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Objective

What will Small Modular Reactors need to ‘do’, functionally and
economically, to be of value to the UK'’s future energy system?

“Frame the energy system
requirements and
expected cost envelope”

* Inform future assessments
of SMRs technologies

«  Complement other
ongoing work on SMRs

NuScale 456MWe reactor (artists impression)
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Scope - workstreams

4.1.1 WORKFLOW DIAGRAM

- Aug 2014 — Aug 2015

Requirement specification ,

Two workstreams:
Egt wonu,m.. = Bus-rsc_ case workstream

Month 1

— Functional Requirements

154
Prepare for workshop

) — Economic Requirements
= | . 20+ tasks

Month 2

Integrated with Power Plant
Siting Study (PPSS)

Extensive peer review

Month 3
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Scope - key parameters

v Requirements of a low
carbon energy system

v Future looking, accepting
the uncertainty involved

v Focus on LWR type
technologies for some
elements of work

X An assessment of individual
SMR concepts

X An assessment of LWR vs
alternative technologies

X An assessment of whether
SMR technologies will actually
deliver the identified
requirements

X Investigate public perception /
acceptability of SMRs
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Project Team

yenefgy Mike Middleton — ETI lead
technologies

institute

Guy Doyle — Chief economist

/m Bob Ashley — CHP & heat specialist

Mott MacDonald Sam Frlg_gen_s — Project manager & economist
ﬂ (plus engineering, power plant & consenting specialists)

Rolls—Royce David Dodd — Chief design engineer (civil nuclear)
Martin Goodfellow — Nuclear engineer
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This presentation

1. Objective, Scope & Team

Focus on
key findings

.
i
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An Introduction to SMRs
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What is a Small Modular Reactor?

<300MWe
Modular

Deployed in
multiples

Factory build

Advanced
manufacturing

Transported to site
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Integral design (passive safety)

Courtesy: Westinghouse Electric Company LLC, All Rights Rese
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Proponents claim SMRs advantages

* Low carbon electricity,
heat and flexibility

 Less water + less land
= more sites

 Closer to demand
* Incremental deployment

» Lower total CAPEX, risk
& financing costs

« Economies of multiples
and factory production
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Technologies — from near term...

* ‘Near term’ PWR
technologies:
— mPower (180MWe)
— NuScale (45MWe)
— SMART (100MWe)
— Etc.

| « Chinese CNP-300
already operating

e KLT-40S in build
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...to longer-term, revolutionary concepts

* For example:

« GE Hitachi PRISM
311MWe reactor

— Liquid sodium-cooled
fast-breed reactor

— Fuelled using present
day waste

« U-Battery 5-10MWe

— Small transportable
power batteries

"YW XY 2
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But...

« SMR concept around for decades

 No commercial deployment yet in
the West

« Can we have confidence In
vendor claims?

« Will the economics stack up?
« Can SMRs be competitive?
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UK low carbon energy
system in 2050
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Geothermal Plant
ave Power
idal Stream
Hydro Power
Micro Solar PV
ILarge Scale Ground Mounted Solar PV
Onshore Wind
Offshore Wind
HZ2 Turbine
naerobic Digestion CHP Flant
Energy from Waste
B ccc Biomass with CCS
Biomass Fired Generation
Muclear
CCGT with CCS
CCGT
IGCC Coalwith CCS
PC Coal
(zas Macro CHP
il Fired Generation
Interconnectors

Notes:

*Nuclear used as base load
+CCGT CCS does more load following,
both summer/winter and within day
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Space Heat Production

.Air Source Heat Pump

Electric Resistive
Biomass Boiler

Gas Boiler

Oil Boiler

District Heating (detached)

District Heating (semi-detached & terraced)

District Heating (flats & apartments)
District Heating (commercial & public)

Wl soid fuel boiler

2010 2020 2030 2040 2050
3.2/ optimisebd IS1OFC)

Notes:

*Significant role for both district heating
and heat pumps, although some
uncertainty over exact balance between
the two

*First choice (i.e. least cost) heat for the
DHN is usually heat from large power
stations (see Sankey diagram). DHN is still
selected even if this is not possible, but will
instead get heat from marine heat pumps,
geothermal and CHP.




Demand/Generation, MW
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Functional
Requirements
Workstream
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Approach

Objective: What will SMRs need to do from a functional perspective?

12 N

What could SMRs The needs of the
realistically offer? energy system

nergy Commercial Long-ter, Heat for DH Technology for National nuclear
rvices readiness deployghent networks diverse sites infrastructure

[ SMR technical J Q

requirements
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What energy services could SMRs offer?

L ]

. Baseload Load-following Baseload power
Electricity .
power (runs mode (reduces  with extra storage
\ only plant

continuously) output at times) & surge capacity

@ Combined As above but As above but with As above but with

Heat &

D N olant with heat heat heat

SN

Six representative offerings m
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Costs of technology development

Cost Cumulative Cost [EM] vs TRL Commissioned
£EM —@—Cumulative Cost (mid)  —#—Cumulative Cost (min)  —a— Cumulative Cost (max) FOAK Plant
3000 (excluding FOAK
Detailed capital cost)
Realisation —
2500 - Critical Design J
Review L
—
Concept
Definition
Prelim
i Concept
Definition
1000 -
S00
V&YV, Demonstration
and Licensing
)
0 - (4] ” Y
0 1 2 3 4 5 & r 8 9

Technology Readiness Level



When will SMRs be ready for deployment?

FOAK
Refuelling outage 1

Most SMR concepts are currently
at this stage of maturity

A

( FOAK build FOAK Operation

Concept

Design Detailed Design V&V / Demonstration / Testing
[ 1 1 Tl T )
t=0 t=3yr t=6yr t=10yr t=13yr t=15yr t=18yr t=20yr t=23yrt=25yr t=28yr

Technology development timescales m
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Installed Capacity (MWe)

Deployment scenarios

25000 -+
District Heat network capacity identified in ANT study
(electrical equivalent capacity)
20000 -
15000 /
Low SMR build rate
Mid SMR build rate
10000 -
High SMR build rate
5000 —
0 -+ |'\—|"'-\ — T T T T T T T T T T T T ]
2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040 2042 2044 2046 2048 2050

Several drivers dominate:
« potential for module

manufacturing at high
volumes per year

potential factory based
learning

constraints relating to
on site deployment of
completed modules

constraints imposed by
capital costs of
increasing capacity and
updating equipment
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Electricity contribution to 2050

Electricity output from UK SMR fleet in "Baseload electricity
only" mode (central deployment scenario)

600
500 —
Total UK
400 — electricity
generation
_é’ 300 - (ESME)
-
200 —— MW Total SMR
contribution
100 I
O 1 1 1 - 1 - 1 . 1 1

2020 2025 2030 2035 2040 2045 2050
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Heat contribution to 2050

TWht

450

400

350

300

250

200

150

100

50

Heat output from UK SMR fleet in "Baseload CHP" mode

(central deployment scenario)

2020 2025 2030 2035 2040 2045

2050

W Total UK
space heat

production
(ESME)

M Total SMR
contribution
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Objective: what will SMRs need to do from a functional perspective?

12 N

What could SMRs The needs of the
realistically offer? energy system

Energy Commercial Long-term Hea\for DH Technology for Nationgll nuclear
services readiness deployment netwoks diverse sites infraspfucture

g [ SMR technical J

requirements
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Demand for SMR heat?

A central proposition of the ANT project is that city-scale
district heat (DH) networks will be rolled out in the future
and that these will provide a market for SMR heat.

We tested this by:

- Analysing GB heat demand data to establish the
location and size of potential city-scale DH networks

- Mapping the potential SMR sites locations identified in
the PPSS - are they close enough? (<30km)

"X XY 2
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~ INNER
@ & wEBRIDES

5 Annular radius at heat
demand threshold
S 6.47 km (8.0 GWh/km2/yr)
6 km (9.3 GWh/km2/yr)
5 km (13.4 GWh/km2/yr)
4 km (20.9 GWh/km2/yr)
3 km (37.2 GWh/km2/yr)
B 2 km (83.6 GWh/km2/yr)
[ 1 km (334.5 GWhikm2/yr)

MSOASs not coloured do not meet the heat
load threshold within the density threshold.

NORTH SEA

ENGLISH |CHANNEL

Almost 50 GB
towns/cities could host
DH networks of
sufficient size and
density

Theoretically requires
22.3GWe / 40.1GWth
CHP SMR capacity

Mott MacDonald
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ENGIISH CHANNFI

Indicates DH network with
| sufficient proximate site capacity
for ‘once-over’ energisation
N A ‘once-over’ capacity <30km
7////,5um'u|eo—aver‘mﬂy>3€hm
Some ‘once-over’ capacity >30km
on sites suitable for LRs
Some ‘once-over’ capacity on
sites suitable for LRs

Mott MacDonald

“Once-over” energisation:

There are enough
potential SMR sites to
energise all of the
identified DH networks
(i.e. <30km)

Mott MacDonald
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“Twice-over”
energisation:

There are enough
potential SMR sites to
energise many of the
iIdentified DH networks
two times over

Allows for site attrition

Mott MacDonald



Breakdown of SMR site capacity

Capacity (GWe) - England and Wales

Distance Location Region
® Conjunctive capacity - i.e. m >30km from DH ® Fluvial (Inland) ¥ South east
total remaining capacity network ) South
after reductions in water  Within 30Kkm of DH m Lake (inland) " >outh west
cooling availability due to network m Coastal / estuary m Wales
shared watercourses (GWe .
[ ) ® Within 20km of DH ® Midlands
M 'Lost standglone. capacity network = East Anglia
after reductions in water = Within 10km of DH
cooling availability (GWe) network ™ North west \
H North east
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One standardised plant with plug-ins

Baseload

Fuel
Handling

Nuclear Island

Electricity

Turbine Hall

Fuel
Handling

Nuclear Island

Turbine Hall

Electricityand heat

Flex

Fuel
Handling

Nuclear Island

Turbine Hall

Fuel
Handling

Nuclear Island

Turbine Hall

Extra-Flex

Fuel
Handling

Extra-flex
Energy Nuclear Island

Store

Turbine Hall

Fuel
Handling

Extra-flex
Energy Nuclear Island

Store

Turbine Hall

Multiple operating modes

Potential route forward to
address multiple service
offerings within a standardised
system arrangement

Challenges associated with:
« Licensing

* Operations

« Skills and capability

"YW XY 2
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National nuclear infrastructure

What impact would SMR deployment have on the UK'’s ‘back-
end’ (fuel cycle) nuclear infrastructure?

Our review:
* Acknowledged UK's existing infrastructure & plans
« Considered aggregate impacts of a fleet of SMRs

Key conclusions:

« Type of SMR technology could be important

 LWR technologies more compatible with lower cost impact

 Alternative fuel cycles and reactor types could encounter
policy uncertainty

Impact of SMR fleet deployment m

Mott MacDonald



Objective: what will SMRs need to do from a functional perspective?

12 N

What could SMRs The needs of the
realistically offer? energy system

Energy Commercial Long- HeaNQr DH Technology for National nuclear
services readiness depidyment network diverse sites infrastructure

1 e

SMR technical
requirements
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UK market and energy system reguirements

Meeds assimilated via workshop

Stakeholders Exi :-.ting

: Design
Requirements -

Documentation

Experience

il -| F
EPRI Lisitr

Systems and

Stakeholders ttakeholders —  Requirements | : |
‘ s Bocament {IAD) Functional Design

% r L

il = - -

European Utility .

—~  Requirements — ”““"“'ﬁ?r:f;“‘
Stakeholders (ELR)

] : J ﬂ

UK focussed SMR Power Plant
and Project Requirements




SMR technical requirements
Ref.

CO02 Designed on a modular basis with maximum possible amount of
factory construction and assembly

CO05 Compatible with existing transport infrastructure routes

OMO02  Safe installation of additional modules whilst existing modules are
under operation

OMO03  Safe refuelling of modules whilst other modules are under operation

PEO1 Capable of providing flexible electricity / diurnal load following mode
(30-100% nominal power with minimum 0.5% per minute ramp rate)

PEO2 Capable of providing electricity and heat

SA06 Safe in the event of normal or abnormal operation irrespective of
operator presence or intervention

"YW XY 2
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Economic Requirements
Workstream
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Economic appraisal

Objective: What will SMRs need to do from an economic perspective?

1. Target SMR costs

/What is the maximum an SMR
plant could cost whilst delivering
commercial rates of return under
future market conditions?

k“Target” = breakeven point

~

/

VS

2. SMR cost estimates

|

Explored one possible cost
scenario. Others are possible.

"X XY 2
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Caveat

v €
by ¥ t
, S
£
€
. ¥

High uncertainty

Many
assumptions

Multi-decadal
timescale

Treat results with
caution

Indicative only
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Economic model

CAPEXcomponent

Inputs are in green;
. interim outputs in white;
build-up and final outputs in blue

Adjustersfor:

- Diseconomies of scale Total CAPEX
- Mass production savings

- Deployment in multiples Build time

CAPEX
annuity

Operating life

Cost of capital/

discount rate

icity & Annual Discounted value Annual
Electricity orex o of electricity |« [JAS

heat prices produced factor
Electricity & Total benefits Total costs
heatsales (discounted) (discounted)

) Net Present Value (NPV)
Annual capacity

LCOE (gross)
factors Internal Rate of Return (IRR)
Benefit Cost Ratio (BCR) m Heat credit




Assumptions: Prices

180
160
140
120

£/MWh
5 3 g 3

-

? 163
/ 116 m Baseload electricity
/ B Mid merit electricity
/ 80
6 m Peak electricity
® Heat (MWh thermal)
Baseload Mid merit Peak Heat (MWh
electricity electricity electricity thermal)

Prices available to generators m
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Assumptions: Other

I U

Electricity Annual Capacity Factor  85% for electricity only SMR

75% for CHP SMR
Heat Annual Capacity Factor 40% for CHP SMRs
Discount rate 10% (12% for FOAK)
Construction period 4 years
Project life 60 years
CfD term 35 years
Fuel cycle cost £50/kW p/a (NOAK)
Total OPEX £165/kW p/a (NOAK)

“YW XY N
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Stepped cost reduction pathway

FOAK First
iteration

Cost reduction
/" within factory

Specific Factory built modules 7 setting
CAPEX / I —
LCOE EEERpEEESR NOAK l......"/‘lllllll..ll...l.l

EEE R EEEREEENEEREEEENEEEEDN .-H.'H.-H.-H.'H.-Ill

2"d factory

[

|
10-20 years :

|

|

|

|

Time



Target costs: Results

NOAK plant NOAK plant
(base case) (sensitivity)

Electricity-only <£3,600/kWe

SMR <£80/MWh LCOE
(baseload)
CHP SMR <£6,500/kWe

Extra-flex SMR Incremental specific
CAPEX of <£415/kWe
(11% uplift)

Increases to <£3,900/kWe
with more optimistic
assumptions

Reduces to <£5,000/kWe
with more pessimistic
assumptions

“Y XY N
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Specific capex: £/kWe

Target vs estimate: Electricity-only SMR

~£10,000/kWe
FOAK

N O A K _I,.-”E-’-I,E[][J—S,[][l[]kaE
J _ Z | Breakeven capex~£3,600/kWe
[] H N 1Etlf H H B B B B <4000/kwe?

actory = _
2" factory :
10 years @ 10x100MWe :
10 years @ 20x100MWe 1
|
|
|
S T (S :

5GWe 20GWe

Cumulative deployment (notto scale)



Target vs estimate: CHP SMR

Specific CAPEX: £/kWe

3,000

2,000

1,000

Target CAPEX for CHP SMR plants

Projected 1t factory
NOAK costs

40% 30% 20%
Heat ACF

m £85/MWhth
W £65/MWhth
W £45/MWhth




Cost reduction drivers

LCOE: £/MWh

250

200

150

100

50

27%

FOAK

Factory

Site based Multiple Early power

1x100MW production activities units (x4)

Lower

WACC

Heat value




Timeline for deployment
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Enabling activities

Strategic
choices

Muclear
policy

Enablers

Programme

delivery

Indicative timeline for SMR development & deployment in the UK

2020 2025 2030 2035 2040

Development & demonstration Tooling up & early adoption Mass deployment

Objectives and means
Delivery model options

Collaboration, knowledge sharing & innovation

Decizion on SMR fleet deployment

Develop policy framework for SMRs in UK

ﬁ Mational Policy Statement update for large reactors

() Public consultation
ﬁ National Policy Statement update for SMRs

Invest in UK SMR technology development

(s Faciltate FOAK plant
ﬁ SMR deployment target

— CfD arrangements for fleet deployment
— Heat market development and contractibility
ﬁ SMR Strategic Siting Assessment
ﬁ Financing for early NOAK deployment

— Wendor engineering development (PWR SMR)
Iy Generic Design Assessment

() FoAK Piant Licensing
() FOAK (demonstration) power plant build & first fuel cycle
S Supply chain development & integration

(— NOAK factory buid
() NOAK power plant deployment 4/ EE——

) Fleet operation 4 IE——
s Evolution of financing options
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Headline conclusions

1 If SMRs do what proponents claim, SMRs could play a
significant role in the UK’s future energy system

2 | Requirements | SMRs will need to achieve a number of functional and
economic energy systems requirements e.g. costs

3 | Heat Heat provision to DH networks could be a major benefit
to the UK energy system and SMR plant economics

Widespread deployment likely only from 2030 onwards
5 | Role of Deploying a fleet of UK SMRs is likely to require
Government Government co-ordination and intervention
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Questions?
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Back-up slides
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What energy services could SMRs offer?

MWe
rating

lssues: Surge Power

« “Bar-to-bar” efficiency * Diurnal load following

* CAPEX uplift Peak generating * Balance intermittent

* Speed of response rating, 120 MWe renewables

-~ ~ = Targeting peak prices
,
o O I‘ﬂ‘ ------------- 120% mominal
100 Mwe - 100% nominal
93 MWe | VA A A A A A A A AL s 1 A A A A A A A D e A 3% inal
nomina
Power profile [ nergy
I discharge
] Energy
/ Energy charge charge
EM.'_%‘ reactor 120 MWh
Rating , 100MWe
storage
| | |
00.00 04.00 08.00 12.00 16.00 20.00 24.00
Hours

Extra-flex concept
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Target vs estimate: Extra-flex

Breakeven incremental CAPEX for Extra-flex under different peak prices

50%

900 —

200 Cost scenario
© Extra-flex
E 700 premium
—
Wl
E 600 —
-
T
£ 500
(NN ]
< 400
o
o Breakeven
B 300 __',...—-;‘/":'/ premium at
E I 20% boost
o 200 |
o |
A

100 :

1
D |
15% 20% 25% 30% 35% A0% 45%
% capacity boost
Base +20% peak price uplift s -2 0% peak price




IRRs based on estimated CAPEX

IRR %

14%

12%

10%

8%

6%

4%

2%

0%

Electricity Electricity Electricity CHP CHP CHP
baseload flexible Extra-flex baseload flexible Extra-flex

SMR service offering




Technical development assessment framework

DETAILED INSTALLATION
DESIGN — READINESS OPERATIONAL
PRELIMINARY FINAL CRITICAL DESIGN REVIEW — PRE-SERVICE READINESS
BASIS OF CONCEPT CONCEPT DESIGN VERIFICATION RELEASE TO REVIEW - REVIEW —IN
DESIGN DEFINITION DEFINITION REVIEW REVIEW CONSTRUCTION COMMISSIONING SERVICE
TRL 2: TRL 4: TRL 5: TRL 7: TRL 8: TRL 9:

Component and/or
partial system validation
in a laboratory

+

Component and/or
partial system validation
in a representative
environment

System prototype
demonstration inan
operational
environment

Actual system completed
and service qualified
through testand
demonstration

Actual system
proven through
successful operation
(in-service)

Technology concept
and/or application
formulated

envirg

BASIS OF DESIGN:

Requirements
capture
Development of
the basis of
design for the
plant and the
outline
concept/s.
Initial appraisal
of businessand
technical
opportunity and
identification of
key drivers,
opportunities,
threats and risks.
Initial technology
identification
and
developmentin
key areas.

PRELIMINARY

CONCEPT DEFINITION:
Requirements
clearly defined.
Multiple options
developed.
Key attributes
traded and
parametric analysis
conducted.
Critical technology
understood and
demonstrated to
be feasible.
Art of the possible
& feasibility
defined.
Evaluated concepts
cover full plant
with identified lead
concept/s selected
with confirmed
feasibilityand
acceptable
confidence that
requirementscan
be met with
acceptable
business case.

FINAL CONCEPT
DEFINITION:

Complete
configured
baseline.

All major options
closed off and
solutions
justified.
Integrated design
complete.
Fundamental
plant and/or
component
performance
underwrittenand
understood.
Safety case
mature to
underwrite plant
concept.

INSTALLATION
READINESS
REVIEW:

* Equipment/
parts
delivered.
Releaseto
install / build.
Through life
management
requirements
in placeto
control build.

CRITICAL DESIGN

REVIEW

* Detail optimised
design
completed.
Fully configured
baseline.
Design ready for
manufacture
and released.
Performance
analysis
underwrites
design.
Safety case
mature for
releaseto
manufacture.

DESIGN VERIFICATION REVIEW
V&V complete to underwrite design.
Sufficient forrelease to manufacture and supply
chain.

PRE-SERVICE

REVIEW
Build complete.
Release for
commission.
Designand
safety
justification
fully
underwritten.
Commissioning
justification
complete..

Must demonstrate high confidence inthe designand

achievability of safety justification.

GENERIC DESIGN ASSESSMENT / LICENSING:
= Parallel activity alongside design development

OPERATION
READINESS
REVIEW — IN-
SERVICE
* Entry into
service.
Final safety
justification
complete and
issued.
Final through
life
management
plan issued.




Non-kWh services

Reserve and response of different types
Equivalent to ~2% of energy sales value
» Mainly procured through Balancing Mechanism (BM)

Expectation that Ancillary Services (AS) need will
Increase

But limited role for (conventional) nuclear
» As not suited to active participation in BM

» Strong competition from flexible generation, smart
demand and storage

» Extra flex may offer greater scope
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