Why nuclear innovation is needed
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“Let’s be honest with ourselves, we don’t have all the answers to decarbonisation today. We must
develop technologies that are both cheap and green. This means unleashing innovation.”
Energy and climate change secretary Amber Rudd, 18 November 2015

The climate crisis is continuing to grow. According to the 2014 report from the United Nation’s
Intergovernmental Panel on Climate Change (IPCC), climate change is set to inflict “severe
widespread and irreversible impacts” on people and the natural world unless carbon emissions are
cut sharply.1 To avoid this outcome, the global energy market must use all low-carbon technologies
and phase out unabated fossil fuel combustion as quickly as possible.
Renewable energy has a leading part to play because – as the name suggests – it will never run out.
However, in 2013 only around 19% of global energy use (electricity, heat, transport) came from
renewables. Much of this was from hydropower, and large hydro has environmental and human
rights drawbacks. Much came from bioenergy, which can cause air pollution problems and can, due
to land use change, be as bad for the climate as fossil fuels are. Wind and solar power provided less
than 1.3% of global energy in 2013. Both must be expanded rapidly, as must marine renewables and
geothermal. If the objective is to move to a 100% sustainable energy mix (which may not be the
best objective, as we discuss below) the journey will take many decades. To protect the climate,
many different low carbon energy sources must also be used.
Carbon capture and storage (CCS) technology has great potential and should be supported, but is
not progressing fast. The cost of large-scale CCS remains essentially unknown. It would therefore
be highly risky to make CCS the only non-renewable low-carbon technology.
No technology has zero carbon emissions but nuclear power has very low carbon emissions. A 2011
study by the Parliamentary Office of Science and Technology found that, taking account of the full
life cycle, nuclear power stations emit an average of 11g of CO2 per kilowatt-hour2. Only large
wind turbines and run-of-river hydro have a lower carbon footprint. Unabated coal power stations
emit over 800g, gas power stations around 400g. So gas is less polluting than coal is but still has
high carbon emissions compared to nuclear. New nuclear power stations are therefore a necessary
part of a global low-carbon future. Recent reports from the IPCC 3, the International Energy
Agency4, the UN Sustainable Solutions Network5 and the Global Commission on the Economy and

1 Intergovernmental Panel on Climate Change, ‘Working Group III – Mitigation of Climate Change’, 2014
2 Parliamentary Office of Science and Technology, ‘Carbon footprint of electricity generation’, 2011
3 Intergovernmental Panel on Climate Change, ‘Working Group III – Mitigation of Climate Change’, 2014
4 International Energy Agency, ‘World Energy Outlook’, 2014
5 UN Sustainable Solutions Network, ‘Pathways to Deep Decarbonization’, July 2014
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Climate6 have all come to this conclusion. To control climate change, we should not support nuclear
OR renewables: we should support both.
Nuclear energy has a tainted reputation, due to limitations of previous and existing nuclear power
plants and to nuclear energy’s association with nuclear weapons. In reality, nuclear is already a very
safe energy source. Even taking account of accidents such as Chernobyl, there are fewer deaths per
amount of energy provided from nuclear than from any other source.7 Nuclear power also saves
lives because, as well as being very low-carbon, nuclear reactors do not emit toxic air pollution. A
2013 NASA study by Pushker Karecha and James Hansen calculated that past and current nuclear
reactors have prevented 1.84 million air pollution-related deaths.8
Next-generation nuclear reactors, such as Molten Salt Reactors and Fast Reactors, will be even
lower carbon emitters than existing reactors, produce far fewer waste products, be able to use fuel
much more efficiently, and be even safer. They will also be able to use plutonium and existing
nuclear waste as fuel, so helping to manage the legacy of past nuclear operations. Once the legacy is
used up, they can be fuelled by thorium, a very abundant element that cannot be made into nuclear
weapons, therefore decreasing proliferation concerns.
New power stations using some existing reactor designs need to be built, because next-generation
reactors are not yet ready for commercialisation. The British government should make progress
with both a Fast Reactor and a Molten Salt Reactor. If demonstration projects confirm that nextgeneration nuclear reactors deliver the expected benefits, they should be part of the long-term, lowcarbon global energy mix.
James Hansen, who brought climate change to the world’s attention with his 1988 testimony to the
US Senate, has said: “after studying climate change for over four decades, it’s clear to me that the
world is heading for a climate catastrophe unless we develop adequate energy sources to replace
fossil fuels. Safer, cleaner and cheaper nuclear power can replace coal and is desperately needed as
an essential part of the solution”.9 We agree.

6 Global Commission on the Economy and Climate, ‘Better Growth, Better Climate: The New Climate Economy Report’, September 2014
7 Conca, J., ‘How Deadly Is Your Kilowatt? We Rank The Killer Energy Sources’, 2012
8 Karecha, P., and Hansen, J., ‘Prevented Mortality and Greenhouse Gas Emissions from Historical and Projected Nuclear Power’, NASA, 2013
9 In an email endorsing the work of the Alvin Weinberg Foundation
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Introduction
The climate crisis is continuing to grow. The atmospheric concentration of carbon dioxide has
increased by 40% since pre-industrial times. According to the 2014 report from the United Nation’s
IPCC, climate change is set to inflict “severe widespread and irreversible impacts” on people and
the natural world unless carbon emissions are cut sharply and rapidly. The panel expects rising
water levels, heat waves, wildlife extinctions, displaced communities, food shortages, and
potentially violent conflicts as a consequence.10
The global population will expand until at least 2050, reaching more than 9 billion. Economic
development will enable people in Asia, Africa and Latin America to use more energy. The energy
sector already produces 41% of the world’s anthropogenic greenhouse gases, making it the biggest
contributor to emissions.11 However much future progress is made on energy efficiency (and much
more must be done on this), global energy demand will increase and more energy will be needed.
To avoid climate chaos, this energy must be low-carbon. Coal emits higher greenhouse gases than
other fossil fuels, so must be phased out first, followed by oil. Removing oil from the energy mix
will require most surface transport to run on electricity. So significantly more electricity will be
needed.
The transition to low-carbon energy systems will take many decades. At the end of the journey,
renewable technologies, harnessing nature to produce low-carbon energy, will provide much of the
required demand but will need to be supplemented other technologies including nuclear energy.

Renewables are not the whole answer
Renewable energy has a major part to play in achieving a secure and sustainable supply of
electricity because it is – as the name suggests - infinite. However, in 2013 only around 19.1% of
global energy use came from renewables.12 This was made up of:
•

9% from traditional bioenergy such as firewood or dung. Firewood can involve
deforestation, which is bad for the climate, wildlife and the local environment. Burning
wood and dung for cooking and heating kills many thousands of people through indoor
air pollution.

•

4.1 % from more modern renewable heat technologies: bioenergy, geothermal and solar
heat. Not all modern bioenergy is desirable either: some has a higher lifecycle carbon
footprint than gas does. Energy crops are often grown with heavy use of oil-based
pesticides and fertilizers and thus still rely on the fossil fuel industry. Some forests are
being felled to provide land to grow energy crops. Even in places where forests are not
felled, energy crops are grown on land previously used to grow food crops, meaning the
food has to be grown elsewhere – often driving deforestation.

•

3.9 % from hydropower. Hydropower is dependent on geography, and many of the best
sites are already being used. Large hydro schemes involve loss of landscape, habitats and

10 Intergovernmental Panel on Climate Change, Fifth Assessment Report, ‘Impacts Adaptation and Vulnerability’, 2014
11 The World Bank, ‘Understanding CO2 emissions from the global energy sector’, 2014/5
12 Renewables, ‘Global Status Report’, Paris 2015
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– often – people’s homes. The construction of China’s Three Gorges hydro scheme, at
22.5 GW the world’s largest, involved the forced relocation of 1.3 million people.
Hydropower also depends on rainfall, so will become less reliable as climate-induced
droughts become more common.
•

1.3% from other renewable technologies used to generate electricity, including wind,
solar, geothermal and biomass. Wind and solar power are intermittent, so large-scale
electricity storage will be necessary as renewables’ share of the electricity mix increases.
Storage technologies are developing rapidly, but significant challenges remain.

•

0.8% biofuels for transport, with the drawbacks of bioenergy noted above.

Energy is not just electricity. Indeed in 2014 about half of total world final energy consumption
went to providing heat for buildings and industry. Bioenergy produces heat, but has the problems
noted above. Geothermal energy produces heat, but depends on geography. Heat pumps can deliver
renewable heat, but increase electricity demand. Solar thermal technology can be used for space and
water heating, but is intermittent.
Only 3.5% of the fuel used by global road transport is renewable. The proportion of renewable fuel
for airplanes, boats and trains is even lower.
Scaling up renewables will take time, so even if the objective is to be totally reliant on renewables
for electricity, heat and transport, it will be many decades before all energy comes from renewables.
Denmark is the only country to have set itself a target to be 100% reliant on renewables; the Danes’
target date is 2050. So the world’s most ambitious country on renewables accepts that nonrenewable fuel will be needed for at least 35 years. Other low-carbon technologies are therefore
needed to protect the climate.

Other low-carbon technologies
Some climate campaigners argue that gas is sufficiently low-carbon to be a bridge technology to the
renewable future. We disagree. Gas power stations emit over 400 grams of carbon dioxide
equivalent per kilowatt hour of electricity generated as Figure 1 shows. This is not as bad as coal
(over 800 grams), but far greater than the UK’s statutory Committee on Climate Change’s
recommended average of 50 grams per kilowatt-hour for all UK generation by 2030.13

13 UK Statutory Committee on Climate Change, ‘The Fourth Carbon Budget’, 2010
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Figure 1: CO2 Emissions of different energy sources. Source: Post-PN-383.
The Committee recommends an average, not a limit. So some generation above 50 grams per
kilowatt-hour could be part of the mix. But significant quantities of unabated gas would make the
average impossible to meet. Gas with CCS, like coal with CCS, will emit around 200 grams per
kilowatt-hour14, so could be part of the energy mix. CCS demonstration and deployment should
therefore be supported. But this technology is not progressing fast, and cost remains very uncertain.
There is only one large-scale CCS project in operation anywhere in the world: at Boundary Dam in
Canada. It would therefore be highly risky to make CCS the only non-renewable low-carbon
technology.
To protect the climate whilst moving to a renewable economy, nuclear power is also needed.
Nuclear power is not zero-carbon – no energy source is. But it is very low-carbon, as Figure 1
shows. The 2011 Parliamentary Office of Science and Technology note on which this graph is
based records that nuclear has an average of 11 grams of CO2 per kilowatt-hour, equal to large
wind, although some estimates for new build nuclear put the figure as low as 6.4 grams.14 above
These emissions come from mining, fuel preparation, decommissioning and waste management:
there are no emissions from operating nuclear power stations. Only large wind turbines have as low
a lifecycle carbon footprint as existing nuclear reactors.
The potential of nuclear power to replace fossil fuels with low carbon electricity is shown by the
examples of France and Italy. Neither country has significant fossil fuel resources, yet France is
much less dependant on fossil fuels than its neighbour, because of its widespread embrace of
nuclear energy. Italy has no nuclear power stations; the ones it had were closed down following a
post-Chenobyl Referendum. As a result, Italy is highly reliant on fossil fuels.

14 POSTNOTE 383, ‘Carbon Footprint of Electricity Generation’, June 2011
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Figure 2: Electricity Mix in France and Italy 2012. Source: IEA
Within the last 18 months, reports from the IPCC15, the International Energy Agency16, the UN
Sustainable Solutions Network17 and the Global Commission on the Economy and Climate18 have
all argued that, in order to stabilise greenhouse gas emissions, the world will need many new
nuclear reactors.
Climate protection is not the only reason to use nuclear power instead of fossil fuels. Air pollution
causes thousands of premature deaths every year. Nuclear reactors emit none of the sulphur and
nitrogen oxides and particulate matter that result from fossil fuel burning. A 2013 paper by Pushker
Karecha and James Hansen of NASA19 found that nuclear power has saved 1.84 million lives by
avoided air pollution, and that building more reactors could save 7 million lives by 2050.
Nuclear power also increases energy security. In Europe, buying energy from Russia and the
Middle East comes with significant geo-political risk. Recent conflicts have highlighted this risk
and the consequential insecurity of supply. For example, during the 2014 Ukrainian crisis Moscow
substantially reduced the supply of gas to the EU. Additionally, revenue from fossil fuel sales is
being used by some governments (notably the Russian government) and groups (notably Islamic
State) to fund aggression. As well as ignoring international law and invading neighbouring
countries, the Putin regime does not respect human rights at home. Nor do the government of Qatar,
from where Europe imports substantial volumes of gas, or the ruler of Azerbaijan, from where
Europe would like to import a lot of gas.
Nuclear energy, like renewable energy, does not contribute to global warming, air pollution or geopolitical tension in the ways that fossil fuels do. Alongside renewables, nuclear is needed to remove
fossil fuels from the global energy mix as quickly as possible.
15 Intergovernmental Panel on Climate Change, Working Group III , ‘Mitigation of Climate Change’, 2014
16 International Energy Agency, ‘World Energy Outlook’, 2014
17 UN Sustainable Solutions Network, ‘Pathways to Deep Decarbonization’, July 2014
18 Global Commission on the Economy and Climate, ‘Better Growth, Better Climate: The New Climate Economy Report’, September 2014
19 Kharecha, P. A., & Hansen, J. E.. ‘Prevented mortality and greenhouse gas emissions from historical and projected nuclear power’. Environmental
science & technology, 47(9), 4889-4895, 2013
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Arguments against nuclear power
There are six common arguments against nuclear energy:
•
•
•
•
•
•

It produces dangerously high radioactive emissions;
There is an unacceptably high risk of accidents;
It produces unmanageable nuclear waste;
It leads to proliferation of nuclear weapons;
It is very expensive;
Nuclear power is slow to build, so new reactors would deliver ‘too little, too late’.

Radioactive emissions: Modern nuclear plants shield all radioactivity effectively and so emit less
radiation than background levels that are found naturally. In fact, radiation levels in some locations
(such as Guarapari Beach in Brazil or the granite parts of Cornwall) are much higher. Most of the
recorded radiation levels at Fukushima were lower than those experienced by passengers on an
average trans-Atlantic flight.
Risk of accidents: As with any large and complex piece of technology, there is potential for
accidents at nuclear reactors. That is why strict regulation is essential. Nuclear accidents are rare.
The radiation from the Three Mile Island and Fukushima accidents did not kill anyone directly,
though there may be some long-term deaths. Chernobyl did kill people; the World Health
Organisation (WHO) predicts up to 4000 could eventually die from radiation, though fewer than 50
deaths were directly attributed to Chenobyl by mid-200520. Chernobyl was not an accident; it was
an experiment that went wrong,21 which underlines the need for firm regulation. Even taking
Chernobyl into account, nuclear power is very safe compared to other energy technologies. In fact,
contrary to popular opinion, per unit of electricity produced nuclear power is the safest of all energy
sources.22
Nuclear waste: Nuclear reactors do produce radioactive waste. The nuclear industry is required by
regulation to look after its own waste, unlike the fossil fuel industry that simply releases its waste
into the atmosphere. Toxic air pollution causes millions of premature deaths each year, and the
effects of greenhouse gas emissions are predicted by the WHO to cause over 250,000 deaths each
year from 2030 as well as immeasurable damage to the planet.23 Nuclear waste is contained and
stored, initially underwater in spent fuel pools that contain the radiation, and subsequently formed
into glass, immobilizing the waste. Advanced nuclear technologies, discussed on page 9 below, will
re-use spent fuel, which still contains over 80% of the energy that had been in the original uranium
so should not really be regarded as waste. In this way advanced nuclear reactors can in fact reduce
waste.
Weapons proliferation: To prevent proliferation, there should be an internationally-controlled
nuclear fuel bank. The five nuclear power states that signed the Nuclear Non-Proliferation Treaty in
1970 should implement their commitment to negotiate away their nuclear arsenals. Advanced
nuclear technologies will minimise (though not eliminate) the risk of weapons proliferation.
20 World Health Organisation, ‘Chenobyl: the true scale of the accident’, Geneva, September 2005
21 Rhodes, R, ‘Chenobyl’ in Chapter 5 of Nuclear renewal: common sense about energy, Viking Press, 1993
22 Forbes, ‘How deadly is your kilowatt? We rank the killer energy sources’, June 2012
23 World Health Organisation, ‘Quantitative risk assessment of the effects of climate change on selected causes of death, 2030s and 2050s’, 2014

7

High cost: Nuclear power stations are expensive to build and to decommission, but cheap to run
because of the high energy density of the fuel. Reactors have become more expensive to build over
time because of continuing addition of safety measures. On the other hand, new nuclear power
stations are economically worthwhile because, as the Stern Review24 showed, the cost of climate
action is lower than the cost of inaction. There is absolutely no economic reason to close nuclear
power stations early, as is being done in Germany and Belgium and discussed in Switzerland.
Renewable energy alone cannot provide sufficient low-carbon energy soon enough, and CCS is not
ready to take up the slack. A sensible government would support – politically and financially – both
renewables and nuclear power. This is what the Obama administration and the French government
are currently doing.
Some current designs are less economically sensible. The new French and Finnish reactors are both
European Pressurised Reactors (EPRs). The EPR is a particularly complex design, partly due to the
designers’ attempt to answer all possible safety considerations. Even in China – where lack of
permitted opposition makes infrastructure easier to build – it is proving hard to build EPRs on time
and on budget. Other designs, such as CANDU reactors or Advanced Boiling Water reactors, have
been built on time and on budget. The Westinghouse AP1000 is closely modelled on past
Westinghouse designs that have also been built successfully on time and on budget. These will
almost certainly be quicker and more economic to build than an EPR.
Too late: The ‘too little, too late’ argument underestimates the significant contribution that nuclear
energy can make to decarbonisation. The cost of renewable technologies, particularly solar
photovoltaics, has fallen dramatically in recent years, but cost is not the only relevant criterion. In
terms of climate protection, size matters too. It will take many decades for the global economy to
make the transition from high-carbon to low-carbon. The EU has set itself a target to get 20% of its
energy (electricity, heat, transport fuel) from renewables by 2020, rising to 27% by 2030. The 2030
target is not ambitious; a more stretching but fully achievable figure would be 40%.25 But even if
the renewables target was increased (which does not look likely) that would leave a long way still to
go. A large new nuclear power station beginning generation in, say, 2030 would therefore make a
significant contribution to decarbonisation, because it would enable countries to phase out fossil
fuels more quickly. The UK’s 2050 pathways finder, set up to examine the 80% emissions
reductions target by 2050, shows the potential for nuclear to be a significant provider of energy and
heat in order to meet the target.25
These six arguments against nuclear power should all be taken seriously. But none of them is
conclusive. New nuclear power stations should therefore be constructed.

The long term role of nuclear power
Nuclear energy is a necessary low-carbon technology while renewable energy capacity is expanded.
We believe that it should also be part of the energy mix in the long-term.
If and when effective electricity storage technologies have been developed and deployed, and
sufficient renewable capacity has been installed, there would theoretically not be any requirement
for nuclear; there is no shortage of solar, wind and marine energy, and renewable energy will never
run out. However, there are two key reasons why nuclear power should be regarded not as a
24 Stern, N. H., ‘Stern Review: The economics of climate change’ (Vol. 30) HM treasury, London 2006
25 Tindale, S., ‘How to meet the EU’s 2020 renewables target’, Centre for European Reform, September 2009
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transitional fuel but as part of the long-term energy mix: the desire to retain areas of natural beauty
and the need for industrial heat.
Nuclear fuels such as uranium and thorium contain energy in very concentrated form. One gram of
uranium fuel can contain as much energy as one tonne of coal. Reactors can produce very high
quantities of energy without taking up as much geographical space as wind and solar farms. The
harnessing of sufficient renewable energy to provide all the energy needed by a modern economy –
even a very energy efficient one – would need many, many renewable energy facilities.26 UK
government figures indicate that one 3.2 GW nuclear power station occupying 430 acres will
produce as much energy as a 250,000 acre onshore wind farm or a 130,000 acre solar farm.27
China has become the world leader in installed wind energy partly because its undemocratic
political system removes the obstacle of opposition. In second place is the USA, a large country
with many sparsely populated areas. On the other hand, Europe is a democratic, densely-populated
continent. It would be possible, eventually, to install enough wind, solar and marine renewable
energy to power Europe. But it would not necessarily be desirable. Even those who find wind
turbines beautiful and inspiring (as we do) should accept that they do not belong everywhere.
Electricity cannot be used for all the purposes for which modern economies need energy. Most
surface transport could and should be run on electricity. So should much domestic and commercial
heating. But electricity cannot reach high enough temperatures to provide heat efficiently for
industrial purposes such as steel manufacturing. A renewable economy will still need steel; indeed
it may need more steel to build renewable technologies. As discussed above, bioenergy and gas can
all produce heat, but have associated problems.
Nuclear reactors produce heat as well as electricity. In Switzerland and some Central and Eastern
European countries, this heat is used in district heating systems for homes and industry. Nuclear
technology should be used long-term to provide industrial heat, as suggested by the European
Industrial Initiative on sustainable nuclear energy.28 All new nuclear reactors should be combined
heat and power.

The need for advanced nuclear reactors
If nuclear energy is to be part of the long-term energy mix, it should move beyond existing
technologies. Advanced nuclear technologies should be developed and demonstrated, then
deployed.
Advanced nuclear reactors will be even lower carbon than existing reactors, produce far fewer
waste products, be able to use fuel much more efficiently, and be even safer. They will also be able
to use plutonium and existing nuclear waste as fuel, so helping to solve the waste management
issues caused by past nuclear operations. They will be able to use thorium, an element that is not
itself fissile so can never be made into a weapon. Thorium not only addresses proliferation concerns
but is also a much more plentiful nuclear fuel that produces far fewer long-lived waste products.
Generation IV nuclear reactors have been under consideration and design since the 1960s, and are
now receiving worldwide attention. Prototypes are under construction in China and India, and
26 MacKay, D., J., C. ‘Sustainability-Without the Hot Air’, 2008
27 CFACT, ‘UK takes down data showing footprint of nuclear vs. renewables’, November 2013
28 European Commission, ‘European Industrial Initiative on sustainable nuclear energy’, Strategic Energy Technologies Information System, 2015
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Russia has been operating a sodium-cooled fast reactor since 1980, and is building a similar fast
reactor that is designed to burn its plutonium stockpile to generate electricity. This is planned to
begin commercial operation in January 2017.
In 2000 a Generation IV International Forum was set up. This includes the USA, the EU (plus
France as a separate member), China, Russia, Japan, Canada, South Korea, South Africa and
Switzerland. Argentina and Brazil were involved in the early discussions but did not join the forum.
The UK joined but then left. This forum named six different reactor designs as having potential for
a long-term sustainable nuclear energy future:
•
•
•
•
•
•

Gas-cooled fast29 reactor;
Lead-cooled fast reactor;
Molten salt reactor;
Sodium-cooled fast reactor;
Supercritical water-cooled reactor;
Very high temperature gas reactor.

Since 2000, there has been further development of these generic concept designs. A brief discussion
of each of the designs is in the appendix.
There is also a lot of potential in scaling down nuclear reactor designs. Nuclear technologies can be
reduced down into a Small Modular Reactors, where the reactor is built in a small module and then
the desired power output is reached with the construction of multiple modules. This has the
advantage of reducing up-front costs for construction where not all modules need to be built
initially, therefore reducing the upfront financial risk. Furthermore, the modular design means that
the volume of radioactive elements in one place is reduced, lessening risks.
Cost
How expensive will next–generation reactors be? Nobody knows for certain, because none has been
built. However, there are reasons to be confident that they will be more cost-effective than existing
reactor designs. Safety features have been designed into the system from the start, rather than being
added as bolt-ons. Advanced reactors produce much less waste, so reducing waste management
costs. Indeed the ability to re-use spent fuel and to get rid of the plutonium stockpile would be
major economic as well as environmental advantages.
Some companies have used respected consultants such as Atkins or Deloitte to assess their
economic models, and the results suggest that the energy from their reactors will be considerably
cheaper than from existing nuclear reactor designs. In order to strengthen their case, companies
should have their economic claims verified by independent consultants.
The economics of advanced nuclear energy will not be known for certain until some advanced
nuclear reactors are built and operating. But on basis of the economic analysis done so far, they do
look like a worthwhile investment. Innovative nuclear technologies could make a significant
contribution to global decarbonisation, alongside energy efficiency, renewables and carbon capture
and storage.
29

A fast reactor refers to the fast neutron spectrum used in the reaction as opposed to a thermal neutron used in classic light water reactors. These
fast neutrons are able to interact with the waste products inside the reactor core and produce more fuel while eliminating long-lived waste.
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An advanced nuclear future offers:
•

Even lower-carbon energy: Advanced reactors will be even lower-carbon than existing
reactors. With advances in the fuel used inside the reactor, designs will need less processing
and enrichment and be able to produce energy undisturbed for a much longer time.

•

Even safer generation: Advanced reactors are all based on a much lower risk design, with
some utilizing the inherent stability of liquid fuel that does not carry the adverse effects of a
meltdown event, while also avoiding the need for a highly pressurized system which is
present in many current reactors.

•

Much less waste: Existing reactors only use 3% of the energy contained within uranium
fuel, leaving the rest as ‘waste’. Advanced reactors can reuse spent nuclear fuel, getting
most of the remaining energy out of it and also helping solve the waste management issues
caused by past nuclear operations. Advanced reactors “burn up” almost all of their nuclear
fuel, which is used inside the reactor core, producing energy, for a long period of time. The
final waste is far reduced in both volume and radioactivity.

•

A solution to the UK’s plutonium stockpile. The UK has the world’s largest plutonium
stockpile, due to its reprocessing of spent fuel and failure to use Mixed Oxide Fuel in any
UK reactors. Advanced reactors can address this problem by using plutonium as fuel.

•

Less proliferation risk. Advanced reactors have the potential to utilise fuel with a lower
fissile content, meaning that less highly enriched uranium will be necessary (though some
will be needed to begin the reactor’s operation). Furthermore, with reactors achieving a
higher burn-up of radioactive material, there will be a significantly lower risk of
proliferation of waste products.

•

Potential for lower cost. A great deal of the cost involved in a nuclear reactor is the
complicated safety systems required. With advanced nuclear reactors based on safer
inherent designs, these additional safety features can be reduced in complexity and expense.

Nuclear energy is needed to produce clean electricity and heat, so helping avoid local air pollution
and global climate change. Nuclear innovation is also needed, to allow the development and
deployment of even better reactors that could be inherently safer, produce less waste and have a
lower proliferation risk.
Many individuals and organisations promoting renewable energy see nuclear power as an enemy.
The reverse can also be true: too many nuclear proponents belittle renewables. This technology
tribalism must be rejected. In the face of the global climate crisis, both renewables and nuclear are
needed.
Alvin Weinberg, the nuclear physicist after whom our organisation is named, put this point very
well as long ago as 1977:
“I cannot really complain too much about solar utopians: their dreams are noble and ought to be
encouraged. On the other hand, when these dreams of solar utopia are used as political instruments
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to eliminate the nuclear option, I believe it is most important to object.”30
Professor James Hansen, who brought climate change to the world’s attention with his 1988
testimony to the US Senate, supports the work of Weinberg Next Nuclear in promoting nuclear
innovation. In his endorsement of our organisation, he writes:
“After studying climate change for over four decades, it’s clear to me that the world is heading for a
climate catastrophe unless we develop adequate energy sources to replace fossil fuels. Safer, cleaner
and cheaper nuclear power can replace coal and is desperately needed as an essential part of the
solution.”

30 Alvin Weinberg, ‘Toward an acceptable nuclear future’, 1977
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Appendix: Advanced Nuclear Reactors designs31
Gas-Cooled Fast Reactor (GFR):
Using gas as the main coolant has a long history in the UK as this was used for many years in
Advanced Gas-Cooled Reactor (AGR) plants. However, instead of using carbon dioxide as the
coolant, the GFR uses helium, which can remove heat very effectively from the core. The GFR uses
a fast neutron spectrum, employing similar reactor technology to the Very High Temperature
Reactor. The system’s high outlet temperature (850°C) makes it possible to deliver electricity,
hydrogen, or process heat, which is invaluable for industrial processes.
The reference GFR is a 1200-MWe helium-cooled system using a direct Brayton cycle gas turbine
for high thermal efficiency. The reference also has an integrated, on-site spent fuel treatment and
refabrication plant to minimize production of long-lived radioactive waste. In addition, the GFR's
fast spectrum makes it possible to use available fissile and fertile materials (including depleted
uranium) more efficiently than thermal spectrum gas reactors with once-through fuel cycles.
Although General Atomics worked on the design in the 1970s, no GFRs have been built so far.
GFR is the only Gen IV design without an operating antecedent, and a prototype is not expected
before 202532.
Current Progress: The technology base for the GFR includes a number of thermal spectrum gas
reactor plants, as well as a few fast-spectrum gas-cooled reactor designs. Past pilot and
demonstration projects include decommissioned reactors such as the Dragon Project, built and
operated in the United Kingdom, the German AVR and THTR-3000, and Peach Bottom and Fort St
Vrain, built and operated in the United States. In addition, the GFR benefits from several ongoing
projects, including the 300-MWth reactor in South Africa and a 300-MWth reactor designed by a
consortium of Russian institutes in cooperation with General Atomics. Euratom is planning to build
a 75 MWt experimental technology demonstration GFR, which will incorporate all the architecture
and the main materials and components foreseen for the GFR without the power conversion system.
Advantages: It is anticipated that GFR systems will minimize the production of long-lived
radioactive waste and make it possible to utilise fissile and fertile materials two orders of magnitude
more efficiently than thermal spectrum systems.
Challenges: Demonstrating the viability of the GFR requires meeting a number of technical
challenges, the most significant of which are related to fuel, fuel processes, and safety systems as
the GFR fuel forms for the fast-neutron spectrum. There are a number of ways the fuel can be
configured and therefore optimising this will be an important step in development in order to
effectively use the fast neutron spectrum and efficiently remove heat from the core.
As is the case for all advanced reactor designs, development of materials with superior resistance to
fast-neutron fluence under very-high-temperature conditions is a key area. It will also be necessary
to develop a high-performance helium turbine for efficient generation of electricity using gas
system with minimal leakage.
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Lead-Cooled Fast Reactor (LFR):
The LFR system features a lead or lead/bismuth eutectic liquid-metal to cool the reactor and
maintains neutrons in the highly energetic fast spectrum, enabling the production of fuel inside the
reactor. The natural heat flow of this liquid metal effectively cools the core while producing high
outlet temperatures of between 550 in 800° C, where it is particularly well adapted for the
production of hydrogen. The reactor is designed to work on a closed fuel cycle, where all the waste
is reused in the fuel, as the fast neutrons are able to convert all elements into useful fuel or inert
products. In addition to the enhanced safety benefits that result from using molten lead as a
relatively inert coolant, the LFR is also highly rated in sustainability (because of its closed fuel
cycle) and proliferation resistance (because it employs a long-life core).
LFRs use metal or nitride-based fuel, containing fertile uranium and transuranics. Currently, a wide
range of unit options are envisaged, including a battery of 50–150 MWe that features a very long
refuelling interval; a modular system rated at 300–400 MWe; and a large monolithic plant option at
1200 MWe. Given its R&D needs in the areas of fuels, materials, and corrosion control, a two step
process leading to industrial deployment of the LFR system has been proposed: by 2025 for reactors
operating with relatively low temperature and power density, and by 2035 for more advanced
higher-temperature designs. The LFR is specifically designed for electricity and hydrogen
production, and a technology pilot plant is planned for operation by 202033.
Current Progress: The LFR corresponds with Russia's BREST fast reactor technology, which is
lead-cooled and builds on 80 reactor-years experience of lead or lead-bismuth cooling, mostly in
submarine reactors, and is therefore being developed there. There is also progress with the Small
Secure Transportable Autonomous Reactor (SSTAR) in the United States, which is currently being
developed by Toshiba, is a small factory-built turnkey plant operating on a closed fuel cycle with a
very long refuelling interval (15 to 20 years or more). It runs at 566°C and has an integral steam
generator inside the sealed unit, which would be installed below ground level. Finally, the European
Lead-cooled SYstem (ELSY) is led by Ansaldo Nucleare from Italy and is being financed by
Euratom. The 600 MWe design was nearly complete in 2008 and a small-scale demonstration
facility is planned. Japan and Eurotom, joined by Russia in 2011, have pursued this idea through a
steering committee and development plans incorporates two tracks of research leading to a single
joint demonstration facility by 2020, although no major updates have been made since 2008.
Advantages: The main advantages of the LFR system are its expected fuel efficiency, its
capabilities in terms of nuclear materials management (thereby mitigating proliferation risks) and
the reduced production of high-level radioactive waste and actinides. Its high temperature makes it
extremely useful for chemical processes, particularly the production of hydrogen.
Specific features of the SSTAR design, such as lead coolant, nitride fuel containing transuranic
elements, fast spectrum core, and small size combine to promote a unique approach to achieve
proliferation resistance as well as a high degree of passive safety. By utilising a supercritical carbon
dioxide Brayton cycle power converter, SSTAR is also expected to have 44% thermal efficiency. In
addition to the SSTAR, the ELSY reactor’s proposed thermal cycle of 400 °C at core inlet and only
480 °C at core outlet enable key advantages in terms of use of currently available structural steels,
reduced corrosion, and milder thermal transients. The ELSY reactor’s use of MOX fuel also
increases proliferation resistance.
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Challenges: Key challenges lie in the designing of materials, particularly in the response of the
core on such a life fuel. This means developing both the fuel make up that will optimise this process
as well as the containment, which allows it to continue. The way the fuel is laid out in the core is
extremely important in order to sustain heat flow out of the reactor and maintain coolant chemistry
control. In addition, more work is needed on designing heat transport methods such as design for
natural circulation, lift pumps, and in-vessel steam generators.

Molten Salt Reactor (MSR):
The MSR uses a fuel with naturally low fissile content. This reduces proliferation concerns and
many waste management issues as it is able to process dangerous actinides in the reactor. The fuel
used in a MSR consists of a liquid mixture of sodium, zirconium, and uranium fluorides, and is
often associated with the use of thorium fuel cycles, potentially a more long-term and sustainable
fuel source. The benefits of using a liquid fuel are the easy inclusion of plutonium and actinides
which avoids the need fuel fabrication. The system produces fission power from the circulation of
molten salt fuel in a fast or epithermal-spectrum reactor, meaning that the reactor will only produce
energy when a critical mass is reached inside the reactor.
The fuel flows through graphite core channels, generating heat that is transferred to a secondary
coolant system through and intermediate heat exchanger and then to the power conversion system
through another heat exchanger. The reference plant has a power level of 1000 MWe, and the
system operates at low pressure (<0.5 MPa) with a coolant outlet temperature above 700°C.
Compared with solid-fuelled reactors, MSR systems have lower fissile inventories, no radiation
damage constraint on fuel burn-up, very little spent nuclear fuel, no requirement to fabricate and
handle solid fuel, and a homogeneous isotopic composition of fuel in the reactor. There are
currently no system arrangements signed for the MSR, and given its R&D needs for system
development, it is estimated to be deployable by 202534.
Current Progress: MSRs were first developed in the late 1940s and 1950s for aircraft propulsion.
The Aircraft Reactor Experiment (ARE) in 1954 demonstrated high temperatures (815°C) and
established benchmarks in performance for a circulating fluoride molten salt system. In addition,
the United States developed an 8 MWth Molten Salt Reactor Experiment (MSRE), which operated
for about four years, successfully demonstrating several key features including stable performance
and the use of many different fuels. Under these programs, many issues relating to the operation of
MSRs as well as the stability of molten salt fuel and its compatibility with graphite and Hastelloy N
were resolved. However, the political impetus at the time was for plutonium-based reactors and so
this experiment was shut down.
Significant progress on the MSR was achieved in 2009, primarily by Euratom, France, United
States, and The Netherlands, and currently a number of designs are being investigated. The July
2015 report by Energy Process Developments35 looked at the feasibility of developing a molten salt
reactor in UK, identifying six designs with the potential for a pilot reactor to be built. These designs
carry significant variation between them and have several development hurdles to overcome.
Advantages: Because of their low fissile content, MSR's have higher inherent safety features and
fewer technical obstacles, as they do not have to deal with highly damaging fast neutrons in the
design. Waste produced is minimal and of much shorter half-life than that of fuel that does not
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process actinides within the reactor. Furthermore, it is extremely easily adapted to a thorium cycle,
which many see as a key benefit. In addition, liquid salts offer smaller equipment size, because of
the higher volumetric heat capacity of the salts and the absence of chemical exothermal reactions
between the reactor, intermediate loop and power cycle coolants.
Challenges: MSR technology has a number of technical viability issues that need to be resolved.
The highest priority issues include molten salt chemistry, solubility of actinides and lanthanides in
the fuel, compatibility of irradiated molten salt fuel with structural materials and graphite, and metal
clustering in heat exchangers. In addition, MSRs also face several challenges in the R&D
performance phase from corrosion and embrittlement, issues that arise from using corrosive molten
salts.

Sodium-Cooled Fast Reactor (SFR):
The SFR is the most developed in the fast neutron spectrum, with a total of 390 years of reactor
operating time36 across fifty years in eight countries. Low-pressure liquid sodium is used to cool the
core, and a very wide variety of fuel can be used, including waste from other nuclear reactors. The
SFR uses a closed fuel cycle, where all the waste products are converted into more useful fuel or
inert products, which eliminates the problem of nuclear waste. The reactor outlet temperature is
500-550°C which enables electricity generation in secondary sodium circuit.
The SFR is the main technology of interest in GIF, and in 2008, the United States, France and Japan
signed an agreement to expand their cooperation on the development of SFR technology. The SFR
will primarily be used for electricity production and actinide management.
Current Progress: Sodium-cooled liquid metal reactors are the most technologically developed
and have been built and operated in France, Japan, Germany, the United Kingdom, Russia, and the
United States. Demonstration plants ranged from 1.1 MWth (at EBR-I in 1951) to 1200 MWe (at
SuperPhenix in 1985), and sodium-cooled reactors are operating today in Japan, France, and Russia.
As a benefit of these previous investments in technology, the majority of the work still to do is in
optimising performance. With the exception of passive safety assurance, there are few issues with
regard to the reactor systems. The fuel options for the SFR are MOX and metal. Both are highly
developed as a result of many years of work in several national reactor development programs.
There is an extensive technology base in nuclear safety that establishes the safety characteristics of
the SFR design.
Advantages: The SFR system already benefits from considerable technological experience but also
offers the potential to operate with a high conversion fast spectrum core, with the resulting benefit
of increasing the utilization of fuel resources and minimisation of waste. The envisaged SFR
capability to efficiently and nearly completely consume its waste products fuel would reduce the
high-level radioactive waste it produces. Such reductions would bring benefits in the radioactive
waste disposal requirements associated with the system as well as in terms of reducing proliferation
concerns.
Challenges: The most important technology gaps are in optimising the performance of the reactor
and establishing its safe operation limits. In addition, a key performance issue for the SFR is cost
reduction to competitive levels. The extent of the technology base for SFRs is noted above, yet
none of the SFRs constructed to date have been economical to build or operate. However these were
36
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initial reactors. In future, SFRs will very probably be more economic due to learning by doing and
economies of scale.

Supercritical-Water-Cooled Reactor (SWCR):
The SWCR is the most similar design to traditional light water reactors as it uses high temperature,
high-pressure water to cool the reactor, meaning there is a lots of experience behind it. It is an
improvement on traditional designs because of its high thermal efficiency, which is around one
third higher than current light water reactors. It uses simplified safety mechanisms, similar to those
of boiling water reactors. It is possible to operate it either in a thermal or fast spectrum, with either
the advantages of recycling the high level wastes or the high electricity production of a thermal
spectrum. Because of the familiarity of this design, the SCWR system is estimated to be deployable
by 202537.
Current Progress: Much of the technology base for the SCWR can be found in the existing LWRs
and in commercial supercritical-water-cooled fossil-fired power plants. Over the past 10 to 15
years, limited SWCR design analysis has been underway in Japan, Canada, and Russia. However,
there have been no prototype SCWRs built and tested and very little research has been done on
potential materials or designs for the SCWR’s primary system.
Advantages: As the system uses existing light water reactor technology, there is already extensive
worldwide experience in constructing and operating this sort of reactor. Proposed designs are likely
to enjoy high thermal efficiency and a simplified system. In addition, a SCWR design could be
developed with a fast neutron spectrum, which would enable the core to convert its waste into
useful fuel.
Challenges: Even with the extensive experience of light water reactors, there is still the potential
for a loss of coolant accident, something it will be difficult for this reactor to overcome fully. As
well as material developments needed, particularly in the fuel, research needs to be done into the
way the core is configured to ensure good heat transfer.

Very High Temperature Reactor (VHTR):
VHTR is a development of the high-temperature gas-cooled reactors (HTGR), which has been
worked on in the UK, Germany and the US. It is a graphite-moderated, helium-cooled reactor,
which can supply nuclear heat with very high core-outlet temperatures of 1000°C which is useful
for hydrogen production or heat for processing in the petrochemical industry. The reference reactor
is a 600-MWth core with an intermediate heat exchanger to extract the process heat, meaning it
produces both high quality heat as well as electricity. There are two main ways the fuel can but
arranged in the core; either a prismatic block such as operating in Japan, or a pebble-bed core as is
the case in China. For the prismatic block reactor, the particles are formed into fuel compacts
embedded in the graphite block while the pebble-bed reactor; the particles are instead formed into
graphite-coated pebbles.
The VHTR system is the nearest-term hydrogen production system, estimated be deployable by
202038.
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Current Progress: The basic technology for VHTR is well established in former HTGR plants,
such as the Fort Saint Vrain and Peach Bottom prototypes based in the US, and the German AVR
and THTR prototypes. The technology is being advanced through near or medium-term projects
lead by several plant vendors and national laboratories, such as PBMR, GT-HTR300C, ANTARES,
NHDD, GT-MHR and NGNP in South Africa, Japan, France, Republic of Korea and the United
States. In addition, experimental reactors, such as Japan’s HTTR (prismatic block) and China’s
HTR-10 (pebble bed) support the VHTR concept development and the cogeneration of electricity
and nuclear heat application. The overall aim of all these research efforts is to define the basic
system and to optimize their design and operating features by 201539.
Advantages: The VHTR offers the potential for the cogeneration of electricity and hydrogen,
alongside process heat applications. At core-outlet temperatures of 1000°C, VHTR can generate
electricity with 50% efficiency and enable nuclear heat application to processes such as steel,
aluminum oxide, and aluminum production. VHTR also has the potential to achieve a high burn-up
of fuel, low operation and maintenance costs, modular construction, and many desirable safety
characteristics.
Challenges: The primary technical challenges for VHTR involve developing fuels and materials
that are able to cope with the extreme high temperatures present in the reactor. Research is also
needed in the type of fuel and how it can be optimized to have a high burn-up, so reducing the
waste that is produced. In addition, research will investigate the viability of producing hydrogen
using the iodine sulfur process and large-scale demonstration of the three basic chemical reactions
and development of corrosion-resistant materials. The commercial development of VHTRs also
faces significant challenges with regards to developing a high-performance helium turbine for
efficient generation of electricity and modularizing the reactor and heat systems. Although the basic
technology for VHTR has already been established, operating above 1000°C presents significant
challenges in terms of fuel and materials development, as well as the safety features involved.
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