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Our Moderators for this Special Webinar Event

Dr. Patricia Paviet is the Group Leader of the Radiological Materials Group, at
the Pacific Northwest National Laboratory and National Technical Director of the
Molten Salt Reactor Program on behalf of the US Department of Energy, Office of
Nuclear Energy. She is currently Chair of the Generation IV International Forum,
Education and Training Working Group.

Dr. Tatjana Jevremovic is Team Leader and Project Manager for Water Cooled
Reactor Technology Development at the International Atomic Energy Agency
(IAEA), and Technical Selection Committee Chair for the IAEA Marie Sklodowska-
Curie Fellowship Programme. Highlights of her eminent career: project director
and chief engineer in Europe and Japanese nuclear industry, university professor
in Japan and USA, director of the university research reactor in USA, over 300
scientific papers and technical reports.
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GEN IV International Forum

Ms. Diane Cameron is the Head of the Nuclear Technology Development and
Economics Division in the Nuclear Energy Agency (NEA). She has a

distinguished career in the Canadian government and served as Director of the

Nuclear Energy Division at Natural Resources Canada (2014 to 2021). As

Director, she headed up the division responsible for leading and coordinating
Canadian public policy on nucl ear energy
IV International Forum Policy Group members.

Diane.cameron@oecd-nea.org
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MEETING CLIMATE CHANGE TARGETS:
THE ROLE OF NUCLEAR ENERGY

Diane Cameron
Head of Division
Nuclear Technology Development and Economics

Presentation to the Generation IV International forum (GIF)
2022
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BETTER POLICIES FOR BETTER LIVES NUCLEAR ENERGY AGENCY

Outline

1. Context
U Global action is urgently needed

U Pathways to net zero emissions

2. The Role of Nuclear Energy
U The future of nuclear energy systems

U The full potential of nuclear contributions to net zero
3. Opportunities and Challenges

4. Conditions for Success
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1. Context
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NUCLEAR ENERGY AGENCY

Global Action Is Urgently Needed

A The magnitude of the Temperature outcomes for various emissions futures

challenge should not be
underestimated e
AThe planet has e
budget ogigatbnnes @ 0 1000
carbon dioxide emissions for

the 1.5AC scenario 800

3-7.0°C

A At current levels of 600

emissions, the entire carbon
budget would be consumed
within 8 years 200

Gigatonnes CO2

40.0
Historical

A Emissions must go to net 00
zero, but the world is not on .

track 1980 2000 2020 2040 2060 2080 2100 5.3.4°c |
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BETTER POLICIES FOR BETTER LIVES

Pathways to Net Zero Emissions
APathways based on tSeplegefambiigus and aspirational pathways to net zero

carbon budget, emissions reductions Growth rate
. . Organisation Scenario Parameter 2020 2050
targets and timelines have been 202050

modelled and published by various NS0k Divergent Net  Cost of carbon 1 647
organisations ZeroScenario  (USD per tC9)
(1.5C)  Wind(inGwa 600 9371  1461%

Solar (in GWe) 620 11 428 1743%

A None of the published pathways
project aspirational scenarios for

. . 0
nuclear innovation IEA (2021c) get Zero  Hydrogen (MtH) 90 530 490%
cenario
A All published pathways include levels U CCUS (GtGD <0.1 7.6 -

of nuclear energy deployment based
on currently available commercial
technologies

Energy intensity 4.6 1.7 -63%
(MJ per USD)

A Nucl _ _ q ¢ ={lelolplesioNI=E New Energy  Wind (in GWe) 603 25 000 4045%
uclear Innovation does not reature (2021) Outlook Solar (iNGW 623 20 000 3110%

prominently because of a lack of Green Scenarit
specialised expertise in nuclear (1.5C)
technologies among modelling teams

© 2021 Organisation for Economic Co-operation and Development
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BETTER POLICIES FOR BETTER LIVES NUCLEAR ENERGY AGENCY

Nuclear in Emissions Reduction Pathways
Cimate

Organisation Scenario Nuclear innovation Description
target Capacity (GW Nuclear growth

(202050)
IAEA (20210) Egllely 2°C Not included Conservative projections based on current 792 98%
Scenario plans and industry announcements.
IEA (2021c) Net Zero 1.5°C Not included butHTGI Conservative nuclear capacity estimat®&ZE 812 103%
Scenario and nuclear heat projects 100 gigawatts more nuclear energy
(NZE) potential are than the IEA sustainable development scen:
acknowledged.
Shell (2021) Sky 1.5 1.5°C Not specified Ambitious estimates based on massive 1043 160%
Scenario investments to boost economic recovery anc
build resilient energy systems.
ASTAN A0z B Divergent 1.5°C Not specified Ambitious projections required to compensa 1 232 208%
Net Zero for delayed actions and divergent climate
Scenario policies.
=llelelnlol=ieN|=F New Energy  1.5°C Explicit focus on SMR Highly ambitious nuclear pathway with large 7 080 1670%
Outlook and nuclear hydrogen scale deployment of nuclear innovation.

Red Scenario

All pathways require global installed nuclear capacity to grow significantly, often more than doubling by
2050.
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2. The Role of Nuclear Energy
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BETTER POLICIES FOR BETTER LIVES

The Full Potential of Nuclear Energy to Contribute to
o & Lo O

Emissions Reductions
L5\ o\ /// H,

Long Term Gen-lII Small Non-Electrical

Operation Reactors Modular applications
Reactors
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BETTER POLICIES FOR BETTER LIVES NUCLEAR ENERGY AGENCY

Long-term Operation

A Presently, the average age of nuclear Installed Capacity And Cumulative Emissions Avoided
power plants in OECD countries is 36 = -
years

400
A The technical potential exists in most

cases for long-term operation for s
several more decades

’-&"wyyi//'/'///i‘y

o]
o
o

A Long-term operation is one of the
most cost-competitive sources of low-
carbon electricity

o
o
o

o
(=)
o

20
150

Installed capacity (GWe)

A Beyond technical feasibility, adequate
policy and market are key conditions 100
of success of long-term operation

15

10
50

o
hn
Cumulative emuissions avoided (GtCO2)

5

A Long-term operation could save up to
49 gigatonnes of cumulative 2020 2025 2030 2035 2040 2045
emissions between 2020 and 2050

0
2050

Source NEA (forthcoming).
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New builds of large Generation |l nuclear technologies

A At the end of 2020, 55 gigawatts
of new nuclear capacity in the
form of large-scale Generation
lll reactors were under
construction around the world
driven largely by new builds
outside the current OECD
membership

A Taken together, large-scale
Generation Il reactors that are
under construction and planned
are expected to reach over 300
gigawatts of installed capacity
by 2050, avoiding 23 gigatonnes
of cumulative carbon emissions
between 2020 and 2050

Installed Capacity And Cumulative Emissions Avoided

450

400

Installed capacity (GWe)
— — o o o W
o n [e] o o o
o o o o o ()

N
o

-
=
O-———“

2020 2025 2030

© 2021 Organisation for Economic Co-operation and Development
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-
Generation-III under construction

2035 2040 2045

50

45

2050

Cumulative emissions avoided (GtCO2)

Source NEA (forthcoming).
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What i1s a Small Modular Reactor?

DEFINITION

SMALL

* Smaller output

* Small physical size
 1-300 MWe

MODULAR

* Factory Production
* Portable

* Scalable

REACTOR

* Nuclear Fission
* Heat

* Electricity

CyNEA

NUCLEAR ENERGY AGENCY

BENEFITS

APPLICATIONS

SIMPLIFIED SAFETY ON-GRID , IMERCHANT SHIPPING o

* Lessons learned from  200-300 MWe RS * Marine Production %g
60 years of operations e Off coal ﬁi e Off bunker fuel

FLEXIBILITY OFF-GRID HEAT

* Adapted to back up (;P * Remote sites g « 285-850°C ///
variable renewables e Off diesel * Industrial cogeneration
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BETTER POLICIES FOR BETTER LIVES

Small Modular Reactors I Ranges of Sizes and
Temperatures

Steel, glass, ceramic, cement

1400
POWER
A SMRs vary in size from 1 to 300 megawatts electric 1900
TEMPERATURE
- s 5 1000
A From 285AC to 850AC in the near-term and up to or over e o
P . o
1,000AC in the future 5 a0 Xe100
5 (L ° ® HTRPM
TECHNOLOGY §- U-ba;ttelrJySNC . Kairos' IMSR AlJumnium, steam methane refggtméﬂgjse
. . 600
A Some SMRs are based on Generation Ill and Light Water 3 oo Iaq fast [gacto!
reactor technologies . 200 ® s o0 Chemicalsammonigyrafiperies
A Other are based on Generation IV and advanced reactor TTe e e T TTeg T it il il ¢~ "--
technologies 200 e Sodaash
FUEL CYCLE ;
A Some SMRS are based on a once-through fuel cycle 0 50 100 150 200 250 300 350 400 450" 2P0
A Other seek to close the fuel cycle by recycling waste streams Power Output (MWe)
to produce new useful fuel and minimize waste streams @ High Temperature Reactors @ Liquid Metal Fast Reactors
.. . ® Molten Salt Reactors Gas Fast Reactors
requiring long-term management and disposal o Floating LWR o LWR-SMR

Source NEA (forthcoming).
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Small Modular Reactors

A Several SMR designs are expected to Installed Capacity And Cumulative Emissions Avoided
be commercially deployed within 5-10

450 50
years and ready to contribute to near-
term and medium-term emissions 400 -
. o
reductions - 7 a0 8.
o : - S
A SMRs could see r.apl.dly increasing = a5 ¥
rates of construction in net zero 2 30 2
= 250 & =
pathways g S’&g e
~ Lz
A Up to 2035, the global SMR market = @Q -
could reach 21 gigawatts = 150 &@f 7/ 3
. . . . E @$ : .Qo\o 15 &=
A Thereafter, a rapid increase in build - & épg” . £
rate can be envisaged with & 87 g
. : v}
construction between 15 and 150 = > gu“;“" 7 s
gigawatts per year P e = = = = = = = S¥MKarket outlook up to 2035
2020 2025 2030 2035 2040 2045 2050

Source NEA (forthcoming).
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v NUCLEAR ENERGY AGENCY

Nuclear hybrid energy systems including heat and
hydrogen

Value Added
Applications

There is no silver bullet, all
available clean technologies
have to contribute to
decarbonization

Hydrogen/
Natural Gas
Infrastructure

Hydrogen
Vehicle

Power
Generation

Synthetic
Fuels

Hydrogen
Storage/
Distribution

Electricity and clean-
hydrogen is the new energy
paradigm

Qil/
Biomass

As a reliable source of
clean electricity and high
heat, nuclear is a key pillar of
future energy systems foss, blomass)

(nuclear,
geothermal
and CSP)

Hydrogen Other Metals
Generation EndUse  Refining

Credit: US Department of Energy, Idaho National Lab

© 2021 Organisation for Economic Co-operation and Development
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BETTER POLICIES FOR BETTER LIVES

The Hydrogen Economy 1T sources, production
processes, and end-uses

END-USERSECTOR

ENERGY SOURCE PROCESS
C— i o : —
hemical
solarcse “eycles f? G=0
cycles industry Bl
feedstock Heat and power fuel cells Fuel-cell electric
& reagent Hydrogen boilers vehicle

~ Nucear Low
Industry Buildings

Renewables  Power temperature
electroylsis

Grid

CRNGESE .. High

Renewables  and temperature Hydrogen transport and distribution

Grid i electroylsis

. Chemical
Biomass reforming Storage

&2

i = .
Hydrogen as by-product of :k ﬁé ﬂﬂ__ﬁﬂ ﬁ E.A
industrial processes i Blending in
P geological Methanation gasnmulrork Fuel-cell “::’m. i = Aviation
storage (M

Source NEA (forthcoming).
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Power and Non-power Applications of Nuclear Energy

A Taken together, nuclear hybrid Carbon emissions avoided by nuclear power and nepower applications

systems with non-electric 5 50
applications including hydrogen
can contribute to avoiding nearly
23 gigatonnes of cumulative
emissions between 2020 and
2050

80
70
60

A Further, nuclear energy enables 50

more extensive, more rapid, and
more cost-effective deployment of
variable renewables, by providing
much needed flexibility

CO2 avoided per year (GtCO2/year)
(3]

Cumulative CO2 emissions avoided (GtCO2)

A The role of nuclear energy in
emissions reductions for future
energy systems is therefore even 2020 2025 2030 2035 2040 2045 2050
greater

Source NEA (forthcoming).
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BETTER POLICIES FOR BETTER LIVES NUCLEAR ENERGY AGENCY

Full Potential of Nuclear Contributions to Net Zero

A The contributions from long-term
operation, new builds of large-scale —
Generation Il nuclear technologies, 90

6“/
small modular reactors, nuclear 1200 IPCC 1.5°C scenarios (2050 average)= 1160 GW nuclear capacity q»} 80

hybrid energy and hydrogen
systems project the full potential of
nuclear energy to contribute to net-
Zero

100

(based on the average of IPCC 1.5°C scenarios) ,\0&
o

70

b
o
o
o

60

50

A Reaching the target of 1160
gigawatts of nuclear by 2050 would
avoid 87 gigatonnes of cumulative 00
emissions between 2020 and 2050,
positioning nucl e
contribution to preserve 20% of the

600 40

Installed capacity (GWe)
(o]
e

200

Cumulative CO2 emissions avoided (GtCO2)

worl doés car bon b u 2020 2025 2030 2035 2040 2045 2050
to be consistent with a 1.5/C
scenario

Source NEA (forthcoming).
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NUCLEAR ENERGY AGENCY

Global Installed Nuclear Capacity Gap

A Under current policy trends, nuclear
capacity in 2050 is expected to
reach 479 gigawatts 7 well below the
target of 1160 gigawatts of electricity

A There is a projected gap between
the minimum required global
installed nuclear capacity and
planned global nuclear capacity of
nearly 300 gigawatts by 2050

A Owing to the timelines for nuclear
projects, there is an urgency to
action now to close the gap in 2030-
2050

1200 Nuclear target: 1160 GWe installed capacity by 2050
(based on the average of IPCC 1.5°C scenarios)

1000

R&D (7-10 years) = licensing (2-4 years) = demo (5-7 years)

0
(=]
o

vailability nog

Installed capacity (GWe)

2020 2025 2030 2035 2040 2045 2050

Source NEA (forthcoming).
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3. Challenges
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BETTER POLICIES FOR BETTER LIVES

Nuclear Energy Faces Many Challenges

A The nuclear sector must move quickly to demonstrate and deploy near-term and medium-term
innovations including advanced and small modular reactors, as well as nuclear hybrid energy systems
including hydrogen

A There are key enabling conditions for success that the nuclear sector and energy policy-makers more
broadly should address in the areas of system costs, project timelines, public confidence and clean energy
financing

A A systems approach is required to understand the full costs of electricity provision, and to ensure that
markets value desired outcomes: low carbon baseload, dispatchability, and reliability

A Rapid build-out of new nuclear power is possible, but requires a clear vision and plan

A Building trust is central to building public confidence and requires sustained investments in open and
transparent engagement as well as science communication. A common mistake is to assume that public
confidence is primarily a communication issue

A Governments have arole to play in all capital intensive infrastructure projects i including nuclear energy
projects. This role can include direct funding, but also enabling policy frameworks that allow an efficient
allocation of risks and for nuclear energy projects to compete on their merits on equal footing with other emitting
energy projects
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4. Conditions for Success
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Nuclear Energy Agency

Conditions for Successi beyond techni

Regulatory and Policy
Enabling Frameworks

I ll l' [
Public Confidence and
Community Support

AN
o OE®

\ /
Ramped up Supply Market Demand and
Chains and Talent Good Fit
Pipeline

Strategic Partnerships — Public-Private
Public-Private, Indigenous, Financing
International

EEEEEEEEEEEEEEEEEEE
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BETTER POLICIES FOR BETTER LIVES

O Y NEA

NUCLEAR ENERGY AGENCY

Nuclear Energy Agency

NEA brochures
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Small Modular Reactors Climate Change Targets:

The role of nuclear energy

System Costs of Electricity

» A wave of near-term innovation in nuclear energy to nuciear and
and open up new applications in hard-to-abate sectors - » Limiting the rise of global temperature to less than 2°C an for the
» Small modular reactor (SMR) designs under development offer different value propositions, with a » The climate crisls is one of the defining challenges for this generation and the window for action Is Whete Slactriohy Seoter
varlety of sizes and for different rapidly narrowing » mmmh-mmeunmvmwmmuum
» SMR reactors are expected to be commercialised within the next decade » Nuclear energy is playing an important role and can do more to help meet climate change targets ¥ Syotaca cotts e mat by o —
» A rapid SMR uptake could help avoid 15 Gt of carbon emissions by 2050 » mmdMumMnm-mmuwmmlm mmde:h‘ldlymll ,hamnmmnm-nmumo:‘m-um,m
reactors could avoid 87 between 2020 and 2050 and

» aym.wmmumsmmummwm.mabmmm
the entire US economy emits annually today

SMRs are rolnvonting nuclear enorgy Pl 12 Mo s SAERS ol dacaibailes Neary » Energy policymakers have an important role to play to create the enabling conditions for success - & - ks I
industries with combined power Understanding costs -Hevel costs, grid-level systems
Small oot on requires systems level thinking and full social and environmental costs creates a framework
SMRs are smaller, both in terms of power output and physical Outpes temperature () mn allows policymakers to compare the costs of different
size, than conventional gigawatt-scale nuclear reactors. SMRs 1600 The first level of analysis is plant-level costs of generation, hm W':.'W ”MWWW

power
electric (MWe), with some as small as 1-10 MWe.

SMRs are designed for modular manufacturing, factory
production, portabity, and scaladle deployment.

Reactors

wa:wwhmrmmammmnmu
used directly, or 10 generste elec!

Safety
SMR designs build on lessons learnt from over 60 years of
experience in the nuclear energy sector to enhance safety
and improve ﬁonbir' Many SMR designs incorporate the
concept of passive safety, they do not require active
interventions or backup power to safely shut down.

Flexibility
SMRs are designed 1o integrate into energy systems, offerng

much needed flexibility to enable high shares of variable
r @nergy.

Fuel cycle

Some SMR designs seek to recycle waste streams from
existing resctors 1o produce new useful fuel and minmise
‘waste volumes dispx

© 0ECD 2021

Stasl, glass, coramic, coment

°onmmnmmmuum
Power cutput (MiWe)

The worid Is not on track to meet the

is the largest source of non-emitting electricity generation in
OECD lafter

of the Paris

As highlighted by the IPCC synthesis raport (IPCC, 2018), the
werld is not on track. Rather than reductions scientsts.

be consumed within eight years.
WWIMM:&D&W&.WW

ps-kmmmummwanpmmwzmo
ﬁauoon-ﬂ This will require policy changes around the work

g

esources. More
electricity grids must be decarbonised; vehicle fleets must be
electrified or transitioned to non-emitting fuels; and a range of
mmmmb;mvunmm chemicals, ron
‘and steel, cement must be transformed as.

Current emissions are m:mnhmum
arising from the 1.5° scenario. It is clear that a major shift in
directon will be requred if countries are 1o meet their cbiectives

The IPCC 1.5°C scenario foresees, on average,
1 160 GW of operational nuclear energy by
2050, a three-fold increase compared to 2020
The 444 nuciear power reactors in operation woridwide today
provide 394 gigawatts of electrical capacity that supplies
approximately 10% of the world's electnicity. Nuclear energy

© 0ECD 2021

hydropowerl. There are 50 more nuciear reactors

under construction to provide an additional 55 gigawatts of

and more than 100 additional reactors are planned.
capacity

of carbon dioxide since 1971 - the equivalent of two years of
global emissions (NEA, 20201,

The nuclear sector can support future climate change mitigation
efforts in a variaty of ways. Existing global installed nuciear

innovations have the potential to open up new opportunites

with advanced and small modular reactors (SMRs), as well
as nuclear ‘energy
mmm These innovations nckude sector coupling,

desalinaton, and

In 2 special report published in 2018 IPCC, 2018, the IPCC
considered 90 pathways consistent with 3 1.5°C scenario
- Le. pathways with emissions reductions sufficient 1o limit
average global warming to less than 1.6°C. The IPCC found
that, on average, the pathways for the 1.5°C scenario require
nuclear energy to reach 1 160 gigawatts of slectricity by 2050,
up from 394 gigawatts in 2020.

power (cogeneration) for
resource oxuum Mogon and synthetic fuel production,
off-gnd applications.

Page 1

which include, among other costs, the costs of the concrete
and steel used to build the plant, as well as the fuel and human
resources 10 operate it. These plant-level costs are typically
referred to as the levelised cost of electricity (LCOE), and they

include some costs that were previously considered as
externalities — for example, if there is 3 price on carbon of 3
bphmm-mmmmmmamq:hm-
into plant-level cost:

rmwlwdmmmwwnd tem

varigbiity of certain renewables such as wind and solar PV and
for mantaning spinning reserves that can be ramped up when
the production of variable sources fals short of forecasts.

The final level of analysis addresses the ful costs, including the

ludng
n.gmva externglities like atmospheric poliution, nmpxu on
tand-use and biodiversity, as well s, in certain cases, positive
externalibes such as impacts on empioyment and economic
development. or spin-off benefits from technology mnovation.
Tmolowmmnntlommwnm
level costs or grid-level system costs.

© OECD 2021

https://www.oecd-nea.org/jcms/pl_61161/nea-and-cop26

Figure 1: Understanding the system costs of electricity

‘Source: Adapted from NEA (2012}

Total economic system costs, then, are defined as plant-

level generating costs plus grid-level system costs. Taking

this systems level perspective s

*+ Profile and balancing costs - the grid-evel costs imposed
wmmmm

the costs of delivering olummv from omhulnd pmv
generation to customers.
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Mr. Wei Huang is the Director of Division of Planning, Information, and
Knowledge Management in the Department of Nuclear Energy (NEPIK), IAEA.

Since joining the | AEA in March 2016,

in the capacity building in Member States in energy planning and information and
knowledge management. In addition to coordinating joint energy planning
initiatives with UNDESA, IRENA, and UN Regional Commissions, he has also
served as the organizational focal point to the IPCC and UNFCCC and directly
contributed to many key international events on SDGs and climate change, such
as UN High Level Political Forum (HLPF), UN High Level Dialogue on Energy
(HLDE), UN Global Conference on Strengthening Synergies between SDGs and
Paris Agreement and a number of COPs including COP 26. He was the lead
Scientific Secretary of the first IAEA International Conference on Climate Change
and the Role of Nuclear Power convened in October 2019.

w.huang@iaea.org
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Nuclear Energy, an Important Part of the
Solution to a Net Zero World

GIF/IAEA/NEA Webinar

Wei HUANG

Director, Division of Planning, Information and Knowledge Management
Department of Nuclear Energy
VAY=VAN



Climate emergency

Wwijt!ryjye!b!dmjnbufl!f
the 1.5°C limit agreed in Paris Agreement
within reach, we need to cut global
emissions by 45 per cent this decadel U’

UN Secretary General

Sixth Assessment Report iocc
WORKING GROUP Il - MITIGATION OF CLIMATE CHANGE Ve

AWe have t he thovaodqareddonimit k
war mingé There are polic

We are not on track to limit warming to 1.5 °C.

38Gt 426t 536Gt 59Gt I Fluorinated

e A e R market instruments that are proving effective. If

‘ . . these are scaled up and applied more widely and
™ equitably, they can support deep emissions

_—) reductions and stimul at e

fuel and industry

(COAFFI) I PCC Chair




Net Zero and options

Emissions by sector (2019)

Other 6%

Buildings
9%

Power
coal 28%

Power ~
40%
Industry .
239% emissions
/' Power
9%
Other ~ Povs:rsoil °
60% 0,
leci Transport
emissions
24%
IEA, ETP 2020

Two key elements:

AExtensive electrification of economy with low
carbon electricity

ADeployment of other low carbon energy carriers

60

Total emissions (all sources) Waste & other

50
Land use & forestry

40 Total energy emissions

30 -
Buildings

Transport
20
Other energy
industry

Global GHG emissions (Gt CO,-eq)

10
Electricity generation

1970 1985 2000 2015

Source: International Energy Agency, CO, Emissions from Fuel Combustion, OECD Publishing, Paris (2019)
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Nuclear power, reliable low carbon source

NUCLEAR POWER REACTORS
e cowaon, [—1 441 IN OPERATION
:——_ 39 3 3 1 6 MW, TOTAL NET INSTALLED

CAPACITY

UNITED KINGDOM Se—
BELGIUM S—
GERMANY W

CZECH REPUBLIC ==

swiTotnL AN . 5 1 NUCLEAR POWER REACTORS
UNDER CONSTRUCTION

FINLAND S
UNITED ARAB EMIRATES ™
BULGARIA ™

o B MWe TOTAL NET INSTALLED
“HEE 03 644 cupncy

MEXICO ™
ROMANIA =

1 9 2 59 REACTOR-YEARS OF

SLOVENIA ¥
NETHERLANDS 1 DPERATIUN
ARMENIA B
0 10 20 30 40 50 60
WPACITY

Number of Reactars and Net Electrical Capacity, GW(a)

B Number of Reactors Net Electrical Capacity, GW(e)

AMERICA - LATIN l
ASIA - MIDDLE EAST AND souTH [JJJ]
EUROPE - CENTRAL AND EASTERN
ASIA - FAR EAST

AMERICA - NORTHERN

120
MNetf Capacity, GWie)
B Cperational Under Construction

Number of countries with nuclear power plants

America:
Northemn
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Low life cycle carbon emission

Hydro
Biofuels and waste

-
4]

s
=

Power sector, actual and
avoided emissions (Gt CO,)
4]

Share of low carbon
electricity
e =]
=2 [$y]
* R
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1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Global CO2 emissions from the electricity generation g il
estimated emissions avoided by low carbon technolo AND
(upper panel) and share of low carbon electricity (lowe¢ 2o
panel),19712018. Source: IAEA calculations based ot

Refs [8, 9, 12]. Note: Gt CO2 gigatons of carbon
dioxide.

Cumulative avoided
emissions,

Actual 1971-2018

Wind emissions
Other Renewables

. Nuclear
Avoided 74 Gt
emissions,
by
technology

Hydro
98 Gt
All others
15 Gt

CLIMATE CHANGE

NUCLEAR POWER

Upstream Coreinfrastructure Downstreaminfrastructure Downstream process Core process

% share of tolal from upstream, core infrasfructure, and downstream infrasiructure
Hydro -98%
Nuclear -I 80%

0 5 10 15 20 25
Grams of COz-eq/kW-h

Contribution of material related emissions to total emissions per unit o
output for low carbon energy sources. Source: Ref. [48]. Note: Upstree
d production and transport of all necessary ancillary substances for
operation (e.g. fuels, oils, lubricants etc); core infrastructude from the
extraction of the raw materials needed to build the power plant, until its
dismantling and corresponding end of life material treatment;
downstream infrastructured construction and decommissioning of the
electrical grid; downstream process electrical losses; core proce8s
operation and maintenance impacts. 33


https://www.iaea.org/publications/14725/climate-change-and-nuclear-power-2020

Dispatchable and flexible source

A Flexibility is at the heart of future low carbon electricity system with high penetration of VRE.
ANucl ear power has had decadesd experience f
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Ramping time (minutes)

Nuclear @ New build hard coal New build CCGT
Power output of a French nuclear power plant in one day (courtesy of EDF).

Patel, S. Flexible operation of nuclear power plants ramps up, POWER Magazine
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Less mineral resource and smaller land footprint

Nuclear energy is one of the low-C technologies with the lowest (critical) mineral

Intensity and land footprint

673 o 932 square kilometres
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Economic competitiveness

All low carbon technologies are characterized by a high proportion of overnight investment
and financing costs

Refurbishment and decommissioning costs
Carbon costs

Fuel costs | 120 A At lower discount rates, the LCOE for
Operation and maintenance costs .

nuclear compares favourably with other
technologies.

Overnight costs

' 26%
23%

71%
73%

CCGT Coal Nuclear Wind, onshore  Wind, offshore Solar PV

s
=]
==

Levelized cost of electricity (US $/MW-h)

A The cost here is internalized direct cost,
excluding system integration and

60 environmental cost.

A Innovative financial mechanisms are
available to address high upfront
overnight cost , de-risk investment and
secure revenue.

I
=

[t
[

AAt 3% discount rate, nuclear power is estimated to be the

discount rate of 7% and carbon cost of US $30/tonne, with error bars representing the VRE.
first and third quartiles for the lower and upper bounds, respectively. Source: Ref. [53]. A At 10%discount rate, all low carbon technologies lose
Note: MW-h — megawatt-hour competitiveness 36



Valuable economic benefits

A Jobs
A Economic Growth

| mportance for the
from coal to mitigate the socio-economic
costs of fossil activities.
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. \ £
Households Economic sectors A
MNuclear power plant 7N
Business
T services
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LR N
- Other economic
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00000
Government

Direct and indirect social economic benefit

)
e it i
Measuring Employment
J G ted by the Nucl
Power Sector
AJu st

Total employment in the nuclear
power sector of a given national
economy is therefore roughly

s 304090 {phpus yeass gugr (he
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Green multipliers: nuclear and other clean energy investment

IMF Working Paper
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Energy investment impact multipliers (i.e. change in GDP per unit of investment spending) [67]. 37



Climate resilien@adaptation cas#f nuclear

Nuclear power plants, like other energy infrastructures,
are affected by CC and extreme weather events. But
IAEA data (PRIS operational data) shows that even if the
#reported events are on the rise, the production loss are
not: adaption measures can be deployed to ensure robust &=
and reliable power generation. (weak point is more often M ;
thegidineed for resilient fAsystems:i

=P

Nuclear Plant Resiliency
in the Face of Climate Change

[ A P
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Climate Resilience ‘

CIImate Change:
Assessment of the Vulnerability
of Nuclear Power Plants and

for their

Indexed to 2010-2019
national lossas

e e
o & &P@

19001090 2000-2009 — 2010-2018 national losses (Indeax = 1)

Figure 14. Decadal production losses due to extremne weather events relative fo perod 2070-20785.
Note: Limited data reported for some countries.




Nuclear power vs SDGs

Nuclear Power
and Sustainable
Development

AFavorable in many sustainable
Nuclear Energy

fora Indicators
wWorld

AContribute to many SDGs directly
and indirectly
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Projecting the future

Energy, Electricity and Nuclear Power Estimates for the Period Up to 2050

2020 _EEEEEEEEEEE High and Low Capacity Projections for 2050 - IAEA RDS-1
sgzzeasamazzs -
w Lo RS o
EEEEEEEEEEEE = S
<
A Electricity consumption - s
expected to double in 2050 e 3
A Share of electricity in energy
Consumption increases by 8 pts 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
:E IAEA Projection up to 2050
. AHigh case: installed capacity increases 20 % (470GWe) by
5 a0 2030 and 80% (792 GWe) by 2050, close to IEA NZ scenatrio.
First time revised up since Fukushima.
ALow case: decrease by 7%(366 GWe) by 2030 and rebound

’ 2020 2030 2040 2050 baCk (394 GWe) to 2020 Ievel.

REFEFE! ED‘TASEM B:‘:m
Energy, Electricity and
Nuclear Power Estimates

I

for the Period up to 2050

Wind
35%




Nuclear beyond electricity

__________________________ NPPs: large Gen Il reactors +

/- POWER ™ Advanced reactors(incl. SMRs)
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Coal Replacement by nuclear

100%

75%

50%

25%

USA,
Romania
Metherlands

India
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Pakistan
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Existing nuclear programmes

M Coal Other fossil fuels

Brazil

France ]
Argentina
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Islamic Rep. of Iran

Muclear

Turkey

Armenia
Switzerland
Poland
Uzbekistan
Bangladesh
Saudi Arabia

United Arab Emirates

Belarus
Egypt
Jordan
Nigeria
Ghana
Kenya

New nuclear programmes

B Renewables

Electricity generation mix (2018) in countries with or planning nuclear power programmes

Several countries operating NPP or planning to

operate NPP

generation

account

f or

Single nuclear reactor could replace multiple
coal units. Various SMR designs in different
stages of development could be well suited
to replace smaller coal fired units across a
wider range of applications.

Plant output

Low High
temperature temperature
Electricity heat {300°C) heat (600-
(district heat, 700°C)
industry, H;) {industry, H;)

Nuclear reactor design

Large water cooled

v

v

Multi-unit power
plant

Mature; more than
300 units in
operation

SMR, water cooled

v

v

Single unit, power
or CHP

Demonstration;
pre-commercial;
conventional
nuclear licensing
process widely
applicable

SMR, advanced (gas/sodium

cooled)

v

v

v

Single unit, power,
CHP, industrial

Design phase;
demonstrated
technology; pre-

boiler, H, .
commercial
ced Sipgle upit, poydr. | A Resgarch,
8. BHoemD v t re| wolllill|GsmnC
reactors) boiler, H, demonstration

Categorizing selected nuclear technologies suitable for replacing coal.
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Heat supply by nuclear

A About 15% of the currently operating NPPs are used to supply heat in form of steam
and/or hot water, along with power production.

A Decades of experience of nuclear-fuelled district heating has been accumulated in
Switzerland, Sweden, Russia, Hungary, China and other European countries and heat
from nuclear power plants has also been sent to industrial sites in several countries.

Nuclear District Heating 7 =TS

NuclearPower Plant ‘

Process Heat Applications
Steel & alummum Coali

T gasificatio

Hydrogen oductron
OlIr ining &

B Primarycircuit District Heating

l Secundary circuit Network

. Main TransportLine B

IAEA Guidance on Nuclear Energy Cogeneration,2019 43




Hydrogen production by nuclear

Hydrogen production using existing LWRs with electrolysers

Interest in hydrogen production using

nuclear energy Is growing internationally USA UK

due to the potential to deliver electricity and
heat for hydrogen synthesis in a

Russian
Canada
Fed.

= DOE H2@5cale: public- = EDF confirmed the » Rosatom is launching a = The utility Bruce Power is
private partnerships to technical feasibility of pilot project to produce exploring the technical
advance flexible low carbon hydrogen hydrogen at the kola NPP feasibility and business
operation of LWRs with production at the using matrix-alkaline case for nuclear hydrogen
integrated H, production. Heysham NPP, but the electrolysis and will also production at the Bruce

* Davis Besse NPP pilot project has not advanced develop hydrogen Muclear Generating
using a 2 MW PEM to the demonstration liquefaction units and Station to support the
|i|:|uid hydrogen transport goal to achieve net zero
squipmeant. emissions on site by 2027.

sustainable, low carbon and cost effective e

manner.

*
w

[l

IAEA Nuclear Energy Series

FIG. 8. Nuclear hydrogen cogeneration routes.

HEEP oot osies i
et

the potential of a scale hydrogen
reversible PEM production powered by
electrolyser, producing its UK nuclear plants,
electricity at peak starting with a 2 Mw
demand and H, during demonstration
periods of low demand.

= Exelon conducting
demonstration of a 1 MW
PEM electrolyser for H,
production.

to decarbonize
construction at the
sizewell C project.

electrolyser supplying H,

Sweden

» vattenfall has been
producing hydrogen at
Ringhals MPP since 1957

= vattenfall, together with a
steel producer [SSAE) and
mining company [LEAB),
has launched a new
initiative to decarbonize
steel production using
low carbon electricity and
hydrogen, with plans to
produce 1 million tons of
fossil-free steel par year
by 2026.

R&D activities focused on hydrogen production with advanced reactors and SMRs

Poland

An evaluation by INL
shows MuScale's 250
Nuclear Desalination Toolkit - NPTDS MW, SMR could
economically
produce almost 50t
Hy/day, avoiding 163
kt CO, per year
compared to H; from
natural gas. &
twelve-module plant
could support a mid-

Russian .
USA China Japan
Fed.
= Under the Next- = The Department of = Rosatom plans to * The demonstration » Hydrogen
Generation Nuclear Business, Energy and commission an HTGR High Temperaturs production was
Plant (NGHMF] industrial Strategy to produce hydrogen Reactor Prototype demonstrated at the
project, DOE, the {BEIS) is supporting via the adiabatic Maodule, with a High Temperaturs
idaho National several Advanced conversion of design temperature Test Reactor using
Labaratory (INL) and Modular Reactor methane with of 750°C, is expectad the isdine-sulphur
industry partners are technology projects, utilization of carbon to start operating at thermochemical
investigating two including U-Battery, dioxide by 2030. end of 2021, after process in 2019,
HTGRS with a developer of = Tharmachemical successiul cold tests
demanstrated HTGRS. hydrogen production in 2020
potential for from water is also
providing heat for envisaged in the
-~ hydrogen Russian Federation.

production.

# The Polish National
Center for Muclear
Research initiated a
project to develop
the HTGR reactor in
cooperation with
Japan.

44



IAEANdclimate change

More climate change related programmatic activities, e.g., innovation for nuclear power and
fuel cycle including SMR , techno-economic studies of energy system, case studies of
nuclear hydrogen production, co-generation, hybrid system, stakeholder engagement, etc.

A SMR platform on enabling factors of its
deployment.

A One Initiative on harmonization and

CAREM, HTR-PM, KLT-40S,
ACP100, AHWR, NuScale,
SMART, 48, EM?

N % M standardization aiming at facilitating
@€ - SMR deployment.
p;vw k B, W@, : A New Technical Working Group on

“““’“""’se ai"’“""“"“‘ T il || ; nuclear power in low carbon energy

system.
A Requests from MS to model transitions
B to net zero (energy supply MESSAGE
tool)

Section P
Technical Cooperation B Vd 7
Office of Legal Affairs e e
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Takeaways

A Ambitious decarbonization pathways to ensure net zero target achieved the
Paris Agreement needs all stakeholders on board and all low carbon
technologies at hand.

A Increasing recognition of nuclear energy not only as climate friendly low carbon
energy option, but also as an enabler of broader, more resilient transformation.

AChall enges need to be addressed to rel
zero transition, including favorable regulatory and policy frameworks, innovative
technology advancement, improved economic competitiveness, strengthened
stakeholder engagement, etc.

Alnternational cooperation will help to transfer IAEA high case projection and IEA
NEZ scenario into a reality.

47



IAEA

Intarmaticnal Atomic Enargy Agancy

Arroy for Peace ana Dveeelopaent

Thank you!



GEN IV International Forum

Meet the Presenters

Dr. Shannon Bragg-Sitton is the Director for the Integrated Energy & Storage
Systems Division in the Energy & Environment Science & Technology Directorate at
Idaho National Laboratory, which includes Power and Energy Systems, Energy
Storage and Electric Transportation, and Hydrogen and Electrochemistry
departments. She also serves as the National Technical Director for the DOE Office of
Nuclear Energy Integrated Energy Systems program. Dr. Bragg-Sitton is currently
serving as the Chair of the Gen-IV International Forum interim Task Force (iTF) on
Non-electric Applications of Nuclear Heat (NEaNH).

Shannon.bragg-sitton@inl.gov

GEN(IV ks

Expertise | Collaboration | Excellence
~oEEFIEEIL » s mEEOEEE



GEN(IV 1

Expertise | Collaboration | Excellence
e EFIEEEIL v - mmPEOEEE

-Electric Appli ns of Generation IV Reactors

Accelerating Economy-Wide Decarbonization
Id Nuclear Energy

Dy Shannon Bragg-Sitton

ho National Laboratory, USA

Ir, GIF Task Force on Non-Electric
Applications of Nuclear Heat

19 April 2022

-
M ldaho Nofional Loberotory



GEN IV International Forum

The bottom line up front

A Today, operating nuclear plants and nuclear new-build projects are mainly GWe-size units for
electricity generation

A There is worldwide development of reactors that will be available at smaller scale (micro- and
small modular reactors [SMRs]), with many being advanced, high temperature designs

A Ambitious goals have been set for economy-wide decarbonization i power grid, industry, and
transportation

A These goals are driving significant activity (and funding) around electrification and
provision of heat and H,0 without emissionsd to support energy demands

A Dispatchable nuclear energy can be complementary to a grid with high variable
renewable penetration, while simultaneously producing non-electric energy products

A Economics of advanced and SMRs are yet to be confirmed, but we must provide solid
Information on these paradigm shifting products and systems for industry adoption

Advanced nuclear technologies can deliver broader, more flexible
termations services than electricity production only. Their high power density
GEN IV Forum

Erortiee | Coboration | Excellonce and dispatchability is a huge asset for decarbonization, especially in
S m—— combination with variable renewable energy sources.




Future clean energy systems 1 transforming the energy

paradigm

Light water reactors, high
temperature advanced
reactors, small modular

Variable renewables,
municipal waste, fossil
with carbon capture, etc.

reactors, microreactors,
etc.

Integrated energy
systems leverage the
contributions from
nuclear fission beyond
electricity

‘:()4;7> I ES

U\ Integrated Energy Systems

https://ies.inl.gov



