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On Carbon Neutrality é?Q Koen AromicEneroy

(Electrification) Energy transition to renewable electricity for achieving carbon neutrality
d The share of nuclear energy rises along with the growth of renewable energy.

Global electricity supply

80 000

TWh M Remainin; g
m Solar PV and wind

60000 W Hydro and other renewables
Nuclear

40 000 m Hydrogen & ammonia
Fossil fuels with CCUS

20 000 M Fossil fuels without CCUS

2000 2010 2020 2030 2040 2050 S
Brent Wanner, Korea Atomic Power Annual Conference, 27 April, 2022 < SMR Net Zero Clty >

B (SMR) Roles of SMR in Net Zero Emissions

J Replacement of coal plants to supply on-grid power

J Replacement of fossil fuels in heavy industry, off-grid mining and district heating
J Hydrogen production, desalination and merchant shipping

"'““' g £ Logead b -y . Molten Salt Reactor High-Temperature Gas Sodium~-cooled Fast
EEW i e ; & (MSR) Reactor (HTGR) Reactor (SFR)
R~ 2 R "y _
. : % . A & \ =
: = = : (& = : \ - 4% “K(‘ j 5 )

 Conceptof MMR

Concept of URECA* (Source: USNC)
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- ¥ ot i -
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i-SMR Reactor i-SMR Site Plan

< SMART for Heat Supply > < Innovative SMR > < Generation IV SMR >
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Transmission is a potential decarbonization
bottleneck: 5x more transmission needed in
2050 for 100% renewable scenario vs only 2x
with new nuclear nuclear builds

Transmission in E+RE- scenario, Transmission in E+RE+ scenario,
2050; nuclear expands to 250 GW 2050; no nuclear

Transmission capacity Transmission capacity
___ increases 2x ‘ increases 5.1x

. 2050 E+RE- base
o

M Utility-scale solar projects | -

Matt Bowen, 37th Korea Atomic Power Annual Conference, April 28, 2022 3
(Source) Princeton (2021), “Net-Zero America: Potential Pathways, Infrastructure and Impacts
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2R EAXZ(SMR) = HA22 S5 SEOM REF o= AUSHH ST
M A =2g = JA=F AT 300 Mweo|ol ==2] HAIZ

S22 (Small and Medium sized Reactor) il 2~ & 2 = & X 2 (Small Modular Reactor)

300 MWeO|ste| &3 = 7}X|H,
CHL2E HH QX CHH|E|= 7|4 o = S alod &

IL:;_ plkiis t22} Cf Jiol = H =-;EE*| AX|Z BES DEM REH O MASI0] SIEH|
M7|=3 12 700 MWe O|5}2| }XI2E SH M £A =2Is 4 QI B MA|SH X2

H= T MM

7d MHFAI | | (;g':'—) ‘Modular'El %-.-;_gl (E%)

Modular design
S7|2°47|, X2 YA E=E, 7187| S9|
¥ FQ7|7| 50| LN = 2A|/HIZ
— SMRS 2E5l=Cl| AFEE|= 20|

Modular construction

SEM
#gzy | L2YREEXE Zao|M REHo s HZE|D AES A
Component Module= S1E0f|A] X
‘ | - 37H=ESE flol Ar8El= HESH
300 MWe 700 MW
* £X : IAEA, Advances in Small Modular Reactor Technology Developments, 2020 4 4

IAEA, Technology Roadmap for Small Modular Reactor Deployment, 2021
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MZ| SMR 7} Sizt
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FRANGE

StarCore Nuclear Flexblue
VK-300 URANUS
:11 SowTr IRIS SVBR-100 m
v:sT\j: SeTTRAERCA BREST300-OD DMS
& PBMR VBER-300 IMR
SMR-160 48
= HTMR-100 VVER-300
GT-MHR RITM-200
MH [ inoiA |
PRISM ABVOM PFBR-500
Gam U:j’:::;M AHWR-300
Xe-100 PHWRs
SHELF RUTA-70
SC-HTGR
SHAENURA HTR-PM
CAREM-25
ACP-100
CEFR

|‘nl| >

SMART ~  BANDI-60S ~ BWRX-300  NuWard  UKSMR  KIT-40S  ACP100
KAERI  3%7I2%®  NuScale(@)  GE-Hitechi@) EDF(@)  Rols-Royce(®)  OKBM@E)  CNNCE)
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USNC MMR

|
2012 i
2074 : ..............
|

20715 : ..............

2016 1
2018y

2020

2027

2022
2023

SMART1 00 Standard Desm;‘ﬁﬂﬂ

RN /I 1A 'SER

K—MSR National Program | v ‘
F N ‘///,I//i"’’v’,w'ﬂvr Mgggﬁ'%%ﬁ‘
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SMART Project Initiation

SMART Standard Design Approval

SMART Safety Enhancement Project
(55N
Korea—Saudi Arabia SMART rtnershlp
YAX
BANDI Conceptual Design 7
MMR CNL Demonstration Pféject (USNC)

PGSFR Basic Design

i—-SMR Project Initiation

i- SMR ConceptuaI/B ds)e&g

"‘Yxiwva ()
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SMART Technology Concepts i KR

ALL-IN-ONE: Significant safety enhancement has been achieved with passive heat removal as well as
an advanced LOCA mitigation concept

SMART ( System+integrated Modular Advanced ReacTor )
General Plant Data
Power 365 MWt, 121 MWe
Design Lifetime 60 years

SMART
Prototype

02.7~06.2

: ;| Conceptual
() DS

Pre - Project
Service
06.7~07.6

Electricity, Oil sand recovery, Hydrogen

RUpose generation, Desalination

D¢E """"""" i Safety Standard Technology
v Enhancement Design Approval Optimization
12.3~15.2 07.7~08.12

|
© Hot Water -
—t Heat supply
_"2 ¥ 5o e -

l.‘(‘,l'
or Electricity Generation an pey ; = :
D':stnill Hteatu:lyg or?)esa;Iina(aio:ﬁ ‘~.\Jﬁ s
Innovative Concept
B) All Major Components in Rx Vessel B 17 x 17 UO: Proven Fuel Technology
B) Modularization for Field Installation : B) Control Rod Drive Mechanism

L e B Reactivity Control Concepts Using

B) Passive Safety System BP and Soluble Boron

B Fully Digitized Control System
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Current Status of SMART s

o RaD) Development is complete, while further improvements for various applications
are still on-going.

- Little risk in terms of Safety, operation, licensing, supply chain and fuel supply
(technical maturity is comparable to other PWRs, such as VOYGR and BWRX-300)

- Targeting different markets, design improvements are still on-going (e.g. SMART-C for SAGD process in oil sands)

© (Licensing) Validated twice in Korea and ready for license application in Canada
- Standard Design Approval (with partially passive safety system) in 2012
- Standard Design Approval (with fully passive safety system) to be complete by the end of 2023

- Licensing documentations are already written in English, ready for the licensing process in Canada.

2019 2020 2021 2022 2023
. 19.02 ~ 19.10 21.01~21.03 22.08 ~22.12
Documentation [ quETTORD Crev 2
19.04 ~ 15_9-10 20.01 21.08 21.09 22.12 23.08
i Review Process b Prazgg:"g'ital Document Acceptance Review :  SDA Evaluation (RAI) NSSC Review |
’ . (I
SDA Submission SDA ReVieW Reort

l Issuance of SDA l
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Evolution of SMART Technology i

+ SMART e SMART1I00 - SMART-C

Themeg Lo.ssomwe 3BEMVE . 3BEMWE
BoccaCNNNNNN =~ fooMwve momwe o 1noMwe
Reacr /iSNNN | integral PWR Infegral PWR Infegral PWR
RVDaES . Appr. 6m Appr.6m . Appr45m
RefeingCUERNNN ¥Months  0Months 30Months
SGType TN 8Helical OTSG ~  8Heical OTSG - 1 Helical OTSG |
Safety Sysiem  Partially Passive  Fuly Passive (4 Trains) Fuly Passive (2Trains)
EmegerncyCRN . EOG . Batey Battery .
Driving FOEOSINN ... AC +Natural DC+ Netural =~ DC+ Netral
Craco T . .. IOMD. T2hous 72Hours
Core Damage Frequency,  <1.0X10S/RY <1O0X107/RY < 1.0X107/RY
Containment Building Dome/Cylinder Arch/Rectangular Reduced! Arch/Rectangular

1) Due to Reduction in IRWST & HVAC and Integration of CMT & SIT
X IRWST (In-Containment Refueling Water Storage Tank)

HVAC (Heating, Ventilating & Air Conditioning) "



Fuel TH Tests

B) Fuel Performance Tests

SMART - ITL 1)

B World’s Unique and Largest Full
Scope Accident Simulation
1:1 Height, 1/49 Volume

@ Systems, Component, and DeS|gn Tools have been fully Developed and Licensed.

B RPVDynamics Test, RCP Mockup Test

Comprehensive SMART Technology Validation Program<

Mechanics and Components Thermal - Hydraulics Experiment

and Hellcal ISI Test

- Korea Atomic Energy
AERI Research Institute

AAZALZELA NS
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& A qugel FAF YA 0s0eR 1Y
A&NA 2E dFAE Sz

T UMY TR

29 1 330 MWL
g8} kol uARbAY Al2x - FA Y Xl‘:‘_‘;‘:i
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B8 SMART Standard Design Approval in 2012 (Mget the Most Country’s Licensing Requirements)
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SMART Plant Layout e Ko o e
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Reactor Containment
and Auxiliary Building
. Turbine Building

. Compound Building



“Technology
readiness level” is
useful, but only
reveals part of the
picture

NEA defined six
additional
indicators of
progress

With the NEA
indicators, the
picture becomes
clearer

NEA SMR Dashboard (l)

Licensing
Readiness

From W. D. Magwood, Nuclear Energy: The Future is Now , KNS Presentation, Spring 2023

B

)

*\':Q.. Korea Atomic Energy
= /KAERI" Research Institute
|

The NEA
Small Modular Reactor
Dashboard

: '3 - o . o. .. ::::.o : .:
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NEA SMR Dashboard (Il O —
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Financing

V9.

chain

“& Active in multiple jurisdictions or countries.

Design organisation

Thermal power (MWth) 365

Licensing Licensing

= yowards dev%
| 4

Siting

oowards dey,

siting H

\

iy

Financing

< yowards de'fs,b

w

Supply chain

yowards day,
5 8/
2 %

Engagement

Korea Atomic Energy Research
Institute (KAERI)

Qutlet temperature (°C) 322 Fuel

Spectrum (thermal/fast)

Fuel type

Fuel (LEU/HALEU/HEU) LEU

Thermal

UQ, pellets

Licensing I

The System-integrated Modular Advanced ReacTor (SMART) SMR developed by the Korea Atomic Energy Research
Institute (KAERI) is a 365 MWth land-based pressurised light water reactor. KAERI received a Standard Design Approval
for the SMART SMR from the Korean Nuclear Safety and Security Commission (NSSC) in 2012.

Siting *
In 2015, KAERI signed a Memorandum of Understanding (Mol) with King Abdullah City for Atomic and Renewable Energy
{K.A.CARE) in Saudi Arabia to assess the potential of siting multiple SMART SMRs at K.A.CARE. In 2023, KAERI signed

a Mol with the Government of Alberta, Canada to collaborate on the possible deployment of SMART SMRE technology in
the Canadian province.

Financing I

The Government of Korea, Korea Electric Power Corporation (KEPCO), and various others, including POSCO, Daewoo and
STX Heavy Industries have contributed KRW 310 billion (USD 270.9 million) in financing the development of the SMART
SMR plus an additional KRW 170 billion (USD 148.6 million) to support the Standard Design Approval process. In 2015, the
South Korean Ministry of Science and ICT announced that KAERI was partnering with K. A.CARE on pre-project engineering
{PPE] to construct SMART units in Saudi Arabia, supported by investments by the two partners totalling USD 130 million
{USD 100 million from Saudi Arabia and USD 20 million from South Korea).

Supply chain I

KAERI and K.A.CARE have established the joint venture "SMART EPC". Korea Hydro & Muclear Power (KHNP) is leading
this project, which intends to involve both Korean and Saudi enterprises. KHMNP also signed an Mol with KEPCO Engineering
& Construction (E&C) to jointly develop SMART wnits in Saudi Arabia. For the SMART reactor: KEPCO E&C and POSCO
conducted the balance of plant design; KEPCO Nuclear Fuel designed the fuel; Hyosung Goodsprings developed the reactor
coolant pumps and conducted reactor coolant pump performance testing; BHI designed the fuel handling system; Soosan
ENS verified the reactor protection system and engineered the safety feature component control system; and Doosan
Enerbility is providing design and engineering services for major components.

Engagement

The Korea Atomic Energy Cultural Foundation and KAERI signed an Mol to collaborate on enhancing public understanding
and awareness of nuclear technology, including the SMART SMR, in 2002. KAERI and Government of Alberta signed an
Mol to utilise SMRBs, including SMART, for emissions reduction in Alberta.

Fuel I

SMART utilises the same fuel as the current industry standard for similar desion watar-cooled reactor technologies. Given
this, no barriers are expectad in the fuel supply chain for this SMR.

Note: The exchange rate applied is the curmrency relevant average for 2027. In this case, the price of KRW 1 143.952 equals the price of
USD 1.000.



Application of SMART in SAGD* Process S tesrmee

(*Steam Assistant Gravity Drainage)

Main Steam for SAGD

......................................................................................

Qil Treatment

© 6 5
De-oiling Dilbit (Sales Oil)
Water Treatment oo

- Design Enhancement
© Slimmer reactor vessel, Optimized steam generator for steam supply

< Two or Single Phase Mid-loop

© Heat transfer through mid-loop SG without fluid connection
© Separated water treatment
Closed secondary system (additional barrier for radioactive materials)

15
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Two-Track Strategy in Canada o S e

First of a Kind (FOAK) Nth of a Kind (NOAK)

FOAK Plant in Ontario

NOAK Plants in Alberta
3 Demonstration of the first SMART at CNL site ®  The MOU between KAERI and the
(Chalk River, Ontario)

h blished nucl d h Government of Alberta
J  Theestablished nuclear industry is the _ '
strength of Ontario as a FOAK site 3 Albertais the major market for SMART

3 The MOU between KAERI and AECL ? Marketing in Alberta in parallel with

3 SAGD process, Chemicals, Hydrogen
Productlon etc.

©The KAERI-Hyundai Engineering partnership for SMART demonstration
and further SMART applications

« _ Korean companies are invited to join the partnership as either investor or business partner
16



i-SMR Deployment Depending on the Demand < fzsmsize

i-SMR Reactors I-SMR Site Plan




i-SMR Development Target ot et

ERI" Research Institute

- PWR - Design Life : 80 years

- Power : 170 MWe - Site : site envelope seismic design (0.5g) E.}
Safety -CDF:1.0 x 10° /M-Y - Grace time : over 72 hrs (Minimum) v

. EPZ : Within EAB - Fully passive safety system without AC/DC power

- Overnight cost : $3,500 /kWe, LCOE : LCOE $65 /MWh
- Modualization and factory manufacturing

- component design optimization considering inland transportation P .l
- Construction time < 24 month (First module)

- Plant construction time < 42 month (4 modules)

Flexibility - Boron free operation - Multipurpose utilization

- Load following operation

18



— Pressurizer

Reaclor Cuoolant

Pump

Containment
Vessel

— Main Steam

Reactor Pressure
Vessel

_— Steam Generator

In-vessel
CEDM

T ——— Feedwater

< Reactor Coolant System and Containment Vessel >

i-SMR Design Characteristics - RCS S Ktz

NSSS Design Characteristics

= Electrical output per module : 1770 MWe /Module

- 680 MWe in case of 4 modules

= Core : UO,, 69 FAs, ( active length : 24 m)

= Reactivity control : Control rod, Bumable Position, MTC (Boron-free)
= Control rod derive mechanism : In-Vessel

= Steam generator : Helical, Once-through

= Canned motor RCPs



i-SMR Safety Systems oo Kt

@ Passive Auxiliary Feedwater System (PAFS)
@ Passive Emergency Core Cooling System (PECCYS)
@ Passive Containment Cooling System (PCCYS)

_ i

Emergenc* Cooling Tank

Passive Auxiliary Feedwater System

Emergency Cooling Tanks

BN
'

20



i-SMR Development Roadmap et

Standard Design Approval (in Korea) by 2028

Government funding has been started for standard design program this year.
Pre-design review of Korean regulatory body has been already started in July.
SDA acquisition by 2028 and first module installation by 2031

2021 2022 2023 2024 2025 2Q26 2027 2028 2029 2030 2031
O O O O O o N, P ; W . W -
:’)an . ar Basic Design Safety Analysis
esign SET T
Licensing Pre—design Review
SSAR preparation  (RSIRARSTolgqld SDA

usiness model setup

Deployment




i-SMR o232} (1)

MAIMCZ 717)V 7t &. NuScale&

2
- Korea Atomic Energy
KAERI Research Institute
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A

BANDI — Marine-based NPP g i

@ ‘Block-type’ reactor coolant system where the reactor vessel and the
steam generator are ‘nozzle-to-nozzle’ connected to each other without

big pipes.
B The first phase of BANDI project, concept development , was started in

2016 and completed in 2022. The second phase of basic design will be
continued from 2023 to 2028.

" Pressurizer

Steam
Generator

In-Vessel
CRDM

Canned-motor
RCP

24



5-1 For New Nuclear Energy to be Successful, A et
Key Challenges Must be Addressed

RI' Research Institute

Industrial Challenges Regulatory Challenges

— Execution—industry must take breakthrough technologies from the
drawing board to commercial reality and deliver projects as promised

— Operations Models—industry must present realistic models to operate
large numbers of SMRs and microreactors

— Supply Chain—past experience demonstrates that the global nuclear
supply chain is neither broad nor deep and suppliers are not always as
prepared as might be expected

— Adaptation to New Technologies—regulators must not view Gen |V
technologies through a Gen Il lens and must be prepared to address
digital technologies

— Global Thinking—regulators must act nationally but think globally;
otherwise there cannot be a true global market for new technologies

— Accept New Paradigms—new technologies may be game-changers in
as EP and security, but regulators must be truly risk-informed

Industrial
Challenges

Regulatory
Challenges

Policy and
Market
Challenges

Infrastructure
Challenges

Policy and Market Challenges

— Outdated Electricity Markets—today’'s markets don’t suppo
environmental and energy security goals; dispatchability has value!

— FOAK—governments must put policies in place to address FOAK risks;
industry cannot/will not absorb all the risks

— Financing—government policies are needed to support financing of new
nuclear construction and other high-capital investments needed to reach
Net-Zero

From W. D. Magwood, Nuclear Energy: The Future is Now , KNS Presentation, Spring 2023

U—the lack of a clear path to provide high assay LEU is already a
barrier to new technologies

— Codes and Standards—industry, governments, regulators and other
stakeholders must commit to strive toward simplified and harmonised
nuclear standards

— Human Resources—more must be done to promote a new generation of
nuclear experts while promoting greater diversity and gender balance
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A nuclear energy

reshaping the future based
on peoples trust

)
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