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Foreword

Foreword

Transitioning to a net zero power and energy future by
2050 is a critical national mission. It must be achieved
in a way that locks in affordability for consumers,
economic growth and jobs, innovation for resilience
and leadership, and above all energy security.

Delivering net zero is challenging and complex, requiring

a whole system approach that uses the best mix of
low-carbon energy technologies that are available now,
alongside those that will be deployable in the future. The UK
has been highly successful in driving forward the expansion
of renewable energy to displace fossil fuel burning power
plants, and the ambition of accelerating to entirely clean
electricity production within the next decade could be in
touching distance.

Yet, wind and solar are inherently variable, after all weather
forecastingis a stereotypically British hobby; this brings
challenges to financing, building and operating an affordable,
efficient net zero energy system. The installation of back-
up natural gas burning power plants and energy storage
technologies has so far been the proposed solution to

the UK's changeable island weather, despite drawbacks of
high-cost electricity, wasted energy and continued CO,
emissions. So, at the Dalton Nuclear Institute, we have
asked ourselves if the UK should look again at how nuclear
electricity and nuclear heat could accelerate the renewable
energy technology led transition to net zero, and also
underpin UK leadership in addressing climate change.

Through detailed modelling of a potential 2050 UK energy
system, we canillustrate that the variability challenge
faced by a carbon-free economy can be addressed more
efficiently than the way it is currently envisaged, at lower
overall cost, with more UK jobs and without backup fossil
fuels. We do this by exploring a fundamental change to
how nuclear energy is typically modelled to operate in the
system; changing from baseload production of electricity
only, to an approach instead, which is based on flexible
production of high-quality heat, hydrogen and electricity
from a fleet of nuclear reactors —large, small and advanced —
and associated energy storage.

The potential energy future that we put forward to spark
further discussion is a maximal scenario for electrification
of over 840 TWh total supply; three-quarters of which is
supplied by variable renewable energy, just 10% by nuclear
plants and 0% from fossil fuels. Clearly, such a maximalist
approach to clean energy requires a hugely demanding build
programme of new renewable and nuclear infrastructure,
interms of pace and scale, as well as siting closer to
energy end users. Highly sophisticated grid design and
management would also be needed to trade and balance
the supply-demand requirements of electricity, heat and
hydrogen. However, the benefits that could be realised,

not least energy independence and savings of up to £14
billion per year on the current UK energy system scenario,
merit attention and analysis. We welcome being part of this
integrated renewables and flexible nuclear system debate.

Our analysis indicates future promise for a flexible, fossil
fuel free energy system that integrates the synergistic
advantages of renewable energy and cogenerating nuclear
energy, as the technologies become deployable in the
system from now to 2030, then onto 2040, and finally full
implementation by 2050. Capitalising on the flexibility of
nuclear energy to contribute more than just low carbon
electricity is a key innovation opportunity for the UK and
offers leadership in international net zero initiatives and
enhanced energy security.

Underpinning a transition to net zero by integrating
electricity generation, from both renewables and nuclear,
along with nuclear-enabled heat and hydrogen production
must be explored. The time to research, evaluate and plan
for the delivery of the UK's clean energy future is now.

Zara Hodgson
Director, Dalton Nuclear Institute
The University of Manchester




Executive Summary

Executive
ummary

In order for the UK to achieve net zero
greenhouse gas emissions by 2050 there

will need to be a significant increase in the
proportion of UK energy that is delivered by
electricity, and which must be predominantly
low-carbon. Thisis reflected inrecent
Government policy, and is obvious from the
anticipated shift to a greater role for electricity
to support transport, domestic heating and
industrial processes.

The bulk of the 2050 electricity supply is anticipated to be
from renewable generation — predominantly wind and solar.
However, these renewable sources are unavoidably variable,
so additional resources are required to deliver a functioning
electricity grid by managing the inherent intermittencies.
Itis the options to achieve this balance, ensuring a stable
and secure electricity supply, that are the subject of this
investigation.

Options to cope with the variability of renewables include
natural gas (with and without carbon capture), shorter-
term storage such as batteries, medium-term storage
such as pumped hydro, longer-term storage of hydrogen
for use in gas turbines, and nuclear energy. The light water
reactors typically employed for nuclear power generation
have limitations on the flexibility of generation that can be
achieved and are also limited by the fact that lower fractions
of time spent on generation (i.e. lower capacity factors) lead
to rapidly increasing unit generation costs for reasons that
will be discussed.

Low-carbon electricity generation and grid system
scenarios have been detailed by the Department for Energy
Security and Net Zero (DESNZ) for the Government, and
they largely limit the role of nuclear to baseload electricity
generation. Building on these analyses, this study sets out to
illustrate how considerable improvements could be made, in

both net zero system economics and carbon emissions, to
maximise the potential of renewable electricity generation
by utilising a flexible combination of nuclear electricity and
nuclear heat, known as cogeneration.

This combination of nuclear electricity and nuclear heat

is examined for large, gigawatt-scale reactors and Small
Modular Reactors (SMRs), together with the possible
inclusion of Advanced Modular Reactors (AMRs) in the UK's
2050 nuclear fleet; especially High Temperature Gas-cooled
Reactors (HTGRs) with hydrogen generation. These HTGRs
are currently the subject of a UK Government-backed
programme for a demonstration reactor to be operational
inthe "early 2030s", but the possible fleet build has yet to be
accommodated in official scenarios.

The low-carbon electricity generation and grid system
scenarios examined to date have included the use of
unabated gas generation, operating for only a small
percentage of the time. This "low capacity factor operation”
means that all the capital and operating costs must be
recovered by selling a small amount of electricity, and
means that the unit production cost of the electricity will be
very high. Seemingly cheap sources of electricity become
expensive when their capacity factor is reduced. This fact
alone was one of the factors that pointed to the importance
of the current study.

Recommendation One

All energy infrastructure becomes less economically
effective per unit of output as the capacity factor reduces.
Government decision-making on the future energy mix
should consider the capacity factors of new and existing
infrastructure, and where these are low, seek alternatives
which are potentially more cost effective.

As electricity generation and supply is progressively
decarbonised, the proportion of renewables in the UK
system scenarios increases. Some renewables are
predictable and electricity supply can be controlled —
examples include bioenergy (i.e. burning biomass or its




derivatives), geothermal energy and hydroelectric power.
Other renewables, such as wind and solar photovoltaic,

are known as "Variable Renewable Energy" (VRE) sources
because of their reliance on variable weather conditions.
VRE sources can experience periods from a few days

to over a month with little to no generation, leading to
problems of balancing generation with demand. While
short-term balancing can be achieved with pumped storage
and batteries, using these for longer-term grid support
becomes very expensive, requiring alternative support
generation be in place instead. In addition to this, regular
periods are expected where generation will exceed demand.
Currently, this excess electricity generation is "curtailed”,
with generators being paid not to deliver to the grid via
“constraint payments” —put in other words: it is wasted.
This willincrease with increasing VRE on the grid unless a
solution can be found.

The work in this report was developed around the same
time as a study by the Royal Society on large scale
electrical storage to integrate large fractions of VRE into
the electricity network. This work and the Royal Society
study came to many of the same conclusions with the main
difference being our drive to recognise the opportunity

to use current and advanced nuclear technologies for
cogeneration rather than straightforward electricity
generation. Leaning into this opportunity would enable
diversion of some of the nuclear capacity as a lower cost
dispatchable source of power; animportant addition to

the methods available to the grid for bridging the gap

when renewables are not available. The use of large-scale
electrical storage is also favoured in the most recent report
of the Energy Systems Catapult.

Our work recognises the need for low-carbon hydrogen
from nuclear as longer-term storage; shorter-term

battery and pumped hydro storage, which are valuable to
maximise renewables exploitation; and BioEnergy with
Carbon Capture and Storage (BECCS) to provide a negative
emissions component.

Recommendation Two

Since variable renewable energy generation can experience
long periods with little to no output and storage options are
limited in scale, Government should ensure that the delivery
of low-carbon, cost-effective, dispatchable electricity is
prioritised to best support an effective overall system.

Recommendation Three

As the proportion of variable renewable energy on a
network increases, so will the amount of curtailment unless
close attention is paid to the whole system. Government
should ensure that the inefficiency of curtailment is
recognised and that it is minimised as far as possible, for
instance by ensuring that large-scale solar power has
associated electricity storage.

Executive Summary

One method of improving flexibility of nuclear power is to
combine it with thermal storage. The higher temperatures
produced by some AMRs make them particularly suited to
production of hydrogen and other synthetic fuels, as well
as heating for a large range of industrial applications. This
potential is further exploited in several AMR conceptual
designs that choose to incorporate molten salt thermal
storage, combined with an electrical generation capacity
several times that from the reactor system, when directly
connected to the generation system. With such a setup,
at times of low electricity demand, energy is directed to
the heat store; during high demand, this stored heat can
be converted into electricity, using the larger generating
capacity.

Continuous operation of the reactor plant would be enabled,
while allowing load following and, when necessary, very low
electrical power output. This arrangement of a reactor plus
thermal store opens the prospect of broader commercial
uptake by end users, through considerable availability of
economic, flexible, useful energy output, and should be
investigated.

Recommendation Four

Using reactors with thermal storage can potentially offer

a cost-effective contribution to solving the problem of
nuclear inflexibility. Government should prioritise research
to enable an in-depth investigation of the opportunity.

Nuclear energy generation must demonstrate thatits
economics are adequate for the role(s) which are proposed
in the overall energy system, and its perception as being
inflexible must be addressed.

Improving the economics of nuclear energy must involve
reducing build times and costs by utilising fleet build and
factory fabrication, and operating reactors at high capacity
factor.

Recommendation Five

Government, working through Great British Nuclear,
should strive to improve the economics of nuclear energy
by encouraging fleet build of nuclear plants, with minimal
delays, and which are then operated at a high capacity
factor.

These initial recommendations have a common focus

on establishing a holistic view of any viable "Net Zero by
2050" scenario. The various elements must function
together to produce a day-to-day and hour-to-hour regime
that maintains a continuous electricity supply, optimum
economics, and minimum carbon production. This has major
implications on how the programme for 2050 is progressed
—combining a whole system viewpoint with an essential
ability to identify, and enact, changes and programmes
across the whole system.

N



Recommendation Six

Government'’s future energy strategies should include
full appreciation of effects at the whole system level,
comprising generation, transmission, and storage, which
must all be developed in parallel.

The potential of nuclear energy technologies to alleviate the
problems of VRE intermittency and curtailment is explored
in this paper. The main body of this work compares the
DESNZ reference case (the "High Electrification” scenario)
with a new alternative "Flexible Nuclear" cogeneration
scenario to replace the unabated natural gas peaking
support. This comprises an additional 60 GW of thermal
power with thermal storage, enabling up to 90 GWe of
electrical power delivery.

The 24 GWe of gigawatt-scale and SMR nuclear from the
original DESNZ scenario and the additional AMR capacity
would be mainly directed at cogeneration activities, with
peaking support for the grid when needed. In addition to
the increased role for nuclear in grid support, BECCS and
hydrogen fuel turbines are used at a higher capacity factor.
The hydrogen would be nuclear cogeneration-derived
hydrogen. Results from the Flexible Nuclear scenario are
tentative estimations at this stage but suggest some
very clear advantages over the original DESNZ High
Electrification scenario. These include, for 2050:

« Annual savings of up to £14 billion (a ~16% reduction) in
delivering ~850 TWh of electricity to the grid, depending
on how many reactors can be built by 2050.

« Areduction of the life cycle averaged CO, equivalent
emissions from ~75 Mt to ~15.5 Mt.

 Anincrease in potential for nuclear cogeneration for
hydrogen production from ~15 Mt/yr to ~300 Mt/yr (or ~60
TWhto ~1000 TWhin heat terms).

Executive Summary

The key to making these large savings available is to remove
the inflexibility of nuclear generation, which has led to it

to be used solely for baseload electricity generation. This

is addressed by widespread use of cogeneration, which
enables continuous operation of reactors to provide

mixed energy outputs, as heat and electricity for hydrogen
production, as well as electrical support for the grid when
required. The Flexible Nuclear scenario developed proposes
large-scale application of VRE and nuclear, where nuclear is
operating largely in cogeneration mode; leading to increased
overall efficiency in energy use, and with minimal carbon
detriment.

All of this is, of course, subject to the demonstration of the
economics of newer nuclear technologies —notably fleet
operation of SMRs and HTGRs. The scenariois at the upper
limit of what might be achieved, and yet it may be possible to
only partially implement it and still realise benefits by 2050.
The level of the savings that can be achieved will depend

on the extent to which this scenario can be implemented.
Equally, existing and currently proposed projects should
examine their potential applicability for cogeneration, and
naturally the scenario also relies on the development of the
associated cogeneration activities with heat storage and
high temperature heat transport.

Consistent with the DESNZ High Electrification scenario,
renewable energy provides the bulk of the electricity in the
Flexible Nuclear scenario —the 2050 electricity supply by
source is shown below. The two key differences are that the
nuclear contribution is delivered as part of cogeneration
activity, and all reliance on natural gas is eliminated.

Electricity Supply in 2050 (TWh) - Flexible Nuclear Scenario

Other
renewables

Biofuels + CCS 47

Storage 33 Wind 520

Advanced nuclear + \
thermal storage 60
Gigawatt-scale +
SMR nuclear 25




Recommendation Seven

Government assessments of the impact of new nuclear
capacity should recognise and incorporate cogeneration
applications (including hydrogen production). These
applications ensure high capacity factors can be achieved
to keep costs low and provide grid support when renewable
output is low. Where appropriate, the same reasoning
should be applied by the operators of existing nuclear
plants.

An energy system incorporating significant capacity to
produce hydrogen from electricity should allow for excess
VRE electricity generation at times of low demand to be
directed to hydrogen production and reduce the amount
thatis curtailed. Ideally, excess VRE electricity should be
combined with heat from the nuclear sources to maximise
hydrogen production efficiency.

Recommendation Eight

Government and industry should aim to reduce the need for
curtailment of renewable electricity by using cogenerated
nuclear heat to power high-temperature electrolysis
hydrogen production, in addition to short-term storage.

A potential problem is that the adoption of large-scale
baseload power generationin a VRE-heavy system will
inevitably increase the amount of curtailment of VRE and so
increase costs. So, in addition to reducing costs of nuclear,
this study examines how nuclear can provide energy beyond
purely baseload electricity generation.

The suggested Flexible Nuclear solution to the challenge
of net zero involves extensive and flexible use of nuclear
energy, with hydrogen production and heat storage to
accommodate the variations in VRE output and grid
demand. Itis recognised that success in producing hydrogen
efficiently from the nuclear heat is needed, as is the
presence of a robust grid, able to accommodate increased
requirements and variability. Yet this suggested solution
would ensure high capacity factors to further improve the
economics for nuclear that embraces a fleet approach to
modular new build and a beyond baseload ethos. It also
requires success in producing hydrogen efficiently from
the nuclear heat, and the presence of a robust grid, able to
accommodate increased requirements and variability.

Executive Summary

Recommendation Nine

Nuclear energy should not be restricted to delivering
only baseload electricity generation. The possibility of
locating new nuclear build on existing or purpose-built
industrial parks that would maximise the opportunity for
cogeneration must be explored.

Synergy is an important reality, which must be faced if an
effective low-carbon energy future is to be achieved. As
electricity becomes more and more the responsibility

of VRE generators, lots of additional baseload nuclear
generation may not just be unhelpful, but actively
detrimental to the entire system, as it presents a dilemmma
between idling thermal generators or large-scale VRE
curtailment. Intelligent planning is therefore essential, and
energy decisions should not be made in isolation, but with
an appreciation of how each technology fits in the whole
system.

Recommendation Ten

Government planning for future nuclear deployment should
envisage an integrated system where nuclear and variable
renewables work in harmony through cogeneration and
energy storage, while planning around energy (not just
electricity) infrastructure delivery should be fully co-
ordinated to best ensure the UK has a functional whole
system.




1. Introduction

Introduction

The UK Government is committed to reaching
net zero greenhouse gas emissions by 2050
[1]. To achieve this it is generally accepted, and
reflected in Government policy, that by 2050:

1. A considerable increase in the energy
delivered by electricity is needed.

2. The electricity supply must be
predominantly low-carbon.

The UK is therefore seeking to implement an electricity
system with zero net greenhouse gas emissions as part
ofits Net Zero Strategy. This must ensure alow-carbon
electricity supply to consumers, relying on a robust grid
which is resilient to variations in electricity demand and
generation (especially weather for renewables). This
paper explores in some detail the way in which low carbon
technologies — specifically renewable energy and nuclear
power —can work effectively, in combination, to contribute
towards net zero.

The work in this report was carried out before the change

of Government in July 2024 and does not include any new
developments following the recent King's Speech where it
was announced that the UK plans to have fully clean power
by 2030 [2]. The main inputs to this report are from annual
energy projections published by the Department for Energy
Security and Net Zero (DESNZ), which contain two main case
studies: a "Base Case" that assumes only currently planned
projects are available [3], and a "High Electrification” scenario
that explores reaching net zero by 2050 in Annex O [4].

Renewables, particularly wind and solar PV, have become
the cheapest way to generate electricity, and as such

there are plans to increase the capacity of wind and solar.
However, there remains the problem of finding sufficient
energy sources to fill in the electricity supply when wind and
solar are not available, and as a result (under the current
pricing system), wholesale prices remain high despite cheap
renewable generation costs [5]. Supporting generation
options must also be low-carbon if net zero targets are

to be met. Energy storage is one proposed solution to
intermittency, but this can be expensive and there are likely
to be challenges in building enough capacity. This report
analyses the costs and practicalities of these scenarios and
explores whether cheaper, more resilient, and less carbon-
intensive options are possible by better utilising nuclear
energy (i.e. both nuclear-generated electricity and heat).

This report is written from the point of view of the current
UK situation onimplementing measures for achieving net
zero and uses historic data and published projections in its
economic assessment. The results are however applicable
to other developed countries, which have the capability and
option to use nuclear energy at scale.

The main part of the report establishes the basis of the
analysis and presents the results. In particular, in Section 4
we outline an alternative "Flexible Nuclear" scenario, which
combines high levels of low-cost wind and solar power
generation, whilst minimising overall system costs by using
the heat from the generation of nuclear electricity more
effectively than at present.

10



Appendices 1-3 give the details of the analyses on the
DESNZ scenarios and our alternative Flexible Nuclear
scenario, based on the use of nuclear cogeneration and
AMR thermal storage technology. Appendix 4 discusses
curtailment in more detail. Appendix 5 discusses a wider
range of technologies (some newer), beyond VRE and
nuclear which have the potential to make a positive
contribution to a reliable, low-carbon electricity grid.

Appendix 6 provides detail on nuclear hydrogen production,

while Appendix 7 explores nuclear flexibility and thermal
storage in more depth.

1. Introduction
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Backgroun

Definitions

Prior to this discussion, there are some terms which
should be defined. Some are technical terms which

may not have common usage and so warrant defining,
and some have multiple definitions or are used
interchangeably with other terms, in which case clarity on
our use henceforth is necessary.

Energy Production Terminology

Depending on the source material, terms such as
“capacity factor"” can have various definitions with subtle
differences and are often used interchangeably with "load
factor” and "utilisation factor”. Given the nature of the
subject matter, such distinctions are important and our
definitions throughout are thus:

» The installed capacity of an electricity generator is the
maximum power it can generate, reported in watts.

« The load factor is a measure of instantaneous
generation, relative to the installed capacity. This is
usually given as a percentage, but fractional or decimal
notation is also sometimes used.

« The capacity factor is the average generation, relative
to the installed capacity over a period of a year (unless a
different time period is specified). This is usually given as
a percentage, but fractional or decimal notation is also
sometimes used.

« Curtailment is defined as the fraction of the available
generation that is diverted or rejected from the grid.
This includes avoided generation, which occurs when
generators are requested to cease generation by the
grid operator.

Consider a generator with an installed capacity of 100
MWe. If at a giveninstant, it is generating and delivering
20 MWe, its load factoris 20%. If over a year, the average
outputis 40 MWe (i.e. its average load factor is 40%), its
capacity factoris 40%.

« Cogeneration, sometimes referred to as Combined
Heat and Power (CHP), is when useful heat is delivered
from a thermal power station in addition to electricity.
This would include the use of heat in district heating,
or for use in industrial applications such as hydrogen
production. In this report cogeneration is used to
distinguish direct applications of heat and power to
arange of low-carbon related uses, from electricity
supplied to support the grid.

Dispatchable power is defined as power that can
be made available at any time it is required, usually
electricity generation from rotating generators in
thermal or hydroelectric plants.

Thermal plants use heat energy to generate electricity.
The heat can come from a range of sources, such as
combustion, nuclear, geothermal or concentrated solar
energy.

12
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« Variable Renewable Energy (VRE) is a collective
term for renewable energy which has variable output
— this variation is sometimes predictable (e.g. solar or
tidal), and sometimes less predictable (e.g. wind). VRE
therefore cannot be relied upon as dispatchable. VRE
includes wind, solar, tidal and wave power. Geothermal
and hydroelectric power are renewable but are not
variable, so are considered dispatchable power
generators.

- Baseload is the minimum level of demand made on an
electricity grid over a given time period, not a measure
of supply. An equivalent amount of supply to meet
baseload demand has historically been provided from
dedicated generators which are cheap to operate —
typically nuclear and coal power.

Usually, a distinction between "energy” and “electricity”

is helpful in discussions such as these. However, "VRE"

is a widely used term and specifically refers to "energy”
(as the variability is inherent in the energy source); this

of course translates into variable electricity if the energy
is used to generate electricity. In the UK, use of VRE

for non-electricity applications is limited to a very small
contribution from solar heat for water heating, with
almost all VRE used for electricity generation. A distinction
between the two is explicitly mentioned where we feel itis
needed.

Nuclear Systems Terminology

« Light Water Reactors (L\WRs) are, in this context,
usually large gigawatt-scale reactors moderated and
cooled by light water. These make up the majority of
power reactors around the world. Sizewell B and Hinkley
Point C are LWRs, specifically Pressurised Water
Reactors (PWRs) —the most common type of LWR.

« Small Modular Reactor (SMR) is reserved specifically for
small, modular LWRs. Some define these as being below
a maximum electrical power output of 300 MWe [6, p.

2], but such a limit is not the case in the UK where the
ability to be manufactured off-site, then delivered and
assembled is key.

2.Background

+ Advanced Modular Reactor (AMR) is the collective
term given to reactor designs which are modular in
construction but deviate from the light water cooled
and moderated specification. High Temperature Gas-
cooled Reactors (HTGRs) are an example of an AMR,
and are considered in the UK, China and Japan those
closest to implementation and as such are the focus of
AMR development in the UK [7]. A detailed discussion of
"HTGR as the AMR of choice" is available from [8].

Financial Terminology

Economics are a crucial consideration when considering
new energy infrastructure. Readers may find the following
definitions useful:

+ Overnight capital cost is the cost of a construction
project if no interest was accrued during the
construction period (i.e. if the entire project was
delivered "overnight").

- Fixed costs are costs that are incurred irrespective of
the extent of goods or services provided. An example
would be the rent on a commercial property, which must
be paid whether the enterprise is operating at full or zero
capacity.

« Conversely, variable costs are costs that scale with the
degree of output. In energy, fuel is a typical example.

+ Levelised Cost Of Electricity (LCOE) is the average
cost of electricity produced by a generator over its
lifetime. It includes the overnight capital cost, interest
accrued during construction and operation, and all fuel
and operations costs. Calculating LCOE relies on many
assumptions, such as the capacity factor which will be
achieved over the lifetime, and the cost of borrowing or
the expected return for investors.




2.1 Electricity Trends in the UK Since
2000

The development of the total installed UK electricity
capacity over the last 23 years is shown in Figure 1, along
with the changes in demand. Installed capacity is a key
metric in understanding the dynamics of the UK energy
system.

In 2000, the installed electrical capacity in the UK totalled
around 80 GW, dominated by fossil fuel generation. This
compared to peak demand of just under 65 GW (i.e. around
80% of total capacity). As concerns began to build about the
need to reduce CO, emissions in the years since, a sizeable
amount of wind and solar capacity was installed. By 2023,
peak demand had reduced to under 50 GW, due largely to
increased efficiencies and decline of heavy industry. Despite
this fallin demand, the total installed capacity had increased

2.Background

to over 115 GW with increased reliance on Variable
Renewable Energy (VRE). Because of the intermittent nature
of VRE, a greater degree of standby capacity for periods of
low VRE outputis required.

As Figure 1 shows, the last two decades have been a key
transition period where renewable generation went from

a trivial to a sizeable share of total installed capacity. Over
the same period, coal and oil capacity was heavily reduced,
and increasingly used only for last resort dispatchable
electricity at times of high demand, and natural gas capacity
continued to expand as part of the coal-to-gas transition
which the UK has experienced since the early 1990s. Natural
gas capacity has not reduced as VRE capacity increased in
recent years. Nuclear power capacity has decreased since
2000 due to Magnox and AGR stations being retired, without
replacement plants coming online in the meantime.

120 -

-
-~
L

~ Winter peak demand

-~

Historic electrical capacity (GW)

2000 2005 2010
O B Wind
[ Natural gas M Coal
# Pumped storage B Other

2015 2020
M Nuclear H Biofuels
m Oil M Hydro

B Interconnectors

Figure 1. Historic variation of the makeup of UK electrical capacity from 2000 and the calculated average demand
over the year [9] and estimated peak and minimum demands.
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After installed capacity, the second important metric

to consider is generation. Not all the available capacity

is needed to meet demand, so the actual supply from
generators into the grid and onto consumers is adjusted
accordingly. Figure 2 shows the make-up of UK electricity
generation over the same 23-year period. While total
installed capacity has been expanding, generation and
supply have been contracting since the financial crisis of
2007/8. Thisis a result of several factors such as energy
saving, (e.g. improvements in insulation and the introduction
of LED lighting), the continuing de-industrialisation of the
UK, lower economic growth, and high energy prices.

In 2023, oil and coal capacity still exist, but they provide
vanishingly small amounts of generation. The replacement
of coal with gas since the early 1990s has contributed

to early decreases in CO, emissions from UK electricity
generation.

2.Background

The recent decrease in electricity generation is unlikely to
persist, with up to a threefold increase anticipated by 2050
[10, p. 125]. As efforts to reduce greenhouse emissions
increase, a substantial amount of primary energy use will
shift to electricity, which is easier to decarbonise. This will
include replacing some domestic and business heating with
heat pumps, increased electrification of rail transport and
road vehicles, manufacture of synthetic fuels and arange
of higher temperature applications using resistive heating,
electric arcs and microwaves [11].

2.2 Government Power Sector Scenarios

Government, via DESNZ, has developed scenarios [3, 4]
which model potential pathways for meeting future power
needs for the UK.

The DESNZ Base Case scenario, Annex Ain [3],is a
projection of the UK electricity capacity and generation
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Figure 2. Historic variation of the makeup of UK electrical generation from 2000 [9].

15



composition to 2040 on the assumption that only existing
technologies and approved projects are used. It does not
include the expected increase in demand for electricity for
transport, heating, and industry required to reach net zero.
As such it does notinclude the associated large increase in
renewables, nor the associated requirements in respect of
backup capacity needed for their integration.

The proposal for reaching net zero in the UK is described

in the report "Powering Up Britain" issued by DESNZ in
March 2023 [12], with supporting data givenin Annex O of
the "Energy and Emission Projections”issued at the same
time [3, 4]. Two scenarios were provided: a Low and a High
Electrification scenario. The High Electrification scenario
assumes high levels of electrified road and rail transport, and
heating of homes and businesses. Most generation comes
from renewables, with a large installed capacity of gas plants,
with total electricity demand in 2050 at 792 TWh/yr and 140
GW average electrical power over a year (592 TWh/yr and
106 GW for the Low Electrification scenario).

The High Electrification scenario has been examined closely
in this paper as it reflects the large increase of wind and
solar power necessary to reach net zero at alow cost, at the
same time highlighting the associated need for supporting
generating capacity to accommodate the times when solar
and wind are not available. It also reflects the "Powering

Up Britain” report [12] and statements made by the (then)
Prime Minister and Energy Security Secretary in March
2024 for plans to extend the use of unabated natural gas

to generate electricity and to build a new generation of gas
power stations [13, 14].

The costs associated with supporting a VRE-heavy grid can
be very high [15, 16]. The costs associated with the Base
Case and High Electrification scenarios are examined in
Appendices 1 and 2 respectively, using data from DESNZ
and its predecessor, the Department for Business, Energy
and Industrial Strategy (BEIS). The main source documents
are Chapter 5 on Electricity of the Digest of UK Energy
Statistics 2023 [9], the Electricity Generating Costs reports
2020[17]and 2023 [18], and the Updated Energy and
Emissions Projections 2023 [3, 4].

One important omission from current Government scenario
modelling is the potential deployment of AMRs — particularly
HTGRs —with associated hydrogen generation. The
development and use of AMRs is part of DESNZ planning,
envisaging an HTGR demonstration reactor for the early
2030s[19, p. 20], but they are yet to be included in official
scenarios. This gap is filled by this current study, which
(because of the anticipated rise in electricity demand to
2050) adapts the High Electrification scenario, replacing

2.Background

unabated” gas with nuclear power as the means of
accommodating shortfalls in electricity supply. Appendix 3
lays out this new Flexible Nuclear scenario.

2.2.1 Net Zero High Electrification Scenario

Because of the expectation that electricity demandis
going toincrease in coming years, our focus is the High
Electrification scenario. Most technologies are fully defined
in the scenario [4], but wind and solar are not defined
separately from other renewables. Some fixed points

are provided elsewhere [12], so some interpolations and
extrapolations have been necessary to get a complete
picture of the makeup of the electricity capacity and annual
generation. Table 1 lists the fixed points in black.

This scenario involves delivery of very large amounts

of wind and solar capacity by 2050, but their combined
share drops to 58% of the UK's overall installed electricity
capacity because of unabated natural gas capacity more
than doubling over the same period. The contribution

to generation from solar is small relative to the installed
capacity as the capacity factor is typically around 10-

11%. [20]. The relatively low levels of storage embodied

in this scenario means that curtailment of wind and solar

is likely. In particular, some of the solar generation is likely
to be curtailed, as a large proportion of it is in the summer
(when demand s lowest), so the capacity factor of solar is
reduced to 8% from 2035.1n 2050 it is anticipated that with
improvements in technology, onshore wind could achieve

a capacity factor of 48%, and offshore wind 69%, however
thisis not reflected in the data from the scenarios (Table 1 -
page 17), which point at lower capacity factors.

Provision of supporting generation for periods when VRE is
not available for longer periods is a key issue. The supporting
generating capacity must be large — similar to the VRE
capacity itself, or the highest expected demand. While the
capacity/load factor over the year may be low, part of it
must be able to be sustained for periods of weeks at a time,
although there may well be considerable variation in both
VRE supply and demand during such periods. This is the
cause of the most striking numbers from Table 1 —those for
unabated natural gas in 2050. In 2050, this scenario predicts
unabated natural gas generation represents 11% of the
total cost of generation yet delivers just 1% of the electricity,
at an effective cost in excess of £1000/MWh. This is despite
the considerable increase in installed capacity to 2050 (i.e.
tens of gigawatts of new gas plants would be built with the
expectation that they will operate with a capacity factor of
only 1.2% in 2050). This scenario is discussed in more detail
in Appendix 2.

* Unabated refers to fossil fuel combustion where no efforts have been made to reduce the amount of resulting CO, emissions released into the atmosphere.
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Table 1. Key targets to 2050 for the DESNZ High Electrification scenario [4, 12] to reach net zero. Numbers in blue are
rounded interpolations from the main fixed points, or estimations as separate values for wind and solar generation
are not provided in the DESNZ scenario.

Installed capacity (GW)

Solar PV Generation (TWh/yr) 39 49 54 63
Capacity factor (%) 10 8 8 8
Installed capacity (GW) 60 110 124 151
Wind (onshore and offshore) Generation (TWh/yr) 226 369 425 520
Capacity factor (%) 40 38 39 40
Installed capacity (GW) 4.5 9.5 14 24
Nuclear Generation (TWh/yr) 38 56 94 180
Capacity factor (%) 97 67 75 85
Installed capacity (GW) 4 11 14 20

Carbon Capture and Storage

(CCS); natural gas and biofuels Cemerten M 15 34 36 47
Capacity factor (%) 48 36 29 28
Installed capacity (GW) 5 5 18 45
Hydrogen power Generation (TWh/yr) 9 8 11 9
Capacity factor (%) 22 18 7 2
Installed capacity (GW) 38 63 79.5 84.5
Unabated natural gas Generation (TWh/yr) 12 5 5 9
Capacity factor (%) 3.5 1.1 0.9 1.2
Installed capacity (GW) 155.5 268.5 326.5 414.5
TOTAL Generation (TWh/yr) 339 521 625 828
Greenl(\;l.:sceo 92:: le;:)lsswns 14 9 4 1
Installed capacity (GW) 5 5 15 15
Sitorzge Supply (TWh/yr) 12 31 33 33

(pumped hydro and batteries)
Capacity factor (%) 25 21 26 26




2.3 Greenhouse Gas Emissions

The purpose of the Net Zero Strategy is to eliminate
greenhouse gas emissions as far as possible. Figure 3 shows
the decrease in greenhouse gas emissions associated with
the elimination of coal generation in favour of gas and the
rise in renewable energy. The graph shows historic data

and future projections arising from the Base Case scenario.
The retention of unabated natural gas generation, without
introduction of sufficient low-carbon alternatives results in
no further decrease in emissions projected beyond 2030.

Any industrial or energy production activity results in net
emissions of greenhouse gases, which occurs during
combustion of fossil fuels, but also as part of lifecycle
emissions”. This means that in addition to the emissions
shown in Figure 3, there are the lifecycle emissions from
the carbon footprint of the technologies to produce the
electricity, including emissions which arise outside the
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UK. These emissions also need to be considered to give a
complete picture. Figure 4 (page 19) provides an overview of
overall lifecycle greenhouse gas emissions from the United
Nations Economic Commission for Europe (UNECE) [22].

There are some processes which can provide a net negative
carbon output, and deployment of some of these will be
necessary to fully achieve net zero, as some emissions will
remain unavoidable. For example:

« Combustion of biomass releases CO,, however the
growth of the biomass uses CO, from the atmosphere to
grow the fuel material, so the process can be considered
carbon neutral. If however, the CO, from combustionis
captured the overall process can be carbon-negative,
solong as attentionis paid to the sustainable nature of
the biomass, and the carbon capture process. BioEnergy
with Carbon Capture and Storage (BECCS) is part of the
Government's Net Zero Strategy.

>
Historic | Projection

2015

Greenhouse gas emissions from electricity production (MtCO,eq/yr)

2000 2005 2010

2020

2025 2030 2035 2040

Figure 3. Greenhouse gas emissions from historic and Base Case projections [21].

* Lifecycle emissions are the total emissions which arise from the activity in delivering energy. Nuclear and renewables are sometimes referred to as “zero carbon” or “carbon-free"
because there are no greenhouse gas emissions at the point of generation, however there will always be emissions from construction, decommissioning, repair, materials extraction,
manufacturing etc. These are difficult to quantify exactly, but reliable estimates are essential if fully informed decisions are to be made on absolute emissions reductions.




+ An additional, very direct method of reducing CO, burdens
is direct capture of CO, from the atmosphere, followed by
CCS or use in synfuel production. UK trials of this approach
are being planned, for example as part of the Sizewell C
project.

2.3.1 Carbon Pricing

One approach to reduce emissions is the imposition of
carbon pricing methods, which are designed to compensate
for the carbon detriment of an activity. These usually take
the form of an Emissions Trading Scheme (ETS), such as

the EU ETS from 2005, or the UK's own ETS following its exit
from the EU; or a straightforward tax on carbon emissions
deriving from services and manufacturing.
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Of course, the relative importance of the carbon detriment
varies markedly with the energy generation used. Thisis
illustrated by the data shown in Figure 4. This also gives a
good indication of the generation methods that could be
employed to give a low-carbon detriment for the very high
electricity and energy programmes that are being envisaged
to achieve net zero by 2050.

Carbon pricing has become an established fixture,
contributing to overall energy prices in many economies
which wish to reduce emissions and therefore needs to
be considered in modelling. The extent of carbon pricing
is however an arbitrary addition so modelling and scenario
development should acknowledge its impactin the
calculations and assessments being carried out.
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Figure 4. Lifecycle greenhouse gas emission ranges for technologies assessed by UNECE. Adapted from [22, Fig. 11.




2.4 What Drives Energy Costs?

The areas of expenditure for different technologies vary
substantially. A useful metric for comparing costs of
generationis the Levelised Cost Of Electricity (LCOE)

—the overall cost of generation per unit output over the
plant's lifetime. Absolute calculations of LCOE for different
technologies vary based on arange of assumptions, but in
this section the focus is on how the costs vary with capacity
factor. What is important for this discussion is proportionally
where the costs are expended, and particularly between fixed
costs such as construction and financing, and variable costs
like fuel. Two key cost considerations are illustrated below.

2.4.1 Investment Costs

Firstly, there is the role of investment costs. Figure 5
shows the typical cost breakdown for large nuclear. From
thisitis clear how the cost problems with gigawatt-scale

2.Background

nuclear arise; the very large initial investment cost results
in a sizeable build-up of interest over the long build times
during which no income is generated. The costs associated
with operation and fuel are minor in comparison. The long
lifespan and large power output of nuclear plants makes
their LCOE competitive with other generation methods,
but this does little to alleviate the financial burden prior

to connecting to the grid. To reduce the overall cost of
nuclear power, current areas of focus are on reducing the
capital cost and shortening the build time (thus limiting the
interest costs) —two motivators for the drive to develop
SMRs. The breakdowns for VRE options are broadly similar,
i.e. dominated by investment costs due to their lack of fuel
during operation. However, the cost hurdle in absolute terms
for VRE investors is much lower, due to the greatly reduced
capital costs compared to large nuclear.

Fuel cycle
costs
9%

Operation and
maintenance
13%

Overnight
capital costs
11%

N Investment costs (overnight capital costs + financing) account for 78% of the LCOE

Interest during
construction
20%

Figure 5. Typical costs breakdown for gigawatt-scale nuclear, assuming a 7% discount rate. Reproduced from [23].




2.4.2 Capacity Factor

The second consideration in relation to LCOE is the role of
capacity factor. Figure 6 shows a breakdown for a Combined
Cycle Gas Turbine (CCGT) plant operating at two very
different capacity factors. At high capacity factor (the figure
of 93% is the reference figure used in BEIS/DESNZ cost
tables [17, 18]), the cost of fuel dominates, making up over
75% of total costs. However, the same plant, operated only
1.2% of the time, gives a very different cost breakdown,
similar to that of the nuclear plantin Figure 5 in the sense
thatitis largely dominated by capital and financing costs,
with fuel costs becoming a minor part of the total cost. The
lower capacity factor of 1.2% is especially relevant because
itis the anticipated value for gas plants in the DESNZ High
Electrification scenario by 2050 (see Table 1).

2.Background

The chartsin Figure 6 illustrate the stark change in the
LCOE breakdown which occurs when reducing the capacity
factor of otherwise identical plants. The total cost per unit
of electricity generated is indicated by the area of the chart.
Whilst the contributions of fuel and variable O&M costs to
overall LCOE remain the same, the contribution from

fixed costs increases substantially as capacity factor is
reduced to very low levels. Class H" CCGT plants with
anticipated capacity factors at this very low level appear in
the DESNZ scenarios and so this calculation will be revisited
in Appendix 2.

In the case of nuclear power, the very high capital cost of
the plant requires alarge portion of the generation cost
to service this capital cost. This means that, to optimise
the generation cost, the reactor must be in operation for

CCGT Class H at:

93% capacity factor

@ Overnight capital costs @ Fixed O&M costs [ Variable O&M costs [ Fuel costs [ Interest

1.2% capacity factor

J

Figure 6. LCOE cost breakdown (excluding carbon pricing) of a typical CCGT gas plant, depending only on its capacity
factor. The area of the charts is proportional to unit generation cost.

* Class H s a high efficiency CCGT system used in the UK since 2012 and is the reference case used by BEIS/DESNZ [17].




the maximum possible proportion of the time (i.e. with
maximum capacity factor), as running at a lower capacity
will give a major increase in the unit generation cost. This
consideration, along with physical constraints on reactor
operation (explored in more detail in Appendix 7), has
historically caused nuclear energy to be designated as
"inflexible", and to be given its traditional role of delivering
baseload electricity.

Increased LCOE for low capacity factor operation also
applies to all other generation methods, but for gas the
cost of fuelis relatively much larger and the investment
costs smaller. The result therefore is that the increase in
generation cost for operating at lower capacity factor will be
less marked for gas plants than for nuclear.

2.Background

LCOE vs Capacity Factor

Natural gas has been the main method to support the grid
in the years since VRE generation has become important.
The variation in the price of gas-fired electricity generation
(based on Class H CCGT) with capacity factor is shownin
Figure 7, along with the other main methods of electricity
generation.

Costs for all generation methods show similar behaviour,
because of their associated fixed costs (e.g. capital, land
rental, fixed staff costs) as illustrated in Figure 6 (page 21).
In all cases, as the capacity factor is reduced the LCOE rises
(tending to infinity for a 0% capacity factor).
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Figure 7. Comparison of the variation of electricity cost for 2025 (in 2023 money) with capacity factor for the most

common electricity generation methods [17, 18, 24].
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In the case of gas-fired electricity generation, the fuel price
and carbon price’, which are variable costs, dominate for
capacity factors above 30%. By 2025 the carbon price is
projected to add ~£60/MWh to the gas price. Capacity factor
is also important for solar and wind power, and the historic
range of capacity factors for wind indicates that claimed
future values are rather optimistic.

Figure 8 shows the effect of wind power expansion on the
generation capacity and the associated rise in LCOE of

2.Background

natural gas, indicated by the inverse relation of the blue bar
chart with the red lines. Data for this figure are taken from
historic UK data and the DESNZ Base Case (discussed in
Appendix 1). Two cost calculations for gas LCOE were made:

1. At fixed gas fuel costs to highlight the effect of reduced
capacity factor on cost.

2.A' more realistic case with variable fuel and carbon prices.

B Capacity factor = = Simplified costing

0.3% 3% 23% 58%
100 300
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—— Costing incorporating variable fuel and carbon price

Figure 8. Chart showing the relationship between the capacity factor of gas and its LCOE (in 2023 money). In this figure:

Bar chart —Historic and DESNZ Base Case projections of gas generation capacity factor.

Dashed line —LCOE assuming fixed fuel and carbon price to illustrate the relationship.

Solid line =LCOE including changes in gas price and carbon price.

Green axis — Approximate share of VRE at points in time. Data from [3, 171.

* The carbon prices used for both unmitigated natural gas and with CCS are those used in the latest DESNZ projections on electricity generation costs [18].
These are expected to rise progressively as 2050 is approached, but they are projected numbers and not necessarily what will be imposed.




In the absence of significant electricity storage capacity, gas
power must currently fillin the period when sufficient VRE
power is unavailable —this is discussed in detail in Section

3. As VRE installed capacity (and supply) increases, gas
provides a progressively lower share of the total electricity
supply. The total installed capacity of dispatchable electricity
must however remain at least at a similar level to the VRE
capacity, or it cannot effectively replace it when none is
available (see Section 3.1).

When the VRE share of generation becomes very high,
the role of gas generation as part of the general supply mix
decreases and is limited to generation only when VRE is
not available. This effect is seen with all VRE types, but the
higher availability of wind power compared to solar power
makes the impact on gas generation more severe [25].

Recommendation One

All energy infrastructure becomes less economically
effective per unit of output as the capacity factor reduces.
Government decision-making on the future energy mix
should consider the capacity factors of new and existing
infrastructure, and where these are low, seek alternatives
which are potentially more cost effective.

2.5 Summary of Section 2
* Inthe years since 2000:

- Installed VRE capacity has increased from a negligible
amount to over 46 GW.

- Coal and oilinstalled capacity reduced from 30 GW to 7
GW. Gas increased from 23 GW to 36GW.

- Total capacity increased from 80 GW to over 115 GW,
however annual generation reduced from 384 TWh to
290 TWh.

- Electricity demand reduced but is projected to increase
in the future as other sectors of society shift to rely on
electricity to meet net zero ambitions.

« DESNZ has developed scenarios for the future of energy
inthe UK:

- The Base Case projection and High Electrification
scenario are analysed in this report.

- The Base Case projection anticipates a reduction in
greenhouse gas emissions to 2030, but no further
reduction beyond then due to a residual use of
unabated natural gas generation.

2.Background

« Solar, wind and nuclear power have the lowest lifetime
greenhouse gas emissions of those generation
technologies currently available.

« Investment costs dominate for VRE and nuclear energy,
and these can be prohibitively large in the case of
gigawatt-scale nuclear in the UK.

- Plants operated at a lower capacity factor become more
expensive per unit of electricity generated.

« The capacity factor of gas generation plants reduces as
more VRE capacity is installed, and thus becomes more
expensive per MWh.

- Inthe High Electrification scenario, this results in
unabated natural gas generation contributing 11% of
the total cost of generation to deliver just 1% of the
electricity, at an effective cost >£1000/MWh.
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3.Challenges in the Current Strategy

Challengesinthe
Current Strategy

A successful net zero strategy needs to

deliver to consumers a robust, cost-effective,

and low-carbon electricity supply, via a grid
thatis resilient to variations in weather and
electricity demand. As Figure 4 (page 19)
showed earlier, the lowest greenhouse gas
emissions per unit of electricity generated by
major supply technologies arise from wind,
solar, and nuclear energy. Widespread uptake
of these technologies however leads to the
emergence of very different challenges: the
variability of wind and solar, and the cost and
the intrinsic inflexibility of nuclear.

No form of low-carbon electricity generation is perfect;
each hasitsissues. Most can be resolved, at a cost, but
some are characteristic of the system and must simply be
lived with. Solar power in the UK has a low capacity factor,
and delivers more energy in summer (when demand is
less), and less in winter (when demand is highest). Wind
power requires coverage of large areas of land or sea to
achieve substantial electricity generation. Onshore wind
farms can be unpopular, and offshore wind farms pose a
challenging environment for construction, maintenance
and decommissioning of large turbines. Nuclear plants
carry high capital costs and can also lead to public concerns
over accidents and waste. Table 2 (page 26) compares key
attributes of some of the relevant technologies.
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Table 2. Comparison of nuclear with renewables and natural gas with CCS technologies [3, 9, 18, 26-29].

Solar PV Ons_hore
wind
LCOE 2023 — 2050
(E/MWh)’ 46 —> 33 51—51
Capacity factor
2023 > 2050 (%) Hel 34748
Historic capacity _ ~
factor (%) 10 23
Arearequired to ~29,000 ~152,000
generate 1,400 TWh/yr (12% UKland (63% UK land
(km?)$ area) area)
Emissions 43-94 20-45
(kgCO.eq/MWh)

Itis important to not judge the cost-effectiveness of
technologies solely on their respective LCOE. VRE
generators generally have low LCOE values relative to
other technologies, however there are additional system
costs which are associated with intermittency (for example
the cost of backup or storage) and which become more

apparent as VRE makes up a larger proportion of generation.

As will be discussed, the overall effectiveness of the whole
system must be considered rather than any one metricin
isolation.

There are new technologies beyond VRE and nuclear which
have the potential to make a positive contributionto a
reliable, low-carbon electricity grid. These are beyond the
direct scope of this paper, but they are given some attention
in Appendix 5. Our attention in this sectionis focused on the
separate challenges faced by VRE and nuclear energy.

3.1 VRE Challenges

VRE has become a significant proportion of UK electricity
production since 2000 and has expanded rapidly since 2010.
29% of electricity generated in 2022 was from VRE sources
(i.e. wind and solar) [9].

* LCOE given in 2023 money.
t This Nuclear LCOE assumes delivering baseload electricity generation.

Offshore Nuclear new | Natural gas + Unabated
wind natural gas
49— 51 72 > 48" 89— 103* 126 > 243¢
55—>69 Availability factors up to 95%
~40 70-80 n/a 24-85
~48,500 ~177
(12% of UK (0.075% UK 10,240 L;iolgnd arca)
EEZ¥) land area) onR
9-15 7.5-17 140-200 420-600

Prior to the expansion of VRE, electricity was generated
from dispatchable (mostly thermal) sources, which made
the mission of the Electricity System Operator (ESO) to
ensure electricity supply meets demand relatively simple
compared to a modern grid which incorporates large
amounts of VRE.

Inthe UK VRE, which is projected to account for the bulk
of 2050 electricity supply, is dominated by solar and wind.
In addition to variability, wind and solar also suffer from
unpredictability.

The consequence of this variability is that some of the time
electricity from VRE is produced when it is not needed, and
at other times VRE generation is not available wheniitis
needed. Thisis not a problem when the level of VRE capacity
is small relative to grid demand as it is accoommodated by
the flexibility of other generators in the system which adjust
to meet demand. However, when the installed capacity

of VRE becomes increasingly large, mechanisms (with
associated costs) will be needed to integrate VRE into the
electricity infrastructure.

# LCOE for natural gas is higher with the presence of VRE, while capacity factor is much lower. Costs include carbon price estimates.

§ 1,400 TWh/yris the equivalent needed to replace all fossil fuels.

#EEZ s the Exclusive Economic Zone, typically an area of the sea extending 200 nmi from the coast of a state, in which a sovereign state has rights regarding offshore wind (among other things).




The presence of VRE electricity generation therefore
requires additional support (either in the form of energy
storage or alternative generation) to deliver an electricity
grid which meets the criteria of delivering reliable, low-
carbon electricity [30, 31].

The need to deliver dedicated solutions to support variable
generation (i.e. standby generation, load following, and
storage), inevitably leads to reducing the capacity factors of
this support, which in turn makes the unit costs of support
higher.

The figures below show examples of the problems which
arise from incorporating sizable amounts of VRE onto the
grid. Figure 9 shows a six-week period of low wind, along
with associated electricity demand. The average demand
over this six-week period was 26.9 GW, which is similar to
the total installed wind capacity of around 25 GW. Average
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wind generation over the period was 3.3 GW, which equates
to a capacity factor over the period of around 13% (this
compares to 22% for the whole of 2021 and 26% for 2022 ).

The cumulative energy difference between electricity
demand and wind supply over this period was around 23.7
TWh, which of course needed to be filled with alternative
generation to maintain grid operation (see Figure 10 later
for examples). This figure is worth bearing in mind when
considering the storage which would be needed to support
a grid reliant entirely on VRE generation. The largest grid
battery currently in existence is 0.003 TWh at Moss Landing
in California, while the total energy capacity of the pumped
storage facility at Dinorwig is around 0.009 TWh. Filling a
23.7 TWh energy gap would therefore require over 2,600
Dinorwigs, or some 7,900 Moss Landing battery arrays.
Neither of these options could currently be deemed

Electricity demand

Installed wind capacity

(approximate)

Wind output

15 Aug 22 Aug 29 Aug

5 Sep
2021

12 Sep 19 Sep 26 Sep

Figure 9. UK electricity demand and wind generation over a six week period of low wind generation.

Data available from [32].




credible for deploymentin the UK, but they provide a useful
comparator to help appreciate the large energy demands
made by a modern electricity grid, particularly relative

to existing energy storage solutions. Accommodating
extended periods of low wind using energy storage would
require such a prohibitively large expansion of energy
storage that any practical approachiis likely to place a
substantial focus on alternative generation to fill these gaps.

Recommendation Two

Since variable renewable energy generation can experience
long periods with little to no output and storage options are
limited in scale, Government should ensure that the delivery
of low-carbon, cost-effective, dispatchable electricity is
prioritised to best support an effective overall system.

3.Challenges in the Current Strategy

Figure 10 shows two examples of electricity supply by
generation source for two individual weeks less than a year
apart. These weeks were selected as they each show clear
examples of high and low wind within a single week. The
maximum wind generation in Figure 10A was 14.1 GW on
the afternoon of 3 May (a load factor of around 56%). 18
hours earlier, this was under 0.5 GW (load factor ~2%).

There are two challenges which arise with increasing
reliance on VRE:

1.As illustrated above, at times of high electricity demand
when sufficient VRE is not available, other sources of
electricity need to be provided or the demand reduced.

2.At times of low electricity demand, excess VRE cannot be
accepted onto the system and needs to be diverted (i.e.
curtailed) from the grid.
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Figure 10. Energy supply by source over two weeks, one in spring 2021 (A) and the other in the following winter (B).

Data available from [32].
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Addressing these two challenges has economic costs.

There are costs associated with providing support when
VRE outputis low. At present, this issue is managed by
procuring energy during periods of low VRE generation from
alternative providers which, as the level of VRE in the system
increases, will need to operate at reduced annual capacity
factor and increased unit price as a result.

Storage is an alternative option, as has been discussed.
Battery storage is useful for supporting distribution
networks with diurnal cycling (see Appendix 5, Figure 19),
but is impractical for the large gaps when VRE generation
falls along way short of demand for significant periods.

The capacity of batteries is limited to a few hours, which is
good for diurnal cycling, but the cost per stored MWh rises
steeply if the batteries are cycled less frequently. Pumped
hydro storage can store more, but sites are limited. What is
preferable is low-carbon dispatchable electricity and it will be
shown later that this can be provided most economically by
nuclear cogeneration or by hydrogen generated by nuclear
plant.

There are also costs associated with an excess of
generation from VRE sources which cannot be handled by
the network. This power could —at a cost —be diverted to
other applications or stored, but in most cases, it is simply
not delivered to the grid. The UK's ESO instructs generators
to reduce their output to maintain system operation.
Compensation is paid to these generators in the form of
“constraint payments” (for a fuller discussion on this, see
Appendix 4). As an example, the National Grid paid out
£1,015m in compensation for curtailed wind generation for
the three years from 2020-2022 [33].

Recommendation Three

As the proportion of variable renewable energy on a
network increases, so will the amount of curtailment unless
close attention is paid to the whole system. Government
should ensure that the inefficiency of curtailment is
recognised and that it is minimised as far as possible, for
instance by ensuring that large-scale solar power has
associated electricity storage.

3.Challenges in the Current Strategy

3.2 Nuclear Power Challenges
3.2.1 Nuclear Inflexibility

In practice, nuclear power as it currently exists in the UK is
inflexible. There are two causes for this inflexibility, which has
limited its role to that of baseload electricity generator. The
first concerns economics and was discussed in Section 2.4.
To recapitulate: high capital and financing costs, with long
construction times, make for high fixed costs compared to
other systems. High capacity factors are therefore needed
to keep the LCOE at reasonable levels.

As well as the economic constraints, there are also technical
constraints on varying the power output of a reactor, though
these vary for different reactor types. The reactors currently
operating are thermal reactors, operating with neutrons
that are moderated to low energies. Thermal reactors suffer
from neutron poisoning, mainly the build-up of the highly
neutron-absorbing isotope xenon-135, which has a half-life
of 9.14 hours. Reducing the reactor power leads to a build-
up of this and other neutron poisons and the reactor can
become unresponsive for a few days, which in some designs
can lead to safety issues. Cycling the power will inevitably
cause damage to the fuel and structures of the reactor
through fatigue and ratchetting mechanisms so the rate

of power increase, after periods at lower power, must be
controlled. These technical issues have led to the practice of
load following being avoided by nuclear plant operators.

However, despite these technical and commercial
challenges, EDF has been able to achieve significant
amounts of load following with PWRs in France. This is
necessary because of the large share of nuclear capacity
in France, ~70% of total capacity. One measure that has
enabled PWR cycling is the use of "grey” absorber rods.
Reactor rapid controlis achieved using absorber rods.
Usually there is a strong depression in power locally around
the ends of the rods as they are inserted. By reducing

the amount of absorber in the rods, large local variations
in power are avoided, minimising the local changes in
temperature and neutron flux, and reducing the effects
of power cycling [34]. Some AMR designs can cycle more
easily, and fast neutron reactors are immune to neutron
poisoning.

Itis clear that as the UK grid takes on board a higher
proportion of VRE in the future, the importance of more
flexible dispatchable generation will increase. It is important
therefore to consider the possible means by which UK
future nuclear plants could operate more flexibly than has
been the case in the past.




Thermal Storage as a Solution?

There are other avenues to achieve effective flexibility

for nuclear energy besides varying the power output of
areactor. An alternative is energy storage (similar to the
approach discussed for VRE earlier), and for nuclear plants,
one viable technology is the use of thermal storage. The
concept draws on experience from concentrated solar
thermal power, where it has been proved effective and
economic in countries with abundant sunshine. Molten
salts are used to store heatin large, insulated silos, and

the molten salts are then run though steam generators or
heat exchangers [35, 36]. The cooled molten salt is then
storedin separate silos to be used in the next cycle. This
"solar salt"is a low melting point (~220°C) mixture of sodium
and potassium nitrates and nitrites. These are limited

to temperatures below 560°C, but there are potentially
cheaper salts which can tolerate higher temperatures that
could be of use (see Appendix 7). Alternatively, the heat can
be storedinlarge, insulated masses of cheap solid materials
such as sand or gravel which are heated and depleted by
molten salts [36, 37], but this system has a lower thermal
efficiency than the two-tank molten salt option [38].

Using such a setup with a nuclear reactor would allow the
reactor to operate continuously, avoiding the problems
associated with reactor power variations, and enable
drawing of energy from the thermal storage when power is
needed. The higher operating temperatures of AMR designs
make this a particularly suitable approach.

Several AMR conceptual designs include molten salt thermal
storage combined with energy conversion plants up to three
times the capacity of the reactor system [39]. At times of
low electricity demand, energy is directed to the heat store;
at times of high demand, this stored heat energy can be
converted into electricity along with the reactor's output.
This allows continuous operation of a reactor plant while
allowing unrestricted load following, including at very low
levels of electricity delivery to the grid. This is an area with
potentially large practical application which would enable a
considerable degree of flexible useful output from nuclear
stations. Considering the financial and practical difficulties

in achieving this by other means, such a setup offers the
potential of a cheap and effective alternative and should be
investigated.

Recommendation Four

Using reactors with thermal storage can potentially offer

a cost-effective contribution to solving the problem of
nuclear inflexibility. Government should prioritise research
to enable an in-depth investigation of the opportunity.
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3.2.2 Costs of Nuclear

The other big problem with nuclear power is that it has
become too expensive. The steady increase in the size of
nuclear plants over the years has extended construction
times, which adds significantly to the accumulation of
interest over the build period. Because of this, despite a
recent period of comparative political support for new
nuclear power, the UK only has only one new nuclear station
under construction (Hinkley Point C) in the period since the
opening of Sizewell Bin 1995.

The policy to attract any developer that could find
investment, would and still could raise the prospect of only
one or two power stations using a particular reactor design
being built. This would prevent the valuable cost-savings
achievable from series construction, and lead to reluctance
of the supply chain to invest in the necessary manufacturing
facilities. More focus on series build and the use of the
Regulated Asset Base (RAB) funding model should reduce
financial risk [40, 41].

Recommendation Five

Government, working through Great British Nuclear,

should strive to improve the economics of nuclear energy

by encouraging fleet build of nuclear plants, with minimal
delays, and which are then operated at a high capacity factor.

Modular Reactor Designs

Further decreases in nuclear electricity costs will be enabled
by modular construction. SMRs can reduce costs through a
series of mechanisms associated with their smaller size and
modular construction in factories [42, 43]. SMRs offer the
potential to reduce costs of new nuclear plants by:

« Simplifying designs using inherent or passive safety
instead of engineered safety features.

« Shortening construction time, which will reduce
accumulation of interest during construction.

» Lowering unitinvestment costs, thus opening up a wider
range of investors and a reduction in borrowing rates.

« Co-siting reactors to share facilities and staffing costs.

« Series production, enabling reduction of costs
through standardisation of designs, and investmentin
manufacture and learning.

 Reducing work on construction sites through use of
structural and system modules, which are manufacturedin
factories.

« Use of waste heat for domestic and business applications,
providing income and reducing need for dumping of heat.




AMRs create more opportunities in the context of this
paper due to their higher operating temperatures. All of
the proposed advanced Generation IV systems” have
higher outlet temperatures compared to LWRs and SMRs
(480-1000°C compared to <300°C for LWRs and SMRs),
which allows for greater efficiency for electricity production
(40-50% compared to ~33%). However, some of the
systems (e.g. HTGRs) can reach the top of the temperature
range, providing a greater range of applications and higher
efficiencies for electricity generation, hydrogen production,
and thermal energy storage.

We have identified earlier how heat can be used as a route
to energy storage and thus helping to balance the grid. Heat
applications are also important since electricity currently
only represents around 20% of total energy use in the

UK. While reliance on electricity is expected to more than
double by 2050, there will still be a substantial need for new
low-carbon heat sources. Current estimates of the cost of
electricity from AMRs are that they are similar to SMRs, but
some AMR systems have the potential to be cheaper [27].
High temperature AMRs can also provide high temperature
heat for industrial applications —thus decreasing the overall
energy cost from the reactors.

At firstinspection, the data on emissions from different
generating technologies in Figure 4 (page 19) are clear:
some technologies are clearly "better” than othersin
reducing emissions. However, as one considers the
problem more deeply, it becomes apparent that each of
the low-carbon options has challenges which prevent them
being a potential sole solution. No one technology can
achieve net zero inisolation; it can only be achieved with
a complementary set of solutions, involving a portfolio of
energy generation technologies. Furthermore, as the grid
evolves, the interconnectivity of different technologies
becomes more important (specifically how one option
can work alongside another to deliver a reliable supply
irrespective of the weather or other factors). Thisis a
complex system, therefore:

Recommendation Six

Government’s future energy strategies should include
full appreciation of effects at the whole system level,
comprising generation, transmission, and storage, which
must all be developed in parallel.

3.Challenges in the Current Strategy

3.2 Summary of Section 3
- All sources of electricity have drawbacks.

« VRE is dominated by wind which experiences occasional
periods of several weeks where generation is very low.
Providing storage for a VRE-heavy grid to supply for these
periods of low output would be hugely expensive and
impractical. Backup generation is therefore needed for
such periods.

When electricity demand is low relative to VRE output,
excess electricity from VRE needs to be curtailed. Thisis
wasteful.

While it is low-carbon and delivers dispatchable power,
nuclear inits present large-scale format in the UK'is
inflexible, which becomes a problemif it is to be present
on a grid with large amounts of VRE. Thermal storage for
nuclear plants could contribute to addressing this.

To be a realistic option for large-scale application in the
future, nuclear energy must become cheaper to deliver.
Modular reactor design, fleet build and new financing
models have the potential to achieve this.

* Generation IV systems refer to a shortlist of seven different reactor technologies which are the target of R&D among members of the Generation IV International Forum: High
Temperature Gas-cooled Reactors (HTGRs), SuperCritical Water Reactors (SCWRs), Molten Salt Reactors (MSRs), Gas-cooled Fast Reactors (GFRs), Lead-cooled Fast Reactors (LFRs),

Molten Salt Fast Reactors (MSFRs), and Sodium-cooled Fast Reactors (SFRs).
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The “Flexible
Nuclear” Solution

A possible solution to the conundrum of filling
in the gaps left by VRE during low output
(without resorting to the construction of
large, dedicated power plants to be run at
very low capacity factors) is to use nuclear
power for both grid support and cogeneration
applications, with most of the output directed
at the cogeneration applications. The capacity
factor of nuclear energy must be kept highin
order to keep costs low, but flexibility is also
needed to supply electricity when demand is
high and renewable supply is low.

As the planned renewable capacities are scheduled to meet
maximum demand, the supporting capacities must also be
similarly sized. If net zero is to be achieved, sources of low-
carbon energy besides electricity must be delivered for roles
which are currently provided by fossil fuels (electricity makes
up only around one fifth of energy consumption nationally).
Nuclear energy can supply both heat and electricity and this
section describes some of the wider potential applications.
By building a large nuclear capacity for these cogeneration
activities itis possible to divert the nuclear energy to

provision of electrical power for the grid very cheaply when
needed. In Appendix 7, itis shown that this has the potential
to become a very low-cost option provided the total support
for the grid over the year is kept to below 20% of the total
use.

With higher temperature AMR reactors this approach can
be taken further by utilising thermal energy storage, which,
as explained in Section 3.2.1, offers a lower cost solution to
energy storage. Thermal storage would be a key element of
the use of nuclear heat for cogeneration and also decouples
the reactor from the electricity generation process. This
enables a larger generating capacity to be provided, which
would deliver alarger effective capacity for grid support
when needed. The costs of doing this would be much lower
than providing more dedicated power plants for high levels
of demand but with low capacity factors (as is the case in the
DESNZ High Electrification scenario described in Section
2.2.1 and Appendix 2). The provision of thermal storage also
opens up the possibility of reactor cogeneration industrial
sites (i.e. nuclear plants co-located with energy-intensive
industrial applications —discussed in more detail in Section
4.1) which could accept excess VRE electricity which would
otherwise be curtailed, for applications like hydrogen
production and support them with nuclear heat to increase
efficiency. It will be shown later that this approach can also
reduce carbon emissions.
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The Government has recognised the HTGR as the favoured
AMR technology forits Net Zero Strategy and is supporting
the construction and operation of an HTGR demonstration
reactor by the early 2030s. A successful demonstration
would allow series build of HTGRs, which in turn could
facilitate a robust, economic, low-carbon solution with
applications to both the electricity grid and to broader
aspects of low-carbon energy use. Some of the applications
are discussed below.

4.1 Nuclear Cogeneration Potential
4.1.1 Hydrogen

The production and use of hydrogen is increasingly being
recognised as animportant element of decarbonisation. As
well as being a fuel itself, hydrogeniis a first step in creating
synthetic fuels. Hydrogen, unlike electricity or heat, can be
stored in significant amounts for long periods and can thus
be part of the solution for coping with the variation in energy
demand between summer and winter. It was chosen for

the present study as the technology for cogeneration to
support VRE intermittency issues because the requirement
for low-carbon hydrogen production by 2050 is sufficiently
high to justify new innovations.

Arecentreport by NNL with the Energy Systems Catapult
and Lucid Catalyst [44] looked at a range of nuclear
scenarios to supplement those already produced by the
Energy Systems Catapult [45]. These included cogeneration
and particularly production of nuclear hydrogen and
synfuels. Although not directed at grid support, these
scenarios had a beneficial effect on costs and CO,
emissions from the introduction of cogeneration. This
report also indicated the benefits from a whole energy
system perspective.

Hydrogen can be produced solely with electricity, or with
electricity assisted by heat. Where heat is available at low
cost, the latter option is more cost-effective, which makes
the cogeneration approach especially relevant when we
anticipate a future system containing a mixture of gigawatt-
scale LWRs, SMRs and AMRs. One important aspect of

this is that both high-grade (>500°C) and low-grade heat
(<300°C) have their place in getting more out of nuclear
plants when it comes to hydrogen generation. Enabling the
full potential of nuclear cogeneration will require substantial
investment, but we will show below that investment will
reduce CO, equivalent emissions and reduce the overall
cost of achieving net zero, whereas retaining the use of
fossil fuels with CCS will not. The processes which can

be considered for the involvement of nuclear energy are
outlined below and discussed in detail in Appendix 6.

4. The "Flexible Nuclear” Solution

Hydrogen is currently produced by the steam methane
reformation’ or related methane reforming processes,
which combine methane and steam to produce hydrogen
and CO,. The CO, produced can be reduced by CCS, but
there are residual CO, and CO, equivalent emissions from
natural gas extraction and usage (see Appendix 6). The
hydrogen price from methane reforming is dependent on
the price of natural gas.

Electrolysis

An alternative to steam reformation is to use electrolysis
of water, and this is increasingly attractive as technologies
for electrolysis have evolved and improved. The use of
electrolysis to utilise otherwise-wasted excess VRE
electricity is particularly interesting. While it is possible to
produce hydrogen using electrolysis at room temperature,
efficiency is vastly improved with access to high
temperatures. Progress in the high temperature Solid Oxide
Electrolyser Cell (SOEC) technology renders it particularly
suitable for use with heat from HTGRs, and it is likely that
this will eventually be the cheapest route to hydrogen
production, as examined in Appendix 6. Once a low-carbon
source of hydrogen is established, this can be a starting
point for the production of synfuels’, syngas and ammonia,
which opens up a potential pathway for nuclear electricity
and heat to help decarbonise several sectors where this is
currently very challenging.

A further alternative for hydrogen production utilises
thermochemical cycles. Various cycles have potential,
and efficiencies and temperature demands vary [46].
While studies have recognised long-term potential for
thermochemical cycles, the higher Technology Readiness
Level (TRL) of high temperature SOEC makes them more
immediately favourable.

4.1.2 Other Heat Applications

The potential to use heat from nuclear power stations goes
further than high temperature applications for electricity
generation and industry. Lower temperature heat from

all nuclear technologies could be used to supply district
heating for hot water and buildings. Some projects are
already in progress, but their scale in the UK is very much
smaller than similar projects in progress from existing
reactors in other countries. This a clearly an area where
efforts in pursuit of net zero should promote broader
studies on what is necessary for the future, recognising both
the potential for SMRs and AMRs to bring nuclear plants to
many new communities and the fact that future reactors
may be focused on the production of heat as well as simply
electricity. We note that, perhaps due to the historic focus

* Steam Methane Reformation has the acronym SMR in much of the hydrogen literature. It is not used here to prevent confusion with Small Modular Reactors.
1 Synfuels are synthetic fuels obtained from syngas, itself a mixture of carbon monoxide and hydrogen.
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on nuclear solely for electricity generation, the UK Heat
Networks Market Overview [47] does not explicitly mention
nuclear heat as an option and neither does recent advice
to Parliament [48, 49]. However, the Energy Technologies
Institute (now part of the Energy Systems Catapult) has
made a detailed case for SMRs to provide district heating
[42]. We encourage further research into this area to help
better understand the potential benefits and the technical
challenges.

Overall, the potential for nuclear energy to contribute to
economic reduction of carbon burdens is very great, and
spans both the gigawatt-scale and SMR versions of LWRs,
and the potential for a considerable programme of HTGRs.
These possibilities combine to point to a "Flexible Nuclear”
approach, within a grid comprising both VRE and nuclear, as
a potential route to achieving net zero.

4.2 An Economic, Low=-carbon Solution

In Sections 2.4 and 3.1 the issue was identified of the
increases in LCOE of various supporting power sources
needed for when the VRE is not available. Many of these
power sources are expensive, or limited in their availability,
or have constraints on low-capacity operation. In all cases
the effect of the fixed costs of the plants would cause a
sharp rise in electricity costs if required to operate at low
capacity factors. This would for example prevent nuclear
from being competitive when used to load follow for
capacity factors much below 70%, as can be seenin Figure
7. We have shown that in the current DESNZ scenarios with
very high capacities of VRE, the use of unabated natural
gas with CCGT or rapid response gas turbines would be
expensive and difficult to provide sufficient capacity. Failure
to provide this capacity would mean more investment
would be required in natural gas with CCS, hydrogen power
and storage with the consequential transfer of the lower
capacity factor and increased costs per unit of electricity
delivered.

In 2023 the Royal Society looked at large scale electricity
storage as a way of accommodating the variability of wind
and solar power at high fractions of variable renewables
[30, 31]. Some of these have aspects in common with

the approach in this report. This report agrees with the
conclusion from the Royal Society's work that using nuclear
power as a baseload electricity supplier is unhelpful to a grid
dominated by VRE, and that flexible dispatchable power is
the best solution. However, unlike the Royal Society, we do
not conclude that a significant role for natural gas (with or
without CCS) is necessary. The use of large-scale electrical
storage is also favoured in the most recent report of the
Energy Systems Catapult [45].

4. The "Flexible Nuclear” Solution

The Energy Systems Catapult report also agrees with the
Royal Society that both nuclear cogeneration and the use
of thermal energy storage are useful, but we go furtherin
focusing the nuclear applications on cogeneration applied
to hydrogen production and related low-carbon use of
heat and electricity. This frees nuclear to be diverted to
supporting the grid when needed, thus bringing nuclear and
VRE elements together as an entity. This is particularly true
in the treatment of the potential role of HTGR reactors,
which in the work by the Royal Society are assumed not to
be available on a timescale to aid meeting net zero by 2050.
However, much of the analysis is relevant to the scenarios
the Dalton Nuclear Institute has examined, and comparisons
between the findings would take a role in the work needed
to further develop our thesis and to further underpin the
central proposal for VRE and nuclear acting together.

It is clear from Figures 4 (page 19) and 7 (page 22) that

an overall solution which combines nuclear energy with
VRE could provide a very low carbon solution to the UK's
electricity (and potentially much of its energy) needs.
However, as already described, this would be made very
difficult by the inflexible nature of traditional nuclear
electricity generation. This problem can be avoided by any
approach which allows the reactor to run at its highest
power and availability levels, while making economic use of
the energy produced, either as heat or electricity.

Building a substantial capacity to produce nuclear hydrogen
would enable part or all of that capacity to be diverted

to support the grid with electricity generation when VRE
outputis low. This is “spinning capacity” and would mean
that electricity can be quickly and easily diverted for grid
support, at the expense of some hydrogen production.
Reducing nuclear power for hydrogen production by — for
instance — 50% would approximately double the unit cost
of the hydrogen, although the fraction of the power that
would need to be diverted on average over a year would be
expected to be much less than 50%. It is also important

to note that any diversion would occur at a time of high
electricity demand and therefore higher electricity prices,
so the overall economic impact on hydrogen costs would
be cushioned by electricity revenues. The impact of the
costs on the cogeneration activities is also small because
itis takenin aregion of the cost-capacity factor curve that
is quite flat. This avoids the economically disadvantageous
situation of nuclear plants sitting idle when VRE output

is high. Dedicated peaking plants inevitably operatein a
region of the cost-capacity curve thatis very steep. This
can be seenin Figure 7, by comparing the proposal to use
gas generation in a peaking role with capacity factors as low
as 1%, and to use nuclear generation with capacity factors
around 90%.




Recommendation Seven

Government assessments of the impact of new nuclear
capacity should recognise and incorporate cogeneration
applications (including hydrogen production). These
applications ensure high capacity factors can be achieved
to keep costs low and provide grid support when renewable
output is low. Where appropriate, the same reasoning
should be applied by the operators of existing nuclear
plants.

As mentioned previously, this approach could also make
use of excess VRE generation when VRE supply exceeds
demand; in effect the excess electricity of both VRE and
nuclear are used to produce hydrogen by high-temperature
electrolysis. This would reduce the need to curtail VRE
output, which was identified as one of the two weaknesses
of VRE generation. This cogeneration effort would therefore
resolve two of the serious operational problems associated
with VRE and nuclear energy which were identified in
Sections 3.1 and 3.2. Such a setup provides a firm example
of how nuclear and renewables are complementary in
pursuit of net zero.

Recommendation Eight

Government and industry should aim to reduce the need for
curtailment of renewable electricity by using cogenerated
nuclear heat to power high-temperature electrolysis
hydrogen production, in addition to short-term storage.

4.3 A Flexible Nuclear Scenario

A "Flexible Nuclear" scenario, based on the use of nuclear
cogeneration and AMR thermal storage technology is
presented in Appendix 3. The calculations are tentative
estimations using hydrogen production as the main
cogeneration application, but with plenty of scope for
other associated uses of nuclear heat — particularly waste
heat. Itis stressed that thisis anillustrative scenario, not

a projection. Determining the extent to which this can be
achieved will require further investigation of the full potential
of cogeneration, the costs and logistics of implementing
such a scenario, and the details of how the complex
interaction between reactor operation, heat storage,
cogeneration activities and grid support can be managed.
We present the scenario here toillustrate a potential future
energy system which shows great promise in helping
achieve net zero, whilst maximising the energy potential

of both VRE and nuclear, and thus helping to keep system
costs low. The main differences from the original DESNZ
High Electrification scenario are:
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« No use of natural gas, with or without CCS, beyond 2040
and no future construction of natural gas power stations.

The capacity factors of hydrogen power generation

and BECCS are increased to reduce their costs and to
provide power at times of high demand in the winter. The
increased BECCS capacity factor also delivers negative
emissions.

The estimated total electricity cost per year for the
Flexible Nuclear scenariois £77 billion, compared to £91
billion for the High Electrification scenario (Tables 4 and

6 respectively) —a potential saving of up to £14 billion per
year, depending on the extent of nuclear cogeneration
delivered.

Whilst the estimated cost saving is based on fulll
implementation of the Flexible Nuclear Scenario, which
would be a massive undertaking, we feel the scale of the
illustrative cost benefit makes further research into this
approach an imperative. An even more ambitious and
potentially even more favourable economic case can be
generated using AMR technologies such as HTGRs, which
can produce hydrogen more efficiently from a combination
of high temperature heat and electricity in more effective
hydrogen-production technologies. The use of the various
technologies to produce hydrogen, synfuels, syngas and
ammonia is discussed in Appendix 6. The possibility of using
excess heat from nuclear plants to contribute to direct

air capture of CO, and desalination, or for domestic and
business heatingis also discussed.

Figures 11 and 12 (page 36) show the evolution of the
capacities and supply for this Flexible Nuclear example.

Itis important to note that the costs of this scenario are
lower than the High Electrification scenario because even
though it features high capacities at low capacity factors,
the cogeneration by both types of nuclear means that the
nuclear plants are not idling when not delivering electricity.
Use of natural gas is phased out completely by 2040 and
much reduced for 2030. The share of nuclear generation,
to go directly onto the grid has gone down and is replaced
largely by hydrogen generation. All the non-VRE generation
is now flexible and there is the ability to supply additional
power over a longer period, of the order of 2-3 weeks, when
demand is high but VREs are not available.
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Figure 11. Makeup of electricity capacity for the proposed Flexible Nuclear scenario —a modification of the DESNZ High

Electrification scenario case eliminating natural gas and adding nuclear capacity with cogeneration and additional use
of hydrogen.
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Suffice here to say that, given the economics that HTGRs
and their attendant technologies are expected to achieve,
hydrogen generation could become a highly relevant
energy source, both as an intermediate and for direct use.
DESNZ s clearly convinced of the importance of AMR
development to the extent of funding the building of an
HTGR demonstration reactor to commence operation in
the early 2030s [7].

Another very clear aid to nuclear flexibility enabled by
HTGRs is the storage of energy in the form of heat. This
can be combined with the provision of a generating capacity
larger than that appropriate for the thermal rating of the
reactor. This could enable the reactor complex to deliver
between say, 0% and 300% of the electrical capacity of

the reactor alone, varying over a period of many hours.
Using thermal storage to achieve greater nuclear flexibility
is discussed in detail in Appendix 7. With the combination

of the potential for heat storage, large-scale nuclear
cogeneration, low-cost hydrogen production and intelligent
utilisation of VRE electricity, a cost-effective, reliable and
flexible solution to the nation's energy demands should be
attainable.

Appendices 2 and 3 allow a comparison between the DESNZ
High Electrification scenario and the proposed Flexible
Nuclear scenario. The nuclear capacity is grouped as two
types:

1.The 24 GWe LWR capacity currently planned to be built as
a combination of GW-sized plants and one or more fleets
of SMRs, would have their focus on hydrogen production

4. The "Flexible Nuclear” Solution

(there will certainly be a wider range of applications, but for
simplicity only hydrogen production has been considered).
Power can be switched to grid support for short or long
periods, atlow cost. The fraction of power supporting

the grid decreases to around 12% by 2050, but in terms
of time spent in support of the grid at less than the full
capacity this will be much larger.

2.Avery substantial capacity of AMR generation. The overall
90 GWe nuclear capacity assumed is based on a scenario
where HTGRs with a thermal power around 60 GWth (the
electrical power without storage would be ~30 GWe) are
used to feed a high temperature heat store that can be
used for both electricity generation and industrial uses
of heat. The size of this store will need to be optimised
but it would need to have a minimum capacity of several
hours at the full power rating and, ideally, longer. This
arrangement would be used for the shorter-term support
of the grid and particularly when both solar and wind
power are not available. Only around 7.6% of the of the
available nuclear generation goes directly to the grid and
the balance would be used for industrial applications
including high efficiency hydrogen production.

The high flexibility in the thermal storage solution also allows
the use of otherwise curtailed solar and wind generation,
which has an additional beneficial effect of reducing the
costs and emissions from renewable energy. The results

of this scenario are summarised alongside those from the
DESNZ High Electrification scenario in Table 3, which also
appearin Table 11 in Appendix 6.

Table 3. A comparison of the impact of the DESNZ High Electrification and the Flexible Nuclear scenarios in 2050, on
costs and CO, equivalent emissions.

DESNZ High Electrification Proposed Flexible Nuclear
scenario (Appendix 2) scenario (Appendix 3)

Cost of delivering ~840 TWh of power to

the grid (£bn) 92 7
Averaged levelised cost of power
(E/MWh) 105 90
Estimated emissions on a life cycle basis 75 155
(MtCO,eq/yr) (-11.4 from BECCS) (-28 from BECCS)
Nuclear electricity for cogeneration (TWh) =20 ~400
Nuclear heat for cogeneration (TWh) ~60 ~1000
Nuclear waste heat some of which could
be used (TWh) ~>00-700 ~1250
Amount of nuclear hydrogen that could be 15 ~300

generated (Mt/yr)

Emissions from hydrogen production
(tCO,/tH,)

(~6 Mt/yr used for generation)

~<1 for nuclear
~ 6 for steam reforming + CCS

~<1

W
<



The cost of delivering the total electricity, the levelised cost,
and the estimated emissions are all significantly reducedin
the Flexible Nuclear scenario — by around 15% in terms of
cost and around 79% in terms of CO, emissions.

Understandably, while the HTGR demonstration reactor
isincluded in DESNZ's current future scenarios, the
campaigns of HTGR reactor building and their possible
roles are currently not covered. This has beenrectifiedin
this study, which examines these roles, and finds that an
HTGR fleet combined with cogeneration and hydrogen
generation can markedly improve progress to net zero and
its economics, as noted above.

4.4 Implementing the Solution

The Flexible Nuclear solution presented here to the
challenge of net zero involves use of the current suggested
expansion of nuclear electricity and a substantial fleet of
HTGRs. Hydrogen production and heat storage from these
plants would accommodate the variations in VRE output and
grid demand and ensure high capacity factors to achieve
better economics.

The technologies and techniques used are very likely to be
available as required, so the viability of the overall approach
solution will depend on the "flexible nuclear” contribution

to an overall system which is economic and can provide the
answer to the initial challenge posed by this study in Section
1: "Ensure a low-carbon electricity supply to consumers,
relying on a robust grid which is resilient to variations in
electricity demand and generation (especially weather for
renewables)".

The viability of the scenario presented here depends to a
large degree on the successful economic development

and installation of a fleet of HTGR reactors. The number of
reactors this would entail would obviously vary depending
on the rating of the reactor in question, but to fully realise
the ambitious scenario would equate to 100 GTHTR300"
reactors. This willinvolve not only the successful
demonstrator, but the development of economic fleet

build, a robust supply chain (including fuel), and all necessary
accompanying conversion technologies for the use of heat —
particularly for the economic generation of hydrogen. Whilst
the building of around 100 new advanced reactors by 2050
would be a massive undertaking, it is important to recognise
that even a partial implementation of this scenario would
deliver a substantial element of the overall package of
benefits.

4. The "Flexible Nuclear” Solution

Itis, of course, worth emphasising that no solution to the
requirement of "low-carbon energy"” can succeedin the
absence of a "robust grid”. Grid costs are not explicitly
addressed in this work, but all the solutions depend on the
grid being developed to support the variety of electricity
transfer elements discussed - recognising the overall
increase in grid requirements from the increased generation
and its variability.

Synergy is animportant reality which must be faced if an
effective low-carbon energy future is to be achieved. As
electricity becomes more and more the responsibility

of VRE generators, lots of additional baseload nuclear
generation may not just be unhelpful, but actively
detrimental to the entire system as it presents a dilemma
between idling thermal generators or large-scale VRE
curtailment.

Recommendation Nine

Nuclear energy should not be restricted to delivering
only baseload electricity generation. The possibility of
locating new nuclear build on existing or purpose-built
industrial parks that would maximise the opportunity for
cogeneration must be explored.

One aim of this paper is to demonstrate that intelligent
planningis essential, with attention paid to ensuring that
enough cogeneration is made available to prevent such
high levels of curtailment and to successfully manage the
intermittency of VRE generation. Energy decisions should
not be made inisolation, but with an appreciation of how
each technology fits in the whole system.

Recommendation Ten

Government planning for future nuclear deployment should
envisage an integrated system where nuclear and variable
renewables work in harmony through cogeneration and
energy storage, and such planning around energy (not

Jjust electricity) infrastructure delivery should be fully
co-ordinated to best ensure the UK has a functional whole
system.

* The GTHTR300 is a 600 MW'th prismatic reactor design from Japan, and one of the more well-developed HTGR designs.




4.5 Summary of Section 4

.

The proposed Flexible Nuclear scenario uses nuclear
energy for both grid support and cogeneration
applications, with most output directed at cogeneration.
This is instead of building dedicated gas generation
intended for use at very low capacity factor.

Analysis in Appendix 3 suggests that this Flexible Nuclear
scenario could save around £14 billion per year compared
to the DESNZ High Electrification scenario analysed

in Appendix 2. Fullimplementation of this scenario

would require the delivery of a large fleet of reactors,

yet substantial savings could stillbe made even if more
modest progress was actually achieved.

With a large nuclear capacity and a focus on cogeneration
activities, nuclear energy could be diverted to provide
electrical power to the grid when needed (i.e. when VRE
outputis low). This cogeneration setup would make
nuclear energy flexible in a way it has not been previously.

Nuclear can be made even more flexible with the addition
of molten salt thermal storage —a cheaper and more
scalable alternative to batteries or pumped energy
storage.

Production of hydrogen has been assumed as the main
cogeneration application for this analysis, but other
applications for nuclear heat are available.

Hydrogen from electrolysis is most efficiently delivered at
high temperature, with SOEC technology the highest TRL
available. Both high- and low-grade heat are of value for
this application.

The need for VRE curtailment can be prevented if excess
electricity is used along with nuclear heat to produce
hydrogen.

In this scenario, wind and solar provide up to 68% of the
total electricity supply in 2050.

4. The "Flexible Nuclear” Solution




5. Conclusions

onclusions

1.If net zerois to be achieved, high capacities of low cost
solar and wind electricity generation are needed. Because
wind and solar power are variable and unpredictable, a
standby generation of dispatchable equivalent capacity
is needed for when their output is low to ensure a reliable
electricity supply. When VRE output is higher than demand
it needs to be stored, exported or used (e.g. for making
hydrogen) rather than curtailed.

2.The current DESNZ High Electrification Scenario assumes
high capacities of unabated gas generation filling this
role and operating only for the limited periods when VRE
outputis low.

3.This supporting gas generation has high lifecycle costs
when used at low capacity factors and produces expensive
electricity (and CO,) as aresult.

4. We propose a Flexible Nuclear alternative, relying on
nuclear cogeneration to provide electricity when wind
and solar power are not available, and nuclear-generated
electricity and heat for other low-carbon industrial
applications when VRE electricity is plentiful. An example
industrial application is nuclear hydrogen production,
which has much lower carbon emissions than steam
reforming of natural gas, even with CCS.

5.Nuclear cogeneration with hydrogen production and the
potential to deliver electricity to the grid when needed
allows capacity factors to remain high for the capital-
intensive nuclear reactors and the hydrogen production
plants. A high capacity factor is essential for nuclear
energy to be economic.

6. The low-carbon hydrogen can be used in supporting
electricity generation in the winter when demand is high.

7.This conceptis not limited to hydrogen production —it can
also be applied to other cogeneration applications such as
production of synfuels and direct air capture of CO.,.

8.Nuclear cogeneration also allows the use of excess
renewable electricity that would otherwise be curtailed to
be used effectively in hydrogen production.

9.The outcome of the proposed approach is an overall
system which achieves greater reduction of CO,
emissions, at lower cost compared to the existing High
Electrification Scenario (up to £14 billion per year cheaper,
depending on how many reactors can be delivered by
2050). This partnership between renewables and nuclear
energy solves an otherwise very difficult problem.
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5.1 Potential Next Steps

Beyond specific policy recommendations, we consider that
the following steps would be appropriate next actions for
government, industry and academia, in relation to the work
outlined in this paper.

« Further research and development into thermal energy
storage technology is necessary, as the technology's
engineering feasibility is central to achieving the potential
economic benefits of the Flexible Nuclear approach.

Further research into the practical constraints around
delivery of the outlined scale and scope of both renewable
and nuclear technologies, on the timeframes envisaged
here, is also needed. This would include consideration of
skills (including training capability), supply chainissues,
planning, community engagement, finance, etc.

Given the anticipated challenges in achieving full
deployment of the nuclear capacity simulated in the
Flexible Nuclear approach towards a high electrification
future for the UK, analysis of different levels of partial
Flexible Nuclear deployment would support its
implementation.

Holistic modelling of integrated energy systems with
linkages between the generation, transmission and
storage of electricity, heat and hydrogen would be
insightful. An organisation such as the Energy Systems
Catapult would be well-placed to carry out such work in
collaboration with NNL and the Dalton Nuclear Institute.

A specific example of such modelling would be an
evaluation of the likely impact on the grid, and how this
might compare with implications for the grid arising from
other scenarios to reach net zero by 2050. This grid
analysis should consider both technical and cost aspects
and should look at the electricity grid, the existing gas grid,
implications for hydrogen and any infrastructure needed
to transmit heat from place to place in the quantities
envisaged.

As noted in Section 4.1.2, we would like to see additional
research into the potential use of heat from future small
reactors (SMRs and AMRs) for district heating.

Consideration of potential changes to markets (and how
to achieve them) which might be needed to accommodate
a future energy landscape of the kind outlined here would
also be interesting. Currently, the market is primarily
focused on providing electricity to domestic and industrial
consumers. In the future, effective mechanisms to
encourage and value the generation, trading and inter-
conversion of electricity, heat and hydrogen will be needed.

5. Conclusions
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Recommendations

Recommendations

Recommendation One

All energy infrastructure becomes less economically
effective per unit of output as the capacity factor reduces.
Government decision-making on the future energy mix
should consider the capacity factors of new and existing
infrastructure, and where these are low, seek alternatives
which are potentially more cost effective.

Recommendation Two

Since variable renewable energy generation can experience
long periods with little to no output and storage options are
limited in scale, Government should ensure that the delivery
of low-carbon, cost-effective, dispatchable electricity is
prioritised to best support an effective overall system.

Recommendation Three

As the proportion of variable renewable energy on a
network increases, so will the amount of curtailment unless
close attention is paid to the whole system. Government
should ensure that the inefficiency of curtailment is
recognised and that it is minimised as far as possible, for
instance by ensuring that large-scale solar power has
associated electricity storage.

Recommendation Four

Using reactors with thermal storage can potentially offer

a cost-effective contribution to solving the problem of
nuclear inflexibility. Government should prioritise research
to enable an in-depth investigation of the opportunity.

Recommendation Five

Government, working through Great British Nuclear,

should strive to improve the economics of nuclear energy

by encouraging fleet build of nuclear plants, with minimal
delays, and which are then operated at a high capacity factor.

Recommendation Six

Government's future energy strategies should include
full appreciation of effects at the whole system level,
comprising generation, transmission, and storage, which
must all be developed in parallel.

Recommendation Seven

Government assessments of the impact of new nuclear
capacity should recognise and incorporate cogeneration
applications (including hydrogen production). These
applications ensure high capacity factors can be achieved

to keep costs low and provide grid support when renewable
output is low. Where appropriate, the same reasoning should
be applied by the operators of existing nuclear plants.

Recommendation Eight

Government and industry should aim to reduce the need for
curtailment of renewable electricity by using cogenerated
nuclear heat to power high-temperature electrolysis
hydrogen production, in addition to short-term storage.

Recommendation Nine

Nuclear energy should not be restricted to delivering
only baseload electricity generation. The possibility of
locating new nuclear build on existing or purpose-built
industrial parks that would maximise the opportunity for
cogeneration must be explored.

Recommendation Ten

Government planning for future nuclear deployment
should envisage an integrated system where nuclear and
variable renewables work in harmony through cogeneration
and energy storage, and such planning around energy

(not just electricity) infrastructure delivery should be

fully co-ordinated to best ensure the UK has a functional
whole system.




Appendix 1: VRE in the DESNZ Base Case

Appendix 1:
VRE inthe DESNZ
Base Case

The DESNZ Base Case is a scenario with limited expansion The Base Case has a strong growth in variable renewable

of projected UK electricity capacity to 2040. It is based capacity but a limited growth in electricity demand and
mainly on existing technologies and includes a substantial limited expansion of other low-carbon generation (i.e.
contribution from unabated natural gas. This scenario nuclear and gas with CCS). Some assumptions were made in
could be considered as what is likely to happen with a lack the projections for winter maximum and minimum demand.
of commitment to and investment in developing new In the projections, renewable energy was not analysed in
technologies. detail, so assumptions were made on the share of wind,

Figure 13 shows the makeup of electrical power capacity for solar and non-variable renewables, mainly hydropower and

the DESNZ Base Case scenario for the period 2020-2040 [3]. biofuel genera’uon. These assumptions do not affect the
conclusions of our work.
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Figure 13. Historic and Base Case projections for electricity capacity to 2040 with average demand and estimated
maximum and minimum demand levels [3].




Figure 14 shows the projected annual generation on

the same basis as Figure 13. The baseline for energy
supplied was offset by a negative contribution from the
input of energy to storage, which is mainly pumped hydro.
Interconnectors with the island of Ireland and mainland
Europe have a net positive (i.e. import) contribution for the
whole period.

The main points to note from Figures 13 and 14 are:

- Thereis a predicted increase in electricity generation
installed capacity from 2024, dominated by offshore wind
with continued growth of unabated natural gas capacity
and some nuclear.

« The generation projections show the expected
large growth of wind contribution (associated with
the expansion of capacity), limited new nuclear, but
contraction of natural gas generation — despite expansion
of the installed capacity of gas. This is because of a
sharp reduction in gas capacity factor, which is a direct
consequence of the increasing proportion of wind power
in the generation mix.

Appendix 1: VRE in the DESNZ Base Case

» Some of the generation when wind power is not available
is supplied by interconnectors, but the time of peak
demand is not much different in the UK to that of the
island of Ireland and Western European countries, so in the
Base Case scenario the burden of filling-in missing wind
generation currently rests with natural gas plants.

450

Historic

Projection

400

350

300

250

200

150

100

Electricity supplied over a year (TWh)

50

-50 inputs to storage
2020 2025 2030 2035 2040
[ | B Wind B Nuclear @ Natural gas M Coal
moil H Fossil + CCS B Other renewables W Storage H Net imports

Net exports +

Figure 14. Historic and Base Case projections for annual electricity generation to 2040 [3]. It is incidental that the
contribution from solar generation is similar to the input to storage.
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Appendix 2:

VRE inthe DESNZ
High Electrification
Scenario

This Appendix looks at the High Electrification scenario Figures 15 and 16 (page 46) show the makeup of the capacity
issued following the "Powering Up Britain" report [12]. This and generation for the high electricity demand scenario.

tries to provide a solution to reaching net zero by 2050 and

includes a number of new low-carbon technologies that are

not yet part of the current electricity landscape.
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Figure 15. Makeup of electricity capacity for the DESNZ High Electrification scenario.
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The makeup of electricity generation for the High
Electrification scenario is shown in Figure 16. Both the

high and low scenarios predict that the UK would be a

net exporter of electricity from around 2028, so the net
exported electricity is added to the input to storage as a
negative contribution. It is striking that the generationiis
dominated by the nuclear, wind and solar contributions, while
unabated gas and the expensive new technologies make
little contribution. This implies a significant level of wind
curtailment, which can be seen by comparing the projected
wind achievable capacity factors with the values that can be
calculated from the scenario data. There is also an implied
reduction in the nuclear capacity factor. See Table 1inthe
body of this report.

In these scenarios CCSis a significant component

from around 2025, which will be difficult to achieve as
demonstration projects are only just starting in the UK.
CCSisimportant as it includes both abated natural gas

and biofuels, and biofuels with CCS offer the only negative
contributions to greenhouse gas emissions in the scenarios.
Using hydrogen for CCGT generation is also included starting
from round 2025. The source of the hydrogen would be
steam or oxygen reforming of methane from natural gas

Appendix 2: VRE in the DESNZ High Electrification Scenario

with CCS. Two large projects are preparing to provide the
hydrogen and trial the CCS processes [50, 51].

The mismatches between electricity supply and demand
are rectified by the five dispatchable sources of power:
Nuclear, CCS (gas fired and biofuels), hydrogen, unabated
natural gas, and electricity from storage. The dispatchable
power sources show reductions in capacity factor to
accommodate the fluctuations from the very large fractions
of VRE.

The main points to note here are:

 Nuclearis usually run as a baseload electricity generator,
as there are restrictions on power variation and capital
costs dominate. In the DESNZ scenarios the nuclear
contribution is assumed to load follow at the required
profile, whether this is possible depends on the required
profile and the reactor type, but evenifitis possible, this
increases costs. EDF's experience with load following could
be valuable in assessing this.

+ As the proportion of CCS capacity grows there is a
significant reduction in capacity factor with increasing VRE
fraction.
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Figure 16. Makeup of electricity supply for the DESNZ High Electrification scenario [3]. It is incidental that the
contribution from solar generation is similar to the net exports plus input to storage.
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« The use of unabated gas power has both a large increase
in capacity and a greatly reduced capacity factor, which will
have major cost implications for the viability of this option.

« The use of pumped hydro storage and battery storage
have animportant role to play on supporting VRE over
short periods, but the capacity is insufficient to provide
long-term support.

Calculating the cost of electricity from such scenarios is
very difficult, because of the wide range of plants involved,
their different ages, and the need to account for their
history in calculating the LCOE. Because of this, costs were
calculated based on a representative design for each class
of generation, considering changes in costs with time. Table
4 (page 48) shows these costs for the High Electrification
scenario. Importantly, note that in 2050, this scenario
predicts unabated natural gas generation contributes

11% of the total cost of generation to deliver 1% of the
electricity.

The only nuclear cost calculation available from DESNZ

is from 2016 and is based on the Hinkley Point C case.

It is anticipated that future nuclear new build will have
substantially lower costs and the costs used from 2030
onwards reflect this [26]. There were no available DESNZ
costs for batteries, so estimates for costs and anticipated
future cost reductions were based on utility scale Li-ion
batteries from recent publications [52—-54].

The calculations are reassuring, as the average LCOE
decreases with new technology development. However,
thereis anissue with "peaking” generation (i.e. the
dispatchable generation needed to supply electricity when
the VRE is not available but demand is high). This falls heavily
on unabated natural gas as the generator of last resort —
with high variable costs and with the potential burden of
future carbon levies, which would inevitably be passed on

to consumers if a company were ever able to make the
business case work with such unattractive numbers. An
increase in current gas capacity is required, but the capacity
factor would be very small. This situation is unlikely to be
viable as it would involve developers needing to build plants
that comprise almost a quarter of the total UK capacity by
2050, but only deliver a 1% share of the actual generation,
with an effective cost >£1000/MWh. The total cost of the
unabated gas generation amounts to ~£10 billion — over
10% of the total electricity costs.

Appendix 2: VRE in the DESNZ High Electrification Scenario

Estimating CO, equivalent emissions is difficult butitis
worth making some estimates as these are useful in making
decisions on the best choices of technology to reach not
only net zero but also to minimise the impact of emissions
during the transition.

Lack of fullinformation on the capacity and generation of
solar PV and wind energy meant assumptions had to be
made. Some assumptions had to be made on the capacity
factors of solar and wind. A small degree of curtailment was
allocated to solar (from 11% to 8%) and larger amounts to
wind to match the overall levels of renewable generation.
These are reflected in the estimates of CO, equivalent
emissions in Table 5 (page 49).
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Table 4. Estimated costs of electricity for the High Electrification scenario mostly using BEIS and DESNZ cost data
(2023 money) [17, 18, 24].

% of Generation % of Total LCOE LCOE (E/MWh) Cost (Ebn/yr)
2025 | 2030 2050 | 2025 | 2030 2050 | 2025 | 2030 2050 | 2025 | 2030 2050
8.3 11 8.1 10 33 48 31 2.9 45 45 42 42 106 177 227 266

Solar PV
Ons_hore 22 24 21 15 13 15 12 8.3 66 56 60 59 426 542 824 752
wind
ffshore
O - 26 35 43 45 19 25 33 32 80 70 84 76 606 9.04 2426 29.34
wind
Hydro 1.4 1 0.6 0.5 1.7 1.4 0.7 0.6 133 133 133 133 053 053 053 053

Bioenergy 55 18 09 05 59 13 31 24 120 476 372 495 187 476 223 214

Elec ey 0 03 1.5 2.7 - 1.1 6.7 12 - 338 459 470 - 042 478 1115
+CCS
Gas + CCS 0 3.8 38 2.7 - 45 6.7 46 - 121 164 175 - 164 416 415
Nuclear 7.8 9.7 14 21 11 11 16 16 162 110 121 80 361 419 1142 14.41
Hydrogen 0 2.7 1.6 1 - 4.6 4.2 6.2 - 181 281 648 - 1.71 297 566
n
. a;l::;ted 26 53 0.8 1 40 16 11 11 172 373 1524 1139 1279 582 812 9.83
Pumped
P 1.4 1.1 0.6 0.5 2.1 2.3 1.2 0.9 207 207 207 207 085 085 085 085
hydro
Batter
Y 0.8 1.8 43 34 2.4 1.9 42 33 352 95 103 103 076 071 300 301
storage

Average LCOE (E/MWh) Total Cost (Ebn/yr)

111 100 109 105 3179 36.86 7283 91.25
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Table 5. Representative estimates of the CO, equivalent emission per MWh of electricity generation for the main
contributions to generation in the DESNZ High Electrification scenario. The emission rates change with years
mainly from the capacity factors of the generation technologies. Hydrogen assumed to be produced using methane
reformation with CCS.

Fixed Variable 2025 total 2030 total 2040 total 2050 total

kgCO,eq/MWh | kgCO,eq/MWh | kgCO,eq/MWh | kgCO,eq/MWh | kgCO,eq/MWh | kgCO,eq/MWh

Solar PV 55 small 50 58 69 69
Onshore wind 13.5 small 45 39 42 41
Offshore wind 6.1 small 16 14 14 14

Hydro 2.25 small 8 8 8 8
Bioenergy 42 0.69 50 309 233 324
Bioenergy + CCS 58.8 -690 0 -569 -486 -478
Gas + CCS 56 72.95 0 189 268 275

Nuclear 9.3 small 13 10 12 11
Hydrogen 46.5 206 0 255 255 2305
Unabated gas 46.5 387 602 1375 6312 4374

Pumped hydro 3.15 small 18 18 18 18

Battery storage 30 small 314 91 109 109
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Appendix 3:
The “Flexible Nuclear”
Alternative

This Appendix looks at the potential of using nuclear

power to provide a cheaper solution to reaching net zero

by 2050. This scenario eliminates the use of all fossil fuels
by 2050 and tries to get the best out of VRE by eliminating
curtailment and allowing them to reach the full potential of
the resources and the target capacity factors. This is based
on the DESNZ High Electrification scenario and uses the
same installed capacities for solar, wind, bioenergy with
CCS, interconnectors, hydro, pumped storage and batteries.
The use of natural gas, both unmitigated and with CCS, is
reduced and eliminated by 2035. The capacity factors of
solar and wind are increased, reducing curtailment. This
and the displaced gas are replaced by nuclear energy with
more generation from hydrogen, which is itself produced by
nuclear energy.

Three types of nuclear capacity are proposed:

« Gigawatt-scale plants based on Gen-lll or Gen-lll+
technology at not more than about 12 GWe in total.

« SMRs building up to ~12 GWe by 2050.

« Afurther 60 GWth of AMR capacity with associated
thermal energy storage.

This would be a total effective nuclear capacity of around
115 GWe, if Sizewell B is still operating. 60 GWth of heat-
focused AMR capacity would nominally produce 30 GWe,
but with the addition of thermal storage and additional
generating capacity, a peak electrical power output of 90
GWe can be achieved. The 24 GWe of SMRs and gigawatt-
scale LWRs is already in the DESNZ recent civil nuclear
roadmap [19], but the ability to meet a large expansion

of AMR capacity relies on completion of the proposals
coming out of the AMR RD&D programme [7]. This is clearly
ambitious, but the purpose of the scenario is to highlight the
benefits of grid flexibility from nuclear cogeneration. Partially

implementing the scenario by utilising cogeneration in this
way would still have considerable impact — how much would
depend on the extent of the deployment.

The UK Hydrogen Strategy looks towards having 250-460
TWh [55, p. 9] or 75-140 Mt of hydrogen production per
year by 2050. Producing this by Proton Exchange Membrane
(PEM; see Appendix 6 for details) at 95% capacity factor
would require an electrical capacity of 50-90 GWe [55].

If high quality heat is available, then SOEC hydrogen
production would need 33-61 GWe capacity plus 8-17
GWth of nuclear heat.

The example chosen uses the currently proposed 24

GWe of PWR-based gigawatt and SMR stations for mainly
hydrogen production and the equivalent of a capacity
factor of 12% for grid support. In addition, there would

be the equivalent capacity of 90 GWe of AMR capacity
using thermal storage (three times the nominal reactor
generating capacity). At the full 90 GWe capacity the grid
support would be available for an equivalent capacity factor
of 7.6%. The AMR system would use the equivalent of a
75% capacity factor with a mixture of heat and electricity for
industrial use such as hydrogen production.

This would be supplemented with electricity from solar and
wind during periods of high output (this would otherwise be
curtailed), increasing the equivalent capacity factors and
reducing costs. Nuclear hydrogen would also be used to
provide both short-term rapid response grid support for
frequency maintenance and to support long term annual
variations in demand. To do this the capacity factor for this
exampleis increased to 25%. The use of BECCS, whichis a
valuable source of dispatchable power as well as negative
emissions, has anincreased capacity factor of 70%.
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Figures 11 and 12 in the main document show the
evolution of the capacities and supply for this Flexible
Nuclear scenario. It isimportant to note that the costs

of this scenario are lower than the High Electrification
scenario because even though it features high capacities
at low capacity factors, the cogeneration by both types of
nuclear means that the nuclear plants are not idling when
not delivering electricity. Use of natural gas is phased out
completely by 2040 and much reduced for 2030. The share
of nuclear generation to go directly onto the gird has gone
down and is replaced largely by hydrogen generation. Al
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the non-VRE generation is now flexible and there is the
ability to supply additional power over a longer period when
demand is high but VREs are not available. Table 6 shows
the equivalent data for the Flexible Nuclear scenario, which
should be compared with the data for the DESNZ High
Electrification scenario presented in Table 4 in Appendix 2.
The key changes between the two tables are the data for
gas, nuclear, AMR, and importantly the total cost which s
£14 billionless per year in the Flexible Nuclear case. The
costing model for cogeneration-enabled flexible nuclear is
explained in Appendix 7.

Table 6. Estimated costs of electricity for the Flexible Nuclear scenario mostly using BEIS and DESNZ cost data

(2023 money) [17, 18, 24].

% of Generation

% of Total LCOE

2025 | 2030 m 2050 | 2025 | 2030 m 2050 | 2025 | 2030 | 2040 | 2050 | 2025 | 2030 | 2040 | 2050
8.3 11 8.5 7.4 3.3 4.1 2.9 2.5 45 39 31 1.65 1.94

LCOE (£/MWh) Cost (Ebn/yr)

Solar PV 31 106 153
nshore
O_ 23 26 22 15 13 15 14 9.7 66 56 60 59 426 542 824 752
wind
Offshore
. 26 35 45 46 19 21 33 33 80 61 66 66  6.06 7.84 1896 25.80
wind
Hydro 1.4 1.1 0.6 0.5 1.6 1.4 09 0.7 133 133 133 133 053 053 053 053
Bioenergy 54 2.7 09 0.5 5.8 13 3.9 2.8 120 476 372 495 187 476 223 214
Bioenergy
0 4 5.6 55 - 13 23 19 - 338 366 316 - 530 1310 15.01
+CCS
Nuclear
+H, 7.8 9.3 3.1 29 14 10 39 2.4 162 114 101 74 361 390 195 186
production
AMR +
thermal 0 0 26 7 - - 1.9 5.2 - - 64 67 - - 1.07 401
storage
Hydrogen 0 3 6.3 12 - 5.1 10 19 - 171 165 148 - 190 591 1476
nabat:
Il 26 4.4 0 0 38 13 0 0 172 311 - - 1279 497 - -
gas
Pumped
P 1.4 1.1 0.6 0.5 2.6 1.9 1.5 1 207 207 207 207 085 085 085 085
hydro
Batter
Y 0.8 2 4.5 3.4 23 1.9 5.2 39 352 95 103 103 076 071 300 301
storage
Average LCOE (£/MWh) Total Cost (Ebn/yr)
Flexible Nuclear scenario 111 102 91 90 31.80 37.40 57.50 77.42
DESNZ High Electrification scenario (Table 4) 111 100 109 105 3179 36.86 7283 91.25
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Table 7 shows estimates of the CO, equivalent emissionsby ~ One of these is the assumption that otherwise curtailed

generation method per MWh. As well as the addition of the solar and wind generation is used to make hydrogenin
AMR case, there are other changes in the emission rate due nuclear industrial parks. There is a reduction in most cases in
to the changes in the capacity factor in this Flexible Nuclear later years.

scenario compared to the DESNZ High Electrification case.

Table 7. Representative estimates of the CO, equivalent emission per MWh of electricity generation for the main
contributions to generation in the Flexible Nuclear scenario. Hydrogen assumed to be produced using nuclear energy.

Fixed Variable 2025 total 2030 total 2040 total 2050 total

kgCO,eq/MWh | kgCO,eq/MWh | kgCO,eq/MWh | kgCO,eq/MWh | kgCO,eq/MWh | kgCO,eq/MWh

Solar PV 55 small 50 58 69 69
Onshore wind 13.5 small 45 39 42 41
Offshore wind 6.1 small 16 14 14 14

Hydro 2.25 small 8 8 8 8
Bioenergy 42 0.69 50 309 233 324
Bioenergy + CCS 58.8 -690 0 -569 -542 -583
Gas + CCS 56 72.95 0 0 0 0
Nuclear +H, 9.3 small 13 10 10 10
AMR + n. heat 9 small 0 0 10 10
Hydrogen 46.5 41.85 0 225 225 225
Unabated gas 46.5 387 582 1096 0 0
Pumped hydro 3.15 small 18 18 18 18

Battery storage 30 small 314 91 109 109
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Appendix 4:
Electricity
Curtailment

Before looking at the interaction between different means in the energy mix through, for example, inadequate provision
of electricity production, it should be noted that since of distribution network capacity, conflict with other local

the growth of renewables in the UK, VRE (particularly energy production, or lack of energy storage; but these

wind power) has been curtailed to an increasing extent issues can be dealt with by careful planning and adequate

as the fraction of VRE in electricity generation increases. investment in the distribution networks.

Curtailment of VRE can occur even with a low share of VRE
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Figure 17. Actual wind power curtailment in the UK, plotted along with wind power’s share of total installed capacity
and share of total generation. Data from [9, 57].




Our concernis specifically related to the impact of a growing
share of VRE in the energy mix. This can be seenin the UK
with the growth of wind power over the previous decade
(Figure 1). In the UK most offshore wind construction has
been done under "Contracts for Difference”, a private

law contract which guarantees generators a price for
electricity generated. Payments for curtailing electricity are
compensated via the national electricity network system as
part of the contract [56].

Curtailment increases with increasing share of wind

power, exceptin cases where there is a persistent lack

of infrastructure to integrate renewable energy. This
correlationis also seen in countries where the VRE share is
high. Figure 18 compares the levels of curtailment with the
share of VRE generation for five cases: Germany, Ireland,
Chile, California, and the UK.

Other countries do not show this correlation. Spainis an
interesting case as it has almost no curtailment despite high
levels of VRE and a significant contribution from nuclear. Like
the UK, Spain deals with the variation of its VRE by varying
the loads on fossil fuel generators, and its hydro and pumped

[
N
]
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storage infrastructure. China mainly has curtailments that,
at this stage of development, are essentially random due to
the lack of local structure for integrating large amounts of
renewables rather than overall dominance of installed VRE.

ltis likely that the full effect of demand on curtailment is
being masked by insufficient access to both the distribution
and transmission networks, and that is certainly the case in
the UK where connections to the grid are being delayed for
some large solar projects [58]. In the UK, most of the current
wind curtailment is part of the National Grid Constraints
Payments system. This is currently necessary because a
major proportion of wind generation originates in Scotland,
but growth in demand is largely from England and there is
insufficient electricity transmission capacity between the
two [59].

There will certainly be curtailment of electricity from both
wind and solar in the future in the UK. Projections show that
wind and solar capacities would be both above expected
summer minimum demand levels and that times of low
demand would result in curtailment [60].

20 25 30 35 40

VRE share of total electricity generation in a year (%)

Figure 18. Effect of VRE share of electricity generation on VRE curtailment for example regions data from [57].




The issue of negative electricity prices (arising when
generation exceeds demand) is particularly commonin
Germany, the Netherlands, and the Nordic countries. For
example, Germany currently pays Denmark to curtail its
wind power generation at certain times as interconnections
result in periods of negative electricity pricing [61]. A more
detailed analysis of curtailment (up to 2020) can be found

in [62], which looks at both solar and wind power and how
curtailmentis tracked through time in response to not only
changes in the share of VRE but also to policy decisions.

Nuclear dedicated for baseload electricity generation would
certainly increase the levels of curtailment. Preliminary
calculations for the High Electrification scenario in Appendix
2 indicate that the impact of 24 GWe of nuclear capacity
with flexibility could increase the amount of wind and

solar power that would need to be curtailed, exported, or
stored from around 40 TWh to around 90 TWh over a year.
These estimates were made for the year 2050 by using

the demand and renewable utilisation characteristics over
the year taken from the actual data for 2021 recorded over
5-minute intervals for Great Britain [32]. As such they are
only rough estimates but indicate that nuclear dedicated for
baseload electricity generation could double the demand-
related curtailment of VRE. Flexible support of VRE using
nuclear cogeneration would not remove the underlying
issue of curtailment, but could limit it and also provide an
alternative use for the curtailed electricity as detailed in
Section 4 and Appendix 3.
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Appendix 5:
New Technologies

In the period to 2050 there are several technologies that will
become available with the potential to tackle the problems
involved in reaching net zero and integrating VRE into

the electricity mix. Figure 19 shows how the cost of the
electricity generation varies with capacity factor. The data
for this figure comes from the BEIS/DESNZ electricity cost
studies [17, 18, 24], apart from BECCS which comes from
work carried out for BEIS [63]. The main line of development
is considered below.

400 -
350 -
300 -
250 A
200 A
150 -

100 -

Cost of electricity supplied (£E/MWh)

50 - PHS = Pumped hydroelectric storage

LIBS = Lithium-ion battery storage

Carbon Capture and Storage (CCS)

Natural gas with CCS, which plays a significant role in the
DESNZ High Electrification scenario, is very sensitive to
natural gas prices. This means that, even at high capacity
factor (92%) the LCOE is likely to lie between £125/Mwh and
£200/MWh. The increase as capacity factor falls makes it
expensive to use for peaking support.

LIBS - free electricity

0 5 10 15 20

25 30 35 40 45 50

Capacity factor, proportion of time power is supplied (%)

Figure 19. Variation in the cost of electricity with capacity factor for a range of technologies that will be introduced in
the period up to 2050, including energy storage, hydrogen fuelled generation, and CCS.




BECCS

BECCS can provide negative CO, equivalent emissions, which
enables the residual emissions from the carbon footprints of
low-carbon energy sources to be offset. The DESNZ High
Electrification scenario needs about 1 MtCO,/yr of negative
emissions to reach net zero by 2050 and accounting for other
energy requires as much as 50 MtCO,/yr.

BECCS could provide this through ~1 TWh and ~50 TWh
contributions to electricity generation (or around 0.125%
and 6.25% share of the total electricity generation)
respectively. BECCS is an expensive technology however,
and is best used at high capacity factors to minimise the unit
cost of the electricity it generates. At a capacity factor of
89% the LCOE is around £220/MWHh, so the total extra cost
of displacing wind capacity for -1 MtCO, would be ~£160
million; for -50 MtCQO, £8 billion. BECCS should not be used
for peaking support.

VRE with Energy Storage

Solar and wind with energy storage are also expensive
options for peaking support. The use of pumped storage is
expensive (even with free electricity), and there is not much
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scope for expanding existing resources. The use of batteries
is cheaper and an obvious option for solar PV. However,
batteries are most useful for supporting VRE within
distribution networks but would be inadequate to use for
grid support (see Section 3.1 and Figure 9). Also, batteries
have limitations on storage capacity which makes them
more suitable for diurnal variations, not for the longer-term
support that wind requires. All options have high costs for
peaking support with low capacity factors.

If reasonably priced nuclear hydrogen can be produced, it
would provide a useful source of support for the variation in
power between summer and winter, at capacity factors over
30%.

Table 8 looks at the costs of these technologies in 2050,
using in the DESNZ High Electrification scenario studied in
Appendix 2. Some estimates of the associated emissions
are also made.

The DESNZ report on these scenarios recognises the
extremely low capacity factors (~1%) of peaking plants
which occur because of the high level of VRE [4]. However,
the report does not emphasise that the LCOE of several

Table 8. Estimated costs (in 2023 money) of electricity generation for the DESNZ High Electrification scenario in
2050 from the analysis in Appendix 2. The anticipated total electricity generated in 2050 is 836 TWh in the UK, with
consumption somewhat less at 792 TWh because of exports. The CO, equivalent emissions are based on data from

Table 5 In Appendix 2.

Capacity Capacity g:::::t?:n LCOE el(::ts:i:::‘i:y E:::;?::: e?'rr\‘ias:ieofs
o,
(GW) factor (%) (%) (E/MWh) (€bnfyr) |(MtCO_eq/yr) (%)
Solar PV 90 45
Onshore wind 44.4 32.9 15.0 59 7.5 5.25 7.02
Offshore wind 103.6 432 42.0 78 29.3 5.54 7.40
Hydro 1.62 28.1 0.5 133 0.5 0.03 0.04
Bioenergy 3.8 13.0 0.5 495 2.1 1.40 1.87
Bioenergy + CCS 9.77 27.7 2.7 470 11.2 -11.35 -15.16
Gas + CCS 9.77 27.7 2.7 175 4.2 6.52 8.72
Nuclear 24 84.7 21.0 80 14.4 1.98 2.65
Hydrogen 45 2.2 1.0 648 5.7 20.13 26.89
Unabated gas 84 1.2 1.0 1139 9.8 37.74 50.44
Pumped hydro 2.74 17.0 0.5 207 0.9 0.08 0.10
Battery storage 12.08 27.6 3.4 103 3.0 3.18 4.24
Total Average Total Total
431.5 105 91.7 74.83




of the technologies are extremely high, notably in excess
of £1,000/MWh in the case of unabated natural gas.
Appendix 2 shows that the estimated cost of gas-powered
peaking plants adds ~£10 billion annually to the total cost of
electricity supply, which is over 10% of the total cost. This
will make it difficult to justify such aninvestment, and unless
cheaper solutions are found, the result could be blackouts
orimposed demand-side controls. The High Electrification
scenario also implies that the capacity factors for wind
power and nuclear are lower than the anticipated valuesin
the cost reports. This implies that significant amounts of
solar and wind power will be curtailed, and the nuclear plants
will need some degree of load/demand following. This also
adds costs to the scenario.

There s also a disturbing effect of the low capacity factors
on the estimated CO, equivalent emissions in 2050, for
combustion systems, most of the emissions come from
burning fuel and as such, emissions/TWh are not affected
by capacity factor. However, carbon footprints associated
with the construction and materials making up the power
plants are very sensitive to low capacity factors. Unabated
gas and hydrogen generation show large shares of CO,
equivalent emissions. In the case of emissions from
hydrogen production, itis assumed that the hydrogen is
produced by steam reforming of natural gas with CCS.
Despite the CCS, CO, emissions and methane emissions
from natural gas exploitation result in significant emissions
from use of hydrogen.

In the future, as global carbon emissions decrease, the
contribution to carbon footprint from construction and
materials will also decrease and possibly, eventually become
insignificant. Until then, these emissions are significant

and difficult to control, and are often being produced in
countries with primary sector economies. Most of the power
production facilities to be used in 2050 have yet to be built. It
is irresponsible to build more gas plants for such low levels of
usage. Even with life extension of the plants to recover costs
and justify emissions the use case is poor.
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Removing unabated natural gas from the mix would result
in the role of generator of last resort falling on hydrogen
generation or natural gas and biofuels with CCS. The
installed capacity of these technologies would inevitably
have to expand to over 100 GW, capacity factors would
reduce as aresult, and the costs per MWh of generation
would increase. At some stage finding developers willing to
invest in new plants would presumably become difficult and
maintaining a safe electricity supply could also become a
challenge as aresult [64].
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Appendix 6:
Nuclear Hydrogen
and Cogeneration

The production of hydrogen is becoming an important
process in moving to net zero. As well as being a fuel itself,
hydrogen is a first step in creating synthetic fuels. Hydrogen,
unlike electricity or heat, can be stored for long periods and
can be part of the solution for coping with the variationin
energy demand between summer and winter.

Hydrogen was chosen for this study as the technology for
cogeneration to support VRE intermittency because the
requirement for low-carbon hydrogen production by 2050 is
high enough for it to be a realistic endeavour towards which
nuclear energy can be dedicated. Production of nuclear
hydrogen can be done mainly with electricity or mainly

with heat. To achieve the lowest production costs with a
mixture of LWR, SMR and AMR infrastructure, both heat and
electricity will be important.

In addition to hydrogen production, this section also
considers the wider range of cogeneration potential. One
important aspect of this is that both high-grade heat
(>500°C) and low-grade heat (<300°C) have their place in
getting the most utility out of nuclear plants and facilitating
the drive to net zero. It will be shown that enabling the full

potential of nuclear cogeneration will require substantial
investment but would reduce emissions and the overall cost
of achieving net zero, whereas retaining the use of fossil
fuels with CCS will not.

Methane Reformation

Hydrogen s currently produced by reforming methane

with steam by either heating the mixture by burning natural
gas to heat the process reactor (steam reforming), or by
adding some oxygen to the mixture and heating as part of
the reaction process (auto reforming). This route has been
a cheap way of making hydrogen, but it has the downside of
high CO, emissions, and it is very sensitive to the price of
gas. The use of CCS to remove CO, from both the heating
of the process reactor and the reforming process is likely to
be the main lower-carbon method of making hydrogen, until
electrolysis using renewable or nuclear electricity (and heat)
becomes cheap enough to provide an alternative.

Table 9 shows the cost of steam reforming of methane with
CCStoday and projected to 2050, for different natural gas
prices, using data from the 2021 BEIS report on hydrogen

Table 9. The variation in cost of producing hydrogen by steam reforming of methane with CCS (2023 money) [65].

Cost of H, in 2023 Cost of H, in 2050

Price of natural gas
£/MWh

20 57
30 73
40 90
50 107

2.2

2.9

3.6

4.2

61 2.4
78 3.1
95 3.7
111 4.4
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production costs [65]. The costincreases slightly due to

an expected increase in carbon price for the residual CO,
equivalent emissions. The wholesale price of natural gas
has never been stable, varying between £10/MWh and £25/
MWh between 2010 and 2020. A surge in price occurred
following the invasion of Ukraine by Russiain 2022, with a
peak in December 2022 at ~£150/MWh [65] as can be seen
in Figure 20. The price in 2023 has been around £35-40/
MWHh. The future price of natural gas is uncertain, but the
potential volatility in price situationis a good reason to avoid
committing to making hydrogen from gas.

The costs of making hydrogen by steam reforming of
methane with CCS include an element of carbon pricing.
This is because only about 90% of the CO, ends up in the
carbon store, due to inefficient removal and leakage [67].
There is also the issue of methane release during natural
gas extraction and transport. It has now become possible
to measure methane release rates more effectively and the
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move to nonconventional gas sources is linked to increased
methane releases. The impact of the residual carbon
footprint has led to some vigorous debate as to the future of
hydrogen derived from gas with CCS [68, 69]. Whereas the
carbon footprint deriving from the lifecycle of materials and
construction for all applications will reduce as the energy
sector reduces its CO, equivalent emissions, the residual
emissions from the use of fossil fuels with CCS may be more
intractable.

There are many alternatives to reforming of methane

to produce hydrogen. A full list of options is discussed
inreference [70], but only the most likely choices are
examined here. Note also that this reference uses a
capacity factor for solar PV of 20%, which is incorrect for the
UK, where itis close to 10%.
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Figure 20. UK Natural Gas national benchmark price since 2000 [66].
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Electrolysis

As VRE mainly produces electricity, the obvious choice

for producing hydrogen is electrolysis of water. Over the
last 20 years there has been a surge of interest in water
electrolysis, resulting inincreased efficiencies and reduced
costs. The three main technologies are alkaline, PEM,

and SOEC (also known as steam electrolysis —essentially

a solid oxide fuel cell operating in reverse). Both alkaline

and PEM electrolysis are low-temperature processes with
comparable costs. PEM uses platinum group catalysts which
are expensive but recyclable and is currently moving to
higher efficiencies (~70%). SOEC uses cheaper catalysts
and is a high-temperature process that can take advantage
of the lower free energy required to split water at higher
temperature, with the balance of energy supplied as heat
rather than electricity [71, 72]. SOEC is developing rapidly
and introduction of more efficient fastion conducting
oxide membranes will allow the operating temperature to

be reduced from ~850°C to below 650°C. Most systems
use oxygen ion conduction, but there is research towards
using proton solid oxide membranes. The main concernis
reduction in efficiency with time, which limits membrane
life. Figure 21 shows the energy input needed to split water
for PEM and SOEC technologies. The SOEC data usedin
Figures 21, 22 and 23 in this section are not from the BEIS
report [65], but from SOEC developers [73, 74].

The SOEC optionis of great interest for nuclear applications
due to the necessity for high temperatures and will likely

be the eventual cheapest route to hydrogen production.
There is also the possibility of co-electrolysis of water and
CO, whichis a potential route for synfuel manufacture.
Steam must be supplied, which can be provided by a nuclear
plant, but currently SOEC is being aimed at sites where
there is significant high temperature waste heat, which

form a niche market. The amount of heat required at higher
temperatures depends on how the SOEC is operated,
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Figure 21. Comparison of the energy input needed to split water for the PEM and SOEC technologies. SOEC systems
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of temperatures [73, 74].
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either in equilibrium so the resistive heating balances

the requirement, or exothermically where the resistance
heating exceeds the requirement and is used to heat the
inlet steam to the required temperature (see Figure 22).
This opens the option of using either AMRs that can provide
steam at the required temperature (the most efficient
case), or SMRs with steam at 100-270°C, which is slightly
less efficient. Maximising the use of heat (the mode on the
extreme right of Figure 21 (page 61) is not usually desirable
as the rate of hydrogen production is limited, compared to
higher voltages and higher resistive heating. As aresult,
the share of electricity in the input energy is around 80% or
higher. Another option is to use grid electricity with nuclear
heat.

Figure 22 illustrates the sensitivity of hydrogen cost to
capacity factors for PEM and SOEC electrolysis. Even with
free electricity the cost of hydrogen production increases
sharply as the capacity factor decreases, because of the
impact of fixed costs associated with electrolysis (mainly

Appendix 6: Nuclear Hydrogen and Cogeneration

capital costs). For a fixed electricity price, SOEC is cheaper
than PEM, even if the heat input is from resistive heating in
the cell [73]. If the heat is free, using waste heat from other
industrial processes, SOEC is even cheaper.

Use of nuclear power with heat input also reduces the cost
from the all-electric case. The reduction is larger for AMR
systems that can deliver super-heated steam (550-850°C)
as shownin Figure 21, but is still significant for SMRs that
would deliver superheated steam at ~300°C or even steam
from the low pressure turbine at 120°C. The main point to
note is that sources of electricity with high availability factors
are preferred, as the electrolysers have a high capital cost.
There s clearly an opportunity for application to nuclear
hydrogen production, particularly using AMRs with high-
quality heat supply.

Figure 23 compares hydrogen production costs for solar
and wind using PEM electrolysis with various nuclear power
options. The variations with capacity factor are larger as
both the power source costs and the electrolysis costs are
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sensitive to the capacity factor. Hydrogen production from
dedicated solar PV is very expensive, despite the low cost
of solar electricity, as the capacity factor is limited to around
10%. Both onshore and offshore wind are predicted to
have large increases in potential availability towards 2050,
with associated reductions in costs for dedicated hydrogen
production. However, most of the wind energy is targeted at
grid supply and only excess solar and wind are likely to be on
offer to make hydrogen. For reference, a curve is included
on Figure 23 toillustrate the possible price of curtailed VRE
in the range anticipated in the BEIS 2021 study [65].

The hydrogen production costs from VRE are significantly
higher than the cost of hydrogen from steam methane
reforming with and without CCS, using the price of natural
gas from 2021 or earlier. Since the disruption in natural gas
prices, the price of hydrogen production from natural gas
has become more uncertain.
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At the price of nuclear electricity based on the strike price of
Hinkley Point C, hydrogen production costs would be much
greater than those from wind power and do not appear on
Figure 23. Getting the price of nuclear electricity down is

the first step in achieving competitive nuclear hydrogen
production. In Figure 23 nuclear hydrogen costs are shown
for a nuclear cost of £40/MWh, which is projected for SMR
and AMR plants by 2050 [27]. With high nuclear capacity
factors, and particularly using HTGR technology and SOECs,
it should be possible to achieve competitive hydrogen
production costs. As technologies develop it is worth
making a goal of £1/kgH, and there is an ambition in the USA
for $1/kgH, [75].
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Thermochemical Cycles

An alternative to electrolysis that may provide cheaper
hydrogen for HTGRs, is to use thermochemical cycles.
There are several cycles that could be used but the most
work has been done on the Sulphur-lodine (S-1) and the
Copper-Chlorine (Cu-Cl) cycles [70]. The S-I cycle needs
temperatures in excess of 800°C but is ~60% efficient, while
the Cu-Cl cycles needs lower temperatures of 350-500°C
but is less efficient at ~49%. Some thermochemical routes
incorporate an electrolysis stage, such as the Cu-Cl cycle
and a version of the S-I cycle, which use both electricity

and heat. These processes have been demonstrated at a
bench scale in several locations. The Japan Atomic Energy
Agency (JAEA) focused on the S-I cycle as part of its work
on applying HTGRs to industrial applications [76]. There has
also been a feasibility study in the UK on thermochemical
cycles using nuclear power —the final report of the study
had a positive conclusion that [771:

“...thermochemical hydrogen production has the
potential to deliver a step-change increase in UK
hydrogen supply from 2040 onwards and a potential
reduction in cost to supply a growing UK hydrogen
market.”

In the same competition there was another feasibility
study on nuclear cogeneration with hydrogen production
[78]. This study also saw a long-term potential for the
thermochemical cycles but favoured the more immediate
potential of SOEC as the TRL was higher.

Electrolysis systems are packaged like batteries in compact
units and made into modules that can be removed for
servicing or replacement. This would be difficult to do with
the thermochemical processes given their reliance on
hazardous materials like hot concentrated sulphuric acid

or chlorine. Hydrogen is an explosion hazard, so location

of hydrogen production plants adjacent to nuclear plants
will need careful design to ensure safety. This is also being
investigated in the JAEA work [78].

Production of Synfuels, Syngas and Ammonia

A supply of hydrogen is a starting point to produce synfuels,
syngas and ammonia. There is also a route using pyrolysis
and organic waste or biomass. Both routes are potential
applications for cogeneration that can be used as part of the
strategy to support VRE.
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Producing synfuels from hydrogen relies on reactions with
CO,, initially through the Reverse Water-Gas Shift (RWGS)
reaction to make syngas —a mixture of hydrogen and
carbon monoxide (CO) which releases some water [79].
Following this, the Fischer-Tropsch (FT) reaction is used to
produce methane and higher hydrocarbons by first reacting
hydrogen and carbon monoxide to produce methane and
water, then reacting hydrogen and simpler hydrocarbons
(starting with methane), to produce heavier hydrocarbons.
These heavier hydrocarbons can be used in diesel, aviation,
and automotive fuels.

These reactions need suitable catalysts, such as nickel for
RWGS, and iron or cobalt for the FT reaction. The RWGS
reaction needs to be at a high temperature (>800°C)

and s slightly endothermic. The FT reactionis strongly
exothermic, and the optimum temperature is around
300°C. Itis also possible to use CO, directly with hydrogen
to produce the required hydrocarbons (alkenes) at
temperatures around 300-350°C and pressures around 2.5
MPa with copper as a catalyst [80]. Higher temperatures
favour the production of methane rather than longer chain
hydrocarbons. Electrocatalytic methods are also possible
atlow temperatures and pressures. This type of synthetic
fuel synthesis fits in well with the availability of both heat and
electricity to provide a framework for production, and also to
make use of any heat generated in the production. Although
the FT process was developed in 1920 it remains an area of
intense research and the direct use of CO, could have large
impact on costs.

Ammonia synthesis also has a long history with the Haber-
Bosch process, dating from 1909. There has been recent
interestin ammonia synthesis as part of the route to net
zero once a supply of clean hydrogen is available. As well

as continuing interest in existing uses (e.g. fertilizers and
explosives), the possibility of using amnmonia as a marine
fuel has been raised, as it has a higher volumetric energy
density than hydrogen and is easier to store and transport
[81]. Ammonia synthesis is slightly exothermic and is most
efficientin the temperature range 450-500°C. Iron was the
original catalyst for the process but there is potential for
improved production efficiency with new catalysts based on
nickel or cobalt. The process can also be enhanced by the
use of a dielectric barrier discharge reactor with ceramic
catalysts, which would require electrical power. Ammonia
production would work well alongside synfuel synthesis as
part of a nuclear cogeneration park.




Pyrolysis of organic materials is a process using heat to
convert biomass and organic waste (including plastics) into a
range of useful products:

« Synfuels as substitutes for petrochemicals or feedstocks
for new plastics.

- Syngas.

« Biochar which locks up carbon and can be used a soil
conditioner or a replacement for charcoal.

The temperatures required are generally from 150-1000°C
depending on the feedstock. Direct use of nuclear heat
is possible, but for some processes resistive heating

or microwaves using nuclear electricity, or combustion
of nuclear hydrogen are better options for nuclear
cogeneration. The range of possibilities is too large to
explore in this report. A review of the areais givenin
reference [82] and examples of the use of microwaves
with water added to the organic materials is discussed
inreference [83], and for sewage sludge treatment in
[84]. Pyrolysis has potential for development and wide
application, replacing incineration of organic waste.

Direct Air Capture of CO,

In current assessments of the future role of nuclear, air
capture of CO, and desalination are frequently discussed.
Air capture of CO, predominately uses heat. Desalination
can use either heat or electricity depending on the
environment in which the process is carried out.

There is considerable activity on Direct Air Capture (DAC)
of CO,, and larger-scale trials have begun. The two main
processes are use of potassium hydroxide solutions

to capture the CO,, then heating it to around 900°C to
release it; and the use of solid sorbents, where the CO,

is adsorbed on high surface area materials, with release
temperatures below 100°C [85]. Trials have enabled the
cost of these processes to be confirmed and there is a
drive to get the price down to $100/tCO, by 2050 [86]. The
solid sorbent method could be used with waste heat from
nuclear power plants and this has been studied as part
of a project coordinated by EDF as part of preparations

for Sizewell C [87]. The project is funded in-part from the
DESNZ DAC and Greenhouse Gas Removals innovation
programmes. Sizewell C has the potential to capture

1.5 Mt of CO, per year and to reduce the cost of DAC
(without storage and disposal) from the current £600/t to
£200/t. The demonstration project, in partnership with the
University of Birmingham, Atkins, Doosan Babcock, and
Strata Technology, has been underway since 2020 and the
main design and conformation testing has been done. The
demonstration plant should start operationin late 2025 and
should capture 100 t/yr. A 50 kt/yr demonstration plant is
planned for 2030 if funding is approved.
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Desalination

The main types of desalination methods that can be applied
using nuclear energy are [88]:

- Multistage flash distillation, using direct nuclear heat.

+ Reverse osmosis, using nuclear electricity to drive high
pressure pumps.

« Hybrid reverse osmosis/distillation designed to minimise
energy use and improve water guality.

There have been many studies and demonstrations, and the
price of the desalinated water should be achievable around
$0.5-1.0/m>. With current difficulties in maintaining water
resources in some parts of the UK, nuclear desalinated
water may eventually become a requirement.

Domestic and Business Heating

The potential to use heat from nuclear power stations

goes further than high temperature applications for
electricity generation and industry. Lower temperature
heat, including waste heat from condensers, could be used
to supply heat for hot water and buildings. District heating
for domestic, business and institutional (schools, hospitals
etc.) applications is possible if reactors are sited within
around 100 km from the end users. The UK already has a
heat network using heat from a variety of sources. Currently
there are projects in progress for Liverpool, London, Bristol,
and Gateshead with a total heat supply of ~0.2 TWh/yr

[47]. However, these projects are quite small compared

to the existing supply from heat networks (~2% of heat
usage, 13 TWh/yr) and the potential to increase the use

of heat networks to 20% or more by 2050. Most current
heat networks are small communal and district networks
with a range of heat sources. In many European countries
(particularly Nordic and Eastern European) large fractions
of heat supply is provided by networks with dedicated
thermal power stations. By establishing a larger role for heat
networks in the UK, several key issues for achieving net zero
could be made simpler. One such challenge is the need to
replace natural gas for domestic heating with a low-cost and
effective solution given that heat pumps (the most touted
solution) are not helpful in large cities with high housing
densities, and accommodation in flats.

The UK Heat Networks Market Overview [47] does not
mention nuclear heat as an option and neither does recent
advice to Parliament [48, 49]. The Energy Technologies
Institute (now part of the Energy Systems Catapult) made
a detailed case for SMRs to provide district heating and this
includes slight modifications that would enable efficient
low grade heat supply [42]. The positive effect on the
economics of nuclear plants is significant, and a substantial
amount of heat is available to expand heat networks well
beyond 20% of heat demand.




Industrial Process Heat

There s still a lot of work to do before a clear picture of
what industry will be like in a net zero economy can be fully
imagined. This is beyond the scope of this report so there is
only space for some brief remarks:

- Not every type of production is suitable for a nuclear
supported industrial park.

Electricity can replace fossil fuel combustion through
resistive, inductive and microwave heating and nuclear
hydrogenis a valuable, portable fuel and reducing agent.

The role of syngas for industrial and domestic use is not
clearyet.

.

The impact of waste reduction, waste managementand a
cyclic economy is still being understood.

Alot of R&D and larger scale trials are needed now on

the technologies that will be used to provide low-carbon
processing and manufacturing. It is an area that also needs
more openness and cooperation.

Only when industry has working alternatives to fossil fuels

will it become clear how much electricity and hydrogen will
need to be produced; the same issues also face terrestrial,
marine and air transport.
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Appendix 7:
Nuclear Flexibility
and Thermal Storage

One of most important and frequently quoted limitations for
nuclear power is its lack of flexibility. This inflexibility arises
because of two constraints: technical and economic.

Technical Constraints on Nuclear Flexibility

Technical constraints vary depending on reactor type and
are discussed in Section 3.2.1 of the main report. Basically,
some level of load following is possible with nuclear reactors,
but there will be constraints on the rate of power changes
and the minimum power levels to meet safety constraints
and minimise structural integrity issues on fatigue. Reactor
designs may also require changes to minimise cycling
damage. Some AMR designs are more suitable to cycling
than others.

Economic Constraints on Nuclear Flexibility

The cost of nuclear energy is very heavily driven by the initial
capital expense of building the reactor. If the amount of
energy generation once it is builtis reduced, the investment
costs (i.e. the capital costs and sizeable interest accrued
during the construction period) must be defrayed from a
smaller output, and costs per unit generation rise. As such,
the capacity factor becomes a key driver of the cost of
power. This effect is generally applicable across all nuclear
generation technologies, as capital cost will be expected to
be the dominant driver across the board. This means that
aiming for near-continuous operation of reactors will be a
driving feature of any nuclear scenario.

As is amply explored elsewhere in this paper, one means of
keeping the capacity factor high is to use the nuclear heat
and/or electricity generated for options which will utilise this
capacity when conventional electricity demand from the grid
is reduced (e.g. hydrogen production).

One of the main objectives of this report is to identify
solutions that allow flexibility of supply of electricity to the
grid, but at the same time maintain high capacity factors for
the nuclear reactor operation. Nuclear cogeneration and
thermal storage are identified as routes to achieve this.

Nuclear Cogeneration and Hydrogen Production

There is a simple solution to achieve "flexibility from nuclear”
based on nuclear cogeneration with hydrogen production.
The simplest case is to use PEM with SMRs, so there is no
need to account for heat usage. Figure 24 shows this case.

By building a substantial nuclear capacity to produce
hydrogen, it would be possible that when required, part of
that capacity could be diverted to support the grid with
electricity generation. This is spinning capacity and can

be easily dispatched for grid support, at the expense of
some hydrogen production. Figure 24 (page 68) shows that
reducing the capacity of hydrogen production by reducing
the nuclear power production by 45% would almost double
the cost of the hydrogen. However, by diverting power

to grid support there would be income from the power
dispatched. The value of that income would be complex and
depend on the demand and supply levels, and the duration
of the support.
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Cost of hydrogen production (£/kgH,)
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Figure 24. lllustration of impact of grid support on the price of hydrogen with nuclear cogeneration using PEM and SMRs

in 2050 (2023 money).
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Figure 25. Example of cost of diverting power from hydrogen production, where the diverted power cost is adjusted to
maintain a constant hydrogen production cost.




Two simple examples are shown in Figure 24 (page 68):

1.Matching the cost of the generation increases the cost of
hydrogen by about 10% for a 45% reduction in hydrogen
production.

2.Doubling the price of the of the dispatched power gives a
substantial reduction in the cost of the hydrogen.

Figure 25 (page 68) shows an alternative cost solution
where the electricity cost is adjusted to maintain hydrogen
production costs. Thisis an interesting example as it enables
the diverted electricity costs to remain very close to the
cost of electricity at the full design capacity factor when
avery low fraction of power is needed to meet the grid
requirements. Any such scenario is very much cheaper than
using other dispatchable power sources at low capacity
factor.

This solution is both beneficial to the grid and to hydrogen
production. To be effective this would require building
dedicated nuclear capacity for hydrogen production of

the order of tens of GWe. The technology is already at
relatively high TRL. Suitable designs could be demonstrated
by the early 2030s, and capacities built to meet the High
Electrification scenario in the following 20 years.

Thermal Storage

Another approach to gaining flexibility, but without reducing
the reactor capacity factor, is by using heat storage. This

is mainly relevant to AMRs with outlet temperatures high
enough to provide superheated steam or to drive gas
turbines. The concept comes from concentrated solar
thermal power, where it has been proved effective and
economic in countries with abundant sunshine. Molten salts
are used to store heatinlarge, insulated silos, which are
then run though steam generators or heat exchangers [34,
35]. The cooled molten salt is then stored in separate silos
to be used in the next cycle. This “solar salt” is a low melting
point (~220°C) mixture of sodium and potassium nitrates
and nitrites. Alternatively, the heat can be storedin large,
insulated masses of cheap solid materials such as sand or
gravel which are heated and depleted by molten salts [36,
37], but this system has a lower thermal efficiency than the
two-tank molten salt option [38].

The use of molten salt thermal storage has several
advantages in nuclear applications. The round-trip
efficiency is high, and losses are mainly limited to the heat
losses during transfer and storage. These decrease with
increasing size of the storage tanks, so they are best used
for substantial-sized plants. The placing of a low-pressure
intermediate circuit between the reactor primary circuit and
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the energy conversion systems provides protection to the
primary circuit in AMR systems using lead, helium, molten
salt and particularly sodium coolants.

Several AMR conceptual designs include molten salt
thermal storage combined with energy conversion plants
up to three times the capacity of the reactor system [39].
This allows continuous operation of the reactor plant

while allowing unrestricted load following, including very

low power operation. Current proposals use solar salts
because of the experience with concentrated solar power,
but solar salts are limited to temperatures <560°C, because
above this they become unstable. Solar salts are therefore
suitable for sodium cooled fast reactor applications, but
high temperature gas cooled reactors and other very high
temperature designs require an energy vector that will go to
higher temperatures. Interest is growing in using mixtures of
NaCl:KCI:MgCI2 (27.5:32.5:40.0 mol%, melting point 383°C)
and NaCl:KCl:ZnCI2 (13.8:41.9:44.3 mol%, melting point
229°C) [89]. Chlorides containing zinc and magnesium are
stable to ~1000°C.

Expressing the costs and range of power provision in a chart
is difficult as there are several variables that must be taken
into account:

» The reactor operation and costs.
« The size and level of reserve in the thermal storage.

« The size of the enhanced generation and the variable
demand.

« The level of cogeneration activity, which is used to ensure
the capacity factor on the systems is maximised.

These are not well developed, although there is extensive
use of thermal storage for solar thermal power. A
programme of work is needed to ensure this option is fully
understood and the full potential is captured.

Figure 26 (page 70) attempts to show how the costs

of electricity supplied using thermal heat storage and
enhanced power production capacity for an AMR system
varies as a function of capacity factor on the assumption
of a daily cycle. In practice much more complicated usage
patterns will be used with storage of heat for longer periods.
Figure 26 also looks at the use of electricity or heat by the
plant for industrial uses giving added flexibility and cost
reductions for low capacity factor supply to the grid.

Figure 26 shows an example of how thermal storage might
be integrated with cogeneration to provide a very flexible
large capacity for grid support with low capacity factors.




For support at around 30% capacity factor, which is useful
for diurnal demand support, the additional costs of the
storage and increased power capacity allow a very much
lower electricity cost than using additional VRE capacity with
pumped hydro or battery storage.

Without cogeneration, the provision of thermal capacity for
one day and three times the rated power for the reactor,
increases the cost of the plant compared to a reactor with
no storage, from £40/MWh to £68/MWh for 90% capacity
factor. However, the cost of the electricity increases rapidly
for the reactor without thermal storage as the capacity
factoris reduced, but for the reactor with storage the cost of
the electricity remains the same down to a capacity factor of
30%. Without cogeneration this situation is ideal for diurnal
cycling and allows up to three times the power of the system
without storage to be delivered with full flexibility. Note that
the capacity factor in Figure 26 is the capacity factor for one

Available power
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basic capacity

100
920
80
70
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day of power delivery, not the capacity factor of the reactor.
Provided the capacity factor of the power delivery does not
drop below 30%, the reactor capacity factoris 90%.

Adding cogeneration to the mix allows the system to deliver
power to the grid at lower capacity factor while maintaining
the electricity costs at £68/MWh. The effect of using a
proportion of the energy (a combination of electricity and
heat) from the AMR station for industrial uses is shown

in Figure 26 at levels of 25%, 59% and 75% of the energy
available. It is assumed that the value of heat recovered

is equivalent to the electricity cost (e.g. if the conversion
efficiency is 40%, the cost of heat is assumed to be 0.4
electricity cost).

An additional benefit of the cogeneration for industrial
production and grid support, is that the thermal storage
allows curtailed VRE low-cost electricity to be used for

Peak power

Sustained maximum

60 -
AMR plus high temperature thermal

50 q storage and provision of electricity

40 A
30 A

Cost of electricity supplied (E/MWh)
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production for up to 3x the basic capacity
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Capacity factor, proportion of generation supplied over a year (%)

Figure 26. Costs of electricity supplied using thermal heat storage and enhanced power production capacity for
AMR systems as a function of capacity factor on the assumption of a daily cycle. Use of electricity or heat by the
plant for industrial uses like hydrgen production gives added flexibility and cost reductions for low capacity factor

supply to the grid.
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industrial processes like hydrogen production, without
increasing the cost of nuclear of the nuclear cogeneration.
This lowers the total costs of AMR cogeneration uses.
Without overall system planning, there will be limits to the
amount of curtailed VRE that can be absorbed. To make an
impact the investment in AMR stations with industrial parks
will probably need to be substantial.

Comparing various technologies in Figure 23 with Figures
24-26 gives a good case for building nuclear capacity for
both hydrogen production and for variable power supply with
thermal storage. This requires the development of SMR and
AMR reactor systems with much lower costs than the current
GW systems and the construction of long series of builds

of reactors of the same type. This would easily provide the
cheapest solutions for grid support for integration of VREs.
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Nuclear Cogeneration with High VRE

In Appendix 3 the DESNZ High Electrification scenario was
modified into the Flexible Nuclear scenario to eliminate

the use of natural gas after 2040, and to use nuclear
cogeneration to provide the flexibility needed to supply
several types of grid support. The detail of the technologies
used by 2050 is shown in Table 10.

The 24 GWe capacity currently planned to be built as a
combination of gigawatt-scale plants and one or more fleets
of SMRs would have their focus on hydrogen production
(there will certainly be a wider range of applications, but

for simplicity only hydrogen production is considered). As
describedin Figures 24 and 25, power can be switched

to grid support for short or long periods, but at low cost
provided the fraction time spent on grid support is not too

Table 10. Estimated cost (in 2023 money) of electricity generation for the Flexible Nuclear scenario in 2050
(described in Appendix 3) with a comparison to the capacity factor of the technology. The CO, equivalent emissions
on a life cycle basis are calculated on data from Table 6 In Appendix 3.

Capacity Capacity
(Gw) factor (%)
Solar PV 90 8.0
Onshore wind 44.4 32.9
Offshore wind 103.6 432
Hydro 1.62 28.1
Bioenergy 3.8 13.0
Bioenergy + CCS 10 55.5
Nuclear + H, production 24 11.9*
AMR + thermal storage 90 7.6*
Hydrogen 45 25.4
Pumped hydro 2.74 17.0
Battery storage 12.08 27.6
Total
427

Share of LCOE Cost of Estimated
generation (£/MWh) electricity Emissions
(%) (Ebn/yr) | (MtCO,eq/yr)
7.4 32 19 4.34
15.0 59 7.5 5.25
46.0 66 25.8 5.53
0.5 133 0.5 0.03
0.5 495 2.1 1.40
55 316 15.0 -27.68
2.9 75 19 0.25
7.0 67 4.0 0.58
12.0 148 14.8 22.52
0.5 207 0.9 0.08
3.4 103 3.0 3.18
Average Total Total
90 77.4 15.47

* The nuclear capacity factors here denote the fraction of capacity used to power the grid. In the case of the Nuclear + H, case, which corresponds to gigawatt-scale and SMR
generation, the assumption is that the total capacity factor is 93%, so the remaining 81.1% capacity factor is used for cogeneration activities and for simplicity hydrogen production.
In the case of AMR + thermal storage, the 7.6% corresponds to the capacity factor of the enhanced capacity for power generation enabled by the separation of the reactor operation
from generation by using the thermal storage and a large generating set. This corresponds to 22.8% capacity factor of the reactor. Again, a total reactor capacity factor of 93% is

assumed, and the remaining 70.2% capacity factor is used for cogeneration.




high —in this case around 11% of the time. In addition to
the LWR based nuclear plants, there is also a substantial
capacity of AMR generation. The 90 GWe is based on

the proposal outlined in Figure 26, where HTGRs with

a thermal power around 60 GWth (the electrical power
without storage would be 30 GWe) are used to feed a high
temperature heat store that can be used for both electricity
generation and industrial uses of heat. The size of this
store will need to be optimised but it would need to have a
minimum capacity of several hours at the full power rating
but ideally longer. The maximum generating capacity as
stated would be 90 GWe. This arrangement would be used
for the shorter-term support of the grid and particularly
when both solar and wind power are not available. Only
around 7.6% of the of the available generation is used

for grid application and the balance would be used for
industrial application including high efficiency hydrogen
production. The large amount of flexibility in the thermal
storage solution also allows the use of curtailed solar and
gas generation, which has an additional beneficial effect
on reducing the costs and emissions from the renewable
energy.

In addition to the nuclear generation there is an increased
share of BECCS and hydrogen. The BECCS electricity is

a valuable source of additional dispatchable power, but
atrather a high cost. This is offset by the production of
negative emissions.

In the DESNZ High Electrification scenario, hydrogen power
is assumed to be used only for very low capacity factor
peaking adjustments to the grid supply. Simple hydrogen gas
turbines are very effective for doing this, but hydrogen has
alarger role because of its ability to replace fossil fuels as a
way of storing energy for long periods. For this reason, the
hydrogen (using combined cycle high efficiency generation)
capacity factors are increased to allow for a role in providing
extra power in the winter both at times of very high demand
and also for shorter periods of low supply.

In addition to the supply of around 850 TWh of electricity

to the grid, this scenario also supplies a mix of heat and
electricity to industrial applications to a maximum of
around 400 TWh of electricity or 1,000 TWh of heat per
year (a mixture of high-quality and medium quality). This

is equivalent to 300 Mt of low-carbon hydrogen but in
practice would be used for a wider range of applications.
Contributions to the reduced costs and more negative
emissions come from increasing the solar and offshore wind
capacity factors by use of curtailed power in the nuclear
industrial parks and full effective use of the nuclear capacity
through cogeneration.
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Table 11 (page 73) summarises the impact of moving to the
Flexible Nuclear cogeneration solution, in terms of costs and
CO, equivalent emissions by 2050. This shows a significant
but not exceptional reduction in costs of ~15%. Perhaps the
more important impactis on CO, equivalent emissions.

The change from significant residual total emissions to
useful, negative total emissions, would make the task of
achieving net zero easier. The total negative emissions are
achieved by two factors: an increase in BECCS capacity
factor, partly enabled by enhanced nuclear flexibility; and
replacing use of natural gas with and without CCS with lower
emission generation.

The increased flexibility of the nuclear generation is
enabled by the larger use of dedicated nuclear for hydrogen
production (or more realistically a wider range of industrial
and caron reduction activities). A major part of the flexibility
comes from the use of AMRs with both cogeneration and
thermal storage. This is a complex area and deserves more
detailed attention.

Itis important to note that these estimated impacts make
many assumptions, and more detailed and realistic studies
are required to confirm them and to ensure the fullimpact
is gained. Table 11 also shows some speculation on the
possibility of using GW-scale and SMR reactors with more
flexibility. Evenin the original DESNZ High Electrification
scenario there is scope for 10-14% cogeneration from
nuclear. This could include nuclear heat to facilitate use of
curtailed electricity from VRE or for air capture of CO,.

This study does not explore the use of and income from
waste heat from nuclear for low-grade heat networks

or even some applications like air capture of CO,. There
will be substantial amounts of waste heat from gigawatt-
scale reactors, SMRs and AMRs. Use of the waste heat
usually requires some reduction in output from the higher
temperature application, but generally there is an overall
benefit.
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Table 11. A comparison of the impact of the DESNZ High Electrification and the Flexible Nuclear cogeneration
scenarios in 2050, on costs and CO, equivalent emissions.

Total nuclear capacities (GWe / GWth)
LWR and SMR
AMR

AMR with thermal storage and
enhanced generation

Cost of delivering ~840 TWh of electricity to the
grid (Ebn)

Averaged levelised cost of electricity
(E/MWh)

Estimated emissions on a life cycle basis
(MtCO,eq/yr)

Nuclear electricity for cogeneration (TWh)
Nuclear heat for cogeneration (TWh)

Waste nuclear heat some of which could be used
(TWh)

Amount of nuclear hydrogen that could be
generated (Mt/yr)

Emissions from hydrogen production
(tCO,/tH,)

DESNZ High Electrification

scenario (Appendix 2)

Proposed Flexible Nuclear
scenario (Appendix 3)

24 /70 24 /70
0/0 30/60
0/0 60/>180
92 77
105 90
75 15.5

(-11.4 from BECCS) (-28 from BECCS)
~20 ~400
~60 ~1000
~500-700 ~1250
oy ~300

(~6 Mt/yr used for generation)

~<1 for nuclear

~<1

~ 6 for steam reforming + CCS
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