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The delivery of carbon Net Zero will depend on 
the successful deployment of a range of low 
carbon technologies – including nuclear. The 
Government’s Ten Point Plan for a green indus-
trial revolution includes growth in renewable 
technologies, green hydrogen as well as de-
livering new and advanced nuclear power for 
electricity production and other suitable ap-
plications. Delivery of the first Small Modular 
Reactor (SMR) and Advanced Modular Reactor 
(AMR) demonstrators is targeted to be in the 
early 2030s. Given this ambitious target, Ban-
gor University’s Nuclear Future Institute (NFI) 
hosted a workshop on the 5th May 2021 to 
discuss the role that AMRs can play in the de-
livery of the Government’s plan. The aim was 
to bring together a diverse range of experts to 
explore how the UK’s past, present and likely 
future capability could be aligned to seize the 
SMR/AMR opportunity to address key energy 
and climate change issues that we face as a 
nation and as a planet. This report provides an 
NFI view, informed by the workshop, of the cur-
rent status of AMR technologies and the chal-
lenges surrounding their effective deployment 
as part of the UK Net Zero by 2050 strategy. 

Fusion technology will not be able to contrib-
ute significantly to the Net Zero by 2050 nu-
clear programme in this time frame as it is not 
as mature as nuclear fission technologies. 
However, fusion has the capability of being 
the main low-carbon energy source for pow-
er, heat and transport in the latter part of this 
century and beyond and hence its continued 
development should be supported.

The report makes two principal recommenda-
tions, and 15 recommendations as follows.

EXECUTIVE 
SUMMARY
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1. Principal 
Recommendations 

If AMR technologies are to make a meaningful 
contribution to Net Zero, a strategic planning 
organisation to manage the planning and de-
livery of the nuclear energy contribution will 
be required.

Principal Recommendation 1 

The Government should create a new 
strategic planning organisation with the 
responsibility for developing the nu-
clear energy (including AMR) input that 
will be required to deliver the UK’s 2050 
carbon emission targets. §7.1

Progress on the AMR journey cannot be made 
until the required technologies have been 
identified. The early selection of the most ap-
propriate AMR technologies for deployment 
in the UK is paramount.

Principal Recommendation 2

The Government should set up an ex-
pert panel to advise it on which AMR 
technologies should be deployed to 
ensure the UK is at the forefront of de-
livering nuclear power domestically and 
internationally as a key low-carbon gen-
eration technology.  The panel should 
report no later than the end of 2022. 
§7.2

2. Recommendations
In relation to the areas where AMR technolo-
gies can be deployed, the report makes four 
recommendations

Recommendation 1 

The Government, in conjunction with in-
dustry, should identify the areas where 
AMR technologies can contribute to the 
UK’s mission to achieve Net Zero car-
bon emissions by 2050. §3.3

Recommendation 2 

The Government, in conjunction with in-
dustry, should identify the areas where 
AMR technologies can contribute to the 
provision of nuclear generated electric-
ity between now and 2050. §4.1

Recommendation 3 

The Government, in consultation with 
industry, should identify the areas 
where AMR technologies can be used 
to replace fossil fuel heat sources. §4.2

Recommendation 4

4. The Government should consider the 
application of AMR technologies to pro-
vide combined heat and power for dis-
trict heating for commercial, industrial 
and domestic applications. §4.3
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In the context of the contribution the deploy-
ment of AMR technologies will make to the 
UK supply chain, four recommendations are 
made. 

Recommendation 5 

Whenever possible the Government 
should encourage international vendors 
to set up the capability to manufacture 
all the main reactor components in the 
UK. §5.1

Recommendation 7

The Government should provide fund-
ing for development of the UK AMR sup-
ply chain and deployment of the first-of-
a-kind (FOAK) AMR technologies. §6.1

Recommendation 9

The Government, in conjunction with 
industry, should identify the gaps in the 
UK’s current design, manufacturing and 
service capabilities in relation to each of 
the selected AMR technologies and de-
velop plans to plug these gaps via skills 
training, new facilities and progressive 
technology transfer from foreign ven-
dors.  §6.3

Recommendation 10

The Government, in conjunction with 
industry and academia, should identi-
fy the skill needs to effectively deploy 
AMR technologies in the UK. §6.3

Some of the attractive AMR technologies re-
quire further R&D to fill in the current gaps in 
knowledge needed to underpin design sub-
stantiation and safety assessment.  Deploy-
ment of AMR technology could present an 
opportunity for the UK to construct a new 
research reactor facility both for materials 
testing and to provide trainees with the op-
portunity to gain nuclear reactor operating 
experience. One recommendation is made.

Recommendation 6

The Government should consider the 
construction of a nuclear research and 
materials test reactor facility in the UK. 
§5.2
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Early selection of the right technology will be 
vital to the successful rollout of the AMR pro-
gramme, three recommendations are made 
in this area.

Recommendation 14

The Government should enable early 
selection of the AMRs that will be de-
ployed in the UK. §7.2

Recommendation 15

Priority should be given to High Tem-
perature gas-cooled Reactor (HTR) 
and Liquid Metal Fast Reactor (LMFR) 
Technologies, given the UK’s extensive 
knowledge and experience of them.  
§7.2

Recommendation 8

In the down selection of AMR designs 
for deployment in the UK, considera-
tion should be given to the capability 
and track record of the vendor in order 
to give confidence that designs are ma-
ture and projects will be delivered on 
time and to budget. §6.2

Effective regulation is essential for the suc-
cessful deployment of AMR technologies in 
the UK. The public places great store on the 
impartiality and competence of the UK safe-
ty, security and environmental regulators and 
hence they need to have the necessary re-
sources to regulate, effectively and efficient-
ly, new and emerging technologies. One rec-
ommendation is made in this area.  

Recommendation 11

The Government should ensure that 
the Regulators are properly resourced 
to build up their capacities to effective-
ly regulate AMR technologies that are 
chosen for UK deployment. §6.4
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The deployment of AMRs (and SMRs) will re-
quire the availability of both existing nuclear 
licensed sites and new sites given the num-
ber of these reactors that will be necessary. 
These sites will require licensees to hold the 
necessary licences and permits. Two recom-
mendations are made regarding nuclear site 
licensees.

Recommendation 12

 The Government, in conjunction with 
industry, should identify the necessary 
nuclear site licensees that will be need-
ed to effectively deploy AMRs in the UK. 
§6.5

Recommendation 13

The Government, in conjunction with 
industry and academia, should ensure 
that there are adequate training facil-
ities to enable existing licensees and 
new licence applicants to build up the 
necessary competences to effectively 
undertake their role to enable the deliv-
ery of the AMR deployment plan. §6.5

3. Conclusions
AMRs, alongside SMRs and larger Nuclear 
Power Plants (NPPs), will have an important 
role to play in the provision of dispatchable 
power to the UK grid in order to complement 
the intermittent nature of renewable technol-
ogies. AMR technologies offer flexibility in 
that they are not only for electricity produc-
tion but can also provide high temperature 
heat for process industries. To deliver AMRs 
to support the UK’s low carbon agenda will 
require a number of hurdles to be overcome. 
These include finance, the UK’s industrial 
supply chain capacity, regulation (especially 
for process heat applications), nuclear licen-
see availability and strategic planning. All are 
important, but the two main infrastructure 
challenges are finance and strategic plan-
ning. Government holds the key to unlock 
each of these. 

AMRs can and should play an important role 
in the UK’s plans to deliver Net Zero by 2050, 
but urgent action is needed to ensure that 
this potential is realised.
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The UK Government has set out a clear am-
bition to deliver green economic growth and 
achieve Net Zero carbon emissions by 2050.  
The Government’s Ten Point Plan for a green 
industrial revolution aims to accelerate pro-
gress to its Net Zero carbon target to support 
green jobs and to build back better following 
the COVID-19 pandemic. This Ten Point Plan 
includes a growth in all low carbon energy 
technologies in order to decarbonise electric-
ity production, heat and transport.  The plan 
sees the first SMRs/AMRs being delivered in 
the early 2030s. Given this ambitious AMR 
target, Bangor University’s Nuclear Future In-
stitute (NFI) hosted a workshop on the 5th May 
2021 to discuss the role that AMRs can play 
in the delivery of the Government’s plan The 
aim was to bring together a diverse range of 
experts to explore how the UK’s past, present 
and likely future capability could be aligned to 
seize the SMR/AMR opportunity to address 
key energy and climate change issues that we 
face as a nation and as a planet.

1. INTRODUCTION
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AMRs are a natural evolution of fission tech-
nologies as they build on decades of devel-
opment and operational experience. AMRs 
are defined as1 

“ … a broad group of advanced nu-
clear reactors, differ from convention-
al reactors, which use pressurised or 
boiling water for their primary cool-
ing system. They aim to maximise the 
amount of off-site factory fabrication 
and can target:

Generating low-cost electricity

Increased flexibility in delivering 
electricity to the grid

Increased functionality, such as the 
provision of heat output for domes-
tic or industrial purposes, or facilitat-
ing the production of hydrogen

Alternative applications that may 
generate additional revenue or eco-
nomic growth ”

AMRs provide an opportunity to improve 
the economics of nuclear power and to sup-
port decarbonisation of the economy. AMRs 
offer high temperature operation allowing 
them to deliver large quantities of heat at 
high temperatures, alongside the electricity 
they produce. A supply of low carbon heat 
will be important in decarbonising those key 
industries that cannot be electrified. These 
include foundational industries such as the 
production of cement, steel, paper and glass. 
The high-grade heat they produce opens the 
door to highly efficient methods for hydro-
gen production such as steam electrolysis 
and thermochemical production routes. For 
the same reasons they could be used for the 
onward processing of hydrogen into carbon 
1 Definition given on the ‘Advanced Modular Reactor (AMR) Feasibility and Development Project’ page on gov.uk, last updated 10/7/20)

neutral synthetic jet fuel or ammonia, or for 
reducing the carbon burden of other useful 
chemicals. Waste heat from AMRs could be 
used to provide heat for domestic space and 
water heating applications – another key bar-
rier on the road to Net Zero.

The workshop was structured to showcase 
relevant aspects of the UK’s nuclear herit-
age from those who were there.  It addressed 
the UK’s domestic reactor and fuels capabil-
ity and how they could transition from sup-
porting the operation of a reducing number 
of Advanced Gas cooled Reactors (AGRs) to 
supporting a growing fleet of AMRs for pow-
er, heat and hydrogen.  The workshop also 
highlighted the opportunities afforded by 
emerging technologies to enable the UK to 
do nuclear differently, to drive down cost, ac-
celerate programmes and at the same time 
maintain safety.

The workshop considered the priority tech-
nologies needed to accelerate the design, 
demonstration and deployment of cost-ef-
fective advanced nuclear technologies; how 
the UK could utilise its nuclear capability to 
enhance the decarbonisation of heat and hy-
drogen; and the structures and mechanisms 
that will be needed to deploy AMRs.

https://www.gov.uk/government/publications/advanced-modular-reactor-amr-feasibility-and-development-project
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Electricity production in the UK will inevitably 
grow in the coming decades with increased 
electrification of transport and household ser-
vices. It is envisaged that on the UK’s current 
trajectory, renewable forms of electricity gen-
eration (wind and solar) are going to dominate 
the grid supply in future. Therefore, if nuclear 
is going to make a meaningful contribution it 
needs to be affordable and compatible with in-
termittent renewable energy. 

Before describing what and how AMR technol-
ogy can deliver, it is useful to describe current 
nuclear technologies. Large, gigawatt scale 
reactors are a mature technology and are 
available for deployment now. As a result, they 
are well suited to replace the UK’s ageing ad-
vanced gas reactor fleet, which will be retired 
over the next 10 years (see Figure 1). Construc-
tion of new, large reactors has already started 
at Hinkley Point in Somerset where two Euro-
pean Pressurized water Reactors (EPR) are be-
ing built. Once complete these reactors will be 
able to meet 7% of UK electrical demand. Two 
more projects similar in scale to Hinkley Point 
C (i.e. four more reactors) would be able to re-
place the capacity lost due to the closure of 
the current fleet of AGRs. These six reactors 

 

2. BACKGROUND TO 
THE ROLE OF AMRS
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would in fact provide slightly more capacity 
than the UK’s low-carbon base-load genera-
tion capacity (~20% of electricity generation 
at current demand). Until 2018 nuclear power 
stations, produced the largest fraction of low 
carbon electricity of any generating source 
in the UK. Losing this would strike a consid-
erable blow to achieving Net Zero and con-
struction of alternative low carbon technolo-
gies would not have the capacity to replace 
nuclear whilst also displacing fossil fuel gen-
eration. Any reduction in nuclear generating 
share would lead to an increase in the car-
bon emissions of the UK’s electricity supply. 
Large nuclear stations therefore have a clear 
role. The difficulty with large reactor projects 

is their financing. Over their 80-year lifetime, 
they are clearly profitable endeavours, how-
ever the large up-front capital cost and long 
build times are not conducive to current en-
ergy investment profiles.

SMRs were developed for nuclear-powered 
submarines. The UK first worked on civil SMRs 
in the early 1990’s with the Safe Integral Re-
actor (SIR) but the programme was cancelled 
after a few years. Recently, there has been 
renewed interest, and Rolls-Royce who were 
behind the naval SMRs, and were a key player 
in the SIR project are leading a UK-SMR con-
sortium to develop SMRs to bridge between 
large nuclear and AMR builds with shorter 
construction times and lower up-front costs. 
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Figure 1. The current state of the UK’s large nuclear power stations, possible timeline for 
new construction and how this would contribute to generating capacity.  
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By being smaller and adopting factory con-
struction the unit cost of a reactor should be 
significantly reduced making them easier to 
finance. SMRs are based on mature, light wa-
ter reactor technology and are expected to 
see first commercial deployment at the end 
of the decade. However, their use of water as 
a coolant means they have a maximum outlet 
temperature on the order of 315°C. This limits 
the industrial processes they can support. 
SMRs are therefore primarily targeted for 
electricity generation (although some will 
be closely coupled with low temperature 
co-generation such as de-salination and 
electrolysis for hydrogen production).

Development of AMRs could run concurrent-
ly with SMRs and concurrently determine 
the modular construct and build paradigms 
of SMRs, whilst adopting alternative fission 
and fusion technologies that are required to 
achieve far greater process temperatures 
and a wider range of useful outputs through 
nuclear co-generation (see §4.2). For a gen-
eral introduction to nuclear cogeneration, we 
suggest consulting the Royal Society brief-
ing on the subject2.

Fusion energy while promising to provide 
bountiful, low-carbon energy is unlikely to 
make any significant contribution to the 
Net Zero 2050 timeframe. However, climate 
change is more than Net Zero by 2050 and 
will require the continued sustained use of 
low carbon technologies.  Successful de-
velopment of fusion reactors, as part of this 
goal, remains a priority. 

2 “Policy Briefing, Nuclear Cogeneration: Civil Nuclear Energy in a Low Carbon Future”,  Royal Society, Oct 2020..

https://royalsociety.org/topics-policy/projects/low-carbon-energy-programme/nuclear-cogeneration/
https://royalsociety.org/topics-policy/projects/low-carbon-energy-programme/nuclear-cogeneration/
https://royalsociety.org/topics-policy/projects/low-carbon-energy-programme/nuclear-cogeneration/
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3.1. BEIS AMR Competition
Phase 1 of the BEIS-led AMR competition con-
sidered 8 AMR designs submissions from pri-
vate companies. Each submission described 
the reactor and how it could be developed, 
built and operated within the UK. Of these de-
signs three were chosen for phase 2 develop-
ment. These were two fission technologies by 
Westinghouse (a lead-cooled fast reactor) and 
Urenco (U-Battery, a high temperature gas-
cooled reactor), and a fusion reactor by To-
kamak Energy. 

3.1.1. High Temperature Gas Cooled 
Reactors

The UK has the most experience in the world 
in the development and use of gas cooled re-
actor technologies. This is a result of the ear-
ly UK nuclear programme which necessitated 
the use of natural uranium fuel, graphite mod-
eration and CO2 as the coolant. The UK gas 
cooled reactor programme progressed from 
the phase 1 Magnox era (26 reactors) to the 
phase 2 advanced gas cooled reactors era (14 
reactors) with increases in safety and thermal 
efficiency, more efficient use of uranium and 

3. AMR 
TECHNOLOGIES 
AND THE BEIS-LED 
AMR COMPETITION
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reduced amounts of radioactive waste per 
MW of electricity generated. The UK also had 
a Phase 3 High Temperature Reactor (HTR) 
programme. A prototype, the Dragon Reactor, 
was built at UKAEA Winfrith and was an OECD 
(Organisation for Economic Cooperation and 
Development) project. The improved TRISO 
(TRIStructural Isotropic) fuel, now used in 
current HTR concepts, was developed by the 
UKAEA for the Dragon project. The HTR’s in-
creased thermal efficiency even further, used 
this much safer accident tolerant fuel and 
could use either convention steam turbines 
or direct gas turbines to generate electrici-
ty. A commercial scale reactor was designed 
in the early 1970s but unfortunately, due to 
the lack of orders from the Central Electrici-
ty Generating Board (CEGB) the UK HTR pro-
gramme was abandoned in the mid 1970s.

Very high temperature reactor (VHTR) de-
signs use a thermal neutron flux similar to 

the current AGRs. Because of high gas outlet 
temperatures (up to 1000°C), these reactors 
can be used for process heat applications, 
including hydrogen production and hence of-
fer low-carbon options for some of the UK’s 
current industries. HTR’s can be designed to 
meet a range of power outputs from tens to 
hundreds of MWs.

The UK’s “U Battery” being developed by 
Urenco is a prototype HTR-AMR. U-Battery 
is a microreactor with 10 MWt thermal power 
output, 5-year plus core lifetime. It is trans-
portable on British roads, and very little on-
site construction is required. There is confi-
dence that it could have a 30-year life, with 
no need to justify long life or high dose ma-
terial performance. The U-Battery has many 
potential applications; potential markets and 
applications include hard to decarbonise 
foundation industries (foundation industries 
produce 10% of carbon emissions). U-Bat-

0 200 400 600 800 1000 1200 1400 1600°C
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SMR AMR

Figure 2. The temperature ranges for the types of indus-
trial processes nuclear co-generation could 
support.
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tery has both secured and potential funding 
in the UK and Canada. A full-scale replica is 
being constructed (August 2021 delivery to 
Cavendish). The first-of-a-kind (FOAK) de-
ployment is expected around 2029/30 in the 
UK or at Chalk River Canada. However, a larg-
er reactor than U-Battery with lower levelized 
costs would be required to contribute to 
achieving Net Zero.

3.1.2. Lead Cooled Fast Reactor
Lead cooled fast reactors use fast neutron-in-
itiated fission to generate heat. The use of liq-
uid lead as the coolant has some advantag-
es: such as a high boiling point 1744°C and 
hence lead fast reactors can produce higher 
coolant outlet temperatures to increase ther-
mal efficiency for electricity production and 
to provide process heat and cogeneration 
options. There is extensive experience in the 
use of lead fast reactor technologies, notably 
in Russia and to a lesser extent in the US and 
Italy. However, there are considerable chal-
lenges with the use of this technology, pri-
marily coming from the corrosive and erosive 
nature of liquid lead and its high melting point 
(327.5oC compared to 97.8oC for sodium).  
Also due to current materials constraints the 
outlet temperatures of lead-fast reactors are 
limited to 550°C, although future designs are 
expected to be able to achieve 650°C. This 
enables a range of cogeneration technolo-
gies to be used. 

There are several AMR designs using lead 
cooled fast reactor technologies ranging 
from the “Lead Cold” 55 MWe unit, to the 450 
MWe Westinghouse design.  Both options 
have modular build capability. The Westing-
house design is refuellable, with 10-20 year 
cycles, and has a 60-year lifetime. This de-
sign also has an innovative energy conver-
sion system, using supercritical CO2, which is 

extremely compact compared with a steam 
cycle and has the potential to reduce costs. 
Westinghouse is supporting new facilities in 
the UK, including at Bangor University where 
a high temperature, high velocity erosion/cor-
rosion loop is currently being constructed.

BREST-300 is a Russian lead fast reactor that 
is currently under construction and due to 
begin operation in 2025. The Russians intend 
to use a high heavy atom density nitride fuel, 
and this is also the longer-term intention of 
Westinghouse. It is expected that Russia will 
begin commercially selling this reactor con-
cept before the end of the decade.

Adoption of lead cooled reactor technology 
would support the development of new UK 
R&D capabilities including for tritium breed-
ing for fusion and cooling capability. A benefit 
of LFR technology is that there is existing fuel 
manufacturing capability in the UK operated 
by Westinghouse that can produce fuels up 
to 20% U-235 enrichment. Given the closure 
of the current nuclear fleet in the UK, fuelled 
by Springfields Ltd., the development of this 
reactor will provide lasting jobs for the UK and 
a secure and strong export market for fuels.

3.1.3. Fusion Power Plants
Fusion technology will not be able to con-
tribute significantly to the Net Zero by 2050 
nuclear programme as it is not as mature as 
nuclear fission technologies. However, fusion 
has the capability of being the main low-car-
bon energy source for power, heat and trans-
port in the latter part of this century and be-
yond. Fusion offers considerable advantage 
over nearly all other energy forms. It has very 
high energy density, requiring only 180g of 
tritium per day to fuel a 1000MWe power sta-
tion. It does not produce large quantities of 
long-lived and highly radioactive by-prod-
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ucts as in the case of nuclear fission. Howev-
er, while fusion power plants will not produce 
high level waste, they will produce intermedi-
ate level waste and this will need to be man-
aged. Managing the tritium fuel cycle will also 
not be easy and keeping tritium emissions 
below statutory limits may be difficult to 
achieve. 

The UK has a long history in the development 
of fusion energy dating back to the 1950s. 
The JET facility at Culham is currently the 
largest Fusion machine in the world but it is 
coming to the end of its life. The UK remains 
a key player in the multi billion pound Inter-
national Thermonuclear Experimental Reac-
tor (ITER) project but its long timescale and 
complexity have led to pursuit of alternative 
routes to fusion. UKAEA is developing a pro-
totype fusion power plant based on spherical 
tokamak technology (Spherical Tokamak for 
Energy Production, STEP) and it is targeted 
for a completion date of 2040. Tokamak Ener-
gy, a UK private company, is also working on 
a spherical tokamak fusion power plant with a 
target for initial operation in the early 2030s. 
First Light is another UK based company with 
plans to build a prototype fusion power plant, 
but this is based on a different type of tech-
nology using inertial confinement rather than 
magnetic confinement used in the other fu-
sion technologies.

Fusion has many scientific and engineering 
challenges, but it has a significant potential 
to advance UK R&D capability and provide 
the UK with a major stake in engineering the 
power of the future. 

3.2. Advanced Reactor 
Concepts

Other advanced reactor concepts are being 
considered internationally, largely through 
Generation IV International Forum (GIF) activ-
ities with which the UK re-engaged in 2019, 
but are not being considered in the BEIS-AMR 
competition. A number of these designs have 
been built in the past, notably the sodium fast 
reactor, although as with the chosen AMR 
concepts, none have been built commercial-
ly in the UK. 

3.2.1. Sodium Cooled Fast Neutron 
Reactors

Fast neutron reactors differ from the com-
monly used nuclear reactors in the world 
(thermal reactors) because they enable nu-
clear fission to be initiated by the high ener-
gy (fast) neutrons released during the fission 
process. This means that fast reactors are 
more compact because they do not require 
a moderator (water or graphite) to slow the 
neutrons down. However, the price for mak-
ing use of fast neutrons is much higher en-
richments of fissile material than in HTRs or 
light water reactors. 

The UK had an extensive fast reactor pro-
gramme based on liquid sodium cooling 
starting in the 1950’s and finishing in 1994. 
Liquid Metal cooled Fast Reactors (LMFRs) in-
clude lead and sodium coolants. The UK built 
two sodium cooled fast reactors at Dounreay, 
the 20MWe Dounreay Fast research Reactor 
(DFR)  and the 250MWe Prototype Fast Reac-
tor (PFR). The UK demonstrated the full nu-
clear fuel cycle using these reactors. The ad-
vantages of sodium cooled fast reactors was 
the use of low-pressure system, the compact 
nature of the reactor core and the fact that 
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the reactor could breed more fissile material 
(plutonium) than it used therefore greatly in-
creasing uranium utilisation. For example, the 
use of the UK’s current plutonium stockpile 
and depleted or recycled uranium stockpile, 
if used in a fast reactor programme, could 
provide the UK with somewhere between 350 
and 600 years of low carbon electricity. The 
UK’s fast reactor programme was abandoned 
in the late 1980s and PFR was closed in 1994.

The use of fast reactor technology simply to 
produce heat has little to offer in relation to 
thermal reactor technologies. Their advan-

tage comes in uranium utilisation. The Inter-
national Atomic Energy Agency (IAEA)  sug-
gested that if we build  only thermal reactors 
the world has about 100 years supply of ura-
nium at economic prices. Using fast reactor 
technology increases the supply of fissile 
material to as much as 3000 years. Howev-
er, to enable this to happen requires a closed 
fuel cycle with access to fuel reprocessing 
plants. 

AMRs based upon sodium cooled fast reac-
tor technology have been studied extensive-
ly both in the UK and internationally. They can 
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Westinghouse Lead Fast Reactor
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The Japanese Atomic Energy Authority
have a plan to deliver a commercial
high temperature reactor by 2050.
Their HTTR reopens in 2021.
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progress in comercialisation of high
temperature gas reactors.
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Figure 3. Indicative timelines for the deployment of advanced nuclear technologies both in 
the UK (dark blue bars) and abroad (light blue).
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provide electricity with higher thermal effi-
ciencies than the Light Water Reactor (LWR) 
technologies and higher uranium utilisation 
when used as breeder reactors. There are ex-
amples of small to medium sized AMRs using 
this technology, they are compact and offer 
viable options for electricity production. As 
discussed above with a closed fuel cycle, 
they could make effective use of the current 
UK uranium and plutonium stockpiles and 
provide security of supply well into the fu-
ture. However, because of the limits on cool-
ant outlet temperatures arising from sodium 
properties (650°C maximum, their application 
to process heat and co-generation is limited.

The key need to enable application of this 
technology is  to develop a front-end nucle-
ar fuel manufacturing capability. The UK has 
the experience and knowledge of producing 
mixed oxide fuels for fast reactors but new 
manufacturing facilities will be needed.  

American designs have continued to use 
metal fuels, despite 3 partial core melting in-
cidents in metal fuelled sodium cooled reac-
tors. The USA has stopped producing these 
metal fuels since their sodium cooled fast re-
actor (Experimental Breeder Reactor, EBR-II 
at Idaho) closed in 1994. If designs like Natri-
um were to be adopted the difficult casting 
technique would have to be recreated or re-
placed with a safer and more environmental-
ly-friendly technology. The continued use of 
metal fuels was based on the use of pyro-re-
processing technologies, that could be situ-
ated close to the reactors, in a similar way to 
that suggested by Moltex (see below).

3.2.2. Molten Salt Reactors
Molten Salt Reactors (MSRs) use either 
molten salt fuelled or molten salt cooled con-
figurations (the later being fuelled with more 
traditional fuel rods). MSRs can be designed 
as thermal or fast reactors. Thermal MSRs 
use various combinations of fluoride salts 
to achieve acceptable melting points.  Fast 
MSRs can use fluoride or chloride salts.

The challenges with temperature and corro-
sion faced by these reactors are significant, 
although a great deal of work is currently un-
derway to identify operational envelopes and 
materials that can sustainably withstand op-
eration. Molten salt fuelled systems have fuel 
dissolved within the primary coolant and as 
such an on-line fuelling and purification pro-
cess, removing fission products, is necessary 
to ensure criticality and corrosion effects. 

Moltex was a UK company that submitted a 
fast reactor design to the AMR competition, 
but on not getting second stage funding, 
moved its operations mainly to North Amer-
ica and is working with New Brunswick Pow-
er on building a demonstration plant. Moltex 
is developing the unique Stable Salt Reac-
tor concept, where the fuel is in the form of 
a chloride molten salt in a fuel rod, which is 
then cooled by a separate fluoride molten 
salt primary circuit. The current fast reactor 
system is designed to produce its fuel from 
spent thermal reactor fuel using a compact 
pyro-electrochemical method. Moltex also 
has a graphite moderated thermal reactor 
concept.

One innovation included in the Moltex design, 
that has also been adopted by the Ultrasafe 
Corporation in their Micro Modular Reactor 
(MMR) design and the GE-Hitachi/TerraPow-
er Natrium reactor, is the introduction of an 
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intermediate molten salt loop with thermal 
storage. By having a larger generating plant 
and sufficient thermal storage the reactor 
can be operated at constant power but pro-
vide a larger and more flexible contribution to 
meet demand. This is a concept that in prin-
ciple can be applied to all the higher temper-
ature AMR concepts.

3.2.3. High Temperature Gas Cooled 
Fast Neutron Reactors

Gas cooled fast reactors (GFRs) offer the capabili-
ty to produce high gas outlet temperatures great-
er than 950°C for gas turbine electricity genera-
tion, combined heat and power, and importantly 
high temperature heat for process industries. 
Currently, the US Department of Energy is sup-
porting development of the General Atomics and 
Framatome GFR design concept called the Fast 
Modular Reactor. There is some experience of 
high temperature GFR technology in the UK. The 
CEGB in the 1970s developed a concept design 
for a  GFR based on AGR technology. AMEC (now 
Jacobs) were involved in the EU-funded GFR proj-
ect and the ALLEGRO reactor design concept. 
The GFR is the only design that offers both the 
high temperatures needed for cogeneration and 
the possibility of a sustainable closed fuel cycle. 
Investment in this technology would again sup-
port extensive UK R&D programmes and interna-
tional cooperation. New front-end fuel facilities 
and back end recycling facilities would need to 
be developed and built.  

3.3. AMR Technology 
Observations

The UK is currently bringing academia, indus-
try and national laboratories together to de-
velop a range of AMR technologies including 
HTR and both lead, and sodium cooled fast 
reactors.  The major benefits to both climate 

change and building up the UK’s technology 
base are clear. AMR technologies are also 
driving innovation. Liquid metal cooled fast 
reactor development has the potential to 
draw upon a thriving international scientific 
and engineering community and this will help 
upskill the UK’s workforce. 

The AMR technologies discussed above can 
all make viable contributions to the UK’s low 
carbon energy needs. Investment in research 
and development for these technologies will 
benefit the UK, not only in enabling the de-
velopment of deployable power plants for 
electricity production, co-generation, and 
industrial heat supply; it will also support the 
upskilling of the UK workforce and world-
wide export potential for energy production 
plant and equipment. However, the industry 
sectors where AMR technologies should be 
focussed need to be clear to enable vendors 
to develop the appropriate technologies.  

Recommendation 1

The Government, in conjunction with in-
dustry, should identify the areas where 
AMR technologies can contribute to the 
UK’s mission to achieve Net Zero car-
bon emissions by 2050.
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As discussed above, nuclear power has a sig-
nificant role to play in the delivery of Net Zero 
and beyond. The exact role that AMRs can play 
has not been clearly defined and hence the 
numbers and types of reactors needed is not 
clear. 

4. POTENTIAL AMR 
APPLICATIONS
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4.1. Electricity Generation
AMRs based on either fission or fusion tech-
nologies offer a flexible source of low carbon 
dispatchable electricity. Depending on the 
type AMRs can be located closer to centres 
of population thus reducing transmission 
costs. AMRs being small and modular should 
be more economic than larger NPPs. SMRs 
should be better able to cope with lower load 
factors than larger NPPs. Lower load factors 
(which usually are a major factor in the eco-
nomics of nuclear power) will result from an 
electricity grid with intermittent renewable 
electricity. In this way  AMRs based on mul-
ti plant sites have the potential to provide a 
very flexible and economic electricity gener-
ating system. Also, having higher thermal ef-
ficiencies they will consume less fissile mate-
rial (fuel) and less radioactive waste than the 
larger NPPs per unit of electricity generated. 
However, to realise these capabilities it is 
important to understand what proportion of 
the electricity market is to be met with AMR 
technologies. The required installed capacity 
to be met by AMRs needs to be established 
along with the flexibility requirements to ac-
commodate intermittent renewable gener-
ation, and the unit size (MW) to optimise the 
use of existing and new nuclear sites. 

Recommendation 2

The Government, in conjunction with in-
dustry, should identify the areas where 
AMR technologies can contribute to the 
provision of nuclear generated electric-
ity between now and 2050. 

4.2. Process Heat/
Cogeneration

AMRs are especially suited to cogeneration 
because they are small, have the potential to 
produce high or very high temperature heat, 
and can be located close to, or be part of pro-
cess industry facilities.

Cogeneration is the simultaneous produc-
tion of electricity and useful process heat. 
Currently over 60% of the heat produced by 
NPP (and fossil power plants) is wasted. It is 
clear that nuclear generated electricity on 
its own will not be enough to solve the cli-
mate change challenge. Electricity is 3rd be-
hind petrol and natural gas in terms of energy 
consumption. If this is to change, it is impor-
tant to make use of the waste heat from nu-
clear power plants. It is equally important for 
low-carbon nuclear generated electricity to 
be used in the process industry where it can 
contribute to reducing reliance on fossil fuels 
by supporting the production of synthetic fu-
els, hydrogen and other industrial processes 
that currently rely on fossil fuels to supply the 
electricity and heat they need. 

The outlet temperature from an AMR de-
fines the possible cogeneration processes. 
Low temperatures can be used for sea water 
de-salination. High temperatures produced 
by the HTR AMR gas reactors are suitable for 
processes such as steel making (950o). It is 
worth noting that a 600MW HTR could pro-
duce 2.5kg of hydrogen each second. Hydro-
gen is a feed stock in the production of syn-
thetic hydrocarbons and ammonium which 
could be used for de-carbonising transport 
applications. 

The largest domestic energy consumption 
is for heating. Only around 20% of domestic 
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Advanced 
Modular
Reactor

Chemical Plant
Using process heat and hydrogen 
to manufacture products such as 
ammonia, fertiliser and synthetic 
fuels.

District Heating
Lower temperature heat could be 
used to provide domestic and 
commercial hot water and heating 
loads up to 80km from the reactor. 

Steel Production
Nuclear process heat at 950°C used with 

clean hydrogen allows smelting of iron 
via the direct reduction route. The 

product of this would be 
re-melted using electricity 

from the reactor  in 
electric arc furnaces.

Thermochemical 
H2 Production
High-grade process heat allows 
efficient production of hydrogen 
through thermochemical routes.

Cement Production
Very high temperature 
applications could use oxygen 
and hydrogen gas mixes. Firing 
cement kilns with low carbon 
oxyhydrogen mixtures could help 
decarbonise this industry.

Cement Production
Very high temperature 
applications could use oxygen 
and hydrogen gas mixes. Firing 
cement kilns with low carbon 
oxyhydrogen mixtures could help 
decarbonise this industry.

Figure 4. Advanced modular reactors can support industrial process and district heating. 
Here the concept of heat park is illustrated where high temperature reactors are 
co-located with a cluster of industrial users of heat and electricity.
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consumption is electricity. Nuclear cogen-
eration of hydrogen together with the de-
ployment of small AMRs closer to urban con-
urbations could help in this area. The concept 
of using SMRs for process heat/cogenera-
tion is well understood but the exact areas 
where AMR technologies would be expected 
to contribute are unclear. It is important to 
identify the unit size (MW) and the type and 
number of AMRs required in order to match 
the industrial application. 

Recommendation 3

The Government, in consultation with 
industry, should identify the areas 
where AMR technologies can be used 
to replace fossil fuel heat sources. 

4.3. District Heating
District heating via hot water has been used 
in many countries since the beginning of the 
nuclear industry. However, there is little histo-
ry of district heating in the UK.  To utilise hot 
water produced by AMRs for district heat-
ing would require a considerable change in 
infrastructure in the UK. As a result, it would 
be expensive to convert existing homes to a 
district heating system, although it could be 
possible for new town developments. The use 
of nuclear generated hydrogen or electricity 
would be more flexible options to meet the 
domestic heating demand.  Other countries 
already use district heating so there is a po-
tential export market for UK designed AMRs. 
However, the market for district heating is 
again not clear and hence the contribution 
from AMR technologies is uncertain. It will be 
important to identify the AMR type, size and 
the required number of units needed for dis-

trict heating applications.   The identification 
of potential locations is also important.

Recommendation 4

The Government should consider the 
application of AMR technologies to pro-
vide combined heat and power for dis-
trict heating for commercial, industrial 
and domestic applications.
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AMRs have the potential to have a significant 
impact on the UK industrial supply chain. They 
can stimulate the supply chain for high tech 
components, provide high quality jobs for 
decades to come, and with an estimated world 
market in excess of 2000 nuclear reactors of 
all types, there is considerable export poten-
tial for components, fuel cycle services and 
know how.

5. UK SUPPLY CHAIN 
OPPORTUNITIES
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5.1. Technology transfer 
potential

The deployment of AMR technologies will mean 
the production of potentially tens of reactors all of 
the same design for each application. The pros-
pect of long production runs of reactors rath-
er than the sporadic construction of one or 
two large reactors, provides a tremendous op-
portunity for the UK’s industrial and manufactur-
ing supply chain companies. Long-term series 
production will allow supply chain compa-
nies to justify investment in new production 
methods and for them to make a long-term 
commitment to supplying the nuclear sector. 
International AMR vendors should be encour-
aged to enable technology transfer to the UK 
in order to enable component manufacturing 
capability and skills to be developed in the 
UK, reducing costs, strengthening profit mar-
gins and supporting the population adjacent 
to the reactor siting.

Recommendation 5

Whenever possible the Government 
should encourage international vendors 
to set up the capability to manufacture 
all the main reactor components in the 
UK. 

5.2. Research and 
Development

Some of the attractive AMR technologies re-
quire further R&D to fill in the current gaps in 
knowledge needed to underpin design sub-
stantiation and safety assessment. For obvi-
ous reasons nuclear has been a conservative 
industry. However, the potential for innova-

tion through application of new techniques 
and technologies such as in:

• Digital and robotics.

• Modular and advanced manufacture.

• Artificial intelligence and machine 
learning.

• Cyber and physical cyber security. 

• Thermal hydraulics and fluid 
dynamics.

• Control and instrumentation.

• New fuel designs.

• New materials development for 
environments such as Pb

• High temperature material 
performance for HTRs; and

• Materials testing 

• Reactor physics

will provide the industrial supply chain and 
research organisations with opportunities to 
develop and build new facilities. 

As is happening with the Advanced Research 
Projects Agency- Energy (ARPA-E) in the USA 
we envisage AMRs (mostly fusion) will pro-
vide many opportunities for UK Advanced 
Research Invention Agency (ARIA) projects.

The UK had a very large and successful nu-
clear research programme that included 
several zero energy facilities, low energy re-
search reactors, 3 material test reactors, 
prototype AGR and liquid metal fast breeder 
reactors including the 250MWe PFR at Doun-
reay. The UK also had nuclear fuel research 
facilities at Springfields and Windscale and 
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a High Enriched Uranium (HEU) processing 
plant and prototype Materials Test Reac-
tor (MTR) and fast reactor fuel reprocessing 
plants at Dounreay. These have all gone but 
understanding the behaviour of new materi-
als in reactor conditions will be essential for 
the AMR programme. It is also possible future 
nuclear programmes will require the use of 
a closed fuel cycle to enable the increased 
utilisation of uranium, which could have sup-
ply problems if the world was to move to the 
large-scale use of nuclear energy to combat 
climate change. The Nuclear Decommis-
sioning Authority (NDA) has just closed the 
Thermal Oxide Reprocessing Plant (THORP) 
at Sellafield and having been a world leader 
in fuel cycle technologies, the UK will short-
ly lose its reprocessing capability just at the 
time when it may be needed most!

The deployment of AMR technology could 
present an opportunity for the UK to con-
struct a new research reactor facility not only 
for materials testing but also to provide train-
ees with the opportunity to gain nuclear reac-
tor operating experience and act as a public 
facing facility for education akin to the Open 
Pool Australian light water (OPAL) test reactor 
in Australia.  It could also maintain a UK inter-
est in closed fuel cycles and advanced repro-
cessing technologies.

Recommendation 6

The Government should consider the 
construction of a nuclear research and 
materials test reactor facility in the UK. 

The deployment of AMRs also provides an 
added reason for going ahead with a nation-
al thermal hydraulics facility. Such a facility 
would provide a research capability to inves-

tigate thermal hydraulic and fluid flow config-
urations used in AMR technologies and ena-
ble experiments for reactor performance and 
safety code validation.
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The development and deployment of AMRs 
presents many opportunities to not only con-
tribute to the low-carbon world of the future, 
but also for the UK’s ambition to build a new 
high-tech. high wage economy that delivers 
prosperity to all parts of the UK. However, the 
delivery of this vision has several challenges 
including financing, the capability of the reac-
tor vendors, the industrial supply chain capac-
ity, regulation and the availability of nuclear 
site licensees to build and operate the nuclear 
facilities.

 

6. CHALLENGES
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6.1. Financing
One of the main challenges facing the deploy-
ment of nuclear power is cost and the major 
component of the cost of nuclear generated 
electricity is the capital cost of the NPP and 
the associated cost of finance. Large NPPs 
are complex, have long construction times 
and hence large finance costs. Hinkley Point 
C is a good example of this. AMRs on the 
other had should have shorter construction 
times and hence lower finance costs but the 
cost will not trivial and hence some funding 
mechanism will be needed. Leaving funding 
of AMRs to the “market” will be problemat-
ic. More innovation is needed in financing of 
UK nuclear projects rather than, as at Hin-
kley Point C, relying on French and Chinese 
government financing there may need to be 
some form of UK government financing at 
least to “pump prime” the UK supply chain 
and the initial number of plants. Furthermore, 
UK government has set a precedent in the 
nuclear sector by providing funding for fusion 
via the first-of-a-kind STEP project. Funds for 
large infrastructure projects supporting Net 
Zero should be available.  

Recommendation 7

The Government should provide fund-
ing for development of the UK AMR sup-
ply chain and deployment of the first-of-
a-kind (FOAK) AMR technologies. 

6.2. Vendor capability
For AMR technologies to make an impact on 
the required timescale well respected reactor 
vendors will be required in order to give confi-
dence that the designs will deliver the needs 
of the owners, operators and regulators. 
Many, but not all the vendor organisations 
are new with limited track records of delivery. 
This has implications for investor confidence 
and hence deployment timescales. New ven-
dors will need time to establish their nuclear 
credentials and develop their design teams 
and organisation. This will be necessary to 
substantiate their designs, provide the nec-
essary safety documentation and give con-
fidence that they are capable of delivering. 
The Dungeness B project is a good example 
of how a vendor did not have the competenc-
es or capability to deliver a FOAK reactor de-
sign. 

Vendor capability will need to be a factor in 
the down selection of the AMR options in 
order to minimise financial risk. If attractive 
AMR designs are provided by less well-es-
tablished companies, consideration will need 
to be given as to how these companies can 
be strengthened on the timescales needed 
for deployment. 

Recommendation 8

In the down selection of AMR designs 
for deployment in the UK consideration 
should be given to the capability and 
track record of the vendor in order to 
give confidence that designs are ma-
ture, and projects will be delivered on 
time and to budget.
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6.3. UK Industrial capacity
AMR technologies, because of their modu-
lar manufacture and construction capabili-
ties, have the potential to develop a new high 
technology engineering supply chain in the 
UK. However, at this point in time the supply 
chain that will be needed to support the en-
visaged fleet of nuclear plants does not exist. 
To effectively deliver the required AMR pro-
gramme, additional industrial capacity will be 
needed, along with additional skilled people. 
These additional requirements will need to be 
identified. There will also need to be a plan for 
how the necessary supply chain can be built 
up on the required timescale. If the AMR ven-
dor is foreign, consideration should be given 
to a progressive transfer of technology from 
the vendor country to the UK in order to ena-
ble component manufacturing capability and 
skills to be developed in the UK.  If the vendor 
is UK based, any AMR deployment plan will 
need to prioritise supply chain development. 

Recommendation 9

The Government, in conjunction with 
industry, should identify the gaps in the 
UK’s current design, manufacturing and 
service capabilities in relation to each of 
the selected AMR technologies and de-
velop plans to plug these gaps via skills 
training, new facilities and progressive 
technology transfer from foreign ven-
dors. 

Recommendation 10

The Government, in conjunction with 
industry and academia, should identi-
fy the skill needs to effectively deploy 
AMR technologies in the UK.  

6.4. Regulation
Regulation is not the same as safety. Regula-
tion is law enforcement and hence regulatory 
regimes differ from country to country and 
hence the extent of any regulatory challenge 
will depend upon the country where AMRs 
are being deployed. For AMR deployment in 
the UK the regulatory challenge will not come 
from the nuclear licensing system but from 
the availability of people with the expertise 
to both produce the necessary safety doc-
umentation (within the nuclear site licensee 
and their supporting vendor organisations) 
and those regulating the AMR applications. 
Resourcing will be an issue for the regulator 
and any AMR deployment programme will 
need to factor in the time needed to build up 
the AMR specific technical expertise.

The UK’s nuclear licensing system has proven 
to be both flexible and robust. The goal set-
ting licensing approach has allowed the Of-
fice of Nuclear Regulation (ONR) and its pre-
decessor Her Majesty’s Nuclear Installations 
Inspectorate/Health and Safety Executive 
(HMNII/HSE) to licence nuclear installations 
ranging from small research reactors, large 
nuclear power plants, nuclear fuel fabrication 
and reprocessing facilities, radioactive waste 
processing and storage facilities, nuclear 
weapons production and the refuelling of nu-
clear submarines. No other country licenses 
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such a wide range of facilities. This gives the 
UK an advantage when it comes to licensing 
novel nuclear plant designs including AMRs.

The UK offers two options for those wishing 
to construct and operate a new nuclear facil-
ity. The first is the direct licensing route and 
the second is the Generic Design Assess-
ment (GDA) + licensing route. The direct li-
censing route is the quickest, but it requires a 
number of things to happen. The key require-
ments are:

• there must be a mature AMR design 
with a robust Pre-Construction 
Safety Report (PCSR);

• there must be a suitable available 
site to host the AMR;

• there must be a competent licence 
applicant and/or and existing nuclear 
site licensee to be the “controlling 
mind” and “intelligent customer” for 
the construction, commissioning 
and operation of the AMR.

If all three of these are in place the licensee or 
licence applicant can apply to ONR for a nu-
clear site licence. If the ONR has the resourc-
es and expertise for the AMR technology, it 
could take a couple of years to assess the 
PCSR and complete the licensing process.

The second option, the GDA + licensing 
process will take longer because the GDA 
process looks at a generic design and is a 
commercial contract between a vendor and 
ONR. If the ONR (and the environment regu-
lator) accept the vendor’s generic design, a 
licensee or licence applicant will then need to 
produce a site specific PCSR and apply for a 
nuclear site licence. Current GDA’s based on 
well-established light water reactor technol-
ogies are taking up to four years to complete.

The ability of the regulators to proceed with 
either of these routes will depend upon the 
number of AMR designs in the deployment 
programme. If the regulators do not have suf-
ficient technical, engineering and scientific 
resources to assess a wide range of designs, 
priorities will need to be made.

Where AMRs are proposed to be used for 
cogeneration or transport, additional regu-
latory approaches may be needed. For pro-
cess heat cogeneration the close proximity 
of the AMR to other industrial facilities will 
be a new regulatory challenge but one that 
should be coped with within the existing reg-
ulatory framework. The use of AMRs for ma-
rine transportation will require international 
agreement of standards and licensing.  

Recommendation 11

The Government should ensure that 
the Regulators are properly resourced 
to build up their capacities to effective-
ly regulate AMR technologies that are 
chosen for UK deployment.
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6.5. Licensees
Under UK law no person can construct or op-
erate a nuclear installation without a nuclear 
site licence. Licensees are an important part 
of the UK nuclear regulatory regime and as 
discussed above a nuclear site licensee has 
to be the controlling mind which means that 
it must have the capability to understand the 
technology that it is responsible for. At the 
moment there are no existing nuclear site li-
censee organisations associated with AMR 
technologies. Equally, at the moment there 
are no licence applicant organisations on the 
horizon. 

To effectively deploy AMR technologies po-
tential nuclear site licensees will need to be 
identified. Existing nuclear site licensees with 
an interest in operating AMRs will need to be 
upskilled to gain the necessary understand-
ing of the AMR technology. New Licence ap-
plicants/ licensees will need to be developed 
and this will take time. Hence it is important 
for any AMR deployment programme to fac-
tor in the time needed to develop the nuclear 
site licensees.     

Recommendation 12

The Government, in conjunction with 
industry, should identify the necessary 
nuclear site licensees that will be need-
ed to effectively deploy AMRs in the UK. 

Recommendation 13

The Government, in conjunction with 
industry and academia, should ensure 
that there are adequate training facil-
ities to enable existing licensees and 
new licence applicants to build up the 
necessary competences to effectively 
undertake their role to enable the deliv-
ery of the AMR deployment plan.
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The UK is rapidly approaching the Net Zero 
crossroads and decisions on the deployment 
of nuclear technologies will need to be made. 
Without an effective deployment of nuclear 
energy, the UK (and probably the world) will 
not only miss its carbon emission targets, but 
also put the UK economy and hence prosperi-
ty at risk. AMRs have an important role to play, 
not only in the supply of reliable, low carbon, 
dispatchable electricity and process heat, but 
also in  contributing to the Government’s goal 
of building back the UK’s high technology sup-
ply chain industries and the associated well-
paid jobs for UK citizens.

7. VISION FOR AMR 
EXPLOITATION
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The advantages of AMRs are that they:

• Are small;

• Use  components that can be 
manufactured in factories in the UK;

• Have shorter construction times;

• Have lower capital costs;

• Have flexible deployment options, 
electricity, process heat, high 
temperature heat and marine 
propulsion;

• Are safer with the option of siting 
closer to urban populations and 
industrial complexes;

• Can stimulate the supply chain for 
high tech components;

• Can provide high quality jobs for 
decades to come; and

• Provide export potential for 
components and know how.

However, when deciding which AMRs to de-
ploy, the UK should guard against making 
perfection the enemy of the good and not 
worry about taking a less than perfect deci-
sion. Delay and prevarication and delay wait-
ing for the perfect solution to turn up would 
be disastrous in the current circumstances.  
It is better to go forward with a less than per-
fect but still acceptable design than not go-
ing forward at all so holding the UK back on 
the world energy stage.

As discussed above in § 6,  there are a num-
ber of challenges that need to be overcome 
but these are not insurmountable provid-
ed there is a clear deployment strategy and 
commitment from the government.

7.1. Strategic Planning  
A significant difference between the energy 
sector today compared to previous decades 
is the political scene and the lack of a central 
government energy planning and procure-
ment organisation. In the 1960s, 70s and 80s 
the UK had the CEGB for England and Wales, 
and two generating boards for Scotland. It is 
a widely held view that energy use is directly 
related to a nation’s prosperity. Given this, the 
provision of energy to power the UK economy 
cannot be left to chance. It is difficult to see 
how “the market” can be expected to plan and 
deliver the UK’s strategic energy needs and 
hence to ensure that nuclear energy can play 
its role in the UK meeting it’s 2050 targets, 
there needs to be a strategic plan for nuclear 
that includes AMRs This plan should identify 
what is needed and when it is needed. 

Government needs to create a body to be 
responsible for planning the nuclear input to 
the delivery of Net Zero. Government inter-
vention in this way is not unknown, in recent 
times, the UK Government created the NDA 
in 2005 to manage the UK’s nuclear decom-
missioning liabilities. More recently the cur-
rent Government has created Great British 
Railways to strategically manage the UK’s rail 
network.    Given the importance of sustaina-
ble, secure and low carbon energy to the UK 
economy there is no reason why the Govern-
ment cannot create a strategic planning or-
ganisation to manage the planning and de-
livery of the nuclear energy input that will be 



37

Delivering Net Zero - The Role of Advanced Modular Reactors

required to deliver Net Zero by 2050. 

Principal Recommendation 1

The Government should  create a new 
strategic planning organisation with the 
responsibility for developing the nu-
clear energy (including AMR) input that 
will be required to deliver the UK’s 2050 
carbon emission targets.

7.2. AMR Choice 
To make progress the UK needs to identify 
the applications for which AMR technologies 
can contribute to the delivery of the UK’s car-
bon emission targets. Having identified the 
applications AMR choices should be made as 
soon as possible in order to make the most 
efficient use of resources in the supply chain, 
the licensee organisations and the regula-
tors. This will also enable universities and 
other education and training organisations to 
develop appropriate educational and training 
programmes to develop the people that will 
be needed. 

Recommendation 14

The Government should enable the ear-
ly selection of the AMRs that will be de-
ployed in the UK.

Recommendation 15

Priority should be given to High Tem-
perature gas-cooled Reactor (HTR) 
and Liquid Metal Fast Reactor (LMFR) 
technologies given the UK’s extensive 
knowledge and experience of them.

Principal Recommendation 2

The Government should set up an ex-
pert panel to advise it on which AMR 
technologies should be deployed to 
ensure the UK is at the forefront of de-
livering nuclear power domestically and 
internationally as a key low-carbon gen-
eration technology.  The panel should 
report no later than the end of 2022.  
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7.3. AMR Goals
AMRs should be part of the UK’s energy mix 
that will be needed to deliver Net Zero, how-
ever, to ensure AMRs can be successfully de-
ployed a number of things need to happen:

• Government, working with industry 
needs to identify the contribution 
each AMR technology will make to 
deliver the UK Net Zero goals

• Government, working with industry 
needs to produce a Net Zero AMR 
strategy and plan with an aim for the 
FOAK plant to commence operation 
no later than 2030; 

• Government, working with industry 
will need to specify the time when 
individual AMR technologies need to 
commence deployment in a Net Zero 
AMR plan 

• the expected contribution from 
each AMR technology type needs 
to be specified in the Net Zero AMR 
strategy, including the electricity 
or heat output and the expected 
number of reactor units and the 
required nuclear licensed sites;

• The selection process for the 
preferred technology for each 
application needs to be completed 
so as to minimise unnecessary work 
and make best use of current UK 
resources the aim should be to have 
AMR types by no later than 2022

• Nuclear licensed sites will need to be 
identified early on (within the next 5 
years) for AMR deployment;

• Nuclear licensees will need to be 

identified / developed early on 
(within the next 3 years); 

• Nuclear licensees will need to work 
with vendors, ONR and the other 
regulators to develop regulatory 
schedules to align AMR project plans 
with regulatory requirements; 

• ONR and the environmental 
regulators will need sufficient, 
technical and legal resources within 
the next 3 years to assess AMR 
designs and safety cases, and 
undertake the nuclear licensing and 
environmental permitting processes;

• AMR vendor organisations will 
need to have the necessary 
capacity to work with licensees 
to plan construction projects and 
produce the necessary, nuclear 
safety, security, safeguards 
and environmental protection 
documentation;

• The UK supply chain will need to 
progressively build the capability 
and capacity that is needed for 
AMR design, construction, and 
commissioning; and

• Government will need to ensure 
the necessary funding is in place to 
deliver the AMR Net Zero plan.

If all the above are achieved AMR technolo-
gies should be able to make a significant con-
tribution to the UK Net Zero goals and con-
tribute to the Governments levelling up and 
build back better aims.
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Electricity production in the UK will inevitably 
increase in the coming decades with increased 
electrification of transport and household ser-
vices. It is envisaged that on the UK’s current 
trajectory, renewable forms of electricity gen-
eration (wind and solar) are going to be a sig-
nificant part of the electricity grid supply in 
future. Furthermore, other sectors of the UK 
and the world’s energy usage require de-car-
bonisation to ensure we avoid a climate dis-
aster. Therefore, if nuclear power is going to 
make a meaningful contribution it needs to be 
affordable and compatible with intermittent 
renewable energy. 

8. CONCLUSIONS
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The Bangor University workshop set three 
main aims, namely:

• What are the priority technologies 
needed to accelerate the design, 
demonstration and deployment of 
cost-effective advanced nuclear 
technologies?

• How can the UK utilise its 
nuclear capability to enhance 
the decarbonisation of heat and 
hydrogen?

• What structures and mechanisms 
should the UK deploy to ensure 
focus in the delivery of AMRs for 
power, heat and hydrogen?

8.1. What are the priority 
technologies needed to 
accelerate the design, 
demonstration and 
deployment of cost-
effective advanced 
nuclear technologies?

AMRs along with SMRs and larger NPPs will 
have an important role to play in the provision 
of dispatchable power to the UK grid in order 
to compliment the intermittent nature of re-
newable technologies. AMRs technologies 
offer flexibility in that they are not only for 
electricity production but can also provide 
high temperature heat for process industries. 
The UK has considerable experience of gas 
cooled and sodium cooled fast reactor tech-
nologies. It also has a strong research capabil-
ity to support the development of other tech-
nologies such as the lead cooled fast reactor. 
Fusion technologies based on the spherical 

tokamak design such as the UKAEA STEP 
and the Tokamak Energy ST-E1 projects are 
promising but fusion will not be able to make 
a significant contribution to the UK’s Net Zero 
target. However, fusion does have the poten-
tial to provide the low carbon energy source 
of the future. It is expected that fusion will en-
able the UK to maintain its low carbon energy 
strategy in the latter part of this century and 
hence the UK’s fusion research and develop-
ment activities should continue.

For successful deployment of AMRs in the 
UK, the chosen AMR designs should not be 
based on novel technologies. Given the Net 
Zero timescale, and the UK’s nuclear history 
the chosen AMRs must be based on sound 
practicable engineering whether for electric-
ity production or process heat. The UK does 
not have the time or resources to develop 
promising ideas, it needs to deliver deploya-
ble designs that work and can be built using 
existing technologies. Always seeking per-
fection is all too often, as experience in the 
UK energy sector has shown, the enemy of 
the good. 

Given the formidable challenges facing AMR 
deployment, and building on the UK’s expe-
rience priority should be given to High Tem-
perature Gas Cooled Reactor technologies 
including the small “U Battery” and larger 
HTRs for both efficient electricity produc-
tion and process heat applications. To com-
bat uranium resource challenges should the 
rest of the world go for an extensive NPP de-
ployment, the next priority should be for fast 
breeder reactors based upon liquid metal 
(sodium and lead) technologies. These tech-
nologies are tried and tested, and although 
some additional development may be neces-
sary, the R&D requirements should be com-
patible with the UK’s capabilities. 
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When making the technology choice, the 
whole fuel cycle from cradle to grave needs 
to be considered. Selection of the right tech-
nologies will not be simple and hence the 
Government should consider setting an ex-
pert committee to advise the Government 
on which AMR technologies to adopt. Such a 
committee should have a clear remit and be 
given a tight timescale as there is no time to 
waste.

8.2. How can the UK utilise 
its nuclear capability 
to enhance the 
decarbonisation of heat 
and hydrogen?

All nuclear technologies, large NPPs, SMRs 
and AMRs have the potential to contribute 
to non-electricity decarbonisation, but some 
are more efficient than others. AMRs are es-
pecially suited to cogeneration, hydrogen 
production and process heat supply because 
they are small, have the potential to produce 
high or very high temperature heat, and can 
be located close to, or be part of process in-
dustry facilities. In the case of district heat-
ing the use of hot water produced by NPPs/
SMRs/AMRs would require a considerable 
change in infrastructure in the UK and it would 
be expensive to convert existing homes to a 
district heating system. However, it could be 
possible for new town developments. The 
use of nuclear generated hydrogen or elec-
tricity would be more flexible options to meet 
the domestic heating demand.  There is also 
a potential export market for UK designed 
AMRs as some countries already have hot 
water-based district heating. 

For process heat and high temperature hy-
drogen production, the UK would need to 

review its siting and licensing policies for 
nuclear reactors. The main factors that will 
need to be considered are the hazard poten-
tial and associated risk to both workers and 
the public of the AMR design; the external 
hazard the AMR presents to the industrial 
process; and the external hazard the process 
industry presents to the nuclear reactor. Gas 
cooled reactor technologies, especially with 
pre-stressed concrete pressure vessels, are 
probably the best options for these appli-
cations. However, the lead and sodium fast 
reactors also, because they operate at low 
pressure are also attractive solutions.  

8.3. What structures and 
mechanisms should the 
UK deploy to ensure 
focus in the delivery of 
AMRs for power, heat 
and hydrogen?

To deliver AMRs to support the UK’s low car-
bon agenda, will require a number of hurdles 
to be overcome. These include finance, the 
UK’s industrial supply chain capacity, regula-
tion, especially for process heat applications, 
nuclear licensee availability and strategic 
planning. All are important but the two main 
infrastructure challenges are finance and 
strategic planning. Government holds the key 
to unlock each of these. Some form of Gov-
ernment sponsored AMR strategic planning 
authority will need to be set up to effectively 
manage the AMR (and probably all SMR and 
NPP) delivery programme.

Section 7 of this report identifies the key ac-
tivities that are necessary to enable AMRs to 
be successfully deployed in the UK. Govern-
ment has a key role to play in establishing the 
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necessary infrastructure and ground rules 
including AMR technology selection (no lat-
er than the end of 2022), appropriate nuclear 
site licensees (no later than 2024), regulator 
upskilling and resources (no later than 2024), 
and nuclear site provision and selection (no 
later than 2026). Industry also has a role to 
play. The AMR vendor organisation will need 
to have the necessary capacity to work with 
licensees to plan construction projects and 
produce the necessary, nuclear safety, se-
curity, safeguards and environmental protec-
tion documentation. The UK supply chain will 
need to progressively build the capability and 
capacity that is needed for AMR design, con-
struction, and commissioning.

AMRs can and should play an important role 
in the UK’s plans to deliver Net Zero by 2050, 
but urgent action is needed if the potential of 
AMRs is to be realised.



9.1. Principal 
Recommendations

1. The Government should create a new 
strategic planning organisation with the 
responsibility for developing the nu-
clear energy (including AMR) input that 
will be required to deliver the UK’s 2050 
carbon emission targets. §7.1

2. The Government should set up an ex-
pert panel to advise it on which AMR 
technologies should be deployed to 
ensure  the UK is at the forefront of de-
livering nuclear power domestically and 
internationally as a key low-carbon gen-
eration technology.  The panel should 
report no later than the end of 2022. 
§7.2 

9. RECOMMENDATIONS
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9.2. Recommendations
1. The Government, in conjunction with 

industry, should identify the areas 
where AMR technologies can contrib-
ute to the UK’s mission to achieve Net 
Zero carbon emissions by 2050. §3.3

2. The Government, in conjunction with 
industry, should identify the areas 
where AMR technologies can contrib-
ute to the provision of nuclear gen-
erated electricity between now and 
2050. §4.1

3. The Government, in consultation with 
industry, should identify the areas 
where AMR technologies can be used 
to replace fossil fuel heat sources. §4.2

4. The Government should consider the 
application of AMR technologies to 
provide combined heat and power for 
district heating for commercial, indus-
trial and domestic applications. §4.3

5. Whenever possible the Government 
should encourage international ven-
dors to set up the capability to man-
ufacture all the main reactor compo-
nents in the UK. §5.1

6. The Government should consider the 
construction of a nuclear research and 
materials test reactor facility in the UK. 
§5.2

7. The Government should provide fund-
ing for development of the UK AMR 
supply chain and deployment of the 
first-of-a-kind (FOAK) AMR technolo-
gies. §6.1

8. In the down selection of AMR designs 
for deployment in the UK considera-
tion should be given to the capability 
and track record of the vendor in order 
to give confidence that designs are 
mature and projects will be delivered 

on time and to budget. §6.2
9. The Government, in conjunction with 

industry, should identify the gaps in 
the UK’s current design, manufactur-
ing and service capabilities in relation 
to each of the selected AMR technol-
ogies and develop plans to plug these 
gaps via skills training, new facilities 
and progressive technology transfer 
from foreign vendors.  §6.3

10. The Government, in conjunction with 
industry and academia, should identi-
fy the skill needs to effectively deploy 
AMR technologies in the UK. §6.3 

11. The Government should ensure that 
the Regulators are properly resourced 
to build up their capacities to effec-
tively regulate AMR technologies that 
are chosen for UK deployment. §6.4

12. The Government, in conjunction with 
industry, should identify the neces-
sary nuclear site licensees that will be 
needed to effectively deploy AMRs in 
the UK. §6.5

13. The Government, in conjunction with 
industry and academia, should ensure 
that there are adequate training facil-
ities to enable existing licensees and 
new licence applicants to build up the 
necessary competences to effective-
ly undertake their role to enable the 
delivery of the AMR deployment plan. 
§6.5

14. The Government should enable early 
selection of the AMRs that will be de-
ployed in the UK. §7.2

15. Priority should be given to High Tem-
perature gas-cooled Reactor (HTR) 
and Liquid Metal Fast Reactor (LMFR) 
technologies given the UK’s extensive 
knowledge and experience of them.  
§7.2
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ANNEX I.  
AMR WORKSHOP 
AGENDA
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Building on UK Experience to Deliver a 
UK-AMR in 10 Years

 May 5th 2021 on Teams.

The UK has set out a clear ambition to deliv-
er green economic growth and achieve net 
zero by 2050.  The Government’s Ten Point 
Plan for a green industrial revolution aims to 
accelerate progress to net zero to support 
green jobs and to build back better following 
the COVID-19 pandemic.

This Ten Point Plan includes a growth in all 
low carbon energy technologies to decar-
bonise power, heat and transport.  This in-
cludes growth in renewable technologies, 
green hydrogen as well as delivering new and 
advanced nuclear power.

Targets associated with nuclear technology 
include:

• 2021: Proposed launch of Phase 2 of 
UK SMR design development

• Mid 2020s: Hinkley Point C comes 
online

• Early 2030s: First SMRs and AMR 
demonstrator deployed in the UK

This Workshop focuses on this third target 
by bringing together a diverse range of ex-
perts to explore how the UK’s past, present 
and likely future capability can be aligned 
with international developments to seize this 
opportunity.  The Workshop has been struc-
tured to showcase relevant aspects of the 
UK’s nuclear heritage from those who were 
there.  The Workshop includes the UK’s do-
mestic reactor and fuels capability that can 
transition from supporting the operation of a 
reducing number of AGRs to enable a growing 
fleet of AMRs for heat and hydrogen.  Finally, 

the Workshop highlights the opportunities 
afforded by emerging technologies includ-
ing work supported through the BEIS Nuclear 
Innovation Programme as well as capturing 
adjacent technologies in digital, robotics and 
artificial intelligence that will enable the UK 
to do nuclear differently to drive down cost, 
accelerate programmes and maintain safety.

The workshop will consider the following key 
questions through discussion:

1. What are the priority technologies 
needed to accelerate the design, 
demonstration and deployment of 
cost-effective advanced nuclear 
technologies?

2. How can the UK utilise its 
nuclear capability to enhance 
the decarbonisation of heat and 
hydrogen?

3. What structures and mechanisms 
should the UK deploy to ensure 
focus in the delivery of AMRs for 
power, heat and hydrogen?

The outcome of the Workshop will be a report 
that will provide recommendations to gov-
ernment and industry on how best to capital-
ise on UK capability aligned with international 
developments to seize delivery of the first 
AMR demonstrator to be deployed in the UK 
during the early 2030s. It will include target 
reactor type, potential vendors, operators 
and supply chain, as well as comments on fi-
nancial support and regulatory aspects.
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Introduction and Welcome to the Workshop 

Welcome and Workshop Format Professor Bill Lee
Workshop Aims and Target Audience Professor Andrew Sherry

Session 1 Past UK Capability

The UKs High Temperature Gas Reactor Programme Professor Laurence Williams
The OECD Dragon High Temperature Reactor   John Lillington
UK Experience in Metal Cooled Fast Reactors Professor Juan Matthews
Materials Test Reactor Support For UK Reactor Development Susan Ortner

Morning Coffee Break 

Session 2 Present AMR Situation 

What can we learn from 60 years of Gas Cooled  Reactor operation? Mark Salisbury 
Advanced Fission Reactors – Situation Report and Prospects John Stairmand 
Springfields and the Clean Energy Technology Park and Lead Fast Reactor Programme  
 Alan Palin, Paolo Ferroni
The UKs Fusion Programme Steve Wheeler (UKAEA)

Lunch Break

Session 3 Future AMR opportunities

CoGen (including hydrogen production) for AMRs  Michael Rushton, Shekhar Sumit 
The UKs Advanced Modular Reactor Programme Professor Robin Grimes
U Battery Professor Tim Abram 
Very High Temperature Gas Reactors Nick Barron 
The Future of Metal Cooled Reactors in the UK Simon Middleburgh
Digital Technology for AMRs Graeme West 

Session 4 Discussion, Actions and Next Steps 

• What are the priority technologies needed to accelerate the design, demonstration and 
deployment of cost-effective advanced nuclear technologies?

• How can the UK utilise its nuclear capability to enhance the decarbonisation of heat and 
hydrogen?

• What structures and mechanisms should the UK deploy to ensure focus in the delivery of 
AMRs for power, heat, and hydrogen?

• Close.



59

ANNEX III.  
KEY CONTRIBUTORS 
TO THE WORKSHOP



61

Delivering Net Zero - The Role of Advanced Modular Reactors

Contributor Organisation

Prof. Andrew Sherry 
(chair)

Visiting Professor Bangor University,
National Nuclear Laboratory,
University of Manchester

Prof. Bill Lee 
(host)

Bangor University

Prof. Laurence Williams Bangor University
Prof. Robin Grimes Imperial College London
Prof. Tim Abram University of Manchester
Prof. Juan Matthews University of Manchester
Dr. Michael Rushton Bangor University
Dr. Simon Middleburgh Bangor University
Dr. Phylis Makurunje Bangor University
Wendy Owen Bangor University
Dr. Fiona Pearce Bangor University
Shekhar Sumit EdF Sizewell C
Prof. John Lillington Jacobs, 

Honorary Professor Bangor University
Prof. John Stairmand Jacobs, 

Honorary Professor Bangor University.
Dr. Susan Ortner National Nuclear Laboratory
Dr. Nicholas Barron National Nuclear Laboratory
Mark Salisbury National Nuclear Laboratory
Dr. Graeme West University of Strathclyde
Steve Wheeler UKAEA
Alan Palin Westinghouse Electric Company
Dr. Paolo Ferroni Westinghouse Electric Company
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