords report suggests the formation of a UK
expert body.

Conclusions and
Recommendations
 The formation of a clear long term policy

on the scale of new nuclear build and
the timescale is vital.
 The development of a policy on the

nature of the fuel cycle envisaged for
the future and the mechanism for
management of plutonium is pressing.
If the use of MOX fuel in EPR and
AP1000 reactors is the preferred option,
then the licensing implications need to
be carefully considered.
 The formation of a high level policy body

with representatives from NNL, NDA,
Industry, DECC and also academia to
steer policy beyond the development
of a roadmap should be considered.
The first steps in the development of
a roadmap have been embarked upon
through the ERP-National Nuclear
Laboratory’s ‘UK Nuclear Fission
Technology Roadmap’ published in
February 2012.151 This outlines the
challenges associated with the replacement
and expansion scenarios and the critical
decisions which need to be taken on the
timescale of the next five years. This menu
of possible options provides an excellent
basis for taking decisions in the formation of
a roadmap for the future of nuclear energy.
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8

The future

of waste disposal

8.1 Background
The UK has generated a substantial amount
of nuclear waste from its earlier nuclear
programmes, both civil and military. The
volumes of intermediate and high-level waste
to be disposed of from these activities are
estimated to be 287,000m3 and 1,020m3
respectively.169 By comparison, the volumes
associated with the operation of the planned
new reactors will be very small – these plants
will produce less irradiated fuel per unit of
electricity generated, and unlike the UK’s
historic Magnox reactors and AGRs are
not associated with large volumes of
graphite waste.
The disposal of this waste in a safe and
environmentally responsible manner presents
both a scientific and engineering challenge. The
internationally accepted solution, certainly in the
expert community, and the one endorsed in the
CoRWM (Committee on Radioactive Waste
Management) 2006 report to the Government
and reflected in the Managing Radioactive
Waste Safely White Paper 2008,170 is that the
most radioactive and long-lived wastes, such
as irradiated nuclear fuels or the residues from
the reprocessing of this spent fuel, should be
sealed in a deep repository in an environment
that will remain geologically stable over the
period during which the waste continues to
present a radiation hazard, which could be tens
of thousands of years. This ‘confine and contain’
strategy, which ensures that the radiation
decays to safe levels before there is any
degradation in the containment barriers,
is the principle behind management of all

radioactive waste, whether it concerns
short-lived wastes that are currently disposed
of in engineered surface or near-surface
repositories in many countries, or the much
more radioactive and longer lived nuclear
wastes destined for geological disposal.
In the latter case the disposal should be at a
depth sufficient to avoid accidental man-made
interference and possible disruption by future
glacial activity, which is considered to be at
least 400–500m. The repository would stay
open for around 100 years, but eventually
would be sealed leaving the waste in a
passively safe condition without the need
for further active measures by future society.
In this way, no burden is passed on to future
generations that have not benefitted from the
electricity produced by the nuclear power
programme, though it is likely that some form
of long term stewardship will be undertaken
for many years post-closure.
The Nuclear Decommissioning Authority
(NDA) timeframe for the construction and
operation of a future Geological Disposal
Facility (GDF)171 foresees:
 Construction of the facility by 2040 and
acceptance of intermediate level waste
at this point.
 The facility would then be licensed,
following a safety assessment process,
to accept legacy high level waste and
spent fuels from existing power stations
around 2075.
 From 2130 fuels from the new-build power
stations would be transferred from their
current storage sites (eg, cooling ponds).
 The facility would be closed in 2175.

Presently the NDA is developing the scientific
basis for a geological waste repository together
with the process of engaging with communities
who may have a potential interest in hosting
the facility.
One possible design for the waste repository
under consideration is based on the KBS-3
concept developed in Sweden and Finland,
which is appropriate for high strength rock,
eg, granite (see repository schematic and
disposal canister, Figure 11). In the Swedish
and Finnish high-level waste (spent nuclear
fuel) management strategy, the spent fuel
is first allowed to cool for 30 years in
intermediate storage (cooling ponds), before
being encapsulated in an iron and then an
external corrosion resistant copper canister.
After sealing, the canisters are deposited in
boreholes 8m deep and with a diameter of
2m drilled in the floor of disposal tunnels,
situated 500m underground in crystalline rock.
The disposal holes are sealed with bentonite
clay to provide an additional impervious buffer
or barrier. Once the disposal facility is full,
the tunnels are backfilled and sealed. After
100,000 years, the radioactivity of the spent
fuel will have decayed to approximately the
same level as that of the ore body from which
the original uranium was mined.172 With a high
level of confidence, the geological environment
is expected to remain stable for these periods
of time, thereby ensuring the nuclear material
remains confined and isolated from the
biosphere until the radioactivity has decayed
to safe levels. Host rocks other than granite are
also being actively investigated in Europe – eg,
Opalinus clay in Switzerland, Callovo-Oxfordian
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Clay in France, and the Boom clay in Belgium
– and similar deposits may also be exploited
for the UK GDF.x In the US, the Waste Isolation
Pilot Plant (WIPP), constructed in a deep
salt deposit, has already been operating for
many years as the disposal site for so-called
trans-uranic waste from the US defence
programme. Though this waste is not
categorised as high level, considerable
research has been undertaken in Germany
to develop the concept of high-level waste/
spent fuel disposal in salt, in particular at the
Gorleben facility.

8.2 Key Issues
8.2.1 UK Policy
In keeping with international thinking, deep
geological disposal of intermediate and
high-level waste is the preferred option in
England (though not in Scotland, where
long-term interim storage – often categorised
as a ‘wait and see’ strategy – appears to be the
current position). There are a number of issues
associated with realising such a project. These
include the challenges associated with public

Figure 11a: Spent Fuel Disposal Capsules Developed for the Swedish Disposal Concept

Figure 11b: Schematic Geological Setting for a UK Geological Disposal Facility
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opinion, identifying a suitable host site,
and creating an economically viable plan for
construction and operation. The high level
government policy for site identification and
selection is set out in the 2008 White Paper
‘Managing Radioactive Waste Safely’.170
A 2012 review of UK policy, published by
the University of Sussex,174 documents the
patchy history associated with geological waste
disposal in the UK and some of the lessons that
have emerged. The approach to site selection is
based on voluntarism and partnership, as has
proven successful in Sweden.
In the UK the first stage of the process has
resulted in three councils (all in West Cumbria)
putting forward an ‘expression of interest’.
The British Geological Survey’s (BGS) initial
unsuitability screening of the subsurface
identified regions within those areas that are
potentially suitable. The next step is to confirm
the community Decision to Participate and
proceed to scientific studies of the potential
site (desk based).
This will involve a Multi-Criteria Decision
Analysis that will inform the selection of
Potential Candidate Sites (PCS). At the present
stage, the NDA Disposal System Safety Case
is very broad and the inventory of wastes for
disposal is itself not finalised. The weight given
to geological and hydrogeological expert input
to the PCS selection is not clearly defined.
Moreover, the potential roles that biogeochemical
processes may contribute over extended
timescales have to-date been neglected.
There are signs that other communities are
also considering this option (eg, Shepway
District Council in Kent175).
‘In order to give confidence to new nuclear
build, this process needs to be more clearly
defined and the responsibility for the cost
associated with future developments in
the process needs to be clearly set out.’
(The current position as of March 2012
examined in a recent report174)
The voluntarism approach is clearly desirable
as it provides the optimal way of engaging with
the local communities, but it is likely to restrict
consideration to a limited geographical area
and to constrain the disposal concept to one
geological setting.
174
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Recommendation

Conclusions and
Recommendations

 The current UK strategy of seeking

volunteering communities to host
a geological repository has been
found to be successful elsewhere.
However, there is a fundamental
weakness if only one community
steps forward since this limits
options and potentially increases
costs if additional engineering
is needed because of more
challenging geological conditions.
The Government together with the
NDA need to reconsider whether
enough information is being provided
to potential host communities and
whether the incentives for them to
engage in the site selection process
are sufficiently attractive.

8.2.2 The Scientific Case
There are two key aspects to demonstrating
the scientific case for the Disposal
System Safety Case (DSSC) developed
for a GDF. Firstly, it must be robust in that
the performance of the barriers isolating the
waste from the human environment is clearly
demonstrated. Furthermore, this demonstration
must be widely accepted by the scientific
community and society. Such a broad
consensus requires a relatively simple
geological setting and well established
understanding of the basic processes
scientifically relied upon. Moreover, it is
necessary to demonstrate how the site can be
characterised from available surface and in situ
investigation techniques and how the possible
presence of features, eg, fissures, which would
compromise the DSSC can be ruled out.
A second requirement, when relying on
predictions being made so far in the future,
is a demonstration of an understanding of
the detail of what is measured and observed
at the site as it is developed. There will be
many specific geological features encountered
(for example fissures) and it must be shown
that these details are consistent with the
broad effective properties relied upon and
the general principles underlying the safety
case. Combinations of parameters that may be
encountered and physical couplings between
different physical and chemical processes
that might occur in the repository, and near
repository environment, must be shown not
to undermine the integrity of the DSSC.

 Site characterisation approaches

have been extensively developed
in research facilities such as
underground research laboratories
and in actual GDF site characterisation
studies in other countries eg, France,
Sweden and Finland. These methods
should be tested in relevant UK
settings to characterise the local
geology and a national capability in
deep geological site characterisation
be expanded

The 2011 ‘Waste Transfer Pricing Methodology’,
for the disposal of higher activity waste from
new nuclear power stations,178 sets out the key
principles underpinning this funding framework:
	The Government’s objective is to ensure the
safe disposal of intermediate level waste
(‘ILW’) and spent fuel from new nuclear
power stations without cost to the taxpayer
and to facilitate investment through
providing cost certainty. The Government is
not seeking to make profits over and above
a level consistent with being compensated
for the level of risk assumed, but does
expect operators to meet their full share
of waste disposal costs.
	Prospective new nuclear Operators

 Involvement in European underground

research facilities facilitates
experience in establishing a detailed
understanding of the near-repository
environment to be developed. The
UK should re-engage in international
research programmes to access
this experience of working in deep,
low-permeability environments.

should be provided with certainty over the
maximum Waste Transfer Price they will
be expected to pay the Government for
the provision of a waste disposal service.
	The Waste Transfer Price should be set

at a level over and above expected costs
and include a Risk Premium to compensate
the taxpayer for taking on the risk of
subsequent cost escalation.

 In order to achieve broad consensus

from relevant disciplines, the
international nuclear waste community
is increasingly using standard
tools and techniques for site
characterisation and for the DSSC. It
is recommended that such tools and
techniques are appraised through the
academic community and where
suitable, tools and techniques used
more widely beyond the UK nuclear
community are involved in the
development of the evidence
supporting the DSSC.

	Where possible the Waste Transfer Price

should be set in relation to actual cost
data, to ensure that any Risk Premium is
proportionate and properly reflects the
financial risks being assumed by the
Government. Therefore, in order to enable
greater certainty over expected costs, the
setting of the Waste Transfer Price should
be deferred for a specified Deferral Period,
provided that in certain circumstances it will
be possible for the Waste Transfer Price to
be set before the end of the Deferral Period.
	During the Deferral Period the Operator

8.2.3 Costs
The NDA’s current best estimate within the
range of potential costs for a GDF is £12.2bn
(2007/8).176 This cost is not fixed and will, for
example, be strongly influenced by changes
in the UK waste inventory.169 Based on the
2007/8 design estimates, which include both
the construction cost of the GDF and its
operation over its cycle until closure,
approximately 25% of the costs are associated
with the initial construction.177 The DECC
ambition is that future costs associated with
the GDF are funded by the nuclear power
station operators. They would then be borne
by the consumer in the cost per kWhr
of electricity.

must make prudent provision for their waste
disposal liabilities, based on an Expected
Price provided by the Government.
The cost of waste handling has two
components: 1) the cost associated with
building the GDF and 2) the cost per tonne
of uranium (ie, irradiated fuel) disposed of in
the GDF (Unit Disposal Cost or Base Cost).
These combined give a cost estimated by
DECC of 193£k/tU (thousand pounds per
tonne of uranium). In addition, there is a Risk
Fee/Premium (to compensate Government
for taking on financial risk associated with
construction of GDF) which is 60% of the
Base Cost, ie, 119 £k/tU. Combined these

The future of waste disposal

give a predicted disposal cost of 312 £k/tU
and this is what is called the Waste Transfer
Cost/Price. This is a predictive estimate,
which provides the operators with a guide price
anticipated for disposal. However, given that
operation of the GDF is not expected until
2040, the uncertainties associated with the
construction may mean that the above estimate
will need to be revised upwards. Consequently,
the Government has deferred setting the
Waste Transfer Price by 30 years from 2020
until 2050. It is likely that the predicted Waste
Transfer Price will be reviewed during this
period but in order to provide operators with
an upper limit that allows them to construct a
business model for new build, a Price Cap of
971£k/tU has been set. This is over five times
the Base Cost (193 £k/tU). Modelling by the
DECC estimates that there is only a 1%
probability that the costs will exceed the
Price Cap (971£k/tU) over the lifespan of
the repository. The DECC calculations are
performed at 2008 monetary values and
are then indexed by inflation. How does the
Price Cap compare with the total cost of the
electricity generated by the fuel? Working on
the basis that 20 tonnes of fuel are discharged
from a typical 1GWe PWR each year, and
using current electricity prices, one can easily
calculate that the Price Cap represents 1.5–2%
of the revenues from the sale of electricity. This
probably represents an upper limit, since PWR
technology is becoming more efficient (better
exploitation of energetic content of the fuel)
and electricity prices are likely to rise over time.
The setting of the level of the Price Cap
is extremely important, yet delicate. If the
Price Cap is too high this discourages
operators from investing in new build as
the potential financial returns diminish,
whereas if it is too low then the additional
costs over and above the Price Cap will
fall on the Government and the tax payer.
These then could be argued to provide
an indirect subsidy to the nuclear industry.

176

8.2.4 Nuclear Inflation
The complexity of construction of large-scale
projects is such that a realistic determination
of the associated costs is challenging,
especially in regard to first of a kind projects.
More specifically, the nuclear industry has a
poor track record of keeping projects within
cost estimates: in recent times the cost of the
EDF EPR reactor at Flamanville, France, has
seen costs rise at an annual rate of 13%
above eurozone inflation179 and costs of the
Darlington reactor in Canada were 70%
over budget. The NDA’s estimates of the
decommissioning costs have risen from
£47.9bn in 2002 to £103.9bn in 2011,
corresponding to a rate of 4.2–6.0%
above inflation.180

Recommendations
 The model of the Generic Design

Assessment (GDA) applied to the
review of future PWR reactors by the
Environment Agency and Office of
Nuclear Regulation (ONR) should be
applied to the Geological Disposal
Facility (GDF) in order to minimise
changes in design during construction
and the associated cost escalation.
In this line, the current work of the
Environment Agency and Office of
Nuclear Regulation is an appropriate
approach.183
 GDF construction and design should

Rates of inflation over and above the base
rate will cause the Waste Transfer Price to
rise and could, in principle, exceed the Price
Cap. It is estimated181 that, with a 4.5% level
of nuclear inflation, the Price Cap would be
exceeded in 2047, resulting in a £130m
Government subsidy177. The proposed new build
reactors have an operational lifetime of 60 years
(as opposed to the 40 years of existing reactors
that were used for the above estimate). This
would increase the required government subsidy
to £1.13bn per reactor.
In the past, models to streamline costs and
reduce delays within the nuclear sector have
been shown to work in France and Japan,
where the licensing of reactors was not
performed piecemeal but rather on a single
reactor design, which was then reproduced
in construction – a model not used previously
in the UK.182 In addition, it is noted that savings
can be made through the construction of
‘several-of-a-kind’ reactors: DECC estimates
are based around a conservative estimate of
ten new build reactors. However, such effects
are not relevant for a GDF, which will always be
a ‘one-off’ facility constructed in a particular
host rock environment and responding to local
conditions, and cost savings will only be
possible though, for example, ensuring clear
regulatory guidelines, ideally based on
international best practice so that experience
from other projects abroad is also relevant.

be strongly informed by existing
projects such as those ongoing in
Europe. In this regard scientific and
regulatory collaboration should be
further developed.
 The DECC should consider whether

the possible risk of nuclear inflation
is an appropriate quid-pro-quo for
the risk of sharing in the construction
of the GDF.

8.2.5 Spent Fuel Disposal
It is currently expected that spent fuel from
new nuclear plants will not be reprocessed
but instead disposed of directly as waste
(see, however, the discussion about MOX and
Gen-IV reactors in Chapter 4). One of the key
elements of the calculation of the Base Cost
(193 £k/tU) relates to the packing density of
the spent fuel elements, or bundles, within
the disposal canisters – shown in Figure 11.
Apart from the so far insufficiently addressed
issues of deterioration in storage and potential
corrosion problems, the DECC costing is
based on spent fuel from new build PWRs,
whereas the fuel in the UK’s existing reactor
fleet of AGRs is much less compact (ie, more
space between the individual fuel pins in the
bundles) meaning that disposal will be more
expensive177. It is estimated that the combined
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cost of disposal of spent fuel from existing
and future reactors could as a result be 2.5
times higher than the DECC estimate of the
base cost. The 2011 NDA review173 indicated
that more efficient packing of the AGR fuel
rods was being considered, which would
reduce the estimated cost to double the DECC
estimate.181 However, it is clear that the DECC
estimate does not account for the costs linked
to the disposal of fuels from the existing nuclear
power station fleet. Such factors reduce
the margin of error in the DECC estimate
of 99% probability that the Price Cap will
not be exceeded.

Conclusions and
Recommendations
 A method is required for determining

the Waste Disposal Base Price that
accounts for different fuel types. This
should account for current and future
generation power stations. The three
different Base Costs for disposal of
PWR, AGR or MOX spent fuels should
be published to assist public
understanding and market
transparency.
 The costs associated with

reprocessing wastes and legacy high
level waste need to be clearly defined
and the responsibility for these costs,
and any uncertainty associated with
the legacy waste inventory, assigned.
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Public perception
and opinion

Whilst science and technology are key inputs in formulating policy on the future
of nuclear energy and dealing with radioactive waste, this policy cannot be
successful if it neither understands public perceptions and concerns nor deals
with them in a just and equitable manner.
9.1 Background
To this end it is vital that (social science)
research is utilised effectively to enable policy
makers, Industry and other stakeholders to
understand the trends, influences and
resilience of opinion amongst the general
public and local communities. Understanding
public opinion is central to any potential
transition to a low carbon future because
beliefs and perceptions influence which types
of energy systems, including nuclear power,
people will be willing to accept. Given this
importance, there have been numerous
examinations of trends in public opinion
towards nuclear energy both nationally and
internationally184,185,186,187,188,189,190.

184

Research demonstrates that the public ‘do not
like projects that pose highly uncertain risks,
unless they see great compensating benefits
and have deep trust in the institutions
managing them’.191 The discourse around
decision making in the public arena has shifted
from a focus on a predominantly top-down
process characterised as ‘decide announce
defend’ (DAD) within an inherent culture of
secrecy, to a more collaborative process in
which industry and government actively engage
with the public and their concerns. Historically,
a lack of openness on the part of the nuclear
industry and the regulatory agencies can be
seen to have blighted the image of the nuclear
industry, leading to increasing calls for greater
openness and engagement with the public.
This has required a cultural shift within the
nuclear industry, as well as government itself,

characterised by some as ‘learning to listen’.192
Early engagement with the public is seen
to be the key to achieving community buy-in
and ensuring legitimacy of outcomes. Various
research studies have reported on the
successes of public participation.193
Drivers of public opinion include safety
concerns (particularly after events such as
Fukushima), the association with nuclear
weapons, concerns around waste disposal,
proliferation concerns, the invisible and long
term nature of radiation, the involuntariness
of exposure, and the level of trust placed in
institutions that manage and regulate nuclear
sites. Over the last few decades the nuclear
industry has increasingly attempted to employ
transparency and openness in part in response
to these public concerns.
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9.2 Public Opinion Leading
Up to Fukushima
As illustrated in Figure 12 below, the last one
and a half decades prior to the Fukushima
incident (2011) had seen, on average, a rise
in the international approval rating of nuclear
energy.194 Many have referred to this as the
‘nuclear renaissance’, said to have been
characterised by a moving away from a public
perception of nuclear as a uniquely distrusted,
stigmatised industry – a perception that was
particularly strong following on from the
Chernobyl incident. Over time, nuclear can
be seen to have gradually become one among
many other risks associated with energy
generation, with a general public awareness
that it had a contribution to make in off-setting
climate change, for example.195

Factors such as national politics and
relationships with the domestic nuclear industry
are influential in national public support for
nuclear energy194. For the European Union
member states, with one or two exceptions,
there is a strong correlation between a country
operating nuclear power stations and being
more positive (or less negative) towards
nuclear energy196 in a range of issues. Nordic
member states and those operating nuclear
power stations in Central and Eastern Europe
show the most positive attitudes (certainly in
recent years), and this can probably be
explained by a number of arguments relating
to the successful outreach by the nuclear
sector in Sweden and Finland, and to national
pride in home-grown heavy industry and
large-scale construction projects in the case
of Hungary, the Czech Republic and Slovakia.

Figure 12: Trends in the Approval Rating of Nuclear Power Between
1994 and 2009 Ref 190

There is little correlation between the
outright level of support and the percentage
of electricity produced by nuclear energy – eg,
France, though having the highest percentage
of any country in the world, shows only
moderate levels of public support.
Recent trends in UK opinion (Figure 13)
demonstrate a steadily increasing public
approval rating of nuclear energy since the
early 2000s. The marked increase in opposition
to nuclear energy just prior to that coincided
with a period in which the reputation of the
nuclear industry was under question as, for
example, the Nuclear Installations Inspectorate
confirmed that safety records relating to a
shipment of uranium and plutonium mixed oxide
fuel to Japan had been faked at BNFL’s
Sellafield facility in Cumbria (2000). Moreover,

Figure 13: Levels of Support For and Opposition To Nuclear Power in
the UK Between 1998 and 2010. Also shown is the net level of support
for new build and the level of awareness of the nuclear industry – with
the two points showing the split between men and women.187
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in July 2002, BNFL reported a £2.3bn loss,
the worst result in the company’s history.
Also during this period, the attack on the
World Trade Center in New York heightened
concerns over terrorist attacks on nuclear
installations. Consequently, there is clear public
sensitivity to the reputation of the industry and
the perceived level of safety, which can have a
sustained impact on opinion.

conducted for the DTI (2002) suggested
that ‘in all processes there were strong views
for (eg, it is a low carbon option) and against
(eg, safety concerns) and a large body of
concerned but undecided opinion’.198
This again reveals the sensitivity of public
opinion to both nuclear safety record and
the degree of trust and confidence the public
have in the nuclear industry.

In an era in which there is a potential new
build programme there is increased focus and
research around the area of public confidence
and opinion in nuclear energy. A 2010 poll
by the Understanding Risk Research Group
(Cardiff University)197 found that only 39% of
people believed that the nuclear industry could
be trusted to run nuclear power stations safely.
A series of public engagement processes

Qualitative social science research has been
instrumental in helping to probe below the
surface of responses to surveys in order
to ascertain how individuals come to make
sense of nuclear energy and the nuances and
tensions that underpin stated views. Several
studies have demonstrated the existence
of a ‘reluctant acceptance’ of nuclear energy,
reflecting the complex ways in which

Figure 14: Changes
in the Level of
Support (in percent)
for Nuclear Power
Pre- and Post
Fukushima Ref 188

n ‘2011’
n ‘2005’

197

participants re-negotiated their position on
nuclear energy in light of concerns over climate
change199,200. Such findings are reinforced
by data from recent national surveys which
suggest support for nuclear as fragile at
best.201 During focus group discussions, shifts
were observed towards more mixed and open
views about nuclear energy, from initial negative
views, when considering climate change.
Pursuing the nuclear option was seen as the
lesser of two evils, a choice of last resort in the
face of the threat of climate change, reflecting
‘a resignation verging on frustration that there
was no avoiding some continued dependence
on the nuclear sector’199. Qualitative research
has demonstrated the existence of a significant
‘concerned but undecided opinion’ on nuclear
energy, which often reflects ‘a reluctance to
accept [nuclear energy] except under very
stringent conditions’.202 This perceived
absence of meaningful choice in the light of
the need to mitigate climate change may be
a contributing factor to the rebound in public
opinion after Fukushima (see below).
Between the extremes of strong support and
strong opposition to nuclear energy, public
attitudes towards nuclear energy are not fixed,
and have evolved over the last decade through
a process of negotiation around the re-framing
of nuclear energy as a solution to a range of
climate and energy challenges. The apparent
volte-face by prominent environmentalists such
as James Lovelock, George Monbiot and Mark
Lynas to supporting new nuclear build can be
seen to have contributed to this changed
public discourse.203
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9.3 Public Opinion Post
Fukushima
The immediate aftermath of the Fukushima
disaster witnessed dramatic shifts in public
opinion, with a surprising move in the UK
towards nuclear energy188. More broadly,
in countries with existing nuclear energy,
opposition increased188. Only 22% of those
polled in 23 countries by GlobeScan (2011)
agreed with the statement that ‘nuclear power
is relatively safe and an important source of
electricity and we should build more nuclear
power plants’;188 39% supported continuing
with existing reactors without building new
ones; and 30% desired an immediate
shutdown188. Specifically in France, a poll
carried out for the Journal du Dimanche found
that 77% of those questioned wished nuclear
energy to be either phased out or stopped
immediately.204 Such public reaction has been
a factor in the decision by several governments
to dramatically change their energy policies.
Most notable was the decision in Germany to
take seven older reactors offline immediately
and to phase out the remaining nine by 2022.
In Switzerland, where nuclear power accounts
for 40% of electricity generation, the Federal
Council decided in May 2011 on a slow
phase-out – not extending operation times
or building new power plants; the first power
plant will stop running in 2019, the last in
2034. As of November 2011, 80% of
Japan’s 54 nuclear power stations were offline
(nuclear power represents 29.2% of electricity
generation in Japan) as controlled by the local
prefectures.205 The future in Japan is unclear.
More widely, the loss of public confidence is
expected to contribute to a slowing down of
international new build plans.
Remarkably, the impact of Fukushima on public
opinion and government policy in the US and
UK appears to have been more marginal, with
even a small increase in support for nuclear
energy and new build in the UK189. In 2010,

9.4 What Are the Issues?

just prior to Fukushima, net support for new
build in the UK stood at approximately 30%187
(Figure 13). In the immediate aftermath
of Fukushima the ‘reluctant acceptors’,
withdrew their support for nuclear energy and,
in particular, for nuclear new build.206 There
has, however, been a remarkable bounceback
in public support for replacing existing nuclear
power stations in the UK since Fukushima
with support now increasing. A similar situation
was observed after the Three Mile Island
(TMI) incident in the US in 1979 which saw
a temporary increase in opposition to nuclear
energy as a result of the media coverage
‘but when the media spotlight was turned off,
public opinion rebounded almost immediately
to pre-TMI levels’.207 This process has been
labelled the ‘rebound’ hypothesis.208

A 2010 Ipsos MORI poll187 shows 70%
agreement (with 9% strongly against) for the
thinking that ‘Britain needs a mix of energy
sources to ensure a reliable supply of
electricity, including nuclear power and
renewable energy sources’. Support for new
nuclear build in the UK was found to be 68%
if proposals for the new build programme are
coupled with a concerted policy of promoting
renewables.211 A 2010 YouGov/EDF survey212
also showed, however, that there is only
a passing awareness of energy as a
significant challenge facing Britain, and that
when it comes to energy, more people are
interested in national self sufficiency rather
than issues associated with climate change.

The media reporting of both climate change
and nuclear energy have been central in
fostering its acceptance, however reluctantly, in
the UK. Whilst recognising the media do not in
any simplistic sense ‘tell people what to think’,
they nonetheless play a key role in articulating
both pre-existing and novel ideas, or frames,
through which people make sense of and
form opinions about nuclear energy. Within
the media a number of overlapping frames
compete for attention, eg, those that emphasise
progress, energy independence, and recently
climate change. Nuclear energy has been
increasingly analyzed in the media in relation
to a climate change narrative in the same way
that different frames were used in previous
decades – from a progress frame up to the
1970s to a runaway technology frame after
TMI and Chernobyl207. Public concern over
climate change may not be due only to
accurate reporting of climate science but may
also reflect concern generated (by the media),
emphasising fear and doom.209 It is also clear
that having a strong independent regulator
with integrity is extremely important in building
confidence. In this sense the role of Mike
Weightman210 has been extremely important.

The main concerns of people when it comes
to nuclear energy are risk, waste disposal
and concerns over radiation190. It is, however,
noted that the number of people who profess
an awareness of nuclear energy187 (Figure 13)
has remained fixed over the last decade at a
relatively low level of 20%. Further broken
down according to gender, only 12% of
women claim to have an understanding of the
nuclear industry, against 29% of men. A similar
divide exists in relation to support for new build
with 34% of women supportive (23% against)
and 61% of men supportive (13% against)187.
Similar conclusions were reached in a poll
released by the British Science Association189.
Other studies show that the bounceback in
support of nuclear energy after Fukushima
has been stronger among men than women213.
This reinforces previous research which
suggests that men are on average more
supportive of nuclear energy than women197.
There is also a bias when it comes to age and
social class 187,189, 213 with only 32% of 16–24
year olds being supportive of new build
compared to 60% for those aged 55–60, and
support for new build among social class DE
(working class) at 38% compared to 68%
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among social class AB (upper-middle class).
Similar trends have been identified in
international studies, showing a correlation
between support for nuclear and level of
educational attainment, and higher support
associated with increasing age.213 Studies have
also shown an association between higher
support and right-of-centre political beliefs.

A greater emphasis on developing an
awareness of energy in schools and
opening up the nuclear debate could help
with engagement in the nuclear industry
and energy generation. However, a better
understanding the diverse values around
care, relationships, environmental protection
and futures needs to be taken seriously.

However, not all of these findings are
consistent across different research projects
– for example the correlation between age
and support. Furthermore, there can far
more complex issues at play including the
way that the positions we take up as knowers
(‘epistemic subjects’) are also grounded in
our values and ethical sensibilities. These are
personally and socially meaningful, and hence
may be very influential in how we relate to
matters of public concern. In the case of
gender it is well known that diverse values
around care, relationships, environmental
protection and futures need to be taken
seriously. So the framing of the ‘knowledge
of nuclear’ issue needs to take into account
the possible neglect of these issues in the
formation of policy.214

At the same time, effective communication
has been shown to be hampered by a lack
of trust in the nuclear industry and government,
leading to calls for greater two way
communication and greater deployment of
effective citizen engagement initiatives such
as those pioneered by Committee on
Radioactive Waste Management (CoRWM).
Citizen engagement initiatives need to be
informed by such careful qualitative,
interpretive and analytical work.217

A range of variables are important in the
relationship between the public and an
understanding of the nuclear industry, eg,
income, gender, political ideology, cultural
values and trust in the information source.
Consequently, it cannot automatically be
presumed that more information will lead
to greater acceptance215,216.
It is clear that the majority of people sampled
in polls have only a passing understanding
of the nuclear industry, how electricity is
generated in reactors, whether it is possible
to safely dispose of nuclear waste, the hazards
or otherwise of radiation, climate change issues
and the concerns surrounding energy security.
Women are more likely to answer ‘don’t know’
and a lack of support in young people
may also reflect a lower level of understanding.

214
215
216

A 2010 OECD190 report makes a number of
recommendations, two of which are especially
pertinent here:
‘If governments wish to expand the use
of nuclear energy, an ongoing relationship
between policy makers, the nuclear industry
and society that develops knowledge building
and public involvement will become
increasingly important. This communication
must be open, honest and balanced.’
and
‘The public gains most of its information on
energy and nuclear power from the media,
but does not trust it. Scientists and
environmental protection or consumer
organisations are the most trusted groups.
National governments are, in generaleven
less trusted on these issues than the
media. This presents a clear problem to
governments who wish to educate and
influence their publics.’
It manifestly clear that there remain significant
challenges in developing informed public opinion
and debate in the UK. The benefits of nuclear
energy need to be discussed together with the
risks and challenges in order to foster trust.
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Conclusions and
Recommendations
 A strong, transparent, independent

nuclear regulator, situated outside
Government but with regulatory
powers, is essential for building
public trust in the nuclear industry
and fission technology. The recently
constituted Office for Nuclear
Regulation (ONR)218 fulfils this role.
Continued high levels of safety and
demonstrable independence are
crucial in enhancing domestic
confidence.
 Genuine and open public discussions

of the pros and cons of nuclear energy
with inclusion of stakeholders from
across the spectrum of opinion are vital.
 A proactive approach by the NDA

to explaining the science behind
geological waste disposal and
its robustness, recognising and
communicating the scientific
uncertainties and technological
challenges is necessary.
 An independent panel of UK experts

drawn from academia and national
organisations such as NNL and NDA
should be established to provide
informed, independent, advice to
the media, Government and public.
Public understanding of the risk and
impact of nuclear energy and radiation
are a priority.
 Recognise the need for an inclusive

democratic participative process
where alternative narratives of the
issues can emerge that are not
constrained by narrow technocratic,
science-based arguments.
 Stimulation of public debate on

energy security, the energy mix and
the role of nuclear energy. This is
timely given the need to reshape the
UK energy landscape. The broadening
of the debate across the genders is
crucial, as is the education of young
people in energy issues.
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9.5 Living with Nuclear Power
Evidence exists suggesting that people living
close to nuclear power stations are generally
more supportive of the industry than those
living further afield219,220. Research conducted
25 years ago illustrated that those living close
to a nuclear plant tend to discount risks,
particularly if they gain economically from it.
They are also more likely to support the building
of a new plant and less pessimistic about the
immediate impact of construction (excavation,
influx of people etc) than those who do not live
near an existing plant . Although this research
was carried out in the 1980s it indicates that
familiarity and benefit thus play an important
role in public perception. Research also
highlights people’s awareness of the
challenges and negative aspects of living so
close to a station, for example the recognition
that construction could negatively affect peace
of mind (creating stress and anxiety), and
concern over transport of nuclear waste.221
When asked, 77% of local residents at
Oldbury and Bradwell expressed concern
over nuclear waste218.
A 2010 poll prepared for EDF by ICM
222
Research sampled ‘Public Attitudes Towards
Hinkley Point Power Station’, asking local
residents (those within 25 miles of the power
station): ‘Overall, do you think a new power
station will have a positive or a negative impact
on the local area?’. This produced a net
positive answer of 27% (59% believing
there to be a positive impact, 32% a negative
impact). In contrast, the Public Perceptions
of Climate Change and Energy Futures in
Britain197 survey found that 60% of those
polled were opposed to a new nuclear power
station (or coal station) being built within five
miles of where they lived, with 39% strongly

219

opposed to the construction of a nuclear
power station. This contrasts markedly with
the 73% who would tolerate the construction
of a wind-farm within the same radius. There
remains a broader lack of confidence in
nuclear energy over other energy technologies.
The main reason given by those local to
Hinkley Point for supporting a new nuclear
power station was the boost it would bring to
the local economy (81%). The main negatives
were seen to be the environmental damage that
building a power station would bring (33%)
followed by safety concerns (32%) and traffic
congestion from construction (15%)222.
Local communities often see nuclear power
stations as crucial employers in remote,
peripheral communities, particularly in the
absence of any other major employer.223
The value placed on stations is demonstrated
in the local response to the Government’s
refusal to issue EDF Dungeness with a licence
to develop two new nuclear power stations
at the site (July 2011). This caused local
dismay,224 resulting in a petition in favour of a
new power station being delivered to Downing
Street on behalf of the inhabitants of Romney
Marsh. From a public opinion perspective,
the policy of locating new build sites close
to existing nuclear power plants taps into
the positivity of local communities. However,
there are inherent risks in the nuclear industry
taking host communities for granted, and not
engaging in a consensual way, and these can
still generate hostility as has been documented
in the case of the RWE engagement with
communities in Cumbria.225
Qualitative research suggests a complex
picture and the need to look beyond the
headline statistics of the relationship between

geographic proximity and attitudes to
nuclear218. People who live near to or who
are familiar with a nuclear site perceive
greater benefits and fewer risks.226 Geographic
proximity to a nuclear site can desensitize
residents to the risks.207 Indeed research has
demonstrated how people cope with and adapt
to such geographic proximity, developing a
suite of coping mechanisms. It appears that
familiarity with the power plant gained through
an individual’s social networks connects them
to the power plant, which can act to demystify
the station as distant and threatening (which
can also function to increase trust).
When siting new plants, promoters must
reassure the local public about potential or
perceived environmental harms;227 information
must be deployed by ‘honest brokers’ as part
of a dialogue with local publics and local
government. Local people need to feel they
are involved and in control of the process
and are not having it forced on them.

Conclusions and
Recommendations
 The communities who live with nuclear

power need to be given a national
voice as they live more directly with
the risks. This could be facilitated by
providing funding so that they can
perform independent research (as
done in France). Learning from
successful overseas models is crucial.
 Operators need to sensitively engage

existing local community organisations
to develop trust225.
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9.6 S
 ites for Geological
Disposal
A series of bitter conflicts over the siting of
nuclear power plants (Sizewell B, Hinkley Point
C), reprocessing facilities (THORP) and the
proposed Rock Characterisation Facility (RCF)
at Sellafield have emerged since the 1970s,
bolstered by the growth of anti-nuclear
movements.228 Failures of the hitherto used
‘decide announce defend ‘(DAD) approach
to identifying sites for radioactive waste and
nuclear power stations resulted in a move
towards a more open inclusive approach.
In 2002 Nirex229 (established in 1982 by
the nuclear industry to examine geological
disposal) stated that, ‘In the UK today there is
enough radioactive waste to cover a football
pitch to a height of about ten metres. Most of
this waste is produced by the nuclear power
industry. Some of the waste will remain
hazardous for thousands of years. There is
a need, therefore, for a long-term strategy to
manage this waste. …For many people, the
scale of the problem was a strong argument
for stopping nuclear energy immediately.
Given that no agreement had yet been
reached on what to do with the existing waste,
it was considered irresponsible and immoral
to continue producing anymore.’ Finding a
solution for managing waste falls to the Nuclear
Decommissioning Authority (NDA) through the
Radioactive Waste Management Directorate
and is a high national priority.
In the 1980s Nirex developed proposals for
siting low-level nuclear waste repositories
at Billingham, Elstow, Bradwell, Fulbeck,
and South Killingholme but these were
subsequently abandoned due to local
opposition. The failure was mainly in local
engagement and communication with, for

example, site selection being announced
through the media rather than community
engagement. The process for selecting
a disposal site has since restarted using
a more sensitive approach. The challenges
today include articulating the scientific case
(earlier rebuffed by Friends of the Earth230),
locating an appropriate geological site, and
finding a willing host community. There will
likely need to be some compromise between
the latter two. It is noted that members of the
public express great concern about the
possible siting of a nuclear waste repository
in their locality even if they support nuclear
energy in the abstract.231
The failure of the 1997 RCF planning inquiry
at Sellafield forced the nuclear industry to
rethink its strategy for finding a site for the
long term disposal of nuclear waste.
The search for legitimacy led to the creation
of the Committee on Radioactive Waste
Management (CoRWM) in 2003 which
initiated one of the most thorough processes
of public and stakeholder engagement seen
in the UK to date. This attempt to institute a
process of adaptive learning and trust building,
the emphasis placed on the transparent use
of public inputs, has become best practice
internationally.232
In a change of approach, following the
Government White Paper on a Framework
for Implementing Geological Disposal
(published on 12 June 2008170), an open
invitation was issued to all communities
in England and Wales to express their
‘without commitment’ interest in discussing
participation in a deep geological disposal
facility (GDF) siting programme. The attractions
to communities of hosting a GDF were shown
to include employment, but also long-term

socio economic investments in addition to
expenditure associated with the repository
construction. Following the call for expressions
of interest, three communities in Cumbria
came forward: Allerdale Borough Council
and Copeland Borough Council (located in
West Cumbria adjacent to Sellafield), and
Cumbria County Council. A high-level review
of the geology in West Cumbria, conducted
by the British Geological Survey (BGS)233
in October 2010, eliminated some areas
under consideration, leaving open others which
would require further geological investigation.
The people of West Cumbria must decide in
2012 if they wish to continue in the site
selection process.234 This model of a voluntary
process of site selection is similar to that
deployed in Sweden in 1992 that eventually
led to the selection of Forsmark as the host for
the Swedish GDF in 2009.
Academic social science studies exploring
the comparative dimension of involving
communities in finding a solution to
geological disposal have concluded that
simply transplanting a model that has been
successful in one country to another is far from
straightforward given the important differences
in national political culture that exist. Experience
shows, however, that it is possible to selectively
use ideas and processes from one country
and adapt them to the specific national and
local context of another. Hence one has seen
local authorities from a number of countries
(Canada, UK, France, Belgium, Sweden, etc)
sharing experiences and developing learning
platforms over the last decade.235
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The process being followed for site selection
in the UK recognises historical failings and best
practice from other countries and emphasises
volunteering as the driving principle. This
process is not without risks in that the volunteer
community may not have suitable geology for
a GDF236,237 or local commitment may fail. It is
apparent that there would be benefits from
encouraging further communities to join
those in Cumbria in exploring with the
Government the pros and cons of hosting
geological disposal. Institutional ‘body
language‘ is vital to success, given that trust
is very easy to lose and difficult to re(gain).
It requires transparency and vigilance on the
part of sponsoring organisations that must
treat publics with respect. Addressing relevant
social issues does not guarantee success,
but ignoring them increases the chances
of repeating past failures.

Conclusions and
Recommendation:
 In order to build public confidence

that a viable solution to waste
disposal exists, the scientific case
for constructing a GDF in Cumbria
should be developed as a matter
of priority, explicitly addressing the
outstanding criticisms from the 1997
RCF Planning Inquiry.
 As trust building and the generation

of confidence are key for successful
nuclear waste management,
Government and the nuclear industry
must actively engage robust (social
scientific) research that explores,
for example, influences on public
opinion, and assesses the factors that
contribute to confidence building and
how to effectively integrate the best
scientific data with lay understandings
and knowledge
 The full range of scientific opinion on

the geological conditions of sites must
be made available to the public in a
format and language they understand.
This ‘translation’ of scientific data
relies on ‘honest brokers’ and must
be based on collaborative learning
between stakeholders and the public.
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Nuclear education
and skills

Addressing the ‘nuclear skills gap’ is a significant future hurdle for the nuclear
industry. The issue has been documented many times over recent years238 and,
in essence, stems from the past of nuclear energy in the United Kingdom.
10.1 Background
The UK had a significant lead in the early days
of nuclear energy – in research, development,
innovation, and reactor development (having
the first nuclear power station to send
significant quantities of electricity to a national
grid – Calder Hall in 1956).239 This high level
of activity continued for 10–15 years, but
then declined in the 1980s and 90s as the
prospects for nuclear energy in the UK looked
bleak due to underinvestment. The single PWR
at Sizewell B is the only civil nuclear reactor
to have been constructed in the last 25 years
in the UK.
The nuclear industry has evolved a highly
polarized workforce age profile in line with
these developments. Many workers are either
skilled veterans, close to retirement, or are part
of a ‘new wave’ of younger generation in their
20s. A key problem is ensuring knowledge
exchange before the older generation retires.
It poses an interesting challenge for the
younger generation and all parts of the
education cycle involved in preparing them
for the industry. With the planning procedures
and actual reactor build unlikely to come to full
fruition until 2020, it is this new generation who
will drive forward the industry and steer the
future of nuclear energy over the next 60 years
(the lifespan of the new generation of reactors).

Education at academic institutions (colleges
and universities) provides the learning
foundations before skills are applied and
experience gained in the industry itself.
The skills required vary over the different
stages of a reactor’s life – particularly when
comparing construction to operation and to
decommissioning afterwards. Getting the
portfolio of training opportunities right is
essential to equipping the future generation
with the required skills. The so-called ‘skills
pyramid’ is one way of looking at the different
levels and types of knowledge required.
It depicts the educational programmes from
entry level and apprenticeships through the
foundation level and on through to Masters level
degrees and PhDs. The structure of the industry
as a whole is also an influential factor: part of
it (such as consultancies) resides outside the
actual power and utility companies, limiting
(access to) internal training programmes.

The Cogent Sector Skills Council has
undertaken research into the skills needs of
a variety of nuclear industries.240 A series of
reports from the last few years has highlighted
the ‘skills gap’ in the nuclear sector described
above241,242,243,244.

A further concern is that in addition to the
negative impact suffered by the industry
during the economic downturn, the spread of
universities with nuclear expertise has shrunk
considerably. Furthermore, many of the groups
that remain are subcritical in size and thus the
ability to deliver coherent and comprehensive
educational programmes is compromised. This
is gradually changing, as research grants are
being focused towards the nuclear area and

241
In the first of these reports Cogent has
attempted to predict the requirements of the
Civil Nuclear Workforce for the period 2009
to 2025. Clearly, the results are a function of
the uncertain nature of future developments
of the sector. This is still true from a 2012
viewpoint where progress has been made
on some fronts such as the Generic Design
Assessments of new build designs but, on
the other hand, the ongoing impact of the

more research groups are developing
nuclear-related interests. Correspondingly,
new nuclear undergraduate and postgraduate
programmes are appearing. However,
continued development relies strongly on
signals from Government as to the future
of the nuclear industry and the direction of
nuclear research.
The following explores how training and
education is organised across further education
(FE), higher education (HE) and industry.

10.2 Cogent and NSAN
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Fukushima accident has delayed progress and
led to yet more uncertainty (eg, the withdrawal
of RWE and E.ON from Horizon Nuclear
Power). As well as surveying needs by skill
sector, the Cogent report also considers
regional impact on requirements and
availability. Their study categorised five skills
levels: from semi-skilled (Level 1 NVQ/
SNVQ-equivalent) to skilled (Level 2
equivalent), to technician (Level 3 equivalent),
to professional (Level 4 graduate equivalent),
and finally to managers and senior management
(Level 5 postgraduate equivalent). Their
analysis shows electricity generation having
the most skewed distribution towards the
higher skill levels, with fuel processing being
not far behind. Decommissioning shows the
most symmetrical distribution. Having
a disproportionate number of highly skilled
people in particular areas is a consequence
of under investment in training over a number
of years and is clearly undesirable.
In considering age profiles and the impact of
expected retirements Cogent has identified
2015 as a watershed year for skills: ‘At this
point many of the drivers of skills converge.
By 2015, the retirement profile of the workforce
begins to diverge significantly from that of the
UK workforce; by 2015, the decommissioning
of the old fleet will have taken hold; and, by
2015, recruitment and training for the new
fleet must begin if the first are to commence
operations from 2017.’241
 Addressing the skills gap should be

set as a high priority
The second report ‘Next Generation, Skills for
New Build Nuclear’242 views the requirements
of the projected new build scenarios alongside
the competition for manpower from other major
projects such as Crossrail and ‘M25 widening’.
Clearly the demands for a skilled workforce
depend on the size of the new build
programme and between the publication of
the Cogent report (2010) and now, there still
remain uncertainties on the number of reactors
that will be built. As a result the Skills Risk
Register compiled in the report is based on
a single reactor unit. For a total of 29 skill
areas or competences the report estimates the
number of staff at peak demand and through a
combination of factors assessing probability of
current skill deficit and demand timescale
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allocates a high, medium and low rating
to each of the 29. 11 are rated as High,
11 as medium and 7 as low [242– page 19].
This led the report to identify a number of
skills ‘pinch-points’, in particular (i) project
and programme management (ii) various
aspects of engineering and (iii) safety and
regulatory compliance.

large numbers of skilled workers are needed,
but without degree level or postgraduate
specialisation. Since workers with this type of
expertise (such as mechanical and electrical
fitters) are employable in other industries, it is
particularly important to encourage them into
the nuclear industry. Therefore the work of
NSAN and Cogent in this area is vital.

Cogent produced a number of recommendations
designed to address issues of capacity,
capability and skills gaps. Under the main
heading of Workforce Development it
recommended action on apprenticeships
and new entrants, foundation degrees and
occupational standards. To promote workforce
mobility they recommend skills accreditation
schemes including the NSAN Nuclear Skills
Passport; in addition they recommended
activities by the sector skills bodies to assist
transition planning where skills may be
transferable from other industries. On education
they recommend government, funding bodies
and industry work collaboratively to ensure the
appropriate supply of relevant courses at the
FE, HE and postgraduate levels. In addition,
it recommended that the sector skills bodies
and industry work with schools, colleges
and universities to raise the knowledge of the
opportunities in the industry through activities
such as ‘nucleargraduates’.245

Nuclear Island
In order to stimulate the growth of skills Cogent
together with Imperial College London and the
Royal Academy of Engineering, funded through
the HE STEM programme, have develop the
Nuclear Island programme.246 This is based at
the Constructionarium in Norfolk and involves
a two week programme to engage students
on university civil engineering programmes in
issues associated with the civil construction
of nuclear power stations. The extension to
mechanical and electrical engineering is
currently being considered. Funding for the
two-week courses is typically provided by an
industrial partner. The value of the programme
is widely recognised, but to-date the challenge
has been securing sufficient industrial funding.
Part of the challenge is to get significant
industrial engagement for nuclear based
projects from the construction section in
advance of contracts for construction being
signed. There is a danger that the significant
potential benefits of such programmes, which
provide an awareness of the different culture
in engineering required for the nuclear industry,
will be lost if significant sources of additional
funding are not forthcoming.

The third of the Cogent reports243 addresses the
parallel aspects of Skills for Nuclear Defence.
While the Defence Nuclear Programme forms a
critical 25% of the total current UK demand for
nuclear and nuclear related skills, there are a
number of significant differences with respect
to the civil sector. Therefore, in assessing the
needs and availability of skills for the civil
nuclear programme, it is necessary to bear in
mind both the symbiotic relationships with the
defence sector but also the competition for
skilled workforces. The report provides a job
context comparison between the civil and
defence sectors across a dozen activities;
greater detail can be found in the report.243
In recent times Cogent has liaised closely
with the National Skills Academy for Nuclear
(NSAN) to address various aspects of the
skills requirements of the industry projected
forwards. So far this has been particularly
significant in promoting developments at the
apprentice and foundation degree levels, where

n
 ucleargraduates http://www.nucleargraduates.com/
Cogent: Nuclear Island http://www.cogent-ssc.com/Higher_level_skills/ni_index.php

 Consideration should be given to interim

joint Government-Industry funding of
educational and training programmes
across the sector (FE and HE) to
increase the volume of workers and
students suitable qualified to work
in the nuclear sector when new
build commences.
Some greater focus also needs to be directed
to the university sector. While it could be
argued that the university sector will regulate
itself owing to supply and demand from
the industry and students, there is a need
for careful thought about the types of
HE programmes that are required and
an appropriate number of graduates.
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This should also be appropriately matched
to demand at different times of build and
operation of plant. Such HE programmes
cannot instantaneously generate graduates;
there is a lag in time between proposing a
new degree programme, having it approved
by a university management system, taking
admissions and the graduation of the first
cohort. This can be of the order of five
to six years at the undergraduate level
and three years at postgraduate
Masters level.

10.3 Requirements of
the Nuclear Industry
One interesting challenge in matching the
academic supply of graduates and apprentices
to the demand from industry is the development
of the skills profile required over time by the
industry. Particular focus on such disciplines
as civil engineering, building and construction
will be required in the period of the new build
expected in the UK. Estimates show the need
for 30 nuclear engineers, 300 operations staff,
and 3000 construction workers per reactor.
The latter is an upfront effort, lasting of the
order of five years, whilst the former two cover
operations over a ~60 year period.247 However,
the support structure of the industry around
those reactors requires further specialist
personnel. For example EDF Energy has many
of its technical specialists based at Barnwood,
while only some are located at the power
stations. Similarly, the consultancies which
support the industry are a further extension
of this structure. The key point is that the 30
nuclear engineers per station applies only to
staff on site: considerably more are needed
for the industry as a whole.
Examples of roles where there is a concern
that sufficient qualified people may not
exist are: project managers with nuclear
experience, non-destructive testing specialists,
experienced high integrity welders, control
and instrumentation engineers, safety case
engineers, scientists (particularly chemists,
physicists, and metallurgists/materials
scientists), geotechnical engineers and
environmental engineers. Whilst some of these
areas require apprentice or foundation degree
training, a number of these professions require
specialist courses at the higher education level
in the university sector.
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These numbers are considerably larger
when one considers the broader context
of the industry in the UK. That is to say it
is necessary to consider not just new build,
but also operation of the existing fleet,
decommissioning, plus other nuclear-related
activities such as advanced reactor and fuel
cycle development, fusion and nuclear-related
defence activities including submarine
propulsion. These areas largely tap into the
same pool. Education and training has to be
thought of in the broader context of the wider
industry at the graduate level, just as it is at
the apprentice level.
One important feature of the nuclear industry in
the UK is that there is a strong desire to recruit
graduates trained on high quality programmes.
Consequently, a select number of universities
and courses have been targeted by the
industry for graduate recruitment. However,
once in the industry, most companies will
put students through graduate schemes
or in-house training. This includes moving
students around different parts of the company
for placements, and also delivery of some
in-house taught courses. Employees are
given great encouragement to be members
of professional bodies and, in particular,
to hold chartered status. However, academic
qualifications alone are not sufficient in the
industry. Training for, and experience in, a role
is also vital, and demonstration that someone
is a ‘Suitably Qualified and Experienced
Person’ (SQEP)248 is of great importance.
At the lower end of the skills pyramid some
investment has already been made. An example
is the investment in Bridgewater College
(located near Hinkley Point) by EDF Energy
for support to the first of their new EPR type
reactors. NSAN has also developed a ‘skills
passport’ for workers within the industry, and
this is of particular relevance to skilled (but
non-graduate) workers. On the graduate side,
a new ‘certificate of nuclear professionalism’
developed by NSAN is operating through a
combination of universities (developed by
NSAN together with the Open University).

10.4 Educational Sector
It is not just the industrial side that may
experience a massive shift in the near future.
The university sector may experience significant
changes owing to the tuition fees increase
starting in 2012. Preliminary estimates indicate
that the impact on student numbers is less
significant in the engineering and science
areas than in other areas such as social
sciences. There may be reluctance for students
to take on an extra year of debt associated with
postgraduate programmes, which may deplete
the numbers of graduates. This may further
impact on the delivery of some science and
engineering courses depending on the reaction
of individual institutes to the new funding
structures and associated student numbers.
It may also be that students who are applying
in the science and engineering disciplines
become more selective about the universities
to which they apply. Both industry and
universities need to be alert to the implications
of the changes to the student demographic.
One important aspect for the future is providing
incentives for the really good students to come
into the nuclear energy sector. This may take
the form of bursaries from industry and/or
research councils (EPSRC used to provide
sponsorship to Masters programmes in this
area), and may involve industrial projects and
student placements. One potential sticking
point is that industry needs confidence in the
future direction (eg, of new build) in order to
make financial commitments and investments
in education and training. Likewise the university
sector can have some inertia in terms of getting
new courses approved and up and running.
Therefore, there is some significant concern
that trained graduates will not be in place
when the demand finally materialises.

10.5 A
 pprenticeships and
Foundation Degrees
The full supply chain to get a nuclear plant
built and operating includes areas such
as manufacture, construction, regulation,
operations, power generation and plant
maintenance (followed, eventually, by
decommissioning). Although a significant
number of the personnel required will need

These figures ignore the overhead incurred in the selection, assessment, safety approval and planning process prior to construction taking place. In addition, for the vendors there is the significant
technical effort involved in the development, demonstration of principle and marketing of new designs, a process the UK have moved ‘offshore’.
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graduate or postgraduate training, most of
the jobs created will be at a point in the skills
pyramid before this – at the level of apprentices
and foundation degrees (eg, the foundation
degrees offered by the University of Central
Lancashire, UCLAN). The exact numbers
required depend heavily on the level of new
build, but as an example a new build program
at the order of 15 GWe generation would
require tens of thousands of workers, with
construction comprising about 60% of the
workforce, operations 25%, and manufacture
of the order of 15%. The construction of each
nuclear reactor is a significant enterprise,
comparable to building for the Olympic Games,
so clearly careful planning and availability
of the appropriate resources (including the
workforce) needs to be mapped out. Significant
‘staggering’ between new reactors is likely to
be needed – about 18 months between the
start of construction of one reactor and the next
(as has been done for example in China). The
report by Cogent on skills for new nuclear build
gives some indicative scenarios for how this
may work in a way which starts to plug
the energy gap around the latter part of this
decade and then develops into a strong
increase in nuclear generated power during
the 2020s. Some other means may still be
necessary to provide some of the shortfall
created between about 2017–2020, however,
and in hindsight this is a good reason for
having acted sooner to facilitate new build
in the UK. It is also an even better reason for
moving forward and making progress now.
The sector skills council is working with the
industry to pilot their Nuclear Apprentice
Programme to operate across the nuclear
sector. Combined with the Nuclear Passport
scheme of NSAN this should help increase
worker mobility as well as facilitate up-skilling
and retraining. This may prove particularly
useful because the apprentice level part of
the skills pyramid tends to be more locally
sourced (hence EDF Energy’s investment in
Bridgewater College). However, workers at
the apprentice and foundation degree level
can often go into a variety of areas of work
(eg, welders, or electrical fitters, who can be
general electricians instead of working at a
power station), which means that the nuclear
sector is fishing in a larger pool. Whilst the
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established nuclear industry is putting funding
into developing training in this area, due to
the lack of clear signals regarding new build,
other industries are not doing so to the same
degree and that there is a danger that such
programmes are significantly under-resourced.

10.6 University Sector
Undergraduate Degrees
No long-running undergraduate degrees in
nuclear engineering exist within UK universities.
There were some courses of this nature in the
earlier years of nuclear power, but all were
discontinued during the times of low demand
from the industry. More recently, there has
been a resurgence of nuclear engineering
courses with new programmes at Lancaster
University, Leeds University, Imperial College,
the University of Birmingham, and the University
of Manchester249. One useful aspect of
undergraduate degrees is the wide-ranging
focus, since the industry prefers to recruit
chemists, materials scientists, mathematicians,
physicists, engineers, economists, etc.
Nonetheless, specialist nuclear education is
often highly valued but this can be given only
a limited coverage at undergraduate level apart
from within specialised courses such as a
nuclear engineering degree. As a compromise,
the Imperial College degree allows students
from a range of backgrounds (eg, mechanical
engineering, chemical engineering) to take
options in the latter part of their degree
creating a ‘with nuclear’ degree This provides
some of the appropriate background and
cultural awareness, and hence provides
access to careers in the nuclear industry.
Postgraduate Masters Degrees
The only long running post graduate Masters
course specifically aimed at the civil nuclear
power area is the MSc in Physics and
Technology of Nuclear Reactors at the
University of Birmingham, which has run
continuously since 1956. All other similar
courses of the same vintage closed down,
but in the last few years one or two other
courses have started. These include the
Nuclear Engineering Masters at Imperial
College, the MPhil at Cambridge University,
and the NTEC consortium (a collaboration
between about a dozen universities, all

delivering modules towards a qualification
in nuclear technology)249. The last of these is
aimed particularly at industrial based students
studying part time, but also has some
recruitment of full time recent graduates.
The Imperial College course started a couple
of years ago and came online around the
same time as Imperial’s new undergraduate
programme, and the Cambridge course has
a focus that includes some of the social and
political aspects.
In the broader arena, the University of Surrey
has a set of radiation MSc courses that,
whilst not reactor focused as such, have
sent many people into various branches of
the nuclear industry. Lancaster University also
offers a safety course which includes aspects
of nuclear safety. In the area of submarine
reactors, as opposed to civil power generation,
a long running course exists in the form of a
suite of qualifications offered by the Defence
Academy and delivered at HMS Sultan for the
navy and related companies.
The Birmingham MSc in Physics and
Technology of Nuclear Reactors provides
an example of the benefits of close liaison
between industry and the university. At a stage
at the end of the 1990s when this MSc course
was the sole surviving post-graduate course
designed to supply graduates for the civil
nuclear industry, it was faced with the loss of
EPSRC studentships. It was through debate
with and the positive support of the nuclear
industry (and organisations such as the HSE)
that a partnering agreement was set up to
ensure the continuation of the course. The
ongoing contribution of the industry to
studentships and projects, together with
significant in-kind assistance through talks
and visits, has demonstrated an ongoing
close collaboration between the industry
and the course and its development. The high
take up of graduates from the course into the
industry has demonstrated that the ‘product’
is appreciated by employers.250
PhD Research Degrees
Nuclear-specific courses, of either the
undergraduate or postgraduate Masters variety,
largely closed down over the years where

Nuclear Liaison: University nuclear related taught courses in the UK http://www.nuclearliaison.com/nl-courses
T
 he current contributors to the Partnering Agreement are: AMEC, Areva Canberra, Atkins, AWE, Babcock, BAE Systems, EDF Energy, Frazer-Nash, Horizon Nuclear Power, Magnox, National
Nuclear Lab, Rolls-Royce, Serco, and Westinghouse.
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nuclear suffered a dip in prospects, and the
same is partially true of the research sector.
This includes the training of postgraduate
researchers such as PhD and EngD
(see below) students. Funding for nuclear
energy related research was reduced
through the 1980s and 1990s. In response,
research programmes moved more towards
decommissioning and life-extension.
The refocus on new build and a reinvigoration
of the decommissioning and waste disposal
and management programmes has seen a
greater emphasis on supporting doctoral
training centres.

postgraduate training. This injection of funding
has been an essential stimulus to re-growing
the skills capacity in nuclear technologies.
However, to widen the research base and
capacity its impact needs to be broadened
over the higher educational sector.
	It is recommended that nuclear EngD

programmes should be as inclusive as
possible so that there is encouragement
to the whole academic sector involved
in nuclear power related activities.

Since the programme started only in 2006
with the first students being recruited in 2007,
only a few students have graduated. However,
the degree of industrial engagement is good.
Moreover, it is good to note that access
to the programme has widened to include
further universities in recent times. This is to
be commended as there was some evidence
at the beginning of the nuclear EngD
programme that some existing research links
between UK universities and industry were
being broken because companies were
concentrating on the new EngD route.

Research facilities in the UK in the nuclear
area, which are key for the training of young
researchers, have been significantly reduced
over recent years.254 One notable example
concerns research reactors. Here the UK’s last
openly available research reactor, CONSORT
at Imperial College, remains operational during
2012 but will then shutdown and enter a
decommissioning phase.255 Also of significance
are facilities to perform materials tests at high
temperatures, pressures, and flow rates as well
as to perform in situ materials damage studies
in appropriate beam fluxes. Indeed, as an
example, the School of Metallurgy and
Materials at the University of Birmingham is
developing facilities in both of these areas
which will provide much needed training
opportunities for young researchers. In addition,
the UK National Nuclear Laboratory (NNL)
active facilities at Sellafield and Springfields are
available for researchers through NNL-NDAUniversity of Manchester third party access
agreements. However, to date there have been
only a limited number of projects utilising this
opportunity and the mechanism, including
funding routes, needs to be better understood.
Similarly the Dalton Cumbria Facility offers
new research and training possibilities.

Subsequently, the Nuclear FIRST252 doctoral
training centre was also established (2009)
as a joint Manchester–Sheffield initiative.
In addition the KNOO (Keeping the Nuclear
Option Open) and DIAMOND projects253
were funded by the EPSRC to maintain the
research base and provide opportunities for

Post-Doctoral Activities
While it is clear that greater efforts are still
required at the lower end of the skills pyramid,
it is worth noting, in conclusion, activities
at the post-doctoral level. France (latterly in
collaboration with Germany) instituted in the
mid 1990s a programme of summer schools

The EngD or Engineering Doctorate qualification
is similar to a PhD but with a taught component
and includes some management modules
designed to make research engineers into
industry leaders and managers. It has been
an interesting development in the nuclear field
in recent years and certainly ensures a close
link between the academic institutions and
the industrial partners. The Nuclear EngD
centre hosted by the Dalton Institute at the
University of Manchester includes a number
of university partners.251

designed for post-doctoral natural scientists in
R&D laboratories, nuclear industry and utilities
in order to address the challenges of the
future, such as new reactor generations,
optimal solutions for the back-end of the fuel
cycle and the necessity for a fundamental
understanding of nuclear physics. In doing so
it aims to focus on the preservation of a high
standard of knowledge in reactor physics and
reactor technology. These Frédéric Joliot / Otto
Hahn Summer Schools have attracted large
multi-national audiences and have developed
an enthusiastic international following.256
The UK has participated by providing a number
of lecturers as well as students and one special
autumn session was run in the UK.
More recently the National Institute for Nuclear
Science and Technology (INSTN) and the
Nuclear Energy Division (DEN) of CEA in
France have formed an international school
in nuclear engineering, aimed at promoting
knowledge in the field of reactor physics and
engineering at a high education level.257 These
activities are also open to UK participants.

Conclusions
 Cogent are congratulated on their

efforts so far and are encouraged to
maintain their activities in assessing
the needs for skills in the nuclear
sector.
 Close collaboration between industry

and academia is vital to the production
of suitably qualified persons for all
stages of the application of nuclear
energy and the nuclear fuel cycle.
 Research degree programmes that

encourage links between the nuclear
industry and universities should be as
inclusive as possible in order to nurture
the small number of institutions active
in this area.
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Nuclear Fission Research, Science and Technology Centre for Doctoral Training (Nuclear FiRST) http://www.nuclearfirst.manchester.ac.uk/
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Imperial College London: Reactor Centre http://www3.imperial.ac.uk/reactorcentre
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Glossary
Term

Definition

Advanced Gas Cooled Reactor (AGR)

The UK’s second generation of nuclear power stations, built between 1965 and 1989. These
reactors use a carbon dioxide gas as the coolant. This is heated by passing through channels
in a graphite moderator. The graphite slows the neutrons enhancing the fission probability.

Advanced Passive Reactor from Westinghouse
(AP1000)

A Generation III+ pressurised water reactor (PWR). It is designed by the Westinghouse Electric
Company. Features include enhanced safety. Several reactors of this design are currently under
construction in China.

Boiling Water Reactor (BWR)

The second most common type of reactor in use worldwide. The moderator is water, which
is allowed to boil and then passed through a turbine to generate electricity.

Breeding

Conversion of one isotope (such as 238U or 232Th), which in itself is not a suitable fuel for fission,
into a different isotope which can fission in a reactor (eg, 239Pu or 233U). Reactors able to
perform such a function are known as breeders, eg, fast breeder reactors (FBR).

Carbon capture and storage (CCS)

Sometimes referred to as carbon capture and sequestration. This is a technology which can
remove CO2 (carbon dioxide) emissions from the exhaust gases from typical power stations.
The gas once captured is pumped and stored underground, for example in disused oil or gas
fields. The technology remains to be demonstrated on an industrial scale.

Carbon floor price

Part of the Electricity Market Reform package – a variable tax on electricity generators which will
ensure that their total cost per tonne of CO2 emissions (from the tax, and buying ETS permits)
rises at a predetermined rate over the coming decades.

Combined cycle gas turbines (CCGT)

Conventional power stations that burn gas to turn a turbine and then use the waste heat to
create steam for a second turbine, turning a relatively high proportion of their fuel’s energy
content into electricity.

Contracts for differences

Financial contracts that make a payment relative to some other price, for example, ‘topping up’
the revenue received by a generator at times when the market price is low (see FiT with CfD).

Department of Energy and Climate Change
(DECC)

The government department responsible for energy policy in the UK (http://www.decc.gov.uk/).

Disposal System Safety Case (DSSC)

A set of reports that cover the safety issues associated with the development of a geological
disposal facility (GDF). This is the responsibility of the Nuclear Decommissioning Authority (NDA).
See http://www.nda.gov.uk/aboutus/geological-disposal/rwmd-work/dssc/ for details.

Engineering and Physical Sciences Research
Council (EPSRC)

The government-funded research council responsible for most of the university and similar
research in the area of nuclear energy. The Science and Technology Facilities Council (STFC)
also has a role in funding a spectrum of pure and applied physical sciences together with key
facilities such as the Diamond light source.

Enriched

The isotopic ratio of a particular nuclide is raised above that which occurs naturally. For example,
natural uranium has about 0.7% 235U, but in many reactors this is enriched to about 3 or 4%.

Euratom

The European Atomic Energy Community. See http://www.euratom.org/. The Euratom Treaty
is one of the Treaties of Rome, originally signed in 1957, and brings together all EU Member
States in cooperation in all areas of the peaceful use of nuclear technology, including research.

European PWR from Areva (EPR)

An evolutionary pressurised water reactor (PWR) of Franco-German design and marketed by
the French company Areva. This has a generating power of 1.6 GW. The EPR is the design
which is planned to be constructed at Hinkley point by EDF. Four reactors of this design are
under construction in Finland, France and China.

Fast neutron reactors (FNRs)

Neutrons produced directly by fission are known as fast neutrons. In thermal reactors they are
slowed down, moderated, to become thermal neutrons. Thermal neutrons are used in thermal
reactors, fast neutrons in fast reactors. In order to sustain the chain reaction, typically higher
levels of isotope enrichment are required. Fast reactors have the potential to produce waste
with lower radiotoxicity which needs to be stored for shorter times.
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Term

Definition

Fertile

Material suitable to be converted into a fissile fuel nuclide, eg, 238U or 232Th which are converted
by neutron absorption and subsequent radio-active decay into 239Pu and 233U, respectively.
These last two isotopes are fissile.

Feed-in tariff

A way of supporting generators which offers a fixed price for each unit of power that they
generate. These have historically been used to permit renewable sources to establish
themselves in the energy market.

Feed-in-tariff with contracts for differences (FiT
with CfD)

Part of the Electricity Market Reform package that will effectively guarantee the overall revenue
received by low-carbon generators holding these contracts, topping up their revenues when
market prices are low and capping them when prices are high, but still requiring them to sell
their power in the wholesale markets. As part of the Contracts for Difference it is necessary
to get agreement on the Strike Price – this is the price that determines if the utility will either
receive or give payments.

Fissile

An isotope that has a significant probability of undergoing fission (splitting into two fission
235
239
fragments) induced by low energy neutrons (ie, thermal neutrons). Examples are U, Pu
233
and U. Some other isotopes can have a very small but finite probability of fissioning with
thermal neutrons but they are not normally regarded as being fissile. An example is 238U.

Fission

The process of splitting of a heavy nucleus into two or more parts with the release of energy.
In a reactor, fission is induced by neutrons; however, a few heavy nuclides can undergo fission
spontaneously without being stimulated through the absorption of a neutron, an example is
252
Cf.

Fission fragments

The heavy particles emitted by the fission process while they still have significant kinetic energy.
It is this kinetic energy (energy associated with their motion) which heats up the fuel rods, which
in turn is used to heat the coolant. The heated coolant can then be used to generate electricity
using a turbine.

Fission products

The products resulting after fission fragments have lost their kinetic energy. They also include
the daughter products after radioactive decay of other fission products.

Fusion

The merging of two light isotopes releasing energy in the process. An example is a deuteron
(2H) and a triton (3H). In a fusion reactor, this process creates helium-4 nuclei and neutrons.
The neutrons carry most of the energy which, in principle, may be converted into heat and hence
electrical energy.

Generation IV / Gen-IV

A fourth generation reactor. Generation I were the first power producing reactors; Generation II
the current power producing reactors; Generation III Advanced Reactors (usually certified
by the NRC in the 1990s); Generation III+ designs which offer significant improvements in
safety and economics over the Generation III advanced reactor designs; Generation IV
concepts for future designs.
These advanced reactor designs have a number of potential advantages over current reactor
designs such as improved safety, higher efficiency and reduction in waste.

Generic Design Assessment (GDA)

The process conducted by the Office for Nuclear Regulation and the Environment Agency which
performs a detailed review of the designs proposed to be built in the UK (EPR and AP1000).
This is a pre-licensing process in which there is a detailed review of the design specifications
of the reactors in the context of UK regulations.

Geological Disposal Facility (GDF)

An underground nuclear waste disposal facility for the disposal of intermediate and high level
waste. The site would typically be 500 m underground in a geologically stable environment.
The UK is currently in the process of exploring possible options for the construction of a GDF
by 2040.
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Term

Definition

GWe

A unit of power – many nuclear power stations are just over 1 GW in size, while the demand
for electricity in Great Britain varies between around 30 and 60 GW. 1 GW = 1,000 MW =
1,000,000 kW. Giga Watt of electricity = 109 Watts. The ‘e’ stands for electrical as opposed
to ‘th’ for thermal. This differentiates the thermal power (heat) produced by a reactor from the
useful electrical power.

High level waste (HLW)

Radioactive waste that is sufficiently active that it generates significant levels of heat.
Typically associated with spent nuclear fuels and reprocessing.

Intermediate level waste (ILW)

Radioactive waste that is considerably active but below the level of significant heat production.
For example, decommissioning of nuclear reactors will produce ILW.

Irradiated material

Material that has been irradiated with some form of radiation, the term usually being applied
to material that has become mildly radioactive as a result. In a reactor it is usually the neutron
irradiation that is of significance. This irradiation may also change the structural properties,
eg, causing embrittlement.

Isotope

An atom of a particular chemical element which has a particular number of neutrons in its
nucleus. Specifying the elements defines the number of protons in the nucleus, but the number
of neutrons can be different (eg, 235U and 238U are different isotopes of the element uranium).

Light Water Reactor (LWR)

A reactor that uses normal H2O (water) as the moderator and coolant. In contrast, heavy water
reactors (such as CANDU) use deuterated water D2O. Deuterium is a proton and a neutron and
is sometimes called heavy hydrogen.

Low level waste (LLW)

Waste with only low levels of contamination produced: for example, filters, clothing, waste from
hospitals etc.

Magnox

Magnesium non-oxidising, being a magnesium alloy used to clad nuclear fuel in the Magnox
reactors.

Magnox plants

The UK’s first generation of nuclear power stations, built in the 1950s and 1960s; now mostly
closed. A reactor that uses CO2 gas as coolant and graphite as the moderator. It is capable of
operating with natural uranium in metallic form which is clad in a Magnox alloy fuel can.

Minor actinides (MA)

These are the actinide elements found in nuclear fuels aside from uranium and plutonium.
These include elements such as americium, neptunium and curium.

Moderation

The process of slowing neutrons down from the energy at which they were emitted from the
fission process until they are in thermal equilibrium with their surroundings and have enhanced
probability for fissioning nuclei.

Molten Salt Reactors

A type of reactor in which the fuel is molten. The fuel can be dissolved in a molten salt coolant
(eg, a fluoride salt such as uranium tetrafluoride). First developed in the US as part of the military
programme and extensive tests were done in the 1960s at Oak Ridge National Laboratory in
the US.

Mixed Oxide of plutonium and uranium (MOX)

A type of fuel which contains both uranium and plutonium in oxide form. The advantage of MOX
fuel is that is does not require enriched uranium, since the fissile content is mainly provided by
the plutonium, which is mixed with natural or depleted uranium.

National Nuclear Laboratory (NNL)

A government owned commercially operated (GoCo) laboratory in the UK which acts as the
main centre of expertise on nuclear technology and the fuel cycle.

NIREX

The Nuclear Industry Radioactive Waste Executive, set up by the UK nuclear industry to manage
the radioactive waste from the civil cycle. It was integrated into the NDA in 2006. It was charged
with finding a geological disposal facility in the 1980s and 90s, a process that ended in failure.
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Term

Definition

Nuclear Decommissioning Authority (NDA)

Organisation within the UK with responsibility for decommissioning and cleanup of nuclear
facilities, including retired nuclear power stations in the UK. The NDA also has responsibility
for developing a geological disposal facility (GDF) for the disposal of nuclear waste.

NRC

Nuclear Regulatory Commission. The organisation in the US responsible for the regulation,
licensing and safety of nuclear energy.

ODS steel

Oxide dispersion strengthened steel – an advanced material currently under investigation for
use in the nuclear sector.

Passive safety features

Safety features in a reactor design that do not require any power to make them operate
– enhanced reactor designs contain such features.

Plutonium stockpile

The amount of plutonium that has accumulated from the operation of nuclear reactors and
which has been separated from the spent fuel. The plutonium is separated from the spent fuel
in reprocessing, where the unused uranium is removed from the plutonium and fission products
and recycled.

Pressurised Water Reactor (PWR)

The most common type of reactor world-wide. The moderator is water kept under pressure, and
a heat exchanger is used to create steam in a separate boiler circuit. The UK has one PWR, at
Sizewell in Suffolk.

Prototype Fast Reactor (PFR)

Prototype reactor design using fast rather than thermal neutrons. The UK used to have a
Prototype Fast Reactor at Dounreay in Scotland. This programme was stopped in the 1990s.

Sellafield MOX Plant (SMP)

The plant based on the Sellafield site which produced MOX fuel. Due to lack of demand
and poor performance the plant is now closed.

Spent nuclear fuel

Irradiated nuclear fuel that has been discharged from a reactor. Depending on national
legislation, is considered to be high-level waste for direct disposal in a GDF, or is reprocessed
to extract uranium and plutonium for recycling in fresh fuel, with the remaining fission products
and minor actinides sealed in a vitrified waste form for disposal in a GDF.

Spent nuclear waste

Waste from spent fuel, which needs to be disposed of in a geological repository.

Strike price

The average revenue that a generator with a feed-in-tariff with contract for differences
(FiT with CfD) will receive; the level that its income is topped up to and capped at.

TSB

Technology Strategy Board, a publicly-funded body responsible for helping commercialise
innovations in the UK See http://www.innovateuk.org/

Thermal Oxide Reprocessing Plant (THORP)

A plant operated by Sellafield Ltd and owned by the NDA used for the reprocessing of nuclear
fuel. The uranium extracted from the spent fuel can be recycled into new fuel rods – eg, in MOX
type fuel.

TWhr

A unit of energy – the UK generated 381 TWh of electricity in 2010. 1 TWh = 1,000 GWh;
1 GWh = 1,000 MWh and 1 MWh = 1,000 kWh. A typical UK household uses around
4,000 kWh per year.

Twin-unit station

A power station with two reactors on site.

2

W/m

Watts per square metre – useful in comparing the generating capacity of different types of
technologies with national consumption. The UK’s consumption is over 1 W/m2 and wind
power can generate 2–3W/m2. This would imply that if wind were the only source of electricity
that one half to one third of the UK would need to be covered by wind turbines.
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Appendix 1
Policy Commission work
programme
The Policy Commission’s work took place in two broad phases: Phase One involved establishing
the Commission and scoping its topic; and in Phase Two – the main phase – the Policy
Commission heard and deliberated evidence from a range of sources, agreed conclusions
and recommendations, and explored them through the media and public events.

Phase One (July to November 2011)
Activities included:
	Developing the idea for the Policy
Commission with University of Birmingham
academics and Commissioners
	Launching the Policy Commission with
a debate on ‘Nuclear Power: What Does
the Future Hold?’, Chaired by the Vice
Chancellor, at the Liberal Democrat Party
Conference (September 2011). Speakers
at this event included the Chair of the
Commission – Lord Hunt of Kings Heath,
Liberal Democrat MP John Hemming,
Dr Susan Juned, Director, Greenwatt
Technologies Sustainable Solutions, and
Professor Martin Freer – Academic Lead of
the Commission http://www.birmingham.ac.
uk/research/impact/policy-commissions/
party-conferences.aspx
	Commissioners’ meetings to agree
the content and process of the Policy
Commission
	Contributing to the University of
Birmingham meeting with Charles Hendry
(Minister of State, Department of Energy
and Climate Change)

Phase Two (December 2011 to June 2012)
Activities included:
	Two day-long workshops to hear and
deliberate evidence from policy makers,
practitioners and academics. These
workshops attracted an impressive range of
experts from within the UK and from France
– a major player in the international nuclear
arena. They included the Chairman of the
UK Atomic Energy Authority; Senior
Vice-President, AREVA UK; Vice President
Europe Region, GE Hitachi; Director,
Nuclear Energy Division, French Alternative
Energies and Atomic Energy Commission;
Head, Nuclear Development Division, OECD
Nuclear Energy Agency; HM Deputy Chief
Inspector, Office for Nuclear Regulation;
Head of Nuclear Policy, EDF Energy;
Communications specialist, Department of
Energy and Climate Change; and the Public
Policy Advisor, Nuclear Industry Association
	Commissioners’ meetings to reflect on the
issues raised at the workshops and
deliberate policy options
	Meetings with key policy figures such as
Dr Timothy Stone CBE (Expert Chair, Office
for Nuclear Development; Senior Advisor to
the Secretary of State for Energy and
Climate Change)
	Meetings with organisations, such as the
Weinberg Foundation, that were able to
inform specific aspects of the nuclear debate
	Public presentations such as that by
Professor Martin Freer at the Lunar society
(‘What should be the role of nuclear power
in a secure future energy supply?’,
January 2012)

	Media briefings including a comment piece

on Aljazeera http://www.aljazeera.com/
indepth/opinion/2012/03/
201238115746998458.html
	The Birmingham Brief: ‘The need for a
roadmap for nuclear policy’, commenting
on the status of nuclear energy on the
anniversary of the Fukushima incident in
Japan http://www.birmingham.ac.uk/news/
thebirminghambrief/items/The-need-for-aroadmap-for-nuclear-policy.aspx
	A public debate on the future of nuclear
energy in the UK, held in Westminster
(March 2012). Panellists included Lord
Philip Hunt (Chair), Professor Martin Freer,
Jonathon Porritt (Co-Founder, Forum for
the Future), Keith Parker (Chief Executive,
Nuclear Industry Association), Sue Ion
(Former Group Director of Technology for
British Nuclear Fuels Ltd) and Ron Bailey
(Independent consultant). http://www.
birmingham.ac.uk/research/impact/policycommissions/nuclear/publicdebate.aspx
	Vice Chancellor’s Select Dinner to discuss
issues raised in the Commission with
national experts including Norman Harrison
(President, Nuclear Institute), Tony Grayling
(Head of Climate Change and Sustainable
Development, Environment Agency) and
Alan Raymant (Chief Operating Officer,
Horizon Nuclear Power).
	Commissioners’ meetings to finalise
the findings and recommendations

Launch of Policy Commission Report:
02 July 2012
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Appendix 2
Contributors to the Policy
Commission
Ron Bailey Independent Consultant
Professor Bertrand Barré Scientific Adviser
to the AREVA President
Christophe Béhar Director, Nuclear Energy
Division, French Alternative Energies and
Atomic Energy Commission (CEA)
Dr Peter Burt Director,
Nuclear Information Service
Ron Cameron Head, Nuclear Development
Division (NDD), OECD Nuclear Energy
Agency (NEA)
Professor Roger Cashmore Professor of
Experimental Physics, University of Oxford;
Chairman of the UK Atomic Energy Authority

Dr Alan Herbert Geological Modeling for
Waste Disposal, University of Birmingham

David J Powell Vice President Europe Region,
GE Hitachi

Professor Paul Howarth Managing Director,
National Nuclear Laboratory (NNL)

Neil Robinson Managing Editor, Bulletin
Academic

Dame Sue Ion Fellow, Royal Academy of
Engineering and Former Group Director of
Technology for British Nuclear Fuels Ltd

Professor Andrew Sherry Director, Dalton
Nuclear Institute, University of Manchester

Ian Jackson Independent Nuclear Consultant,
Jackson Consulting Limited
Dr Susan Juned Director and Senior
Consultant, Greenwatt Technologies
Sustainable Solutions
Nigel Knee Head of Nuclear Policy,
EDF Energy

Desmond Cecil CMG Senior Vice-President,
AREVA UK

Ben Koppelman Senior Policy Adviser,
Science Policy Centre, The Royal Society

Neville Chamberlain CBE Chairman,
Structure Vision Ltd

Dr Derek Lacey HM Deputy Chief Inspector,
Office for Nuclear Regulation, An Agency
of HSE

Professor Steven Cowley Chief Executive
Officer, Culham Centre for Fusion Energy
(CCFE) and Head of EURATOM/CCFE Fusion
Association
JoAnne Fishburn Outreach Director,
Weinberg Foundation
Dr Antony Froggatt Independent Consultant
and Senior Research Fellow, Chatham House
Kirsty Gogan Communications Specialist,
Department of Energy and Climate Change
Tony Grayling Head of Climate Change and
Sustainable Development, Environment Agency
Norman Harrison President, Nuclear Institute;
Director of Strategic Development, Babcock
International Group
Peter Haslam Public Policy Advisor, Nuclear
Industry Association
Rt Hon. John Hemming Liberal Democrat MP,
Birmingham Yardley
Professor Karen Henwood Social
Psychologist and Professor, Cardiff University

Mark Lynas Author and Journalist
Professor James Marrow Professor of Energy
Materials and Co-Director, Programme in
Nuclear and Energy Materials, Oxford Martin
School, University of Oxford
Christine McGourty Director, Energy UK
Joe McHugh Head of Radioactive Substances
Regulation, Environment Agency
Richard Mrowicki Head of Japanese MOX
Programme, Nuclear Decommissioning
Authority
Dominique Ochem International Assistant,
Nuclear Energy Division, French Alternative
Energies and Atomic Energy Commission
(CEA)
Keith Parker Chief Executive, Nuclear Industry
Association
Dr Wouter Poortinga RCUK Academic Fellow,
Environmental Psychologist, Cardiff University
Jonathon Porritt Co-Founder, Forum for
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