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FOREWORD

The IAEA Department of Nuclear Energy continues to facilitate efforts of Member States in the development
and deployment of small modular reactors (SMRS), recognizing their potential as a viable solution to meet
energy supply security, both in newcomer andlear operatingountries interested in SMRs. In this regard,
balanced and objective information to all Member States on technology status and development trends for
advanced reactor lines and their applications are collected, assessed and provighdgtitylication of status

reports and other technical documents.

Member States and many other stakeholders such as future operators, potential industrial users, industries in
the nuclear supply chain and academics keep expressing their interest in information about advanced SMR
designs and concepts, as well as currenetbpment trends. The IAEA Division of Nuclear Power supports
Member States interested in SMRs by offering a methodology to model energy systems with innovative nuclear
technologies, and assess their sustainability, helping them develop the necessarynfrastructure for their
deployment and providing engineering support, including supply chain consideration. The activities on SMRs
are further supported by specific activities on advanced reactor technology development including fast and
high temperaire gas cooled reactors, as well as theireleatric application.

The driving forces in the development of SMRs are their specific characteristics. They can be deployed
incrementally to closely match increasing energy demand resulting in a moderate financial commitment for
countries or regions with smaller electricityidg. SMRs show the promise of significant cost reduction
through modularization and factory construction which should further improve the construction schedule and
reduce costs. In the area of wider applicability SMR designs and sizes are better spaeibfar dedicated

use in norelectrical applications such as providing heat for industrial processes, hydrogen productien or sea
water desalination. Process heat or cogeneration results in significantly improved thermal efficiencies leading
to a bettereturn on investment. Some SMR designs may also serve niche markets, for example to burn nuclear
waste.

Booklets(or cataloguesdn the status of SMR technology developments have been pulbisinedially since

2012 with he objective to provide Member States with a concise overview of the latest status of SMR designs.
This booklet is reporting the advances in design and technology developments of SMRs of all the major
technology lines within the category of SMRs. It coMarsd based and marine based wateoled reactors,

high temperature gas cooled reactors, liquid metal, sodium anrcbgkesl fast neutrospectrum reactoys
molten salt reactorand the recent development of a-saltegory called microreactors withiermalpower
typically up to 30MWth The content on the specific SMRs is provided by the responsible institute or
organization and is reproduced, with permission, in this booklet.

Thefirst edition of thisSSMR cataloguevas designed to complete the ra®rial publicationssuel at the first
international conference on SMR and their applicatibas took placen 2125 October 2024. The second

edtion of this catalogue includes a few corrections as well as a couple more débmtisrd edition corrects

a few more mistakes and typ@etailed on SMR designs (as well as on large reactors) can be fothed in

IAEA Advanced Reactor Information System (ARIS), which can be accesk#d:Afris.iaea.orglThe ARIS

database has been upgraded in September 2024 to be searchable and incorporate comparison tools. The
database will be dynamically updated with contribution from SMR technology developers in the near future.

This publication was developed by Nuclear Power Technology Development Section, Division of Nuclear
Power of the IAEA Department of Nuclear Eneigycooperation with SMR technology developers from its
Member StatesThe IAEA officer responsible for this publicatioraeB. Lepouzéof the Division of Nuclear
Power.
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INTRODUCTION

The | AEA6s Department of Nucl ear Energy within i
Technology Development that is tasked to facilitate efforts of Member States in identifying key enabling
technologies in the developmentaxfvancedeactor lines and addressing their key challenges in near term
deployment. By establishing international networks and ensuring coordination of Member State experts,
publications on international recommendations and guidance focusthgw@eds othe Member Stasare

issued.

The world will need to harness all lesarbon sources of energy in order to meet2s Paris Agreement

goal of limiting the rise in global temperatures to well bel8@& 2bove préndustrial levels. Use of renewables

such as wind and solar power will continue to grow. However, nuclear power provides the steady and reliable
stream of electricity needed to run and grow an advanced economy, and to enable developing tmuntrie
boost economic output and raise living standards. Together with hydropoweamisdhe only lowcarbon

source of energy that can replace fossil fuels for baseload power.

In this context,ltere isanincreasing interest in small modular reactors (SMRBgir small size makes them
suitable for smaller grids anehsier to finance. Their modular design also holds the promises of a shorter
construction span. The IAEA has been supporting this interest by publishing biannually an SMR booklet since
2012, addressing issues such as theatectric applications of SMR#heir economic challenge, the fuel cycle
approach for SMRs, the waste management associated with their operation and the prospect of their
decommissioning, not to mention the listing of the latest development of the different designs.

This year, in the framework of the International Conference on SMR and their application organized in Vienna
in October 2024, the IAEA published a neerial publication$mall Modular Reactors and their Applications:
Advances in SMR Developments 20@4using on these issues. The 2024 edition of the booklet, Sitrexd|
Modular Reactor Technology Cataloguwan be considered as a supplement to the abovementionedrian
publication and will solely focus on providing a brief technical description e@k#dy SMR designs under
different stage of development and deployment.

As illustrated below, the listed designs are grouped under 4 different technology linescwégdrreactors,

High temperature gasooled reactors, liquid metal cooled fast neutron spectrum reactors and molten salt
reactors) with 2 additional categorig®ating nuclear power plants and microreactors) which can rely on the
abovementioned technology lines.
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Since 2012, the SMR booklet has been listing an increasing number of desigrisevatiest edition featuring
eighty-three designs. Although close to a hundred designs could have been listed in the 2024 edition, only
active designsvith demonstratedustained developmewere selectedEven among tse active designs, not

all of themare expected to develop intal commercial productassome designaredeveloped as proofs of
concept or study material.

This publicationcomprises of six (6) partss follows:

Part One: Land-based watecooled SMRs. This part presents the key watened SMR designs from various
configurations of light water reactor (LWR) and heavy water reactor (HWR) technologiesléarconthe

grid applications. These designs represent the maahmology considering most of the large power plants
in operation today are of wateooled reactors. There afifteen(15) watercooled SMR designs from01
Member States described in tbhe&alogughat comprises integrfdWRs, compaePWRs, lop-PWRs, BWRs
and pooltype reactors for district heating.

Part Two: Marinebased watecooled SMRs. This part presents concepts that can be deployed in a marine
environment, either as bargeounted floating power unit or immersible underwater power unit. This unique
application provides many flexible deployment optiofsis cataloguepresentsix (6) marinebasedwater

cooled SMRs, some of them have been deployed as nuclear icebreaker ships.

Part Three: High Temperature Gas Cooled SMRs: This part provides information on the modular type HTGRs
under devel opment and wunder construction. HT GRs
utilized for more efficient electricity generation, a varietynafustrial applications as well as for cogeneration.
Fourteen(14) HTGR-type SMRs are described in this catalogue.

Part Four: Fast Neutron Spectrum SMRs. This part presemt$10) SMR designs that adopt fast neutron
spectrum with all different coolant options, including sodium, heavy liquid metal (e.g. lead -tnideradh)
and heliumgas.

Part Five: Molten Salt SMRs. This part highlighterelve (12) SMR designs from molten salt fuelled and

cooled advanced reactor technology (MSRs). MSRs promise many advantages including enhanced safety due
to saltds i nh-pressunetsinglphasepalantysystent thav eliminates the need of large
contairment, a high temperature system that results in high efficiency, and flexible fuel cycle.

Part Six: Micro-sized SMRs. This catalogue contains a dedicated part to present advances on microreactors.
An unprecedented development trend emerged on very small SMRs designed to generate electrical power of
typically up to 10 MW(e). Microreactors may serve fetuiche electricity and district heat markets in remote
regions, mining, industries and fisheries that for decades have been served by diesel powEppies.

(14) microreactor designs are included and discussed icatasogue

Effort has been made to present all SMR designs withirallose categories. Each description includes a
general design description and philosophy, target applications, development milestone, nuclear steam supply
system, a table of the major design parameters, and then descriptions of the reactor core, esgiegered
features, plant arrangement, design and licensing status. Not all small reactor designs presented can strictly be
categorized as small modular reactors. Some strongly rely on proven technologies of operating large capacity
reactors, while others dwt use a modular or integral design approach. They are presented in this booklet for
reason of completeness and since designers foresee certain niche markets for their products.

The table below summarizes the designs listed in this publication:

Tabl e 1: Design and hShdast a$ ogfueSMRs | nc

Designers Country Status

PART 1: WATER COOLED SMALL MODULAR REACTORS (LAND BASED)

ACP100 125 PWR CNNC China Under construction
AP300 330 PWR Westinghouse Electric United States of Basic design
Company, LLC America
GE-Hitachi

United States of

BWRX-300 300 BWR Nuclear Energynd Hitachi . Detailed design
America, Japan
GE Nuclear Energy
CALOGENA * 30MWth Pool type Calogena S.A. France Conceptual design

2



CAREM
HAPPY200
i-SMR
NuScalePower
Module

NUWARD

PWR-20

RITM -200N
SMART

STAR
Rolls-Royce SMR

SMR-300

ABV-6E
ACP100S
BANDI

KLT -40S
RITM -200M
VBER-300

EM2

FMR

GTHTR300
GT-MHR
HTGR-POLA
HTMR -100
HTR-10
HTR50S
HTR-PM
HTTR

MHR -100
MHR -T
PeLUIt-40
Xe-100

4S

ARC-100

Blue Capsulé*
BREST-OD-300
HEXANA
LFR-AS-200
OTRERA 300
SEALER-55
SVBR-100

Natrium

30
200 MWth
170

77

170

20
55
107
10
470

320

PART 2: WATER COOLED SMALL MODULAR REACTORS (MARINE BASED)

9
125
60
2x35
50
325

PART 3: HIGH TEMPERATURE GAS COOLED SMALL MODULAR REACTORS

265

50

300
288
11.5

35
2.5
17.2
210
30 (1)
87
205.5
10
82.5

PWR CNEA Argentina
PWR SPIC China
PWR KHNP & KAERI Republic of Korea
PWR NuScale Powelnc. United States of
America
PWR EDF, CEA, TA, France
Naval Group
PWR Last Energy United States of
America
PWR J S @frikantov OKBMO  Russian Federatiot
PWR KAERI and Republic of Korea,
K.A.CARE and SaudArabia
PTWR Star Energy Switzerland
PWR Rolls-Royce United Kingdom
PWR Holtec International United States of

America

Floating PWR  JSCAfrikantov OKBM Russian Federatiot
FloatingPWR CNNC China

Floating PWR KEPCO E&C Republic of Korea
Floating PWR  JSCAfrikantov OKBM Russian Federatiot
Floating PWR  JSCAfrikantov OKBM Russian Federatiot
Floating NPP  JSCAfrikantov OKBM Russian Federatiot

United States of

HTGR General Atomics America
HTGR General Atomics United S’_[ates of
America
HTGR JAEA Japan
HTGR JSCAfrikantov OKBM Russian Federatiot
HTGR NCBJ Poland
HTGR STL Nuclear South Africa
HTGR INET, Tsinghua University China
HTGR JAEA Japan
HTGR INET, Tsinghua University China
HTGR JAEA Japan
HTGR JSCAfrikantov OKBM Russian Federatiot
HTGR JSCAfrikantov OKBM RussianFederation
HTGR BRIN Indonesia
HTGR X-Energy LLC United States of
America

PART 4: FAST NEUTRON SPECTRUM SMALL MODULAR REACTORS

10
100
50
300
150
200
110
55
100

345

LMFR Toshiba Corporation Japan
Sodiumcooled ARC Nuclear Canadanc. Canada
Sodiumcooled  Blue capsule technology France

Leadcooled
Sodiumcooled
Leadcooled
Sodiumcooled
Leadcooled
LeadBismuth

Sodiumcooled

NIKIET
Hexana
NewCleo
Otrera Energy
BlyKalla

Terrapower

Russian Federatiot
France
Italy/France
France
Sweden

JSC AKME Engineering Russian Federatiot

United States of
America

Under construction
DetailedDesign
Conceptual Design

Detailed design
BasicDesign

Detailed design

Detailed design
Detaileddesign

Basicdesign
Detailed esign

ConceptuaDesign

Detaileddesign
Basicdesign
Conceptual design
In Operation
Detailed desig
Detaileddesign

Conceptual design

Conceptual design

Basic design
Basic design
Basic design
Basic asign
Operational
Conceptual design
In operation
In operation
Conceptuabesign
Conceptuablesign
Conceptual design
Basic Design

Detaileddesign
Conceptuablesign
Conceptual design
Underconstruction
Conceptual design
Conceptual design
Conceptual design
Conceptuablesign

Detailed Design

Conceptual Design



PART 5: MOLTEN SALT SMALL MODULAR REACTORS

CA Waste Burner M]\.l?l?t) MSR Copenhagen Atomics Denmark Detaileddesign
CMSR 110 MSR Seaborg Technology Denmark Conceptual design
Flex Reactor 24 MSR Moltex Energy United Kingdom Basic design
FUJI 200 MSR International Thorium Japan Conceptual design
Molten-Salt Forum: ITMSF
IMSR 400 195 MSR Terrestrial Energy Inc. Canada Detaileddesign
Modular
KP-FHR 140 Pﬁ?g'esgel? KAIROS Power, LLC. U”'t:r‘:] es;?;es f " Under construction

Cooled Reacto
United States of

. . .
LFTR 250 MSR Flibe Energy America Conceptual design
Stable Salt Reactor UnitedKingdom/ .
Wasteburner 300 MSR Moltex Energy Canada Conceptual Design
Stellarium 110 MSR Stellaria Energy France Conceptual design
ThorCon 250 MSR ThorCon International Indong?;?éSUnlted Conceptuatlesign
Thorizon 100 MSR Thorizon BV MEIMETEE § Conceptual design
France
XAMR 40 MSR NAAREA France Conceptual design
PART 6: MICROREACTORS
AMR 3 HTGR Power Cel::)ll/)lllcro Reactor South Africa Conceptuatlesign
Aurora 1.5 FR OKLO, Inc. United States of Basicdesign

America

ELENA 68 kW(e) PWR Neltlonal Research Centre Russian Federatiotr  Conceptuatlesign
iKurchatov

Energy Well 8 MSR Centrum vz CzechRepublic Conceptual dsign
eVinci 5 Heat Pipe Westinghous&lectric United SFates of Under Development
Company, LLC. America
HOLOS-QUAD 10 HTGR HolosGen U”'tAed Shlles ol Detailed design
merica
HOLOS-MONO 10 HTGR HolosGen U”'fd States of Detailed design
merica
Jimmy 10 MW(t) HTGR JimmyEnergy SAS France Detailed design
Marvel** 15kWe LM thermal Idaho National Labs United S’_[ates of Under construction
America
MMR 15 HTGR Ultra Safe N_uclear United States of Basic sign
Corporation America
MoveluX 3 Heat Pipe ToshibaCorporation Japan Conceptuablesign
Pylon D1 IMW(t) HTGR Uiz Gei N_uclear United S@ates o Conceptuatlesign
Corporation America
SHELF 10 iPWR NIKIET Russian Federatiot Basic dsign
Unitherm 6.6 PWR NIKIET Russian Federatiotr  Conceptual design

*Cal ogerrFaRdaensd gbmnso twd rhesltsetdi t i o2n0 24it alheg u e
*Bl ue capds Md@ ivapirnee t-caodl o | eadrtebet mal spectrum reactor

Detailed design descriptionAEAfAdwhaemsee dl eRé ggntsorc alnr
(ARh®t p://3gris.iaea.org
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All content included in this section has been provided by, and is reproduced with permi€MN@NPIC/CNPE) China
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Parameter

Technology developer, country of

origin
Reactor type
Coolant/moderator

Thermal/electrical capacity,
MW(t)/MW(e)

Primary circulation

NSSS operating pressure
(primary/secondary), MPa
Core inlet/outlet coolant
temperature°C)

Fuel type/assembly array

Number of fuel assemblies in the

core
Fuel enrichment (%)

Refuelling cycle (months)

Core discharge burny®Wd/ton)

Reactivity control mechanism

Approach to safety systems
Design life (years)

Plant footprint ()

RPV height/diameter (m)
RPV weight (metric ton)
Seismic design (SSE)

Fuel cycle requirements/approach

Distinguishing features

Design status

Value
CNNC (NPIC), China

Integral PWR
Light water / light water

385/125

Forced circulation
15/4.6

286.5/319.5

UO2/ 17 x 17 square pitch
57

<4.95
24

<52

Control rod drive mechanism
(CRDM), GkOs solid burnable
poison and soluble boron acid

Passive
60

200 000
10/3.35
300
0.3¢g

Temporarily stored in spent fuel

pools

Integrated reactor with tubia-tube

once through steagenerator,
nuclear island underground

Construction in progress

ntegrated PWR design developed
ic power of 125 MW(e). The ACP1(
t emsoft oacwoipee mti t v d rhtes ;c oinrs eqqaiea
ents the natural convection coC
stem (RCS) enables the iwndgthalnl &
essel (RPV)

ti purpose power reactor design
ion and iis suitable for remot
s design simplification by inte
afety systems
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10. Design and Licensing Status

The ACP100 preliminary sadgpryowlWademwambenNuckpart Sa
and detailed engine€hamgj desggnudclseam pow@nmresist e,
build the first of a kind (FOAK) ACBPhGOrdemoonst p
FOAK 55 months target .commercial operation in 20

------

Site construction in 2024

11.Fuel Cycle Approach

Spent fuel processing is similar to other nuclear power plants. It is temporarily stored in spent fuel pools. Waste
management approach and disposal plan is similar to other nuclear power plants

12. Waste Management and Disposal Plan

Waste management approach and disposal pl an i s si
13. Development Milestones
2016 Generic reactor safety review for ACF
2017 CNNC signed an agreement with the Che
Province to host the first of a kind
2018 Preliminary safety assessment report
2019 PSAR submltted to Nati &nale Ruvelpaant ¢
2020 Appl wutnboi €bangji ang nucl ear power ¢
2021 FCD on Changjiang nuclear power site,
2022 Star nuclear island installation.
2023 The core equipment (RPV and OTSG) hoi
2024 The outer dome of containing vessel
2026 Target commerci al operation.
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AP-300(Westinghouse Electric Company
LLC, United States of America)

All content included in this section has been provided by, and is reproduced with permission of, Westiaigiotirs€ompany LLC, USA.
AP1000, AP300, MSHIM and Common Q are trademarks or registered trademarks of Westinghouse Electric Company LLC staraffiiaiis
subsidiaries in the United States of America and may be registered in other countries throughout the world.réeights Unauthorized use i

strictly prohibited. Other names may be trademarks of their respective owners.

Parameter Value

Technology developer, country Westinghouse, United States «
of origin America
Reactor type PWR SMR

Coolant/moderator Water

Thermal/electrical capacity, 990/330

MW (t)/MW(e)

Primary circulation Forced with 2 Reactor Coolant
Pumps

NSSS Operating Pressure 15.4/7.35

(primary/secondary), MPa

Core Inlet/Outlet Coolant 302/325

Temperature°C)

Fuel type/assembly array UO2 fuell 17x17 square lattice

Number of fuel assemblies in tt 121
core
Fuel enrichment (%) Less than 5 wt. % 4235 in U

Core Discharge Burnup N/S
(Gwd/ton)
Refuelling Cycle (months) 36 (Up to 48)

Reactivity control Rods, soluble boron
Approach to safety systems  Passive (as in the AP1000)

Design life (years) 80
Plant footprint (r®) 8300 n? (Powerblock
buildings, bounding valye
s i i RPV height/diameter (m) 11/4
AP300 SMR applications RPV weight (metric ton) 275
Seismic Design (SSE) design basis safe shutdown
earthquake 0.3gga
Distinguishing features
Design status Basicdesign

1. Introduction

Westinghouse AP300 SMR is a 330 MWe class (990 MWth core thermal power), Generation Hbgmne

light water Pressurized Water Reactor (PWR) based on the licensed AP1000 plant technology which has
demonstrated industry leading reliability. It is the oS8IMR utilizing deployed, operating, and advanced
reactor technology. The plant design includes passive safety systems and extensive plant simplifications to
enhance the safety, construction, operation, and maintenance of the plant. Safety systemsuggunagur

forces such as pressure, gravity, natural circulation, and convection. Active components such as pumps, fans,
or diesel generators are not required, and the plant is designed to function withotgrsafetsupport systems

such as AC power, cqmanent cooling water system, service water system, or HVAC.

2. Target Application

Benefiting from the experience gained on Westinghouse AP1000 plant projects, Westinghouse offers the
highest level of delivery certainty for the AP300 SMR projects. Thesefits include technology maturity,
licensing confidence, established design and modularization, proven construction and commissioning
approaches, resolution of first-a kind (FOAK) challenges, and incorporation of lessons learned. All of which
providea highl e v e | of certainty in our teambs ability t
guality-focused manner to deliver a plant that meets all operational parameters.
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3. Design Philosophy

The plant has a wetlefined design basis backed by extensive engineering analyses and testing performed as

part of the AP1000 plant reactor development. Heylel design characteristics of the plant are:

f Leveraged AP1000 reactor design and I|icensing e

1 Maximized use of demonstrated solutions to reduce cost and risk with no plant prototype needed since
passive plant systems and power generating system components are based on proven Westinghouse
technology;

1 Westinghouse 17x17 RFA fuel product that has demonstrated excellent performance in its extensive
operating experience in the United States and in more than 50 plants worldwide;

1 Proven Westinghoussupplied fuel and core design solutions capable of extended operating cycle up to 4

years;

Based on licensed & globally operating AP1000 technology;

Simplified plant design and world class outage performance resulting in short refueling outages;

Availability, minus planned outages, is expected to be in excess of 97%;

Enveloping site parameters atefined to ensure the standard plant design is suitable for a wide range of

site locations.

In the extremely unlikely event of a core meltviessel retention of core debris provides high confidence that

containment failure and radioactive release to the environment will not occur duedssex severe accident

phenomena.

)l
)l
)l
)l

4. Main Design Features

(a) Nuclear Steam Supply System

The NSSS for the AP300 SMR is a Westinghedssigned pressurized water reactor. The AP300 SMR is
designed around a conventional 1 loop, 1 steam generator primary system configuration with 1 hot leg, 2
reactor coolant pumps (RCP) directly mounted to tkarstgenerator lower head, and two cold legs. The
AP300 SMR design uses the same, proven,-sfatec-art RCPs as in the AP1000 plant. The system also
includes a pressurizer, interconnecting piping, and the valves and instrumentation necessary fanabperatio
control and the actuation of safeguards. The reactor coolant system piping includes the same connection and
shapes of the AP1000 design.

(b) Reactor Core

The AP300 SMR core design consists of 121 fuel assemblies, laid out in a typical PWR core configuration.
The active fuel stack height is 12 feet, consi st
thermal power rating is 990 MWth resulting anrelatively low core power density that supports extended
operating cycle lengths, up to 4 years, with efficient fuel management solutions based on current fuel and
licensing framework.

(c) Reactivity Control

The AP300 SMR has 46ontrol Rod Drive Mechanisms and incorporates both reduced t h ( figr ey o
heavywor t h (Ablackd) Rod Cluster Control Assembl i es
these banks are utilized for implementing the mechanical shim (MSHIktpopnal strategy. The MSHIM
operation and control strategy, adopted from and proven in the AP1000 PWR, greatly simplifies reactor
operations by automatically compensating reactivity changes from fuel depletion by movement of selected
control banks, theb® minimizing changes to the coolant soluble boron concentration from multiple times a
day in standard plants operation to only every few weeks in the AP300. Additionally, the MSHIM strategy
allows to perform load following manoeuvres without changesdadtiuble boron concentration during the
manoeuvre, which extends load following capabilities and reduces the burden on the Chemical and Volume
Control System and related effluents.

5. Safety Features

(a) Engineered Safety System Approach and Configuration

The Westinghouse AP300 SMR plant design includes passive safety systems and extensive plant

simplifications to enhance the safety, construction, operation, and maintenance of the plant. Safety systems
use natural driving forces such as pressure, grawatyral circulation, and convection. Safety systems do not

use active components such as pumps, fans, or diesel generators, and are designed to function without safety
grade support systems such as AC power, component cooling water system, service wateosy/AC.

The number and complexity of operator actions required to control the safety systems are minimized; the
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approach is to eliminate the need for operator action rather than automate it. The goal is to ensure the plant
safe state to be reached without the need for operator action for all the design basis events.

The AP300 SMR passive safety systems do not require the large network of safety support systems found in
current generation nuclear power plants. The safety systems are designed to operate for at least 72 hours
without AC power. When AC power is availabilke plant passive systems can be supplemented with simple,
active defensén-depth systems and equipment. While important to the safe normal operation of the plant, the
active systems are not necessary for the safe shutdown of the reactor followirgnddsis event.

(b) Containment and Spent Fuel Cooling Safety Approach / System
Similar to the AP1000 plant design, the AP300 SMR ha
Passive Core Cooling System (PXS) and Pass
Containment Cooling System (PCS). These passive sai
related systems use natural driving forces such as pres
gravity, natural circulation, and cosetion and are designe:
to operate without the use of active equipment such
pumps and AC power sourcdske the AP1000 plant, these e
passive features do require a dimee alignment of valves . ML
upon actuation of the specific components from the pl ? " WATER STORAGE TAN
protection system, when setpoints on key proc
parameters are reached. Notably, in the AP300 SMR the
storage area is located with fuel racks located in the lov
area of the InContainment Refueling Water Storage Tal
(IRWST). As aresult, the AP3EMR does not have a sper
fuel pool located outside of containment.

ANAL CONDENSATION AND
ARCIRCULATION

6. Plant Safety and Operational Performances
Westinghouse together with the worldds |l eading ci
set of principles that reflect global best practices in connection with the export of nuclear power plants. Known
as the Nuclear Power Plant Expostdi ( NP P E) Principles of Conduct, 1
power plant industrybds shared high standards i n |
spent fuel management, compensation in the unlikely event of nuelateddamage, noproliferation, and
ethics. This type of voluntary code of conduct has never existed in the nuclear industry. Westinghouse is
committed to the peaceful use of nuclear energy and the promotion of prolifeesistant designs and taking
IAEA safeguards requirements into account in the reactor design phase. The AP300 SMR is designed to the
highest criteria to provide assurance for the protection of the health and safety of the public against radiological
sabotage.
The key design objectives of the AP300 Physical Security System (SES) include the following:
1 Providing access control capability for the plant protected and vital areas by limiting entry to authorized
personnel, vehicles, and material only.
Providing video surveillance armdsessment capability.
Providing a centralized commadathd-control computer network and communications for the plant
security response force.
1 Providing or utilizing communications capability for the plant security response force, operations, and
emergency response personnel.
Providing deterrence and delay of attempted unauthorized entry into the plant protected and vital areas.
Providing hardened defensive positions for protection of the plant security response force from the
elements of the design basis threat.
1 Ensuring adequate lighting as necessary for essential elements of the surveillance and assessment
security systems and to allow effective response by the plant security response force.
1 Providing a power supply as necessarysidosystems of the security system, including but not limited
to: intrusion detection, access control, and video assessment/surveillance security systems.
1  Providing detection of attempted unauthorized entry to the plant protected and vital areas.

f
f

=A =9

7. Instrumentation and Control Systems

The 4division AP300 SMR safety system utilizes the Commangatform. The Common ® platform is

the standard Westinghouse safety system platform previously approved by the NRC with over 20 years of
operating experience. The plant uses a proven Distributed Control System (DCIS) platform with improvements
in supporting server technologying a high availability virtualized system that reduces the volume of
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independent servers and increases reliability. The Diverse Actuation System (DAS) also appliesélfietyion
platform from the DCIS using separate network segments and different applications. Radatpplatform

is diverse from the Common Q safetytfidam, and DAS uses independent and dedicated sensors diverse from
the Common Q safety system.

8. Plant Layout Arrangement
The AP300 SMR overall plant arrangement utilizes building configurations and structural designs to minimize
the building volumes and quantities of bulk materials (concrete, structural steel, rebar) consistent with safety,
operational, maintenance, and stwral needs. The plant arrangement provides separation between safety
related and nosafetyrelated systems to preclude adverse interaction between-sslfggd and nosafety
related equipment. Separation between redundant safated equipment arg/stems provides confidence
that the safety design functions can be performed. Minimizing the overall plant footprint with focus on the
Nuclear Island (NI), the AP300 SMR locates all the safelgted structures, systems and components in the
Nuclear Isand. Structures located off the Nuclear Island are neither gatatgd nor seismic Category |I.
The AP300 SMR buildings are grouped as shown below:
1 Nuclear Island

0 Containment and Shield Building

) Auxiliary Building
1 Nuclear Island Supporting Buildings and Structures

) Annex Building

0 Diesel Generator Building
1 Turbine Island

o) Turbine Building First Bay

) Turbine Building

1 - Nuclear Island

2 - Annex

3 - Turbine First Bay

4 - Turbine

5 - Diesel Generator

6 — Service Water
Cooling Tower

7 - Chem Add. Building

m Nuclear Island — Safety
Class & Seismic Cat 1

* Augmented NI

9. Testing Conducted for Design Verification and Validation

The AP300 SMRpassive safety features rely on extensive testing performed as part of the AP1000 reactor
development program which ensures the safety features will perform as designed and analyzed. Performance
has been further demonstrated through extensivesdalke teting as part of commissioning the lead AP1000
reactors.Tests were also conducted during the AP600 and AP1000 Design Program to provide input for plant
design and to demonstrate the feasibility of unique design features. Tests for the AP600/AP1000 design
certification and design program were devised to provide input for the final safety analyses, to verify the safety
analysis models and to provide data for final design and verification of plant compomémtewer than

fifteen different test facilities for design basis accident testing were used to demonstrate passive core and
containment cooling and to collect data for code validation for the Westinghouse passive plant technology.
Further, the U.S. NRC Baconducted extensive, independent testing eftékchnology in five test facilities
confirming design basis accident results obtained by Westinghouse as well as a significant number of beyond
design basis accidentBinally, to support the startup and operation of the first wave of AP1000 plants, several
tests were performed of the passive safety systems. The results of these tests agree well with the scale model
testing performed during the AP1000 plant developneéfart, providing further evidence to support the
AP300 licensing.

14



10. Design and Licensing Status

AP300 is using a proven technology based on AP1000. So far (in 2024) six AP1000 units are operational
resulting in over 24 reactor years of demonstrated operational excellence and their design, construction, testing
data, licensing, and operational expece feed into the AP300 progranihe AP300 plant design complies

with all international design and licensing regulations including US, EUR and UREsons learned from

the AP1000 licensing process with the US NRC and NNSA, Generic Design Assessrentihand Pre

project design review by CNSC in Canada will be incorporated into the AP300 SMR design approval process
and will enable a more streamlined, informed approach to worldwide compliance. The AP300 SMR design is
currently progressing through thesign development stages with conceptual design completed in 2023, and
the basic design phase in progress and culminating in 2025 with the submittal of the Design Certification
Documentation to the regulatoregulator certification is expected in 202vhich will align with the
standard plant deployment readineS#e specific project preparation is expected to commence in 2027 with
site specific design & licensing activities, as well as long lead item procureifieatAP300 SMR target is

to be ready for construction in 2030 with the Nth of a kind (NOAK) unit construction schedule being 36 months
(first nuclear concrete to ready for fuel load).

11.Fuel Cycle Approach

The reference fuel assembly design for the AP300 SMR is based Wetmmghouse 17x17 Robust Fuel
Assembly2 (RFA-2) bearing 264 fuel rods in a 17x17 square array. The center position in the fuel assembly
has a guide thimble that is reserved foicare instrumentation, with guide thimbles in the remaining 24
positions. The guide thimbles are joined to the top and bottom nozzles of the fuel assembly and provide the
supporting structure for the fuel grids. A number of proven design features have been incorporated in the
AP300 fuel assembly design that improve fuel pertoee, enhance fuel reliability, enable better fuel cycle
economics and provide additional margin.

12. Development Milestones

2023 Conceptual Design Complete

2024 Start of Basic Design; Pde&ensing NRC interactions with White Paper and Topieport
Submittals; Submit UK Generic Design Assessment (GDA) Entry Application to DESNZ

2025 Design Certification Application (DCA) Submittal to US NRC; Initiate and Conclude GDA Steg

(Initiation) with UK ONR

2026- 2027 |Detailed Design Completion, Initiate and Conclude GDA Step 2 (Fundamental Assessment) v
ONR, NRC Issues Final Safety Evaluation for Design Certification & Standard Plant Ready to
Deploy

20271 2030 |[Target Long Lead Item Procurement, Site Specific Desidnic&nsing, Ready for Construction

2033- 2034 [Target AP300 Commercial Operation
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BWRX-300 (GEHitachi Nuclear Energy,
USA and Hitachi-GE Nuclear Energy, .
Japan)

All content included in this section has bgeavided by, and is reproduced with permission oflditachi Nuclear Energy, USA.

Parameter Value

Technology developer, country of orig GE Hitachi Nuclear Energy,
U.S.A. and HitachiGE Nuclear
Energy, Japan

Reactor type BWR
Coolant/moderator Light water/light water
Thermal/electrical capacity, 870 MW(t) / 300 MW(e)
MW (t)/MW(e)
Primary circulation Natural circulation
Control Room NSSS Operating Pressure 7.17 MPa(abs]primary)
(primary/secondary), MPa
Core Inlet/Outlet Coolant 270/288
Temperature°C)
St o suniay s Fuel type/assembly array UO. / Square lattice
Number of fuel assemblies in the core 240
T Fuel enrichment (%) 3.8% (average) / 4.95%
[Qor—— (maximum)
s Core Discharge Burnu@Wd/ton) ~55
Refuelling Cycle (months) 127 24
Crvmns
' Reactivity control Control rods
i peiasiiss Approach to safety systems Deferse-in-Depth approach with
core—| ™ passive safety systems
Design life (years) 60
| e Plant footprint (ra) 11,550
* RPV height/diameter (m) 2714
RPV weight (metric ton) 650
Fine maton coreral
vl e PMORDY Seismic Design (SSE) 0.3
Distinguishing features Simplified BWR design, natural
circulation, passive safety featur
Reactor Pressure Vessel costcompetitive with natural gas
plants
Design status Detailed Design

13.Introduction

The GEH Hitachi Nuclear Energy BWR300 is a Small Modular Reactor (SMR) that uses natural circulation
and passive safety systems. It produces 870 MWth and, in electricity production only configuration,
approximately 300 MWe net. The BWR300 is the tenth generation Boiling Water Reactors (BWR) and
continues the muHgenerational journey of simplification in design and operations and maintendnce.
leverages several features and many of the licensing aspects of the 1,520 MWe Economic Simplified Boiling
Water Reactor (ESBWR). The BWR300 is intended for flexible and cesbmpetitive energy generation.

14. Target Application
Target applications include base load electricity generation,fdkving electrical generation, hydrogen
production, synthetic fuel production, district heating and other process heat applications.

15. Design Philosophy

The BWRX300 utilizes natural circulation and passive safety systems that rely on natural phenomena rather
than active mechanical components. It leverages the U.S:Ild&Ged ESBWR design and aims to minimize
construction, operation, maintenance, andodeuissioning costs. The safety strategy is based on the

I nternational At o mi cin-Beptle meghpdoldyy, coporatiryg fivie deffeace tines to
ensure robust safety margins and resilience against various initiating events.
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16.Main Design Features

(a) Nuclear Steam Supply System

BWRX-300 Nuclear Steam Supply System (NSSS) employs a Reactor Pressure Vessel (RPV) with a tall
chimney to facilitate efficient natural circulation for core cooling, eliminating the need for recirculation pumps.
The water entrained in the steam generatetthé core is removed by steam separators and the steam dryer
before existing the RPV and flowing to the steam turbine. Integral Isolation Vales that are directly flanged to
RPV are deployed for all flow paths greater than 25 mm. Decay heat is remaatdibisngd by the Isolation
Condenser System (ICS) for at least seven days for all design basis accidents.

(b) Reactor Core

BWRX-300 reactor core is a vertical cylinder containing-nviched uranium GNF2 fuel assemblies that are
designed for efficient thermdlydraulic stability. GNF2 fuel is commercially available with more than 26,000
bundles delivered to the BWR fleet. G rods are inserted and withdrawn from the bottom of the core for
reactivity management. The flow in the core is driven fstural circulation. The core design provides
flexibility and minimal fuel cycle disruptions with cycle lengths of 12 to 24 nm®uipending on customer
needs.

(c) Reactivity Control

BWRX-300 reactivity control is managed with Fine Motion Control Rod Drives (FMCRDs) that enable precise
control during normal operation amdpid hydraulic insertion during emergencies. Control rods containing
neutronabsorbing materials and burnable absorbers in the fuel rods help regulate core reactivity. The system
ensures core stability and safety by allowing-timeed adjustments and qliresponses to potential reactivity
changes.

(d) Reactor Pressure Vessel and Internals

BWRX-3006s RPV assembly consists of a pressure ves
appurtenancesKey internals include the chimney, steam separators, and steam dryer, all scaled to optimize
thermal output and natural circulatiomhe RPV and internals utilized decades of best practices and lessons
learned from the RPV fleet.

(e) Reactor Coolant System and Steam Generator

The BWRX-300 Reactor Coolant System (RCS) is natural circulation driven and provides cooling of the
reactor core in all operational states and all postulated off normal conditions. The-BlWReverages natural
circulation modelling and operational infoation from the ESBWR and the Dodewaard BWR in the
Netherlands. The relatively tall RPV drives natural circulation driving forces to produce abundant core coolant
flow. The BWRX300 does not need steam generators.

(f) Pressuriser

BWRX-300 does not use a separate pressurizer, .

a direct cycle steam system.. Instead, pressure colzz 'z
is managed through the design of the RPV with #£5 © e
large water and steam inventory and modulation
the main steam turbine control valves and turbi
bypass valves.

:
i

wturs Live $u 0L | 5

(g) Primary pumps
Relies on natural circulation within the RCS to dri\

BEWRXZ0D
coolant flow through the reactor core. It eliminat =
the need for active mechanical pumps, utilizin_ L T
gravity and thermal buoyancy to circulate coolant Def einfDepth Concept
effectively.

17.Safety Features

(a) Engineered Safety System Approach and Configuration

BWRX-300 adheres to IAEA safety guidelines and DefaneBepth approach, integrating multiple safety

layers to prevent and mitigate accidents. It features advanced passive systems like Isolation Condenser Systems
and a large Reactor Pressure Vessel toagameat and maintain core cooling with minimal operator input.
Safety goals include a core damage frequency of less th&rpgEyear and a large release frequency of less

than 1E8 per year for the reference site, supported by robust emergency plandingk assessments.
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(b) Safety Approach and Configuration to

Manage DBC
BWRX-300 employs a defende-depth strategy to mgmmes - :
manage Design Basis Conditions (DBC), utiliziri==.1. """ """
multiple safety layers to protect against potentimsss = -
failures. It includes physical barriers, such as the R
and containment structures, along with redund
sdety systems for detecting and mitigating accider
It also incorporates advanced passive systems
Isolation Condensers for heat removal, ensuri
reliable safety margins and minimal reliance «
operator actions during accidents.

(c) Safety Approach and Configuration to

Manage DEC Isolation Condenser System

BWRX-300 also manages Design Extension Conditions (DEwv,

through a Defencen-depth approach, whidhcorporates multiple layers of protection to prevent or mitigate
severe accidents. It integrates active systems, like the Primary Protection System (PPS) for detecting and
mitigating accidents, and Severe Accident Management Guidelines (SAMGS) to mamage events and

ensure effective response while maintaining containment integrity.

(d) Containment System

BWRX-3006s Primary Containment Syste

structure, about 17 meters in diameter and 40 meters high, which encloses tl

Fecl xa e

Reactor Pressure Vessel (RPV) and associated systems. Designed with a pr

of 414 kPaG and a peak tramsi temperature of 166°C, the PCS ensures
radioactive fission products, steam, and water are contained, featuring a des

| eakage rate of O00.35 wt. %/ day. Th™=]|

Passive Containment Cooling System (PCCS) manage temperatupeessure,
with the CCS using active cooling and the PCCS relying on natural circulatio
and condensation for heat removal during accidents or loss of power.

(e) Spent Fuel Cooling Safety Approach / System

BWRX-300 uses a multayered approach to ensure the safe cooling of spent-
The Spent Fuel Pool cooling is primarily managed by a combination of active
passivesystems. The active system includes a dedicated Spent Fuel Pool Ci
System with redundant heat exchangers and pumps to ensure continuot
removal.

18. Plant Safety and Operational Performances

BWRX-300 prioritizes safety with a defenrgedepth approach, integrating active and passive systems like

.....

LIEK

_

Dry Containment

Isolation Condensers and integral RPV isolation valves. It ensures robust safety margins with a Core Damage
Frequency (CDF) of <1F and Large Releasgequency (LRF) of <148 per year for the reference site.

19. Instrumentation and Control Systems

BWRX-300 features a 300 MWe class steam turbine and generator operating at 3000/3600 rpm at 21 kV. Its
Emergency Power System ensures@fr batterybacked DC and UPS AC power with provisions for portable
generators. The DCIS is divided into three indejeen SafetyClass 1 (SC1) trains for protection and separate
and independent triple modular redundant SC2, SC3 and SCN3 systems for plant controls. The control room

complies with IEC and IEEE standards.
20.Plant Layout Arrangement

BWRX-300 plant layout includes a central Reactor Building (RB) with a cylindrical shaft, surrounded by the
Control Building (CB), Turbine Building (TB), and Radwaste Building (RW). The RB, a Seismic Category 1
structure, houses the RPV and primary contemmrhe CB contains control systems, the TB houses turbine

and generator systems, and the RW contains the radioactive waste systems.
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Power Block dimensions: 148mx78m
7\—1 Secure or Protected Area: 6.7 acres or 2.7 hectares
|| Owner's Area: 34 acres or 13.8 hectares
Emergency Planning Zone (EPZ): site boundary (expected)

o . Q2023 GE Heach I icigr Energs At nghts reserve

BX—OO Plant Layout

21.Testing Conducted for Design Verification and Validation

BWRX-300 undergoes design verification and validation through prototype testing, component testing, and
system integration testing. Comprehensive performance tests simulate operational and emergency scenarios to
ensure system reliability and compliance with reguiastandards.

22.Design and Licensing Status

BWRX-300 is in various stages of licensing and design validation worldwide. It has undergapelmation

reviews with the UK ONR, Canada’'s CNSC, and the U.S. NRC. In Canada, the License to Construct was filed
for the lead BWRX300 in October 2022 witissuance expected in early 2025. In the U.S., five Licensing
Topical Reports have been approved with two more in the final stages of approval. The firs U.S. Construction
Permit Application is planned for submittal in early 2025. The BWSRR is also undeGeneric Design
Assessment in the UK, with Step 2 completion scheduled in 2025. The Polish Regulator has issued Decision
in Principle for six sites to deploy BWR300s. Early prapplication discussions are ongoing in several other
countries.

23.Fuel Cycle Approach

BWRX-300 utilizes a standard BWR fuel cycle approach with a focus on efficiency and safety. It employs
low-enriched uranium (LEU) fuel assemblies. The design supports fuel cycles of 12 to 24 months, enhancing
fuel efficiency and waste minimization.

24.Waste Management and Disposal Plan

BWRX-300 is designed for optimal resource use and waste management, aiming to minintzecwable

resource consumption and reduce radioactive waste generation. It features advanced systems like the Liquid
Waste Management System (LWM) and Offgas Sy¢@@S) to minimize environmental releases and ensure

low doses to personnel.

25. Development Milestones
2017 Initial Conceptual Design Complete
2019 PreApplication review of Licensing Topical Reports (U.S.A Complete
2021 Conceptual Design Phase Complete
2022 Preliminary Design Phase Complete
2022 License to Construct application submitted (Canada) Complete
2023 Vendor DesigrReview (VDR) completed (Canada) Complete
2024 Generic Design Assessment (U.K.) started On-Track
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l] CALOGENA (Calogena S.A France

All content included in this section has been provided by, and is reproduced with permisstogeia S.A.

~ MAJORTECHNICAL PARAMETERS
Parameter Value
Technology developer, Calogena S.A,
country of origin FRANCE
Reactor type Pool type
Demineralized

Coolant/moderator
Water

Thermal/electrical capacity,
MW(t)/MW(e)

Primary circulation Natural convection
NSSS operating pressure
(primary/secondary), MPa
Core inlet/outlet coolant

30 MW(t)/0 MW(e)

0.65 MPa/0.65 MPa

temperature®C) ~110°C
UO2rods/17x17 fuel

Fuel type/assembly array assemblies
Number of fuel assemblies in
the core 32
Fuel enrichment (%) <5%

. 24 monthq1/8
Refuelling cycle (months) core) g
Core dischargburnu
(GWadlton) 9 P 40 GWd/ton
:Ziﬁ:l\ggnc]omml Control Rods
Approach to safety systems  Passive
Design life (years) > 60 years
Plant footprint (M) 3 000 n?
RPV height/diameter (m) 15m/4m
RPV weight (metric ton) -
Seismicdesign (SSE)/ 0.29
Fuel cycle Reprocessing or
requirements/approach open fuel cycle
Design status Conceptual Design

1. Introduction

The company CALOGENA, a subsidiary of the French
watreegact or-gdmer ahte antg ( daipptlri icatt wibtelest ang) mpl e and ro
pressure and with high inertia.

This project, recipient of the France 2030 | abel,
before the end of the 2020s.
a us

I't aims to provide S tainable, safe, competit.i
| oowe mper ature heat (<110AC), which represents one
install ations Whauppoetf ohei masselve, davel opment o
essential t"oedcgmwieaawi'bnyg 2t0h50 .

The project benefits fr omwather epxdveersp avvelapfecseedabracahk

reactors, and offers af rseiemplaend slaofcea, | sSoMRe rseoilgunt,i oc
i ndustrial depl oyment

The engineering and industrial devel opment has be
the start. To quickly meet decarbonisation needs,
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2. Target Application

Calogena is a 30 MWth nuclear water boiler, with a simple and robust design, at low pressure and with high
inertia, which aims to respond as quickly as possible to the challenge of decarbonizing urban béat and
extension of urban heat networks, existing or new ones. It provides heat at the boiler outlet adaptable to the
needs of the district heating network, between 70 and 110°C.

3. Design Philosophy

Cal ogena is desi gneudr btaon been viinrsotnamelnetd. iTro e nrsauare t |
the nuclear boiler, Cal ogena has been developed w
Il ight water poepweors eraigexccht oresaca rod si.n

The use of natural convection, the absence of electric pumps inside the primary circuit, the large volume of
water available in the pool and specific technical provisions make it possjirctically exclude accidental
situations leading to core meltdown. The intrinsic safety that results from this, as well as an Emergency
Planning Zone possibly limited to the periphery of the installatiodthe very small footprint (1000hfor

the nuclear building) allow Calogena to be installed at a close distameaifban networks.

The Calogena modul e MWLhi 30 ihnasst aa |peodweirn oaf an3ulcd recae

vol umef iwlalt édl O@0aiThe reactor vessel i s i mmersed in
An intermediate circuit transfers the heat produc
The Calogena module is developed according to a
manufacture). The modules are transported to thei

4. Main Design Features

(f Nuclear Steam Supply System
The Calogena operation is based on sipilase circulation of demineralized water at a temperature of 110°C
operating at @ressure of 0.5 MP@s. a reference value of 0.65MPajthout steam production.

(g) Reactor Core
The reactor core corEaicht F uefl 2z sfembdll yascoamalpiness .2 €
pell ets and zirconium alloy c¢cladding, organised i

The technology and manufacture are similar to th
l ength dqff itslse |reodorh)umnnd essss @ malni els .

The enrichmemtt iod uwreanif wu®l%. rods is | ess than

(h) Reactivity Control
The core operates in clear water (demineralized water), without the use of a soluble poison (same situation as
in the pool).

The core assemblies accommodate a cluster of control rods. Apart from the height, the clusters are of a design
similar to those for PWRs and use a conventional neutron absorber.

(i) Reactor Pressure Vessel and Internals
The reactor vessel ful

I submerged in the pool sh
- the reactor core at t

y

he bott om,;
- a riser that carries hot wdtrerctgromdudedad ilsy otnlkee o
of the thermosyphon which all ows primary cool an
- a downcomer to the supply of the core, integrat
el ement of the ther mosyphon;
-a | ower primary plenum at the core inlet, and a
- a pressuriser control rod clusters and drive me
- adowncomer of intermediate water supplying the i
exchanger ;
- connections with the primary safety valves and
(outside vessel);
-links with the |l egs of the intermediate circuit
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(i) Reactor Coolant System and Steam Generator

The cooling of the core and the clusters is provided by the thermosyphon of the nuclear boiler by natural
convection of the wateiLhe main heat exchanger (single phase, no steam) is integrated in the reactor vessel.

(k) Pressuriser

The primary circuprtedsurpirseers.urRrsiendarby pwerhgs

Thanks to the natural convection operation, no electric pump is necessary to ensure the circulation of water in
the primary circuit.

5. Safety Features

The Calogena safety features are described, analysed and assessed in the Safety Options File submitted to th
French regulator (ASNR) in October 2024.

(a) Engineered Safety System Approach a@dnfiguration
The safety demonstration of the Calogena module is based on the study of a set of envelop design conditions
of differing levels of severity that it may be confronted with.

The associated studies must make it possible to verify compliance with the General Safety Objectives defined
for the installationThe seven General Safety Objectives have been established for the Calogena module from
those identified by WENRA in the 2021 report relating to SMRs.

(b) Safety Approach and Configuration to Manage DBC
A first set of situations studied is composed of situations resulting from the failure of equipment, or if
applicable from human error, having an impact on a fundamental safety function. The failure is of the "single
initiating event" (EIU) type. The acadt or incident scenarios resulting from the selected ElUs are called
DBC, Design Basis Condition. A classification of the operating conditions according to their estimated
frequency makes it possible to frame and simplify the analysis.
The associated studies are conducted with conservative assumptions at the installation level in order to
reinforce the determinism of the approach. The study rules include the application of a single complementary
failure, independent of the initiator. Bhis generally of the active type but it can be extended to a passive
failure by considering, for example, a-Bdur leak.

(c) Safety Approach and Configuration to Manage DEC

For defence in depth, the study of the reference operating conditions is complemented by the study of a second
set of situations corresponding to more complex sequences, which make it possible, in particular, to cover
cumulative failures (multiple failurgs

The extended analysis is intended to verify the robustness of the safety demonstration, and as such:

1 The prevention of degradation of the core in the event of more complex situations than those considered
in the design basis conditions;

1 Similarly, the consistency between the estimated frequencies of accidental situations, including the
impact of accumulations or common failure modes, and their potential consequences.

The study may lead, if necessary, to the identification of additional design provisions aimed at preventing
transients or mitigating consequences.

Each accident scenario selected under the extended analysis is calleDd3i@ Extension ConditipnThe
associated studies are conducted by considering realistic assumptions and study rules.

(d) Containment System

The containment system is based on the design of
ventilation. The contai nmentsheaefohrsaditarntucclgi dese insuc
the water of the pool capable of retaining radion
contained in the core and by the ventilation in o

The active extraction network of the reactor hall
station and to the stwadhh. HAEMAepipe tegneennstys viefntsiiltau a toi

(e) Spent Fuel Cooling Safety Approach / System
The large volume watdilled pool includes an underwateackthat can accommodateset ofrradiated fuel
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assemblies in decay cooling. After sufficient decay, the spent fuel assemblies are introduced under water into
an agreed nuclear transport container and removed from the fagilityry for further treatment or storage.

6. Plant Safety and Operational Performances

The Calogena site has a local supervision station that allows personnel present on site or on duty to monitor
the automated operation of the reactor as well as to check the physical security provisions of the site. The
installation is also connected to @ntralized supervision station set up for continuoub@4 operation. The
centralized station monitors several Calogena modules in operation on several separate sites.

In terms of performance, Calogena ensures load following and rapid adaptation to the demand of the district
heating network in a range from 20 to 100% of the nominal power. The cost of fegbdmreat provided by
Calogena is competitive with currently dseroduction sources.

7. Instrumentation and Control Systems

The instrumentation that will be installed on the facility is that usually used in large nuclear facilities in
accordance with national and international regulations on nuclear safety and security (instrumentation for
monitoring the reactor operation, almemeters for earthquake detection, site surveillance cameras, etc.).

As previously mentioned, a local supervision station equips the site in connection with a centralized
supervision station operating 24/7.

8. Plant Layout Arrangement
The nuclear building is serbiuried for protection against external hazards and malicious acts.

Nucl e

React ¢

-

Mai n Pool

Pool <

kPool s h

Nucl ea

Crosssection view of the CAL 30 layout

9. Testing Conducted for Desigriverification and Validation
The design is largely based on mature and proven technologies.
In this regardno largescale technological tests are required to validate the d&3ign. t ai n cal cul at
been performed for verification. Critical equi pme

10.Design and Licensing Status
The conceptual design phase was start@®23 and will endn 2025.The Safety Options File was submitted
to the French regulator (ASNRR) October2024. The Preliminary Safety Analysis Report will follow.

This authorized submission is the act that leads to the official Request for Authorization to Build the nuclear
installation (see schedule in 813). As it is underway, the licensing process could lead to a construction
authorisation before the end of the2@8.
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11.Fuel Cycle Approach

The fuel cycle followed by Calogena is in all respects identical to the industrial PWR fuel cycle currently in

place, both for fresh fuel and spent fuel. No specific facilities are needed.
The reference plant refuelling cycle of CAL30 is by 8 fuel assemblies every 2 years.

12.Waste Management and Disposal Plan

Each country where a Caloge8&R is installed will make its own choice between reprocessing spent fuel
andgeological disposal of highly radioactive ultimate waste as practiced in France or interim storage first and

later direct storage of spent fuel assemblies.

13. Development Milestones

ConceptuaDesignPhase.
202 30 25 |EarlyDiscussionwith Safetyauthority.
Submissiorof SafetyandSecurityOptionFiles.

BasicDesignPhase.
2012 30 2 8 |Preparatiorof PreliminarySafetyAnalysisReport.
Requesftor Authorizationto Build

20220 29 |DetailedDesignPhaselicensing,Authorizationto Build

20230 32 |I*PlantConstructiori Commissioning

Ont r ack

Planned

Planned

Planned
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CAREM (CNEA, Argentina)

All content included in this section has been provided by, and is reproduced with permi&iBAafArgentina

STEAM GENERATORS
BARREL

.....

Parameter

Technology developer, country of
origin

Reactor type

Coolant/moderator

Thermal/electrical capacity,
MW(t)/MW(e)
Primary circulation

NSSS Operating Pressure
(primary/secondaryMPa
Core Inlet/Outlet Coolant
Temperaturg®C)

Fuel type/assembly array

Number of fuel assemblies in the core
Fuel enrichment (%)

Core Discharge Burnup (GWd/ton)
Refuelling Cyclg(months)

Reactivity control mechanism

Value
CNEA, Argentina

Integral PWR
Light water / Light water
100/ ~30(CAREM25)

Natural circulation
12.25/ 4.7 (CAREM25)

284/ 326 (CAREM25)

UO: pellet/hexagonal
61 (CAREM25)

3.1% (CAREM25

24 (CAREM25)

14 (CAREM25
Control rod driving

mechanism (CRDM) only

Approach to safety systems Passive

CORE Design life (years) 40
Plant footprint (M) 36 000 (CAREM25%
RPV height/diameter (m) 11/3.2(CAREM25
RPV weight (metric ton) 267 (CAREM25)

Seismic Design (SSE)
Fuel Cycle Requirements or Approach

0.25y (CAREM25

390 full-power days and
50% of core replacement
(CAREM25)

Core heat removal by
naturalcirculation, pressure
suppression containment
Under construction
(CAREM25)

Distinguishing features

Design status

1. Introduction

CAREM is a national SMR devel opment project, bas
National Atomic Energy Commission (CNEA) in collaboration with leading nuclear companies in Argentina
with the purpose to develop, design and construct inn@vaimall nuclear power plantgith high level of

safety and economic competitivenes&REM is an integraPWR typeNPP, based on indirect steam cycle

with features that simplify the design and support the objective of achieving a higher leafeltyf

CAREM25 is the demonstration prototype of CAREM SMR, arag developed using domestic technology,
at least 70% of the components and related services for CAREM were sourced from Argentinean companies

2. Target Application

CAREM is designed as an energy source for electricity supply of regions with small demands. It can also
support seawater desalination processes to supply water and energy to coastal sites.
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3. Design Philosophy

CAREM is a natural circulation based indiregtcle reactor with features that simplify the design and ingrov
safety performance. Its primary circuit is fully contained in the reactor vessel and it does not need any primary
recirculation pumps. Theelf-pressurization is achieved by balancstgamproduction and condensation in

the vesselwithout a separate pressurizer vesSIAREM design reduces the number of sensitive components
and potentially risky interactions with the environm&ume of the sigificant design characteristics are:

- Integrated primary cooling systergelf-pressurizedCore cooling by natural circulation-vessel
control rod drive mechanismand Sifety systems relying on passive features.

4. Main Design Features

(a) Nuclear Steam Supply System

CAREM is an integrareactor. Its higkenergy primary system (core, steam generatonsigoyi coolant and

steam dome) is withia single pressure vessel. Primary cooling flow is achieved by natural circulation, which

is induced by placing the steam generators above the core. Water enters the core from the lower plenum. After
being heated, the coolant exits the core and flows wudir the chimney to the upper steam dome. In the
upper part, water leaves the chimney through lateral windows to the external region. It then flows down through
modular steam generators, decreasing its enthalpy.

(b) ReactorCore

The reactor coref CAREM25has hexagonal cross section fuel assemblies. There are 61 fuel assemblies with
1.4 meters active length. Each fuel assembly contains 108 fuel rods with 9 mm outer diameter, 18 guide
thimbles and one instrumentation thimtilae fuel is 1.8% 3.1% enriched U@ The fuel cycle can be tailored

to customer requirements, with a refeemesign for the prototype of @%ull-power days and 50% of core
replacement.

(c¢) Reactivity Control

Core reactivity is controlled using @ as burnable poison in specific fuel rods and movable absorbing
elements belongintp the poweradjustment and reactivity control systeNeutron poison in the coolant is

not used forreactivity control during normal operation and in reactor shutddwath absorbing element
consists of a cluster of rods Ilinked to a structt
unit. Absorber rods fit into the guide tubes.

(d) Reactor Pressure Vessel and Internals

Reactor Pressure Vessel (RPV) of CAREMis 11
meters high and 3.sheters in diametewith a variable
thickness of 13cm to 2in. The RPV isnade offorged
steel withaninternal stainless stekher.

(e) Reactor Coolant System

The reactor’s coolant system of CAREM is ful
contained in theRPV. Core cooling is achieved usin
natural circulation phenomenon with no primary coole —

to flow into the steam generators, reducing
temperature. Finally, it flows to the downcomer and
core, closing the circuit.

(f) Steam Generator

In CAREM25, twelvg(12)identical minthelical vertical
steam generators of the orteough type are placeq
equidistant from each otheslong the inner surface o
the RPV. Eacltonsists of a system of ébiled piping =
layers, 52 parallel pipes of 26 activelength. They are(l
used to transfer heat from the primary to the secon

circuit, producng superheated dry steam atMPa. The
secondary system circulates upwards within the tuky 5%
while the primary coolant moves in countanrent flow. :
The steam gnerators are designed to withstand t;.

primary pressurelhe entiresecondary sides designed
to withstand primary pressure up to isolation val
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(including the steam outlet/water inlet headers) in case of SG tube breakage.

(g) Pressurizer

Self-pressurization of the primary system in the steam dome is the result of thedigam equilibrium. The
large steam volume in the RP&tting as an integral pressurizer, also contributes to dampamypfessure
perturbations. Due to seghiressurizationthe bulk temperature at core outlet corresponds to saturation
temperature at primary pressure. In this way, typical heaters present in conventiongré3a(Rizes are
eliminated

5. Safety Features

(a) Engineered Safety System Approach and Configuration

Defence in Depth (Di D) principle was the basis o
internalization in t@GAR geesnlegrn It adkeisnigg ni ncthoa raaccct ceur ni t
and mitigate the postulated events. Western Europ
definition was adopted, which all ows atsh @ acdn oifd
Level 3 for the prevention of cooé dhmaggevel A.stFro
CVvVCS can control a medi um Ioss of cool ant event
established. For | evel 3 A, the first stage is acc
stageementmdl by active systems in order to achiev
case of failure in Level 3A, the first stage is &
second stage is composetdehryalsiwptl er sgyosg@imsa twed rhs
accident-pmiotvii gsd toinsn are considered to guarantee h
wi th theveaismelofcoirn um retenti on

CAREMEs safety system consists of two reactor pr
residual heat removal system (PRHRS), safety and
a containment of pressiursts Shpteadoswinosytsypeen. (FIES)
rods and 16 reactivity adjust and contr ol rods | o
the Second Shutdown Systempressuse sirmjtealt igwad veort  br
high pressured tanks, which is activated automat.
The different systems, structures and components
according to thel eivdedn tsiaffiectayt ideaurnicetfda dolndsw o b LtSHF§ f un
func+tainadns af ety foufnc39 @sn atlh agtr ofuwlsf i | | t hose funct.i

(b) Decay Heat Removal System

During the grace period of 36 hours, core decay heat removal is assured by one out of two PRHRS in the case
of loss of heat sink (LOHS) or Station Blaokt (SBO). SBO is considered to be a design basis event. After

that period, redundant active systensvite heat removal from the RPV and the containment to the final heat
sink. Two redundant diesels provide energy supply for these systems. Despite the low frequency of an SBO
longer than 36 hours, provisions for that scenario are supplied by simple systppwsted by a fire
extinguishing system or sghiowered pumps. The PRHRS are heat exchangers formed by parallel horizontal
U-tubes (condensers) coupled to common headers.

(¢) Emergency Core Cooling System

In case of a loss of coolant event, a Medium Pressure Injection System delivers water into the RPV to keep the
core covered during the grace period. This system consists of two redundant borated water accumulators
connected to the RPV. When the pressuithéreactor vessel becomes relatively low, the rupture disks, that
isolate the accumulator tanks from the RPV will break. After the grace period and in case the loss of the coolant
could not be isolated, an active system provides long term water injgttidhe RPV. Two redundant diesels
provide energy supply for these systems.

(d) Spent Fuel Cooling Safety Approach/System

In case of a SBO and during the grace period, longer than the reactor one, the water of the spent fuel pool is
the heat sink. After this period, a chainretiundant active systems provides heat removal to the final heat
sink. Two redundant diesels provide energy supply for these systems.

(e) Containment System

The cylindrical containment vessel with a pressu
external wal | with a carbon steel l'iner and wit h:
pressure of 0. 5MPad iThei deathesiod&nti si Nmemtt,e t hi s
external events during the grace period. After gr
support, wil!l provide suppression pool cooling an
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6. Plant Safety and Operational Performances

The natural circulation of coolant produces different flow rates in the primary system according to the power
generate@ndremoved. Under different power transients, a-setfecting response in the flow rate is obtained.
Due to the sefpressurizing of the RPV, the system ke#ps pressure close to the saturation pressure. The
control system is capable of keeping the regmtessure practically at the operating set point through different
transients, even in case of power ramps.

7. Instrumentation and Control Systems

Plant control is performed by a distributed control system, computer based and with high availability. There
are two diverse protection systems: FRRelactorProtectionSystem (FRPS) an8econdReactorProtection

System (SRPS), each system carries four redundancies. There are two (2) diverse nuclear instrumentation
systems (NIS), one each for the FRPS and SRPS.

8. Plant Layout Arrangement

Offices
Changings Rooms
Emergency Control Room

‘ ‘( Turbine Building

Reactor Building

Containment

Spent Fuel Pool

Safety & Process Systems
Control Room

€ ¥ CAREM25

S

CAREM plant layout CAREM25 construction site

9. Testing Conducted for Design Verification and Validation

A full-scale loop has been built in order to test the innovative control rod drive mechanisms. This facility is
operating at the same parameters (pressure and temperature) as RPV plant design conditions and is was
designed for reactivity adjustment and tohrods calibration.

10. Design and Licensing Status

CAREM25 basic design is completed. CAREM25 detail design 4 p@gressCAREM25 was granted a
construction licenseCNEA is working on the commissioning license request.

11.Fuel Cycle Approach

The fuel cycle can be tailored to customer requiremest@reference CAREM25 has an open fuel cycle
design of 390 fulpower days and 50% of core replacement.

12.Waste Management and Disposal Plan

Waste management facilities for waste treatment and storage are provided. Provisions for prolonged temporary
storage of solid wastes at the site are cameidl

13. Plant Economics

As CAREM25 isa prototype, plant economics is not providéblEA is working on economic studies for the
commercial module

14.Development Milestones

1984 CAREM concept was presented in Lima, Peru, during the IAEA Conference on:
and was one of the first of the new generation reactor designs. CNEA officially lau
the CAREM project

2006 Argentina Nuclear Reactivation Plan listed the CARENI2&ject among priorities o
national nuclear development
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2009

2011

2011
2012
2013
2014
2024
2028

CNEA submitted its preliminary safety analysis report (PSAR) for CAREM25 tc

ARN

Startup of a high pressure and high temperature loop for testing the innovative hy:

control rod drive mechanism
Site excavation work beginning

Civil design beginning
Construction license

Civil works started
Electromechanical erection (start)
First criticality
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HAPPY200 (SPIC, Ching

All content included in this section has been provided by, and is reproduced with permitsso8RIC China

Parameter Value

Technology developer, country o State Power Investment

origin Corporation, Ltd(SPIC), China

Reactor type PWR

Coolant/moderator Light water / light water

Thermal/electrical capacity, 200/ 0 (thermal power only)

MW(t)/MW(e)

Primary circulation Forced (2 pumps)

NSSS Operating Pressure 0.6/0.8

(primary/heating), MPa

Core Inlet/Outlet Coolant 80/120

Temperature°C)

Fuel type/assembly array UO:/ Square 17x17

Number of fuel assemblies in the 37

core

Fuel enrichment (%) 2.76 avg / 4.45 max

Core Discharg®urnup 40

(GWd/ton)

Refuelling Cycle (months) 18

Reactivity control mechanism Rods

Approach to safety systems Active / Passive

Design life (years) 60

Plant footprint (rf) 1150

RPV height/diameter (m) 6.0/2.25

RPV weight(metric ton) 26

Seismic Design (SSE) 0.3g

Fuel cycle requirements / LEU / once through

Approach

Distinguishing features Pookoop combined type reactor,
heat generator.

Design status Detailed Design

15. Introduction

TheHeatingreactor of Advanced lowressurized and Passive SafetY sydtet0 MW(t) (HAPPY200) is a

so called poeloop combined type reactor, which has both features of swimming pool reactor and PWR to
some extent. The HAPPY200 operates under low temperaiar at low pressure in the closed primary circuit
boundary with forced circulation mode. All engineered safety systems operate in a passive mode, and can cope
at least for 1 month after accident without any active operator intervention, taking adwdrdatgnal cold

air as the ultimate heat sink. A large pool of water inventory is incorporated to enhance its safety and reliability
under postulated accident conditions. The key design objectives of HAPPY200 include: inherent safety; good
economy; provernechnology; and easy decommissioning. Aiming for high reliability with inherent safety
features, HAPPY200 can be deployed in the vicinity of the targeted heating supply district or community with
high population density.

16. Target Application

The HAPPY200 is designed for heat generating power source, dedicated to provide northern cities in China
with a clean heating solution, and can be operatedif& #onths each year during the winter. Its-Hedectric
applications include sea water desalimatihouse cooling in summer, energy storage etc. without any need of
substantial design change.
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17.Design Philosophy

The HAPPY200 draws on the mature operating experience of light-a@iéxd reactors, pool reactors and
passive nuclear safety technolo@oth RCS and ESF system are operated under low pressure and low
temperature spectrum, and the design parameters canerfateto adapt to local civil heating requirement.
HAPPY200 adopts provemechnology andequipment, such asuncatedfuel assembly, platgype heat
exchanger, etc. Hseequipmers have full operational record, high reliability and high maintairityi The

plant is to be built halinderground, with reactor core vessel totally submerged in a large underground pool,
to elimination of externagvent challenge. And 5 FP shielding and barriers are deployed to ensuring
radioactivity isolation from terminal ess, as well as the surrounding publithe primary safety objective of
HAPPY200 design is practical elimination of core melting and technical cancellationsifeoémergency,

so that the reactor can meet basic evaluation principle for heagictpréormulated by the Chinese National
Nuclear Safety Administration.

18.Main Design Features

(a) Primary Circuit

During normal operation, the 80 -
bott om, and the water is then h
water enters the 2 hot legs and then enters four separate primary
exchangers. Inside the primary heathanger, the primary water is coole
to 80 by the secondary side wat
exchangers enters 2 cold legs separately. The water then flows down *
bottom and enters the core again. No boiling will occur during abr
operations.

(b) Reactor Core and Fuel

The core of the HAPPY200 consists of 37 fuel assemblies. Each
assembly is 2.1 m long and its design is modified from a standard71’
PWR fuel assembly with 264 fuel rods. The fuel is.\ddh Gd as a burnable
absorber. The®U enrichment is below 5%. The reactor operates 180 days
per year (typical énonth winter period in northern China) and a tHva&h refuelling is conducted off power

on an 18month refuelling cycle.

(c) Secondary Side

The secondary coolant system is an isolated sealed intermediate loo
separates the primary loop and the third loop while transfer heat fron
primary to the third. The pressure of the secondary loop is designed
higher than that of the primarpop, so there is no chance that tl
radioactive primary side water could contaminate the third loop.

(d) Reactivity Control -
HAPPY200 uses 21 control rod clusters to provide enough react

compensating capacity, with magnetic force type and hydraulic force type

control rod driving mechanism (CRDM). No chemical shim (e.g. Boron) is used for reactivity control.
HAPPY200 blends a lot of gadolinium oxide in fuel rods. Because there{sahasie boron in the core, the
reactor is operated by shifting control rodsrtaintain criticality.

(e) Reactor Pressure Vessel and Internals

The reactor pressure vessel is submerged inside the large water pool, isolated from the pool during normal
operation and other conditions, RCS is connected to pool only if the RCS is depressurized and need injection
of cooling water from the pool.

19. Safety Features

The primary safety objective of HAPPY200 design is practical elimination of core melting and technical
cancellation of offsite emergency. To achieve this safety objective, the safety concept of HAPPY200 is based
on inherent safety features, the defencdeipth principle, the use of passive systems to prevent accidents and
mitigate their consequences, and mhb#iriers to the release of radioactive materials into the environment.
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(a) Engineered Safety System Approach and Configuration

HAPPY?200 has many characteristics including low temperature, low pressure parameters, high thermal safety
margin, negative power reactivity, simplified engineered safety features (ESF), etc. And the system uses
passive cooling system and asdismic systm. The safety systems of HAPPY200 consist of: redundant
shutdown system, passive feleldéed system (PFB), passive residual heat removal system (PHR), passive pool
air cooling system (PAC), etc. These systems could maintain core integrity through thiéepilziet

(b) Decay Heat Removal System

The passive residual heat removal system is designed to remo\
residual heat from the reactor core during unexpected operat
occurrences and events, especially for the-IlOGA events. It
consists of two series vertical tube heat exchangers cathedth
the hot legs and cold legs of each loop. The passive residual
removal mode is provided by the natural circulation of the coolar
primary circuit through the heat exchangers, which use the I
capacity pool water as the heat sink. Theths@ak capacity is
adequate to passively cool down the reactor and prevent haza
superheating of the core.

(¢) Emergency Core Cooling System :
Pool water heat sink is used for emergency core coolant injectior Engineered safety features:

residual heat removal. -1 Passive Residual Heat Removal System
_ -2 Passive Safety Injection System
(d) Containment System -3 Passive Air Cooling System

The containment of HAPPY200 is a steel shell type, acting as the last

barrier of fission product. It also partially functioned as heat removal sink to environment during normal
operation and accident condition.it is partially deployed underground. A total of 5 safety barriers: fuel pellet,
fuel cladding, primary circuit sysin, large volume shielding pool and steel containment.

20.Plant Safety and Operational Performances

HAPPY200 unit itself does not consider generating electricity. In normal operation, external power supply is
required to ensure the operation of each device and system. In accident conditions, the unit can be returned to
the shutdown state and take awag decay heat without relying on the external power supply by the inherent
safety features and passive safety system.

21. Instrumentation and Control Systems
The instrumentation and control (I&C) system provides the capability to monitor, control and operate plant
systems. The 1&C system is implemented using mature technology based on high economy.

22.Plant Layout Arrangement
HAPPY200 is designed to be sited in inlar
areas near the targeted heating supply &
centre. No special requirements to adapt w
the local air temperature, humidity and oth
conditions. The principal structures are ti
reactor building, electrical biding, fuel
building and auxiliary building. HAPPY20C
unit itself does not generate electricity. |
normal operation, external power supply
required to ensure the operation of eaft#
device and system. In accident conditions, 1
unit can be returned the shutdown state ang®
take away the decay heat without relying ¢
the external power supply by the inherent

safety features and passive safety system. HAPPY200 does not discharge waste heat or require a large amoun
of cooling water, because the plant design adopts closed cycle. By using closed cycle, the amount of water
replenished in normal operation is snald all of the heat is supplied to the heat consumer. HAPPY200 with
smaller or zero emergency planning zones (EPZ) up to only 3 km in radiugidezkpo be approved by the
regulators.
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(a) Engineered Safety System Approach and Configuration

Thereactor building is used to prevent the radioactive materials escaping to the environment at the condition
of LOCA accident. At normal conditions and accident conditions, it provides radiation protection and protects
the internal systems from external ditas. The reactor building is mainly used to arrange reactors and other
primary loop equipment, such as main pump, primary/secondary heat exchanger, pressurizer, shielding pool,
timeless akcooling system, chemical and volume control system, equipmetingowater system, NI
ventilation and air conditioning system, etc.

(b) Electrical building
The electrical building is mainly used to arrange power distribution equipment, instrumentation and control
equipment, main control room, battewgntilation system, fire protection system, and so forth.

(c¢) Fuel building

The fuel building is mainly used for equipment layout and operation of fuel handling, transportation and
storage systems. It is also used to arrange pool cooling and purification system, ventilation and air conditioning
system, chemical and volume contsgktem, etc.

(d) Auxiliary building

The liquid waste treatment system is performed at the auxiliary building. The system includes the radioactive
liquid waste recovery system, nuclear sampling system, exhaust gas treatment system, and nuclear auxiliary
building ventilation system.

23.Testing Conducted for Design Verification and Validation

The HAPPY200 reactor system is in general designed based on proven technology and Thetpdctrum

of reactor core and coolant temperature and pressure is decreased consequently both under the normal
operation and accident conditions, which resulted in larger thermal margin compared to conventional LWR
design criteria, as well as possiloleoling and flooding of reactor core accessible to low pressure system, as
part of ESF features. To date, 3 important test facilities, one for secondary reactowahsystem validation

testing and one for engineering design validationR#FB and PHR system, and in addition, a large steel
containment for validation of PAC system has been built and ready for performing of validation test. Besides,

a test for critical heat flux of truncated fuel assembly is also planed fetereaconstruton.

24.Design and Licensing Status

HAPPY?200 has completed conceptual design. Preliminary design is underway. The commercial demonstration
project is carrying out preliminary work of the project, and the site selection and preliminary feasibility analysis
have been completed. HAPPY200 meetgulatory requirements for design and licensing in most countries.
The first project has completed the site selection and preliminary feasibility analysis report review. The next
step will submit site safety assessment report and site stage environimgatztl assessment report to the
Chinese regulatory authorities

25.Fuel Cycle Approach

Because in the north of China, heating system is required to work about six months in a year, the HAPPY200
reactor should be operated about 18 months in-ffl@aBcycle, the reactor should be shutdown for six months
every year. However, there is no needrefuelling in one cycle for 3 years. The enrichment of uranium used

by HAPPY200 is less than 5%, and the average discharge burnup of fuel assemblies is about 40 GWd/tU.

26. Waste Management and Disposal Plan

After spent fuel discharge from the reactor, it is stored on plant site and then cooled and decrease in
radioactivity for some years. Ontlerough fuel cycle option is considered after plant site decommissioning.
Spent fuel leave at safety level and tren$d specific disposal site.

27.Development Milestones

2015 Start market investigation and conaggdtdesign (changes)
2016 Conceptial design

2019 Start preproject work in north oChina

2024 Project suspended for the time being
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I-SMR (KHNP and KAERI, Republic of Korea)

Y g
K2

All content included in this section has been provided by, and is reproduced with permission of(R&ERENd K.A.CARE (KSA)

Parameter Value

Technology developer, country of origi i-SMRDA, KHNP&KAERI
Republic of Korea

Reactor type Integral PWR

Coolant/moderator Light Water / Light Water

Thermal/electrical capacity, 520/ 170

MW(t)/MW(e)

Primary circulation Forced circulation

NSSS Operating Pressure 15.5

(primary/secondary), MPa

Core Inlet/Outlet Coolant 286 /321

Temperature°C)

Fuel type/assembly array UO:; pellet / 17 X 17 square

Number of fuel assemblies in the core 69

Fuel enrichment (%) <5.0

Core Discharge Burnup (GWd/ton) <62.0

Refuelling Cycle (months) 24

Reactivity control Control rod, burnable absorber rods
moderatotemperature coefficient

Approach to safety systems Fully passive

Design life (years) 80

Plant footprint (rg) NA

RPV height/diameter (m) 29.7/55

RPV weight (metric ton) 650

Seismic Design (SSE) 0.59

Distinguishing features Boronfree operation

At least 72 hours for core cooling
without any safety grade AC/DC
power

Design status Standard Design in progress

1. Introduction

In order to promote sustainable development and achieve caeotrality, the ISMR is on development in
Republic of Korea with enhanced safety and economic efficiency compared to conventional nuclear power
plants, offering flexibility for multipurpose use and harmonization with renewable energy-SIMR is an
innovative small modular PWR producing 520MW thermal power. TBEIR has an integral Reactor Coolant
System (RCS) configuration that eliminates large pipes for connection of the major components. The major
primary components such as a core with 69 fuel adgesnfour Reactor Coolant Pumps (RCPs), a helical
oncethrough Steam Generator (SG), and a Pressurizer (PZR) are installed in a single Reactor pressure Vessel
(RV) and equipped in a compact steel Containment Vessel (CV). Due to the integral arrandement, t
possibility of a Large Break Loss of Coolant Accident {LBCA) is inherently eliminated.

2. Target Application

The iSMR is a multipurpose reactor for electricity production, heat supply for industries, seawater
desalinationand hydrogeproduction. The-SMR is four module design, and its total electricity is comparable
to substitute the conventional fossil power plant.
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3. Design Philosophy

The FSMR implements design simplification and a elimination of a large brealotassolant accident by
integrating the primary coolant system. THeMR incorporates the bordree operation for enhancing safety

and economics. The fully passive safeygtem is adopted without any safefsade electrical power and
operatorés action to achieve a high level of safe

4. Main Design Features

(a) Nuclear Steam Supply System

The FSMR has an integral Reactor Coolant System (RCS) configuration that eliminates large pipes for
connection of the major components. The major primary components, such as a core with 69 fuel assemblies,
four (4) Reactor Coolant Pumps (RCPs), helicalesthrough Steam Generator (SG), and Pressurizer (PZR)

are installed in a single Reactor pressure Vessel (RV) and equipped in a compact steel Containment Vessel
(CV). Due to the integral arrangement, the possibility of a Large Break Loss of Coolant ACcBIE@CA)

is inherently eliminated.

(b) Reactor Core

The reactor core generates heat by a controlled nuclear fission reaction and transfers the generated heat to the
reactor coolant. The rated core thermal power is 520 MWth. It consists of 69 fuel assemblies, 49 Control Rod
Assemblies (CRAS), and 20-borelnstrument (ICI) assemblies. The core is designed for the refueling cycle

to be 24 months with a maximum fuel rod burn up of 62,000V U.

(c) Reactivity Control

Reactivity control during normal operation is achieved by control rods, burnable absorbers, and moderator
temperature. The$MR adopts boroffree operation and eliminates significant amount of component and
maintenance activities related to boron generation and concentration. The primary reactivity control system is
the control rods and burnable absorbers. Burnable poison rods are introduced to give flat radial and axial power
profiles, which results in andéneased thermal margin of the core. H8MR adopts an kVessel Control Rod

Drive Mechanism (IVCRDM) which excludes the rod ejection accident. A large number of control rods in i
SMR core assures a relatively high control rod worth. In accordancehgiimplementation of a bordree
operation, the secondary reactivity control system uses the Moderator Temperature Coefficient (MTC) of a
boronfree core with a large negative MTC.

(d) Reactor Pressure Vessel and Internals

The Reactor pressure Vessel (RV) is a cylindrical pressure vessel manufactured vertically, serving as a pressure
boundary for RCS along with the PZR. To minimize welds, the RV is primarily produced through forging.
The interior of the RV is clad with ausiic stainless steel to enhance corrosion resistance. The internals of

RV consist of the Core Support Barrel (CSB), which supports the nuclear fuel assemblies and secures the flow
path; a helical SG; the Upper Guide Structure (UGS) installed inside Biea@8&the Internal Barrel Assembly

(IBA) designed to support the f¢RDM and ICI guide tube.

(e) Reactor Coolant System and Steam Generator

The RCS transfers heat generated from the core to the secondary system through the SG and acts as a barrie
that prevents the release of reactor coolant and radioactive materials
to the public. The RCS and its supporting systems are designed with
sufficient core cooling margin for protecting the reactor core from
damage during all normal operation and Anticipated r@pmal
Occurrence (AOO). The reactor coolant flows upward through the
core, inside CSB assembly including UGS assembly, turns downward
through the RCP, SG shell side, and then returns back into the core
through the lower plenum. The forced circulatiomwflof the reactor
coolant is formed by four (4) RCPs installed at the upper side of the
reactor vessel. By this coolant circulation, the core heat is deliveredto
the secondary system via the SG

The SG, which is installed inside the RV, is a helical ethceugh

type in which the reactor coolant and secondary coolant flow outside
and inside the SG tubes, respectively. The purpose of the SG is to
generate superheated steam during normal operation of the reactor
and to remove residual heat of the primary system during ree Flow Path of RCS
shutdown or in an upset event. The tubes of the SG are helical
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designed to provide the maximum heat transfer area in limited space. The primary coolant flow and secondary
coolant flow inside reactor vessel are treated as a single path for the normal operation, respectively. A portion
of helical tubes may participate ithe heat transfer process during accident condition.

(f) Pressuriser

The pressurizer forr$MR is located at topide of the RV, because this configuration has advantages for
pressurizing the reactor coolant in a subcooled state and collectirgpndensable gases. The pressurizer is
designed as a steam pressurizer whatarated steam and water-exist. The steam pressurizer has an
advantage that the simple control schemes are provided byhase phenomena during the transients.
Overpressure protection of the RCS is provided by the PSVs to discharge pressurizer steam during over
pressurization transients. The pressurizer has sufficient steam volume to limit that water level from reaching
the valve nozzles during-surge transiest

(g) Primary pumps
The +tSMR has four (4) RCPs vertically installed at upper si

of the RCH. Each RCP is an integral unit consisting of a can I, PCCS HX
asynchronous three phase motor. Since a canned motor | i —
does not require pump seals, its characteristic basic o ']’ =

Accident (SBLOCA) associated with a pump seal failure. 1
RCPs circulate react@oolant through the SG to exchange he
with secondary feedwater flowing in tube side of the SG. 1 -
reactor coolant is cooled as it passes through the SG, and is| -
returned to the core where it is reheated. The RCP penet| =
through the flang¢ype nazles of the RCH in vertical directior
and inserted into the nozzles formed in the UGS and the CS

eliminates possibility of the Small Break Loss of Coole e
PAFS
HX

‘—.
1
|
|
|
J .
i
|
|
|
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1
5. Safety Features PAFS and PCCS schematics

(a) Engineered Safety System Approach and
Configuration
The Engineered Safety Features (ESF}8MR, sensible mixture of proven _
technologies and advanced design Eby
features, are designed to function automatically on demand and to cope with HE
Design Basis Accidents (DBAs) and Design Extension Condition without :
significant fuel degradation (DE&) for mitigation. These safety functions to _
control, mitigate, or terminatsuch accidents keep radiation exposure levels F !
below the regulatory limits. The main systems of ESFs are as following;
1 Passive AuxiliarjFeedwater System (PAFS)
1 Passive Emergency Core Cooling System (PECCS) Hallcal 56
1 Passive Containment Cooling System (PCCS)
The PAFS removes the RCS heat by natural circulation in emergency
situations where normal steam extraction and feedwater supply are
unavailable. The PECCS is composed of the reactor vessel, containment
vessel, EDVs, Emergency Recirculation Valves (ERV8)o (2) ERVs and
two (2) EDVs provide integrity of the Reactor Coolant Pressure Boundary
(RCPB) during normal operation, and open when the pressure difference
between the RV and CV reaches the predetermined setpoint which is muiSchematic Diagram of ECCS
lower than the pressure difference during the normal operation. Emergency
cooling of the core i s i ni tpresstresttanband waterlinto¢the CVivigg t h e
the EDVs. The hot steam and water explosively expand and builds up the CV pressure. The steam is soon
condensed by the PCCS heat exchanger ankthigs dissipated mainly to the Emergency Cooling Tank
(ECT). The condensed water accumulates in the annulus between RV and CV. Once the pressures of the RV
and CV get balanced close enough, the condensed water in the CV annulus is recirculated &3 wath
the ERVs. As such, continuous natural circulation is maintained and thus the continuous core cooling.

. PCCEHK

(b) Safety Approach and Configuration to Manage DBC
The safety approach for design and operatiorSMR is based on the defencedepth philosophy. Multiple
barriers such as fuel pellet, cladding, RV, and CV prevent radioactive release to the environment and those
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barriers are protected by passive safety systems. Multiple, independent, and various systems are designed to
remove heat for protection of those barriers. The following five (5) levels of defence are provided to the i
SMR based on IAEA SSR/1 and WENRA RMVG report, which is implemented in such a way that when
one level fails it makes the subsequent level come into play:
Level 1. Prevention of abnormal operation and failures by means of conservative design and high quality in
construction and operation, control of main plant parameters inside defined limits
Level 2: Detect and control of abnormal operation and failures by means of control and limiting systems and
other surveillance features
Level 3: Control of accident to limit radiological releases and prevent escalation to core melt conditions by
means of:
Level 3a: Control of design basis accidents by reactor protection system, safety systems and accident
procedure
Level 3b: Control of complex sequences and prevention of core melt by means of, if required, additional
safety measures and accident procedures
Level 4: Control of accident with core melt to limit-&fite releases by means of complementary safety features
to mitigate core melt and management of accident with core melt (severe accidents)
Level 5: Mitigation of radiological consequences of significant releases of radioactive material by means of
off-site emergency response and intervention levels
A set of DBAs is postulated and accommodated by the desidpe ®85MR. The consequences of the DBAs
fall within the acceptance limits established to protect safety of the public and the plant staff, as well as to
provide an appropriate level of plant protection

(c¢) Safety Approach and Configuration to Manage DEC

In the rSMR design, severe accidents are addressed as follows:

1 For phenomena likely to cause early containment failure, for instance, within 24 hours after accidents,
mitigation systems shall be provided or design should address the phenomena although the probability
for such accidents its low

1 For phenomena which potentially lead to late containment failure if not properly mitigated, the mitigation
system or design measures should be considered in conjunction with the probabilistic safety goal and cost
for incorporating such features to addréssphenomena

This approach is to enhance the effectiveness of investment on safety by avoiding unduestraent on

highly improbable accidents. Also, a realistic assessment is recommended for severe accident analyses.

The severe accident management plan encompasses a range of equipment, including safetgadety non

graded items, available both inside and outside containment, along with the necessary procedures for

responding to accidents.

(d) Containment System
The Containment Vessel (CV) ofSMR is a vertical cylindrical structure surrounding the RV, made of
metal. Its primary function is to prevent the release of radioactive materials into the environment during
normal operation and accidents. The outer sartddhe CV is exposed to the atmosphere, and since there
are multiple penetrations for piping and valve connections, isolation valves are installed on the safe end
nozzles of the containment vessel to prevent the release of radioactive materialsentortdrenent. By
maintaining a vacuum inside, steam released in to the CV during the operation of the ECCS is condensed
by the PCCS installed within the CV. The condensed cooling water is then injected into the RV through the
ERV once the pressure betwebr RV and CV is equalized, helping to cool the reactor core.

(e) Spent Fuel Cooling Safety Approach / System
The Spent Fuel Pool Cooling and Clagm System (SFPCCS) is designed to remove decay heat from the
spent fuel assemblies, maintain teenperature of the Spent Fuel Pool (SFP), control water inventory, and
maintain the water purity and clarity of the pools. The safety related function of cooling and shielding the
fuel in the SFP is performed by the water in the pool.

6. Plant Safety and Operational Performances

The safety goals of theSMR is to achieve a core damage frequency less thigmet Ohoduleyear and a large
release frequency less than'd@er moduleyear for internal event and full power. The operating experience
of KHNP has been applied to th& MR with the expected available factor no less than 95%. Load following
operation of iSMR is simpler than that of conventional PWR because boeenoperation of-SMR with a
large reactivity feedback effect minimizes the movement of control banks amd dmmcentration control is
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also not necessary. The daily load following performance simulation ofSMRi core shows that radial
peaking factor, 3D peaking factor and the axial offset were satisfied within the design limit.

7. Instrumentation and Control Systems

The HumarMachine Interface System (HMIS) features an advanced control room and the digital control
systems. HMIS combined with human factor engineeringfsiuringsafety by minimizing the likelihood of
human error provides the capability to protect, control, and monitor the nuclear power plants. The Integrated
Main Control Room (IMCR) is provided with Humaiachine Interface (HMI) devices from which operator
actioncan be taken simultaneously to operate for four integrated reactors safely under titlgpperaitions

(except MCR fire) and maintain it in a safe condition under all operating conditions. The HMIS is developing
to satisfy all regulatory requirements such as independence, redundancy,-oletlssté and diversity and

to improve the economnscand operability.

8. Plant Layout Arrangement

The FSMR is designed to accommodate four (4) integrated reactors and containment vessels, structures,
systems and components. The power block of-BldR consists of the reactor building, the control building,

the turbine generator building and the connpa building.

i-SMR pl ant site overview

9. Testing Conducted for Design Verification and Validation

The +SMR is based on the proven design and extemidvelopment experience obtained from the operation

and construction of the conventional PWR. The verification test of key passive safety features have been
conducted and the safety validation tests for 48MR is ongoing for licensing.

10.Design and Licensing Status
The FSMR design is developed in conformity with Korean law, codes and standards for nuclear power plants
and safety principles.

11.Fuel Cycle Approach
The SMR adopts the same open fuel cycle as operating PWRs. The fuel cy8®Bfis 24 months.

12.Waste Management and Disposal Plan
The SMR has several design solutions to minimize radioactive waste generation. All radioactive waste will
be processed with the conventional PWR waste treatment.

13. Development Milestones

20197 2020 | Conceptual Design Phase Complete
20217 2023 | Basic Design Phase Complete
20247 2025 | Standard Design Phase (and preparation folipgasing) |On track
202671 2028 | Licensing Planned

40



NuScalePower Module (NuScale Power,
LLC, United States of America)

All content included in this section has been provided by, and is reproduced with permission of, NuScale Power, LLC., USA.

Parameter Value
Technology developer, country o NuScale Power LLC., USA
origin
Reactor type Integral PWR
Coolant/moderator Light water / Light water
Thermal/electrical capacity, 250/ 77 (gross)
MW(t)/MW(e)

Primary circulation Naturalcirculation
NSSS Operating Pressure 13.8/4.3
(primary/secondary), MPa

Core Inlet/Outlet Coolant 249/316
Temperature°C)

Fuel type/assembly array UQO:; pellet/17x17 square

Number of fuel assemblies in the 37
core

Fuelenrichment (%) O 4.95

Core Discharge Burnup 50- 55 with cycle optimization

(Gwd/ton)

Refuelling Cycle (months) Nominal 18

Reactivity control mechanism  Control rod drive, boron

Approach to safety systems Passive

Design life(years) 60

Plant footprint (rd) Dependent on plant design
options

RPV height/diameter (m) 17.7/2.7

RPV weight (metric ton) TBC

Seismic Design (SSE) 0.5¢g

Fuel cycle requirements / Nominal Three stage {aut

Approach refuelling scheme

Distinguishing features Unlimited time for core cooling

without AC or DC power, water
addition, or operator action

Design status Equipment Manufacturing in
Progress

1. Introduction

The NuScale Power Modde (NPM) is a smalllight-watercooled pressurizedater reactor (PWR). Small
Modular Reactor (SMR) plants with NuScale Power ModifI¢dPMs) are scalable and can be built to
accommodate a varying number of NPMs to meet cust
configurations include the-MPM at 308 MW(e), the-BIPM at 462 MW(e), and the 12PM at 924

MW(e). A sixmodule configuratiois the reference plant size for the Standard Plant Design Approval

design and licensing activities. Plant configurations can incluedied and/or watecooled condensers.

Each NPM is a selfontained module that operates independently of the other modules in-anouiie
configuration. All modules are managed from a single control room. The U.S. Nuclear Regulatory
Commission (NRC) hagparoved the control room conduct of operations for 3 operators controlling up to 12
NuScale reactors and has eliminated the requirement for a Shift Technical Advisor. Significant plant design
features include factory fabricated, compact NPMs that incheledntainment, natural circulation coolant

flow for all operational states, high design pressure containment vessel, use of establisheddigteactor
technology, and testingased design development.
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2. Target Application

The NuScale design is a modular reactor for electricity production, with the capability for flexible operations
to load follow, and for nomlectrical process heat applications, including the cogeneration of heat and
electricity.

3. Design Philosophy

The NuScale SMR desigapproach adopts design simplification, proven hghter reactor technology,
modular nuclear steam supply system, factabyricated power modules, and passive safety systems that allow

for unlimited reactor cooling time after a beyond design basis atoidéhout AC or DC power, operator

action, or makeup water. There are no design basis accidents that uncover the core or require operator action.
The NPM is designed to operate efficiently at-fudwer conditions using natural circulation as the means of
providing core coolant flow, eliminating the need for reactor coolant pumps.

4. Main Design Features

(a) Nuclear Steam Supply System

The nuclear steam supply system (NSSS) consists of a reactor core, helical coil steam generators, and a
pressurizer within a reactor pressure vessel (RPV). The NSSS is enclosed in an approximately cylindrical
containment vessel (CNV) that sits in the reapbol structure. Each power module is connected to a dedicated
turbinegenerator unit and balanoé-plant systems.

(b) Reactor Core

The core configuration for the NPM consists of 37 fuel assemblies and 16 control rod assemblies. The fuel
assembly design is an approved, commercially available, 17 x 17 PWR fuel assembly with 24 guide tube
locations for control rod fingers andcantral instrument tube. The assembly is nominally half the height of
standard plant fuel and is supported by five spacer grids. The fueliwithOG0; as a burnable absorber
homogeneously mixed within the fuel for select rod locations.zfdeenrichment is up to the current U.S.
manufacturer limit of 4.95 percent enrichment.

(c) Reactivity Control

Reactivity control in each NPM is achieved mainly through soluble boron in the primary coolant and 16 control
rod assemblies. The control rods are organized into two groups: a control group and a shutdown group. The
control group, consisting of four rodgnmetrically located in the core, functions as a regulating group that is
used during normal plant operation to control reactivity. The shutdown group comprising 12 rods is used during
shutdown and scram events. The absorber material in these contrisl Badsand their length is 2 m.

(d) Reactor Pressure Vessel and Internals

The RPV consists of a cylindrical steel vessel with an inside diameter of 2.7 m, an overall height of
approximately 17.7 m, and is designed for an operating pressure of 13.8 MPa. The upper and lower heads are
torispherical and the lower portion of the wedsas a flange just above the core region to provide access for
refuelling. The RPV upper head supports the control rod drive mechanisms. Nozzles on the upper head provide
connections for the reactor safety valves and the reactor vent valves.

(e) Reactor Coolant System and Steam Generator

The reactor coolant system (RCS) provides for the circulation of the primary coolant using natural circulation.
Hence, the RCS does not require reactor coolant pumps or an external piping system to generate flow during
power operations. The RCS includes tieactor pressure vessel (RPV) and integral pressurizer, the reactor
vessel internals, the reactor safety valves, RCS piping inside the containment vessel, and others.

Each NPM uses two intevoven, oncahrough helicakoil steam generators for steam production. The steam
generators are located in the annular space between the hot leg riser and the RPV inside diameter wall. The
steam generator consists of tubes conmetdefeedwater and steam plenums with tube sheets. Preheated
feedwater enters the lower feed plenum through nozzles on the RPV. As feedwater flows through the interior
of the steam generator tubes, heat is added from the primary coolant. The secontlaiy sitheated, boiled,

and superheated to produce dry steam that is routed to the {gdniamtor.

(f) Pressurizer

The internal pressurizer provides the primary means for controlling reactor coolant system pressure. It is
designed to maintain a constant reactor coolant pressure during operation. Reactor coolant pressure is increasec
by applying power to a bank of heaténstalled above the pressurizer baffle plate. Pressure is reduced using
sprays provided by the chemical and volume control system (CVCS).
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5. Safety Features

The NuScale NPM adopts a set of engineered safety features designed to provide relidéienlonge
cooling under all conditions, including severe accident mitigation. They include integral primary system
configuration, a containment vessel, passive f@aoval systems, and severe accident mitigation features.
This fully passive safety design is rigorously proven by the NuScale Triple Crown for Nuclear Plant
SafetyE , which ensures that reactors will safely shut down anetself indefinitely, and docswith no

need for operator or computer action, AC or DC power, or the addition ofdwaténst for light water

reactor technology.

(a) Engineered Safety System Approach and Configuration
Each NPM incorporates several simple, redundant, and independent safety features, which are discussed as
follows:

refueling machine  biological shield reactor building crane

——

ground
surface

spent fuel pool reactor vessel containment vessel reactor pool NuScale Power
flange tool flange tool Module

Cut-away view of SMR power plant with NuScale NPMs

(b) Safety Approach and Configuration to Manage DBE

The decay heat removal system (DHRS) provides secondary side reactor cooling when normal feedwater is
not available. The system is a clodedp, twophase natural circulation cooling system. Two trains of decay

heat removal equipment are provided, onachittd to each steam generator. Each train is capable of removing
100% of the decay heat load and cooling the primary coolant system. Each train has a passive condenser
immersed in the reactor pool. During normal operations, the DHRS condensers are edhthisufficient

water inventory for stable and effective operation.

(c¢) Safety Approach and Configuration to Manage DEC

Emergency core cooling system (ECCS) consists of two independent reactor vent valves (RVVs) and two
independent reactor recirculation valves (RRVs). For LOCAs inside containment, the ECCS returns coolant
from the CNV to the reactor vessel. This ensuresthigacore remains covered, and that decay heat is removed.
The ECCS also provides decay heat removal in the unlikely event of a loss of feedwater flow, combined with
the loss of both trains of the DHRS. The ECCS removes heat and limits containmentepogsstegam
condensation on, and convective heat transfer to, the inside surface of the CNV.

(d) Containment System

The functions of CNV are to contain the release of radioactivity following postulated accidents, protect the
RPV from external hazards, and to provide heat rejection to the reactor pool following ECCS actuation. Each
CNV consists of a steel cylinder with autside diameter of 4.5 m and an overall height of 23.1 m. The CNV
houses the RPV, control rod drive mechanisms, and associated piping and components of the NSSS. The CNV
is immersed in the reactor pool, which provides an assured passive heat simtdomeent heat removal

under LOCA conditions.

(e) Spent Fuel Cooling Safety Approach

The used fuel pool provides storage for up to 10 years of used fuel storage, plus temporary storage for new
fuel assembliesThe pool is connected to the ultimate heat sink, and hence, protected by the reactor building.
The pool water volume provides approximately 150 days of passive cooling of the used fuel assemblies
following a loss of all electrical power without the need for additional water.

After removal from the reactor core, used fuel assemblies are placed in dedicated used fuel storage racks in
the below ground used fuel pool. The used fuel pool is a bgtade, stainless steel lined concrete pool

adjacent to the reactor pool. A cleapsystem reduces the builgp of contaminants. Within approximately

5 years, the thermal load of the used fuel assemblies is reduced significantly, and can be moved to a secure
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dry storage area. The plant site layout includes space allocation adequate for the dry storage of all the used
fuel for the 6Byear life of the plant.

6. Plant Safety and Operational Performances

Each NPM is operated independent of other modules. A module is refuelled by disconnecting it from its
operations bay and moving it tocemmon refuelling area within the shared reactor pool. The module is
disassembled into three major components: the lower RPV section that contains the core and lower internals,
the lower CNV section, and the upper RPV/CNV section that contains the steamtges and pressurizer.

After inspecting the module sections and refuelling the core, the module is reassembled and moved to its
operations bay and reconnected to steam and feedwater lines. Other modules in the plant continue to operate
while one modules refuelled.

The nominal plant capacity factor is 95% with a refuelling outage time of 10 days,

7. Instrumentation and Control System

The NuScale design includes a fully digital control system based on the use of field programmable gate array
(FPGA) technology. The highly integrated protection system (HIPS) platform, approved by the NRC, is based
on the fundamental I1&C design principle$ independence, redundancy, predictability, repeatability, and
diversity. The HIPS platform is comprised of four module types that can be interconnected to implement
multiple configurations to support various types of reactor safety systems. The FP@Aldgghis not
vulnerable to cybeattacks. The NuScale design effectively integrates human factors engineering (HFE) into
the development, design, and operation of the plant.

8. Plant Layout Arrangement

(a) Reactor Building
NuScal eds approach g
consists primarily of a reactor building, a £

|

control room building, turbingenerator
building(s), a radwastieeatment building,
wet-cooled condensers (optional air
cooling), a switchyard, and a dcast
storage area for discharged fuel. The
reactor building, shown in the Figure,
includes up to 12 NPMs, module
assembly/disassembly equipment, fuel i
handling equipment, and a spent fuel pool. Each NPM operates |mmersed within a common reactor pool in a
separate bay with a concrete cover that serves as a biological shield. Thegtaeleweactor pool and the

reactor building are designed to seismice@aty | standards.

(b) Control Building

The main control room is housed in the control building located adjacent to the reactor building. All NPMs
are controlled from a single control room. The NRC has approved the control room conduct of operations for
3 operators controlling up to 12 NuScatactors and has eliminated the requirement for a Shift Technical
Advisor. The reactor operators monitor the automated control system for each reactor and common systems.
Each reactor is outfitted with monitors provided with soft controls and some selaatinpash buttons for

operator control. The supervisor station provides an overview of all reactors using multiple monitors. All
monitor displays are designed using human factors analysis to enhance simplicity. The display layout and
design use graphicag¢presentations of plant systems and components.

(c) Balance of Plant

An SMR plant with 12 NPMs has up to two separate turbine buildings, each housing up to six turbines and air
cooled generators. The turbine buildings are algrade structures that house the turklgeeerators with their
auxiliaries, the condensers, condate systems, and the feedwater systems. Each tgbiesator is
associated with a single NPM and has dedicated condensate and feedwater pumps.

9. Testing Conducted for Design Verification and Validation

NuScale designed, built, and operated athirel scale prototype testing facility that replicated the NPM and
its safety systems including the reactor pool. It provided an electrivadiied core to bring the system up to
operating temperature and prassuThis facility was used to test the NPM and gather data for thermal
hydraulic codes, safety analysis code, and reactor design validation.
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NuScale designed and performed comprehensive testing to validate the operation of the helical coil steam
generators, the safety valves, the control rod assembly and drive shafts, fuel and various other systems.
NuScal ebs basel i ne anawirage dechnadageReadiyessLevel (TR of I8,anganing
that the vast majority of subsystems (107 out of 114) are ready for construction or manufacturing with a TRL
of 6 or higher. NuScale testing programs have been audited by the NRC.

10. Design and Licensing Status
In December 2016, NuScale submitted the Design Certification Application (DCA) to the NRC for a 160MWt
(50MWe) design. In September 2020, the NRC issued the Standard Design Approval for the NuScale DCA,
making it the first ever SMR to receive NRC design approval. The NRC then issued its final rule fully certifying
the design effective February 2023, making & treactor design certification the NRC has ever issued.

I n

October 2022 U. S. NRC approved NuScal ebs

met h

Emergency Planning Zone (EPZ) surrounding the power plant allowing a wide range of potential plant sites to
achieve site boundary EPZ.

In December 2022, NuScale submitted a standard design approval (SDA) application for an uptealt6

250MWt (77 MWe) per module plant design. This design is currently under review by the NRC. The review
is currently over 50% complete and is expectelde approved in July 2025. In 2023, manufacturing began on
the first 6 NPM reactor pressure vessels and steam generator tube bundles.

11. Fuel Cycle Approach

The threebatch refuelling is conducted on a nominal® n t h

refuell-ongocygyhbbEeEfl B

During the refuelling process, otieird of the fuel assemblies are removed from the NPM and placed in the
spent fuel pool. Actual batch size, tthiag pattern, and cycle length will be established by custaimezn
optimization requirements.

12.Waste Management and Disposal Plan

Removed assemblies are stored in the used fuel pool for initiatloaol and later moved to an-gite dry
cask storage. Thglant design includes sufficient ite storage space for all the spent fuel produced during
the 60year life of the plant. Final disposal is expected to be in a national fuel repository when available.

13. Staffing
An SMR plant with 12 NuScale Power Modules will require a minimum of 3 licensed operators per shift in

the control room, and is estimated to require 270 plant employees for normal operation and maintenance. No
Shift Technical Advisor is required in the Uf8r this design.

14.Development Milestones

2003
2007
2008
2011
2012
2013
2016
2020
2022

2022
2022
2023

2023
2023

2025

Initial concept developed and integral test facility operational

NuScale Power, LLC was formed

Initiation of NRC PreApplication

NuScale Power iacquired by Fluor

Twelvereactor simulated control room was commissioned

U.S. DOE SMR Cooperative Agreement signed

Design certification application submitted to the U.S. NRC for 160 MWt design

Standard Design Approval (SDA) received from the US NRC in September 2020

NPM production began with the production of forging dies for the Upper Reactor Pressure Vessel

U.S. NRC approved NuScalebs methodology for deterr
allowing potential plansites to achieve site boundary EPZ.

Uprated Standard Design Approval submitted to the NRC to raise nominal power to 250 MWt

NRC issued final rule fully certifying the 160MW!t design effective February 2023, making it the 7th reactor desig
certification the NRC has ever issued.

Fabrication of 6 Reactor Pressure Vessels and Steam Generator Tube Bundles begins

Uprated Standard Design Approval docketed by US NRC for uprated NuScale Power Module with 250 MWt (77
US NRC provided a 2imonth review schedule for approval.

Expected Standard Design Approval for 250 MWt (77 MWe) NPM design from US NRC.
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NUWARD ™ (EDF Consortium, France)

All content included in this section has been provided by and is reproducegkwitission othe EDFled Consortium, France

Parameter Value

Technology developer, EDF, France with major contributions

country of origin from CEA, Naval Group, Framatome
TechnicAtome, andractebelEngie

Reactor type Integral PWR

Coolant/moderator Light water / light water

Thermal/electrical capacity, 2 x 540 /2 x 170

MW (t)/MW(e)

Primary circulation Forced circulation

NSSS Operating Pressure 15/4.5

(primary/secondary), MPa

Core Inlet/Outlet Coolant 280/ 307

Temperature°C)

Fuel type/assembly array ~ UO./ 17x17 square pitch arrangemer

Number of fuel assemblies i 76
the core
Fuel enrichment (%) <5

Refuelling Cyclg(months) 24 (half core)

Reactivity control Control rod drive mechanism (CRDM
solid burnable poisons
Approach to safety systems Passive

Design life (years) 60

Plant footprint () 3500, nuclear island including fuel
storage pool
RPV height/diameter (m) 15/5

RPV weight (metric ton) 310

Shared refuelling Shared spent fuel Shared Aircraft crash Seismic Design (SSE) 0.3g
machine pool polar protection o o .
located between ~ °"2"® Distinguishing features Integrated NSSS with pool submerge

the reactors

containment, boroifree in normal
operationand in all Design Basis
Conditions (DBC) semiburied nucleal
island

Design status BasicDesign

1. Introduction

NUWARD™i s an integrated PWR design to generate 340
flexible operation. The design incorporates the main components of the Nuclear Steam Supply System (NSSS)
including Control Rod Drive Mechanism (CRDM), CompaettplSteam Generators (CSGs) and pressuriser,

all contained within the Reactor Pressure Vessel (RPV). The RPV is then installed within a further layer of
steel containment and this structure is immersed in a pool filled with water (the reactor pool) VWWARBU

design includes the capability to cope with Design Basis Conditions (DBC) using passive systems without the
need for any external electrical power supply. The reactor isedeht, connected to an internal ultimate heat

sink (the reactor pool) which fefrs a coping time of more than 3 days without the need for intervention.

2. Target Application

The NUWARD™technology is being developed to replace fe®d power plants in the 36400 MWe

range; to supply power to remateunicipalities and energyntensive industrial sites; and to power grids with
limited capacity. By design, it is a multipurpose SMR that can be used for cogeneration of heat and electricity,
hydrogen production, district heating, and water desalinatios.dékign offers baseload and ldatlowing
capability to enable integration with renewable energy sources.
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3. Design Philosophy
NUWARD™ design is based on the proven PMé#Rhnology that incorporates significant experience acquired
in the fields of medium and highower generation, alongside several key technological innovations, to achieve
the following design objectives:
i.Acceptability: robustness of the design will maximise safety and minimise environmental impact;
ii. Simplicity: simple architecture, enhanced manufacturability; and
iii. Schedule optimisation and constructability.

4. Main Design Features

(a) Nuclear Steam Supply System

The NUWARD™ reactor is a fully integrated PWR reactor, housi
a single unique vessel containing all the main reactor coolant sy
components, including the CSGs, the pressuriser and the CRD!

(b) Reactor Core

The reference core is based on proven 17x17 f(#)assemblies
used in the operating PWR fleet with a shortened height and
rods (enrichment < 5wt%U). Due to the boroifree design, various
23 enrichments and burnable poisons are used. The refue
interval is 24 months for half the core.

(c) Reactivity Control

The reactivity is controlled by means of control rods and s«
burnable poison. The reactor boroffree reactivity control
allows for simplification of auxiliary systems design and operat
in both normal conditions and DBCs, as well as a drastic reduc
in effluents produced from operation.

Reactor Crosssection View
(d) Reactor Pressure Vessel and Internals

The RPV and equipment layout are designed to facilitate enhantaxtony manufacturing. A specific design
effort has been made to reduce the number of pipes connected to the RPV with the objective to limit the
maximum Loss Of Coolant Accident (LOCA) sit a 30 mm diameter break.

(e) Reactor Coolant System and Steam Generator

The NUWARD™ reactor coolant system adopts an innovative steam generator technology using the plate heat
exchanger concept. The CSGs are in direct connection to the reactor thus eliminate the need of external primary
loops. This makes the design highly efficient vathigh thermal power per volume ratio. The overall size of

the reactor coolant system is therefore significantly reduced given the reactor thermal power.

() Pressuriser
The NUWARD™ pressuriser is integrated within the RPV head. The large volume of the pressuriser provides
margins for the operational transients as well as for normal operation of the reactor.

(g) Primary pumps
Six (6) cannedotor pumps are horizontally mounted onto the RPV, positioned under the CSGs in the cold leg
for efficient hydraulic conditions.

5. Safety Features

(a) Engineered Safety System Approach a@dnfiguration

The NUWARD™ reactor and associated safety systems are designed for: (i) Passive management of DBC
scenarios with no need for an external ultimate heat sink or any external electrical power supply (normal and
emergency) for more than 3 days; (i) Active managemebDesign Extension Condition (DE&) accidents,

with simple diagnosis and implementation of diversified systems; and (Mg#sel Retention of the corium

(IVR) strategy for DEEB management.

The safety approach for NUWARDbenefits from the following inherent features of the design to satisfy and
maintain a safe state that requires minimum intervention from the operating team: (i) Large reactor coolant
inventory (kg/MWth) providing inertia versus power transients; (ii) graéed reactor coolant system
architecture reducing the maximum LOCA break size thus providing more coping time in the event of the
design basis LOCA; (iii) Internal CRDMs preventing +ej@ction accidents; (iv) Borefiee in normal
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operation (including all DBCs) providing large and constant moderator cengaietion and preventing boron
dilution; (v) A metallic submerged containment providing passive cooling for several days, and (vi) A
relatively small core in a large vessel enadplthe efficient implementation of the IVR concept for BBC
accident scenario.

(b) Safety Approach and Configuration to Manage DBC

NUWARD™ incorporates 2 trains of passive heat removal, via a natural circulation transfer system of the
decay heat from the core to the water surrounding the unit containment (the reactor pool), through two
dedicated Safety CSGs-(&5G) independent from the optoaal or the operational six CSGs. Each train can

be actuated by 2 diversified channels (diversified sensors and 1&C) and redundant (backup spare) actuators.
The water surrounding the unit containment ensures the heat removal function for m@el#ys without

the need for an external ultimate heat sink. The passive vessel heat removal system is considassiva D
system according to IAEA classification. A set of 2 redundantgosgsure safety injection accumulators
provide the makeip of reactor coolant water inventory in case of LOCA. NUWARIDcludes safety features

to prevent criticality risks. The use of an internal CRDM eliminates the occurrence of a rod ejection accident.
Dedicated safety systems to manage DBC are provided for Edhtavo reactor units.

(c) Safety Approach and Configuration to Manage DEC

DEC-A systems include Low flowrate depressurisation system and active water injection. This system

provides for the removal of the decay heat in case of a postulated common mode failure of redundant trains of

passive DBC safety systems; high pressure edratater injection is available to cope with Anticipated

Transients Without Scram (ATWS) accidents. DBEGystems include the low flowrate

depressurisation system; Flooding of the vessel pit in order to provide IVR of corium; and
nitrogen injection to mnage the risk of hydrogen combustion.

(d) Containment System

The NUWARD™ design includes steel containment as the 3rd barrier, which is immersed in water. The
minimised LOCA break size and the efficient passive heat removal system result in a limited peak pressure
inside the steel containment which is passively cooled byutineunding water. The containment is protected
against hydrogen accumulation risk in DBCs by passive recombiners.

(e) Spent Fuel Cooling Safety Approach / System

Located between the 2 units that form the NUWARBesign, is a shared spent fuel pool. The fuel assemblies

are moved through a transfer chute located at the top of the steel containment; this feature is available on each
unit. Along with the shared spent fuel pool is a shared refuelling machine usdueeeahe fuel transfer.

6. Plant Safety and Operational Performances

The design target value for the lifetime capacity factor is above 90%, with the major planned refuelling only
outages scheduled for 20 days every 24 months. The reference refuelling strategy is to replace half of a core
every 2 years. The plant providestarage capacity of spent fuel assemblies for 10 years of operation.

7. Instrumentation and Control Systems
The Instrumentation and Control (1&C) system designed for NUWRAR®based on the defence in depth
concept, compliance with the single failure criterion and diversity.

8. Plant Layout Arrangement

The Nuclear Island (NI) building is located below ground (skanied) for protection against external hazards

and certain malicious acts; and increased ease of construction. The NI houses the 2 independent units and
shared fuel storage pool. NUWARD™ plants are suitable for sea/lakieshore and/or riveside sites,

with openrloop conventional condenser cooling, as well as inland sites with aero condensers. The basic grid
interface will be compliant with ENTS@ and EUR requirements (typically 225kVBKY and 50Hz).
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NUWARD™ example plant layout

9. Testing Conducted for Design Verification and Validation

Various test@nd studies are in progress to validate aspects of the design and its function, particularly around
the residual heat removal passive system. Design feedback and evolution as a result of the outcomes from these
studies and all other aspects of design asifivation will follow. Certain aspects of the design are drawn

from operational experience and design experience related to existing medium and high power PWRs.

10. Design and Licensing Status

NUWARD™ is close to completing its conceptual design phase at the time of writing and is preparing for pre
licensing. A safety options fileDo s si er d 6 Opdr DOS) will b eom@Be¥ed bytth® end of the
conceptual design to be formally reviewed by the
NUWARDE is the case study for an-going Joint Early Review, led by ASN with the participation of STUK

and SUJB, respectively the Finnish and the Czech safety authorities, from whidhsghis into the design
development and safety approach are anticipated. Site permit for First Of A Kind (FOAK) is being pursued.
Agreement has been reached with the Government of France that a FOAK NURVARIDe built in France.

a number of potential sites are being considered for this.

11.Fuel Cycle Approach
The reference plant refuelling cycle is for half a core every 2 years. The plant provides a storage of spent fuel
assembly for 10 years after operation before decommissioning.

12.Waste Management and Disposal Plan
Options regarding waste disposal are currently under assessment, taking note of industry best practice.

13. Development Milestones
20127 2016 Preliminary studies and technological innovation (using previously developed
atents).

20177 2019 Igrecon)ceptual design phase and technohmgidation

20191 2022 Conceptual Design Phase (and preparation felipeasing)

202371 2026 Basic Design Phase

06/2024 EDF Group has decided to shift its SMR product strategy towards the

development of a design based on proveachnology bricks only.
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PWR-20 (Last Energy Inc., United States
of America)

All content included in this section has been provided by, and is reproduced with permission of, Last Energy Inc., USA.

Parameter Value
Technology developer, country of Last Energy, United States o
origin America
Reactor type PWR

Coolant/moderator
Thermal/electrical capacity,

Light water/light water
80 MWth / 20 MVe

MW(t)/MW(e) (nominal)
Primary circulation Forced (4 pumps)
NSSS Operating Pressure 155/2.8
(primary/secondary), MPa
Core Inlet/Outlet Coolant 270/331
_ . ) Temperature°C)
Isolated PWR-20 Nuclear Steam Supply System Fuel type/assembly array UQ:; pellet / 17x17 grid
% Number of fuelassemblies in the 12 assemblies
1 core
[ Fuel enrichment (%) <4.95
‘ Core Discharge Burnup (GWd/ton) 30
d ) Refuelling Cycle (months) 72
Reactivity control Control rods and negative
moderator coefficient
Approach to safety systems Défensein-depth,
Redundancy, Diversity, and
Passive Safety
Design life (years) 42
Plant footprint (rA) 968
RPV height/diameter (m) 8.9/1.8
RPV weight (metric ton) 39

Seismic Design (SSE) 0.5g horizontal and 0.4g
vertical pealground
accelerations

Modular Construction,
FactoryFabricated, A
Cooled, Zero Water
Consumption

Design status Detailed Design

Distinguishing features
Last Energy PWR-20 Cross-section

1. Introduction

Last Energy PWRO0 is a productiomeady, modular Pressurized WatReactor (PWR) designed for
distributed baseload applications. With a nominal electric output of 20 MWe, theZBvdins to provide
reliable, modular energy solutions with a focus on standardization and ease of deployment. The design
leverages proven PWRdenology and avoids new innovations in fuel or reactor physics.

2. Target Application

The PWR20 is intended for distributed baseload power applications, including industrial siting and combined
heat and power scenarios. Its compact size and modular nature allow for flexible deployment and integration
with energy consumers.

3. Design Philosophy

The PWR20 emphasizes modularization, standardization, and ease of construction. By usiieeslodf
components and proven technology, the design minimizes risks and costs associated with new reactor
technology.
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4. Main Design Features

(a) Nuclear Steam Supply System

The Nuclear Steam Supply System is engineered with a dowpeconfiguration, optimizing thermal
management and reducing complexity in the heat transfer process. Its modular components are designed to
streamline assembly and maintenance, ensuring eftfiojgeration throughout the reactor's life. This design
facilitates rapid installation and minimizes operational disruptions.

(b) Reactor Core

The reactor core is organized using a standard 17x17 fuel assembly grid, which iseatatdi$hed
configuration that supports reliable and uniform neutron flux distribution. The core utilizenlstiment
uranium fuel, providing a stable and contrdlleuclear reaction while maintaining high safety standards. This
arrangement ensures consistent reactor performance and reduces the risk of operational issues.

(c) Reactivity Control

The reactivity control system integrates both control rods and burnable poisprecigely manage the
reactor's reactivity levels. Control rods are used to absorb excess neutrons, while burnable poisons gradually
absorb neutrons over time, balancing the core's reactivity throughout the fuel cycle. This dual approach
enhances core stdiby and operational safety.

(d) Reactor Pressure Vessel and Internals

The reactor pressure vessel and its internals are designed as a compact, integrated unit that can be prefabricate
in a factory setting. This design minimizes the time requiredresite construction and reduces the potential

for errors during assembly. The compact design also supports efficient use of space and resources.

(e) Reactor Coolant System and Steam Generator

The reactor coolant system employs forced convection to circulate coolant through the reactor core, which is
critical for maintaining optimal temperatures and efficient heat transfer. It is complemented by@oietr

tertiary loop that enhances over@bling efficiency and helps manage excess heat. This configuration ensures
reliable operation and effective heat dissipation.

(f) Pressuriser

The pressurizer is designed as a separate vessel to maintain the necessary pressure within the reactor's coolat
system. This design helps regulate the coolant pressure, preventing fluctuations that could impact reactor
performance and safety. By isolatitfte pressurizer from other system components, the design simplifies
pressure management and enhances operational stability.

(g) Primary pumps

Standard primary pumps are used in the PRORo maintain forced circulation of coolant through the reactor

core and heat exchangers. These pumps are integral to ensuring a steady flow of coolant, which is crucial for
maintaining reactor temperature aneiiional stability. Their use of proven, reliable technology contributes

to the reactorodés overall efficiency and ease of m

5. Safety Features

(a) Engineered Safety System Approach and Configuration

The PWR20's safety system is fully passive, requiring no active controls or operator actions during
emergencies. It automatically manages accidents without external power, enhancing reliability and reducing
risk. This design ensures core safety througbraatic, seHsufficient mechanisms.

(b) Safety Approach and Configuration to Manage DBC and DEC

The PWR20 manages Design Basis Conditions (DBC) and Design Extension Conditions (DEC) with fully
passive safety systems, requiring no operator intervention during emergencies. It features multiple redundant
safety layers to handle all credible accidemnsecios, ensuring reactor stability and safety even in extreme
conditions.

(¢) Core Damage Frequency (CDF) and Large Release Frequency (LRF) Controls

The PWR20 is designed with a core damage frequency (CDF) target’ gietGeactotyear, emphasizing its

high safety standards. Its design ensures no core melt scenarios, thanks to fully passive safety systems. The
large release frequency (LRF) is managed through robust containment provisions, which include a thick iron
caskand multiple layers of defense, preventing significant radioactive releases.
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(d) Containment System

The PWR20's containment system consists of a-B@ricton iron cask, mostly
situated underground, with thick metal walls and an interior liner to prevent leaks.
This design ensures containment of radioactive materials and effectively manages l
Loss of Cotant Accidents (LOCASs) and external hazards.

,

)

(e) Spent Fuel Cooling Safety Approach / System

The PWR20 follows a sixyear refuelling cycle where the reactor is taken offline,

and the spent fuel is passively cooled. The system is designed so that after each
cycle, the reactor's spent fuel is left to cool naturally, without active mechanical
systens, by relying on passive methods such as natural convection and thermal
radiation.

6. Plant Safety and Operational Performances

The PWR20 is designed with substantial safety margins and fully passive safety

systems, ensuring that all credible accident scenariosmareaged without

operator interventiarT his design philosophy minimizes operator involvement and

maximizes reliability by incorporating extensive safety features that do not rely on active controls or electronic
systems.

7. Instrumentation and Control Systems

The reactor utilizes advanced instrumentation and control systesling Programmable Logic Controllers

(PLC) and Distributed Control Systems (DCS), to automate plant operations and enhance performance
monitoring. These systems ensure efficient operation, maintain safety standards, and pretiide dzda

for operdional adjustments, all while simplifying the management of the plant's numerous components.

8. Plant Layout Arrangement

The PWR20 features a modular design with factfapricated components, allowing for rapid-site
assembly. This modulapproach not only accelerates the construction process but also optimizes spatial
efficiency and reduces the overall footprint required for installation, making it adaptable to various site
conditions.

Wy . . . (W W
PWR-20 On Site Assembly Layout

9. Testing Conducted for Design Verification and Validation

The reactor design has undergone extensive testing and validation processes to ensure compliance with
regulatory standards and operational reliability. This includes thorough operational and safety assessments that
verify the design's ability to meet safeequirements and performance expectations inwedl scenarios.

10. Design and Licensing Status

The PWR20 is currently in various stages of licensing across multiple countries, with commercial operation
expected to commence in 2025 following successful regulatory approvals. The design has progressed through
detailed planning and pieensing reviews, positioning it for timely deployment and integration into the
global energy market.
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11.Fuel Cycle Approach

The reactor operates on a-gear refuelling cycle, during which it requires minimal@te fuel handling.

This design simplifies plant operations and maintenance, reducing the need for complex fuel management
processes and enhancing overall safety lyimizing worker exposure to radioactive materials.

12. Waste Management and Disposal Plan

Spent fuel management for the PVER includes repurposing the reactor vessel as a spent fuel cask. This
approach aligns with best practices for environmental protection and regulatory compliance, ensuring safe and
effective disposal and management of raditve waste over the reactor's lifetime.

13. Development Milestones
2018 Utility and government neefinding through Titans of Nuclear podcast Complete
2020 Launch of OPEN100 (open source PWR) for technical and economic valid{ Complete
2021 Plrelitminary studies and pmnceptual design for a 20 MWe scale reference| Complete
an
2022 F[))etail design complete and plieensing overviews witliour (4) nuclear Complete
regulators
2024 Agreements signed for deployment of 57 units across four countries On-Track
2025 Commercial operation of reference plant Planned
2026 10x 20MWe plants online Planned
2027 Assembly linemanufacturing begins Planned
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RITM-200Nd SC nAfri kant o\
Russian Federatior)

All content included in this section has been provided by, and is reproduced with permissiSn@frikantov OKBMo, Russian Federation

Parameter Value

Technology developer, country of origin Afrikantov OKBM , Rosatom,
Russian Federation

Reactor type Integral PWR
Coolant/moderator Water / Water
Thermal/electrical capacity, 190/ 55

MW (t)/MW(e)

Primary coolant system circulation Forced circulation

NSSS operating pressure 15.7 | 3.83 (steam pressure)

(primary/secondary), MPa
Core inlet/outlet coolant temperature (°C 283/ 321

Fuel type/assembly array UO:; pellet/hexagonal assembly
Number of fuel assemblies in the core 199

Fuel enrichment (%) <20

Refueling cycle (months) 6071 72

Core discharge burnup (GW-d/ton) T

Reactivity control mechanism CRD mechanisms of CPS

Approach to safety system Combined active and passive saf
systems

Design service life (years) 60

NPPfootprint (m?) (rectangular building 120 000

envelope)

RPV height/diameter (m) 75/34

RPV weight (metric ton) 164

Seismic design (SSE) 9 points -6dncale he

Requirements for or approach to the Refuelingevery56 year s
operating cycle

Distinguishing features Modular design; integral reactor;
in-vessel corium retention in seve
accidents

Design status Detailed design

1. Introduction

The RITM-200 series reactors are the Afrikantov OKBMat est devel opment in thi
lineup. While possessing all the best characteristics of their predecessors, these reactors are based upon the
tmet ested PWR technol ogy -reactayean gperatingteXperienBeovthestrsitedd s 4 0
reactors on board icebreakers. Six RFPRD reactors have been successfully installed on icebrealidils,
SibirandUral. The lead icebreakérktikawith two reactors on board was commissibireOctober of 2020.

The first in the series, the icebreal§#bir, was commissioned in January of 2022. For late 2022, it is planned

to commence operations of the icebredleal. I't is planned to constiruct 2
YakutiaandChukotka The concept of and engineering solutions for the Afrikantov OKké&teloped RITM

200 reactor plant are used in the RIFAAON reactor plant design for a pilot labhdsed smalsized nuclear

power plant.

The standardized desigithematic solutions and constructlagout solutions adopted in the RITRDON

design and in the smadized NPP design make it possible to implement a power lineup of egremgyating
sources 55 MW (1 reactoe mhant buildsShB)inltlth MW (2 r
main building); 220 MW, 330 MW by a modul ar princi
main buildings and cooling towers and with common p#rared systems.
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2. Target Application
The RITM-200N reactor plants may be used to generate electricity, cogenerate electricity and heat, and to
desalinate sea water.

3. Design Philosophy

The reactor plant systems and equipment and nuclear fuel handling equipment were designed using the proven
engineering solutions adopted by the nuclear propulsion plants in operation. The design is developed in
compliance with the requirements of fedetahslards and regulations in nuclear energy use for NPPs. IAEA
requirements are incorporated. Enhanced safety re
is adopted for design and transport. An industrial langie installation process issed for construction.

4. Main Design Features

(a) Nuclear Steam Supply System

The NSSS adopts an integral PWR. The reactor consists of a reactor core, four steam generators built in the
RPV, four cannegnotor RCPs, control rod drive mechanisms of the CPS. The primary coolant system uses
forced circulation during normal operation amsures natural circulation under accident conditions.

(b) Reactor Core

Low-enrichment fuel assemblies are used as in¥D¥. This ensures lortgne operation without refueling

and meets the internationalnpr ol i f er ati on requirements. The core
an array assdmbligs9 9 f uel

(c) Reactivity Control
Control rods are used to control reactivity. A group of CPS control rod drive mechanisms is provided to
compensate for the excessive reactivity during a startup, power operation and a reactor scram.

(d) Reactor Coolant System

The primary coolant heat is transferred in steam generators sitting in the reactor pressure vessel. The steam
generators generate superheated steam from feed water and transfer the steam to the steam turbine plant (STP
The secondary coolant system cotssiaf four loops that include a steam generator, steam and feed water
piping, valves, automatic safety devices and measuring instruments. The steam generators provide steam with
a temperature of 295 AC, pressure of 3.83 MPa and

(e) Steam Generator

The RITM-200N reactor plant design uses ottlcerough straightube SG. The configuration of the steam
generating cassettes makes it possible to compactly place them in the reactor pressure vessel. The SGs are
divided into four loops of the primary coolasystem. Each loop consists of three cassettes (making up the
tot al of 12) with shared feed water and steam hea

() Pressurizer

The RITM-200N reactor plant uses an external gas pressurizer system that is well proven in the Russian marine
power engineering. The system is known for its design simplicity, which enhances reliability, ensures
compactness and does not require any ebigtriThe pressurizer system is divided into two independent
groups to reduce the pipeline diameter in the reactor nozzles and to reduce the coolant leakage in large break
LOCAs in the system piping. This solution allows one of the pressurizers to besusagdraulic accumulator,

which significantly enhances the reactor plant reliability in possibledbssolant accidents.

5. Safety Features

The safety concept of the RITRDON reactor plant is based upon the defensgepth principle in
combination with the inherent safety features and the use of active and passive systems. The inherent safety
features are intended to limit the core powerpattas a function of the primary coolant pressure and
temperature, the heat generation rate, the primary coolant system leak volume and outflow rate, the failed fuel
fraction, the maintained RPV integrity in severe accidents. The RIUBN reactor plant dgpnally combines

passive and active safety systems, which cope with the events associated with abnormal operation, design
basis accidents and beyeddsignbasis accidents.

(a) Approach to and Configuration of the Engineered Safety System

The high safety level of the RITideries reactors is achieved through inherent safety features and through a
combination of passive and active safety systems. In addition to that, it is provided that equipment and channels
in the safety systems be redundand functionally and/or physically separated to ensureliigg reliability.
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The control rods of the CPS fall into the core by gravity or driven by a spring when the power supply is
disconnected from the electromagnetic couplings, which is followed by a reactor shutdown even in the case of
a complete blackout.

(b) Residual Heat Removal System

The RHRS consists of four safety channels: an active safety loop with forced circulation through the steam
generator; an active safety loop with forced circulation through priteattyird coolant system heat exchanger

of the primary coolant purificatiorystem; two passive safety loops with natural coolant circulation through
steam generators from water tanks. The water evaporated in the SGs condenses inotiiedalreat
exchangers and comes back to the tanks with veat@ed heat exchangers. When tater is completely
evaporated from the tanks, the-e@oled heat exchangers continue the cooling for an unlimited time. The
combination of aicooled and watecooled heat exchangers allows the overall dimensions of the heat
exchangers and water tanksht® minimized. All safety channels are connected to different SGs and ensure
that residual heat be removed in compliance with the single failure criterion.

(¢) Emergency Core Cooling System (ECCS)

The ECCS consists of a safety injection system (SIS) to inject water into the pri
coolant system in order to mitigate the consequences of a LOCA resulting fr
pipeline break. The system is based on active and passive safety principle:
redundantactive elements in each channel. The ECCS consists of: Two presst
passive hydraulic accumulators; Two active channels with water tanks and twom °
pumps in either channel. In combination with the residual heat removal syster
passive safety hannels provide a 7Rour grace period without any actions t
personnel or upon a loss of power in a LOCA plus a complete blackout. ’

(d) Containment System
The reactor plant is placed in a leidht enclosure in the form of a steel containme
The containment includes three levels: (i) the first containment is shaped as a ¢\

8.7 m in diameter and 22 m tall uptd - = gned
0.9 MPa, and is placed around the r . essur
radioactive products; (ii) the second containment is a strong containment of the

buil ding. I't is made of thick r eitheffistrcanidmectf&ramcr et e

external events; (iii) the third level of the containment is a building structure of reinforced concrete walls to
dissipate most of external impact energy and to minimize the impact to the second containment. The strong
containnent design and destructible elements take into account the maximum potential external events
including a crash of large commercial aircraft.

6. Plant Safety and Operational Characteristics

In the development of the RITH00 plants and nuclear energy generating sources equipped with the RITM
200type plants, the priority area is preventing abnormal operation and accidents with account of the
developing and operating experience in marine plant nuclear generating stations. The RIZDON design

is developed in conformity with Russian laws, standards and rules for nuclear power plants; in conformity with
the safety principles developed by the world community; and in conformity with IAEA reeodations.

7. Instrumentation and Control System

To monitor and control plant processes, an automated control system is provided in tsé&zech&lPP fitted

with the RITM-200N. In terms of safety functions, this system has the necessary redundancy and ensures both
automated and remote control of theveo plant.

8. General Layout of the Plant

The basic option of the smadized NPP includes two RIT00N reactors with a total installed electric power

of 110 MW. The basis for the placement of buil dir
zoning, which ensures maximum sepanatdf buildings and structures according to their functional purpose

in compliance with sanitary and fire gaps between buildings. Below is a general view of theizpdaNPP.

The reactor building and turbine building constructed on additional areas allow a gradual growth of energy
generation in 110 MW increments. Il-ei t&dd sNeRses ®
(0. 19m; kfmor 220 MW, ;38f carc r3e30 (MW,3.54 %k mcres (0.19 kn
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9. Testing to Check and Validate theDesign

The engineering solutions used in the reactor plant are traditional for marine power engineering. The solutions

have been tested in the course of many operating years and ensured the required reactor plant reliability and
safety performance. The RITH200Nreactor pertains to integritpe reactors. Integrdype reactors are used

in a series of Pr o] e-poweredi RebrzdkeArkiikd, SibirpndWrghose nucl ear

10. Design and Licensing Status

The smalisized NPP fitted with thRITM-200N reactor plant is at a design stage. A decision has been made
to construct a pilot smadlized NPP in the Arctic zone near the town of-Kistga, UstYansky ulus, the
Republic of Sakha (Yakutia), Russia. The declaration of intent to invest eotistruction of the smadized

NPP based on t-20ON redeter pldhWn WBBTadsky ulus, the Republic of Sakha (Yakutia),
Russia was approved by Rosatom Director General A.Ye. Likhacheuv. It is planned to obtain the site license in
March of 203.

11. Approach to the Operating Cycle

In the smallsized NPP, the nuclear fuel handling system uses a refueling complex analogous to that developed
for the multipurpose nuclegoowered icebreakers fitted with the RITA00 reactor plant. The refueling
complex is used to load the core into thaator and to unload the core to the spent fuel pool (SFP), to load
spent fuel assemblies (SFAS) into shipping containers to transport them for reprocessing.

12.Waste Management System and Waste Disposal Plan

The design provides for the appropriate systems and equipment for radwaste handling (to convert liquid
radwaste into a solid phase, to shred solid radwaste, to pack it in special containers) and temporary storage at
the smalsized NPP.

13. Development Milestones

2021 Declaration of Intent approved by the Republic of Sakha (Yakutia)
2022 RITM-200N detailed design developed

2023 Siting License obtained

03/2024 SNPP design documentation developed

08/2024 Construction license to lbtained

02/2027 Operation license to be obtained

10/2027 SNPP to generate electricity for a first time
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4 gy | SMART (KAERI, Republic of Korea
. and K.A.CARE, Saudi Arabia)

All content included in this section has been provided by, and is reproducquewitfssion of KAER(ROK) and K.A.CARE (KSA)

Parameter Value
Technology developer, KAERI, Republic of Korea and
country of origin K.A.CARE, Kingdom of Saudi Arabia
Reactor type Integral PWR
Coolant/moderator Light water / light water

Thermal/electrical
capacity, MW(t)/MW(e)
Primary circulation Forced circulation

NSSS operating pressure 15/5.8
(primary/secondary), MPa :
Core inlet/outlet coolant
temperature (
Fuel type/assembly array UO:; pellet / 17x17 square
Number of fuel assemblies
in the core

Fuel enrichment (%) <5

365 /107

296 /322

Refueling cycle (months) 30

Core discharge burnup
(GWwad/ton)

Reactivitycontrol mechanism

<54
Control rod drive mechanisms and solub

boron
Approach to safety Passive
Design life (years) 60
Plant footprint (rA) 90,000

RPV height/diameter (m) 16.8/6.0
RPV weight (metric ton) 1070 (including coolant)

Seismic design (SSE) > 0.3 g with 0.18 g of automatic shutdow
Fuel cycle Conventional LWR requirements applied
requirements/approach (spent fuel storage capacity: 30 years)

Coupling with desalination and process t
application, integrated primary system
Design status Detailed design

Distinguishing features

1. Introduction

The Systemntegrated modular advanced reactor (SMART) is an integral PWR with a rated electrical power

of 107 MW(e) from 365 MW(t). SMART adopts advanced desegiures to enhance safety, reliability and
economics. The advanced design features and technologies were verified and validated during the standard
design approval review. To enhance safety and reliability, the design configuration incorporates iafetyent s
features and passive safety systems. The design aim is to achieve improvement in economics through system
simplification, component modularization, reduction of construction time and high plant availability.

2. Target Application

The SMART is a multpurpose reactor for electric power generation, desalination, district heating, and process
heat for industries. SMART has been developed to be suitable for small or isolated grids. SMART has a unit
output large enough to meet the dedsaf electricity and fresh water for a city population of 100 000.

3. Design Philosophy

The SMART desigmadopts an integrated primary system, modularization and advanced passive safety
systems to improve the safety, reliability and economics. Safety performance of SMART is assured by
adopting passive safety systems together with severe accident mitigatiosadebnprovement in
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economics is achieved through system simplificatioffiaatory fabrication, reduction @bnstruction period
and high plant availability

4. Main Design Features

(a) Nuclear Steam Supply System

The SMART has an integral reactor coolant system (RCS) configuration that enables the elimination of a large
break loss of coolant accident (LBLOCA) from the design basis events. The nuclear steansystpply

(NSSS) consists of the RCS forming a reactor coolant pressure boundary, secondary system, chemical and
volume control system (CVCS), component cooling water system (CCWS), passive residual heat removal
system (PRHRS), passive safety injection sysi@8IS), automatic depressurization system (ADS),
containment pressure and radioactivity suppression system (CPRSS), etc.

(b) Reactor Core

The low power density design with a slightly enriched:fliéled core ensures a thermal margin of greater
than 15%. In the core, there are 57 fuel assemblies of 2 m long, standard 17x17 squareecitdi© fuel
with less than 5% enrichment, similar to standard PWR fuel. Abatch refueling scheme without
reprocessing provides a cycle of 870 effective full power days for operation.

(c) Reactivity Control

Reactivity control during normal operation is achieved by control rods and soluble boron. Burnable poison
rods are introduced to give flat radial and axial power profiles, which results in an increased thermal margin
of the core. SMART adopts a typical nmagicjack type control rod drive mechanism (CRDM) which has
been widely used in the commercial nuclear power plants (NPPs).

(d) Reactor Pressure Vessel and Internals

The RPV houses the reactor core, 8 steam generators (SGs), 4 canned motor reactor coolant pumps (RCPs)
25 control rod drive mechanisms (CRDMs) and reactor internals such as the core support barrel assembly and
the upper guide structure assembly.

(e) Reactor Coolant System

The RCS transfers core heat to the secondary system through the SGs and plays a role of a barrier that prevent:
the release of reactor coolant and radioactive materials to the reactor containment. The major components of
the RCS are a reactor vessel asdgmtintaining the core, pressurizer space, SGs, RCPs, CRDMs, and related
pipes, valves, and instrumentations. The forced circulation flow of the reactor coolant is formed along the flow
path by the RCPs during normal operation. The RCS and its suppysiegs are designed with sufficient

core cooling margin for protecting the reactor core from damage during all normal operation and anticipated
operational occurrences (AOOS).

(f) Steam Generator

The SMART has 8 modular type ontteough SGs with helically coiled tubes to produce superheated steam
under normal operating conditions. The SGs are located at the circumferential periphery between the core
support barrel and RPV above the core to prodidkiving force for natural circulation flow in emergency
conditions. The small inventory of the secondary side (tube side) water in each SG prohibits a return to power
following a main steam line break accident. In case of an accident, the SG can &s t=Heat exchanger

for the PRHRS.

(g) Pressurizer

The invessel pressurizer uses the free volume in the upper part of the RPV. The primary system pressure
during normal operation is maintained nearly constant due to the large pressurizer steam volume and the heater
control. Due to the large volume of theessurizer, condensing spray is not required for load maneuvering
operation. The reactor ovpressure at the postulated design basis accidents can be reduced through the
actuation of pressurizer safety valves.

(h) Primary Pumps

The RCPs are installed horizontally on the external wall of the reactor pressure vessel. It is a mixed flow pump
adopting a canned motor. It consists of the pressure retainer, the impeller and diffuser, the shaft assembly, and
the motor. No coupling is nded to connect the impeller shaft and the motor shaft. All of the pump parts are
enclosed by the pressure retainer. Therefore, there is no mechanical seal device to prevent the reactor coolant
from leaking through the pressure retainer. The componenhgoaéter flowing in the helical tubes removes

the heat on the motor. The reactor coolant pump sucks the reactor coolant through the annulus between the

60



core support barrel and upper guide structure, and then it discharges the reactor coolant to the space above the
steam generator.

5. Safety Features

(a) Engineered Safety System Approach and Configuration

Safety systems of SMART are designed to function automatically on demand. These consist of the PRHRS,
PSIS, and CPRSS. Additional safety systems include the AD®rasdurizer safety valves, and a severe
accident mitigation system.

(b) Decay Heat Removal System

After the reactor is shutdown, when the normal decay heat removal mechanism utilizing the secondary system
is not operable for any reason, the PRHRS brings the RCS to a safe shutdown condition within 36 hours after
accident initiation and maintains the esathutdown condition for at least another 36 hours. Therefore, the
safety function operates for 72 hours without any corrective action by operators for the postulated design basis
accidents. The safety function of PRHRS is maintained continuously forgadon period when the
emergency cooldown tank (ECT) is replenished periodically by a refilling system designed according to
Regulatory Treatment of NeBafety System (RTNSS) requirements.

(¢) Emergency Core Cooling System

The PSIS provides emergency core cooling following postule

design basis accidents. Emergency core cooling is performed us TG
core makeup tanks (CMTs) and 4 safety injection tanks (SITs). C 3
cooling inventory is maintained through passive safesciign from & u
CMTs and SITs. The CMTs that are full of borated water prov -

makeup and borating functions to the RCS during the early stage L) J L 1O
SBLOCA or noRLOCA. The top and bottom of CMT are connect = l bi- e
to the RCS through the pressure balance line afedysinjection line, fat ot |
respectively. The safety injection function of the PSIS is maintai P

long term as the SITs are replenished periodically.

(d) Containment System Emergency Core Cooling System

The containment system is designed to contain radioactive fission

products within the containment building and to protect the environment against primary coolant leakage. This
safety function is realized by the CPRSS as a passive safety system. The containment system is composed of
a lower containment area (LCA), an uppentainment area (UCA), an-aontainment refueling water storage

tank (IRWST), and the CPRSS, besides these, it includes CPRSS Heat Removal System (CHRS). In case of
Main SteardLine Break(MSLB) or LOCA, some of the released energy is absorbed into the IRWST and the
rest is removed to environment by the CHRS. Fission products are scrubbed in the IRWST water. For
combustible gas control, passive autocatalytic hydrogen recombiners aresedgngige the LCA and UCA.

6. Plant Safety and Operational Performances

The core damage frequency of SMART is estimated to be less tham@kEreactor year for internal events.
Power maneuvering operation of SMART is simpler thizat of large PWR because only a single bank
movement and small insertion is required to induce small reactivity change. This feature minimizes coolant
temperature change, relatively high lead bank worth due to a small number of fuel assemblies amd the sho
core height leading to rapidly damping the xenon oscillation. The daily load following performance simulation
of SMART core shows that radial peaking factor, 3D peaking factor and the axial offset were satisfied within
design limit.

7. Instrumentation and Control System

High reliability and performance of 1&C systems is achieved using advanced features such as digital signal
processing, remote multiplexing, signal validation and fault diagnostics, and sensing signal sharing for
protection and control system. The@xte reutron flux monitoring system consists of safety and-siart

channel detectors which are located within the RPV, and digital signal processing electroniciscdree in
instrumentation system consists of 29 detector assemblies which are developedygerfiniSMART

with four stacked rhodium self powered neutron detectors.

61



8. Plant Layout Arrangement

SMART NPP has been desi gn [ = aumgmes a e toer
structure and otbbtobunadi o _

in the yard. Power bl ock r cor
and auxiliary buildings (I rator
and one compound building s of
The RCAB houses reactor c ary a
hahdng areas to adapt the & pl ant
Reactor containment area ¢c and
LCA houses the RPV, CMTs, ' y ar e;
emergency cool down tanks, ) ,;’ e - m ( MC
el ectrical asnd aodted mft efdn « Plant Layout Arrangement

reqguired to provide safe ¢<.uiuvewi cupuwunm: oo,y The
pl ant (BOP) design consists of turbine generator

9. Testing Conducted for Design Verification and Validation

The advanced design features of SMART were verified by a comprehensive technology validation program
that includes safety tests and performance tests. The safety tests consist of core critical heat flux tests, separate
effect and integral effect tests bt safety systems, therrtajdraulic experiments, and digital marachine

interface system (MMIS) tests. The performance tests cover fuel assembfypalettests, performance tests

of the major components including RPV dynamic tests, RCP mockup teStairchdiation test, and MMIS

control room tests.

10. Design and Licensing Status

Korea Atomic Energy Research Institute (KAERI) received the standard design approval for SMART from
the Korean Nuclear Safety and Security Commission (NSSC) in July 2012. A safety enhancement program to
adopt passive safety system in SMART began in Ma@df2 2and the testing and verification of the PRHRS

and PSIS were completed in the end of 2015. In September 2015pmjee engineering (PPE) agreement

was signed between the Republic of Korea and the Kingdom of Saudi Arabia for deployment of SMBRT. Th
PPE project was successfully completed in February 2019. As the results of SMART PPE project, the SMART
is equipped the fully passive safety systems and the improved reactor designs in detail. The SMART with
passive safety systems and improved designaimed SMART100. The SDA application and licensing
documents including the standard safety analysis report (SSAR) for SMART100 were submitted to the NSSC
in December 2019.

11. Fuel Cycle Approach

The fuel cycle of SMART is 30 months. KEPE@F can provide SMART fuel with its fuel fabrication facility
increment schedule. The SMART spent fuels are stored in a spent fuel pool using storage racks. The current
storage capacity of spent fuel storagerackss 30 years which can be variabl

12.Waste Management and Disposal Plan

The SMART has several design solutions to minimize radioactive waste generation. All liquid radioactive
waste will be processed througkemineralizer package which can make the system design to be simple and
minimize shipment of solid waste. Gaseous radwaste system provides sufficient holdup decay of radioactive
waste gases and release gases in a controlled manner. Solid radwaste systempoaaner solidification
technology which can minimize shipped volume for spent resin.

13. Development Milestones

1997 Conceptual design development

2002 Basic design development

2009 SMART-PPS (PreProject Service)

2012 Technologyverification, Standard Design Approval (SDA)

2012 SMART safety enhancement project

2015 SMART preproject engineering agreement signed between KAERI and K.A.CARE for the global
commercializatiorof SMART

2019 SMART preproject engineering completed

2019 SMART100 Standard Design Approval applied

2024 SMART100 Standard Desighpproval issued
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STAR (STAR ENERGY SA, Switzerland

All content included in this section has been provided by, and is reproduced with permisSIBARTENERGY SA, Switzerland

1. Introduction

Parameter Value

Technology developer, countrSTAR ENERGY SA

of origin Switzerland

Reactor type Pressure tube light water reactor
Coolant/moderator Light water / Light water
Thermal/electrical capacity, 30/ 10

MW (t)/MW(e)

Primary circulation Forced circulation

NSSS operating pressure 125 /4.4
(primary/secondary), MPa

Core inlet/outlet coolant 270/ 300

temperature°C)

Fuel type/assembly array UQO:; pellet assemblies in individual pressurt
channels

Number of fuel assemblies in 138

the core

Fuel enrichment (%) 19

Refuelling cycle (months) 120

Core discharge burnup 60
(GWd/ton)
Reactivity control mechanism Control rods and Er / G@; burnable absorbe

Approach to safety systems passive
Design life (years) 60
Plant footprint (rf) 36 000
RPV height/diameter (m) 76/23
RPV weight (metric ton) 20

Seismic desigiSSE) Degree VIII (MSK-64)

Fuel cycle Oncethrough HALEU; no orsite storage
requirements/approach

Distinguishing features Compact, lowweight design without a

pressure vessel; flexibility of operation;
intrinsic passive safety
Design status Basic design

i ST AR ochanrseltype twocircuit light-water nuclear reactor with a thermal rate of 30 MW(t) and a

nominal electric power output of 10 MW(e). Based on tpnaven solutions utilized in multipntemporary

lightwat er reactor designs, ASTARO featur elsopmimay st i n

circuit circulates through individual pressurized channels instead of an outer pressure vessel, which is the main

factor contribuhg t o t he mass and di mensions of tradi

bayonet heat exchangers and the use offUDel enri ched to 19 percent
which effectively enables it to be fully assembled ictday and delivered to the installation site by land, sea,
or air, substantially decreasing its production and maintenance costs.

2. Target Application
The ASTARO

reactor

i s designed to serve as a

tior
furt

vVer :

localities, such as small settlements or peingnsive industrial areas. Depending on the configuration of the
secondary island, it is capabté functioning as a district heating or electric power plant or operate in
cogeneration mode. Additionally, it can be utilized as a source of heat or steam for water desalination or other

industrial purposes.
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3. Design Philosophy

Since SMRs generally do not enjoy the econarfigcale benefitsffered by larger nuclear power plants, the

main goal of the design is to provide a financially viable alternative to-swellt fossil fuel power stations

while maintaining the requireddh safety standards. iEhgoalis mainly achieved by combining wetsted

technical solutions used in existing lighiaiter reactors with a unique layout tailored for ease of manufacturing,
assembly, transportation, and installation of the reactor. Tdigrdassumes that the fabrication process shall

only require commercially available parts and materials to reduce the initial investment required for research
and |icensing. 't also includes multipl @ nr eddeuwn daol
principle with a further goal to reduce the power
its boundaries, and enable deploying it near the end user.

4. Main Design Features

(a) Power Conversion

There are three primary possible variants of nucl
el ectric plant -Eroef ear rneudc Iteoa ra shTetaB Ti ARyn do | & nd o M AiISATAR
pl ant -CadBSTARhe de s ingeincuite for alt three vasiamts is Imased on the parameters of the
reactor unitodés two steam gen e BEhe admissiorwgressare @ steam mb i
produced in the steam generator is 4.4 MPa with a steam dryness of 99%. The fetinpatature is 220°C.

(b) Reactor Core
The reactor core consists of 138 pressure channels, ‘ Reflector]

Cells-with-Pressure-
Channelsy|

designed as a bayonet heathanger with its outer tube
welded into the lower plate of the primary coolant inl
chamber and the inner tube welded into the lower pl
of the primary coolant outlet chamber. The coolant
fed to the core through the primary coolant inl
chamber,fom which it flows along the outer section ¢
a pressure channel and rises along the inner tube, w
houses a fuel assembly. The tubes are manufact
from a zirconiumniobium alloy, and the space betwe
the tubes is filled with a neutr@aransparent @terial.
The reactor core is encased into a neutron reflec..
consisting of stacked ABe alloy rings with a thickness Reactor core layout
of 100 millimetres.

Cells-with-Control*
Rod-Channelsy

(c) Fuel Characteristics

A ASTARO nucl ear fuel assembly consists of 18 nuc
circles around a central support rod, fixed in place with spacing meshes. The central support rod is used to
attach the fuel assembly to the epplate of the primary coolant outlet chamber and the drive mechanism.
The fuel rods contain fuel pellets made of uranium dioxide with a maximum enrichment of 19%. Additionally,

6 of the 18 fuel rods contain Er or &4 burnable absorber, which compensdtar loss of reactivity during

normal operation of the reactor and extends its fuel cycle, which is set to 10 years. The nuclear fuel stays inside
the core throughout the entire fuel cycle, including the scheduled maintenance periods.

The inner volume of the nuclear fuel rods is filled with khyhity helium to improve thermal conductivity of

the gas mixture inside the fuel rods and to reduce the average volumetric fuel temperature.

(d) Reactivity Control

Reactivity control is performed with burnable erbium and gadolinium oxide absorbers in a number of the fuel
assemblies antB reactivity control rods evenly distributed inside the core. Boric acid is not intended for
reactivity control during normal operation; however, it can be used for ensuring safe shutdown of the core
during accident conditions. Additional reactivity comigalso provided by the negative thermal feedback of

the moderator.

(e) Reactor Pressure Vessel and Internals

The ASTARO reactor does not feature a pressure ve
el ements of the primary circuit, which, together
and encased into a sealed cylindfithinwalled (1 cm thick) steel reactor vessel that ensures convenient
transportation and installation of the reactor unit and serves as an additional containment barrier. The vacant
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space between the reactor vessel and the internals is filled with high purity helium. The total height of the
reactor module is 7.6 meters with a diameter of 2.3 meters.

(f) Reactor Coolant System

The primary <circuit cool ant system includes 138
assemblies, coolant inlet and outlet chambeng, two primary circuit loops, each featuring a pressurizer, a
main circulation pump, and a tripectioned steam generator. The dodbde layout has been selected to
reduce the overall size of the reactor module. The primary circuit is designed smlapdrating pressure of

12.5 MPa and maintain an outlet coolant temperature of 300°C.

(g) Secondary System

The secondary circuit connects to the reactor vessel from the outside through openings for feed water and
steamoutputpipelines, interfaces with the primary coolant circuit through two steam generator arrays inside
the reactor vessel and provides the final output of the reactor module. Like the primary circuit, the secondary
circuit has forced circulation, so the secalydaland must be equipped with a higressure feed water pump.

The circuités output has a temtpreof220°Gre of 256AC w

(h) Steam Generator

Unlike other reactors currently in operation, the reactor contains two steam generators, each consisting of three
separate sections connected through inlet and outlet pipelines. Each steam generator is designed as a once
through unit with an inlet of thprimary coolant in its upper part and the outlet in the lower part. The upper

part of a steam generator contains centrifugal and louvered separators. The combined thermal power rate of all
the steam generators is 30 MW.

5. Safety Features

(a) Engineered Safety System Approach and Configuration

The design of the ASTARO reactor foll ows-ternhheat pr i n
removal after reactor shutdown and emergency cooling during design basis accidents, including mechanically
triggered safety measures requiringgmaver source or human input.

(b) Decay Heat Removal System / Reactor Cooling Philosophy

During normal operation, sufficient radiation and thermal protection is achieved with several layers of
shielding, including the reactor corebds reflector
reactor shaft shielding. Intheeten of an emergency reactor ssygsteingd own,
for both shorterm emergency cooling and lobgrmresidual heat removal. The shitetm emergency cooling

system is triggereth a loss of coolant accident by several mutually inddpat mechanical sensors. The
system injects pressurized water from an emergency tank into the reactor vessel to provide cooling to the core
and prevent its exposure. The letegm cooling system is designed to passively remove decay heat from the
first circuit through steam generators; it has been estimated that the first circuit shall maintain natural
circulation of coolant even in the event of failure of both main circulation pusmpaly, in the occurrence of

a guillotine rupture of a primary circyiipeline, additional cooling shall be provided by a steam condenser
installed at the top of the reactor vessel.

(¢) Spent Fuel Cooling Safety Approach / System

I nitial calculations and modelling show that, giv
reactor cools passively and does not require temporagjt@istorage in a spent fuel pool. Requirements to
equipment and procedures for wastanagement shall be elaborated at further stages of the design.

(d) Containment System

The designds containment system is baseddftegchmicat he @
and administrative measures aimed at preventing environmental exposure to radiation and radioactive
substances from the reactor.

The set of barriers includes:

Fuel pellet matrix;

Fuel rod casings;

Pipelines end equipment of primary coolant circuit;

Reactor core pressure channels;

Reactor core shielding;

Airtight reactor vessel;

Ferrocement reactor shaft.

=A =8 =4 -4 -4 -8 -4
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(e) Chemical Control
The functions of and requirements for the chemical control systems shall be elabofatéteostages of the
design.

6. Plant Safety and Operational Performances
From the beginning of development of ASTARO, reas:¢
design features are as follows:

1  Core damage frequengéyless than 1@reactor year

1 Large early radioactivity release frequefidgss than 1@reactor year

7. Instrumentation and Control System
On the conceptual level, the I&C system is divided into the following rr

blocks: Q
Primary and reserve contnaoms;

Reactor control and protection system, including remote controls anc
independent emergency shutdown systems;

Process parameters control system;

Internalreactor control system;

Normal operation contra@ystems;

Miscellaneous automatic systems.

= =

= =4 -8 =

8. Plant Layout Arrangement

The default design suggests deploying the reattibin an

underground ferrocement reactor shaft to improve

containment capabilities, enhance resilience to extel

threats, and increase convenience of emergency water | iSTARO placement
placement. However, other reactor building arrangeme . |  option insde an undergraoun
are also availablésecondary island and civil part building [+ T reactor shaft
should be designed with consideration for the giv | ; AL oSS T
countryods legislation and |/ N— —
9. Testing Conducted for Design Verification and || 3 : m
Validation .;1,-.).,, W h
_ | E— thl R
Most parts and materials b =) B ] ¢ e B des

tested, commercially available and have been nationall \
internationally certifiedDuring the conceptual design stag 2 ‘ \
extensive physical calculations and modelling for the reas | i
unit were completed using MCNP, WIMSD4, and S¢ ‘ L
DYNCO codes. Further means of validation, includiiy
probabilistic and deterministic safety analysis tools and | Example layout of a reactor building with an adjacer
test facilities for various components, shall be developea v secondary island

the later design stages.

10. Design and Licensing Status
Interaction with Nuclear Safety AuthorityStarted; Site permit for FOK plantTo be developed.

11.Fuel Cycle Approach

The design assumes six fuel l oading throughout th
10 years. Apart from description and requirementsdtuelling equipment and procedures to be developed

on later design stages, current regulations and best practices concerning handling of HALEU fuel are
applicable to this design.

12. Waste Management and Disposal Plan

By design, the ASTARO reactor facility does not
operation. Any solid or liquid radioactive waste collected during refuelling and maintenance shall be disposed
of in accordance with applicable regidas and practices.

13. Development Milestones
2015 Initial concept developed; patent priority date secured
2019 Concept submitted for peer review
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2021
2022

Current (2024)
2025
20262027

Conceptual design developed; preliminary feasibility study f6©AK unit completed
Conduction of feasibility study for FOAK unit and initiation of licensing procedures

local regulator and basic design
Development of basic design and PSAR, conduction of site survey

Launch of FOAK planproject, development of detailed design and extended SAR

Pilot unit installation and launch
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| P74 Rolls-Royce SMR (RollsRoyce, United
7| Ig Kingdom)

All content included in this section has been provided by, arepreduced with permission of RelRoyce and Partners, United Kingdom.

Parameter Value

Technology developer, country of origin Rollss-Royce SMR Limited,
United Kingdom

Reactor type 3-loop PWR
Coolant/moderator Light water
Thermal/electrical capacity, 1358/470

MW (t)/MW(e)

Primary circulation Pumped at power

Natural circulation for backup
decay heat removal

NSSS Operating Pressure 155/ 7.4
(primary/secondary), MPa

Corelnlet/Outlet Coolant 295/322

Temperature°C)

Fuel type/assembly array Industry standard uranium

oxide fuel in 17x17 array
Number of fuel assemblies in the core 121

Fuel enrichment (%) <4.95

Core Discharge Burnup (GWd/tHM) ~65

Refuelling Cycle (months) 18

Reactivity control Control rods
Approach to safety systems Passive and active
Design life (years) 60

Plant footprint (r®) 54,500

RPV height/diameter (m) 7.82/4.20

RPV weight (metric ton) 169

Seismic Design (DBE) 0.3g
Distinguishing features Whole plant modular design

facilitating rapid and cost
effective build.
Design status Mature conceptual design

1. Introduction

The RollsRoyce SMR has been developed to deliver a madkigen, affordable, low carbon, energy
generation capability. The developed design is based on optimised and enhanced use of proven technologies
that presents a class leading safety outlook and attractive market offering with minimum regulatory risk. Rapid
certain and repeatable build is enhanced through site layout optimisation and maximising modular build,
standardisation and commoditisation.

2. Target Application

The RollsRoyce SMR is primarily intended to supply baseload electricity for both coastal and inland siting.
The design can be configured to support other-rezptiring or cogeneration applications, as well as provide

a primary, carbon free, power soufoethe production of €uels.

3. Design Philosophy

The design philosophy for the Relyce SMR is to optimise levelised cost of electricity with a low capital
cost. The power output is maximised whilst delivering robust economics for nuclear power plant investment
and a plant size that enables moduldikseand standardisation throughout.
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4. Main Design Features

(a) Nuclear Steam Supply System

The RollsRoyce SMR is a threlop Pressurised Water Reactor employing an indirect Rankine cycle. Coolant
is circulated via three centrifugal Reactor Coolant Pumps to three corresponding vettibal $team
Generators.

(b) Reactor Core

The nuclear fuel is industry standard 1#driched up to 4.95%, clad with a zirconium alloy and arranged in a
17x17 assembly. The core contains 121 fuel assemblies and has an active fuelled length of 2.8 m, delivering a
thermal power of 1358 MW(t). Through cycle reactivity compensation is prdwdag gadolinia neutron

poison. Different fuel assemblies contain different poison loadings, through inclusion of different numbers of
poison pins and different gadolinia weight loading.

(c) Reactivity Control

Duty reactivity control is provided through movement of control rods and use of the negative moderator
temperature coefficient inherent to Pressurised Water Reactors. No concentration of soluble boron is
maintained in the primary coolant for duty reactiviontrol, which facilitates a simplified plant design and
eliminates risks associated with boric acid as well as the environmental impact of boron discharge. The
moderator temperature coefficient is consistently high throughout the fuel cycle due dokiloé soluble

boron.

(d) Reactor Pressure Vessel and Internals

The Reactor Pressure Vessel comprises the upper shell containing the six Reactor Coolant Loop nozzles, three
Direct Vessel Injection nozzles, the lower shell consisting of a plain cylindrical forging with no circumferential
welds present within the highufk region of the core and the lower head. The Integrated Head Package forms

an assembly of the reactor head area components. It comprises the Reactor Pressure Vessel Closure Head an
outer bolting flange, Control Rod Drive Mechanisms and their coolingmsysinCore Instrumentation,

integral missile shield and lifting assembly.

The lower Reactor Pressure Vessel Internals comprise the core barrel which holds the fuel and diverts coolant
flow from the coolant inlets to the flow distribution device, the flow distribution device which diverts,
straightens and distributes the coolémiv prior to entry into the inlet plenum and the radial neutron reflector.

The upper Reactor Pressure Vessel Internals take coolant from the outlet of the fuel assemblies and transfer it
to the outlets. The upper internals comprise the upper support Wwaich holds the fuel in place and the

control rod housing columns which align and support the control rods and control rod drive shafts.

(e) Reactor Coolant System and Steam Generator

The Reactor Coolant System contains tHoeps, each with a verticaltube Steam Generator located around

the circumference of the Reactor Pressure Vessel. The pressuriser is connected to the pipework hot leg. A
centrifugal Reactor Coolant Pump is mouht#irectly to the outlet nozzle of each Steam Generator. Each
Steam Generator is elevated above the Reactor Pressure Vessel to ensure that a sufficient thermal driving heac
is available for natural circulation flow for situations where pumped flow fronR#@etor Coolant Pumps is
unavailable. The Steam Generators include an integral crossflow preheater which works by preferentially
directing feedwater to the cold side of the tube bundle, resulting in an increased thermal efficiency and smaller
component capared to a nepreheater design for the same duty.

(f) Pressuriser

The primary circuit pressure is controlled by electrical heaters located at the base of the pressuriser and spray
from a nozzle located at the top. Steam and water are maintained in equilibrium to provide the necessary
overpressure. The pressuriser is diwal, cylindrical vessel constructed from low alloy steel, sized to provide
passive fault response for bounding faults, with rapid and significant cooldown amhaatommodated.

(g) Primary pumps

Forced Reactor Coolant System flow is provided via three Reactor Coolant Pumps utilisinigsssdadign.
Pumped flow supports power operation with Reactor Coolant Pumps also configured to enable natural
circulation flow during conditions where pumpéo\ is unavailable, ensuring the availability of passive heat
rejection.
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5. Safety Features

(a) Engineered Safety System Approach and Configuration

The RollsRoyce SMR design has been developed through a combined system engineering and safety
assessment approach. The safety informed design supports the process by which risks are demonstrated to be
acceptable and as low as reasonably practicable. @eferepth is provided through multiple layers of fault
prevention and protection in the form of independent and diverse active and passive systems, with multiple
trains per system. Passive safety systems are designed to deliver their safety funcigoalityously for at

least 72 hours, minimising the demand on human actions and electrical power.

(b) Safety Approach and Configuration to Manage DBC

The RollsRoyce SMR employs both active and passive decay heat removal systems. High Temperature Decay
Heat Removal utilises the Steam Generators and either the normal duty steam condenser or Atmospheric Steam
Dumping to cool the primary plant. It utilisesuch of the same equipment used for steam condensing during
power operation.

Passive Decay Heat Removal is a dedicated safety measure that utilises the Steam Generators and the Loca
Ultimate Heatsink System elevated water store to cool the reactor. Heat rejection is closed loop between the
Reactor Pressure Vessel and the Steanef@trs and decay heat can be passed from the core to the Steam
Generator through either pumped reactor circuit flow or natural circulation flow.

Emergency Core Cooling provides decay heat removal through depressurisation of the Reactor Coolant System
and sustained supply of injected coolant by gravity feed. The function includes three accumulators connected
directly to the Reactor Pressure Ves3¢le Emergency Core Cooling function also places requirements on

the Reactor Coolant Pressure Relief System for emergency blowdown and Local Ultimate Heatsink System to
transfer heat from the Passive Containment Cooling heat exchangers to the environment.

The RollsRoyce SMR employs both active and passive automatically initiated control of reactivity safety
measures. The scram safety measure inserts solid neutron absorbers into the core and the diverse emergenc
boron injection system uses a pumped coméiian to rapidly inject soluble potassium tetraborate into the
reactor. Both systems are capable of independently providing full shutdown margin to cold zero power.

(c¢) Safety Approach and Configuration to Manage DEC

The RR SMR is designed to provide at least two independent and diverse safety measures for frequent initiating
events (>1ED3 per year) causing fault conditions within the design basis. Diversification is provided in the
mechanical, electrical and 1&C sgshs through use of diverse equipment delivering safety functions using
fundamentally different principles and phenomena. This is in keeping with UK practice and goes beyond the
international practice whereby diversification is required as a design extarmidition. Such conditions

include complete loss of main feedwater to the steam generators and failure of alternative methods of feeding
the steam generators, station blackout, anticipated transient without scram due to mechanical failure of the
controlrods, anticipated transient without scram due to failure of the reactor protection system, total loss of
spent fuel pool cooling chain. Design extension conditions without significant fuel degradation arising from
very low frequency events or complex cdralis are also addressed such as main steam line break with
consequential steam generator tube ruptures.

Design extension conditions with core melt are addressed througivessel retention approach. The reactor
pressure vessel lower head is cooled externally by gravity flooding the reactor cavity pit with water before the
corium relocates to the lower hkaAfter relocation, decay heat is then transferred from the corium mass,
through the reactor pressure vessel walls, to the water. Water boils off and is vented to containment. Steam in
containment is then condensed by the containment cooler and fallsgradity back to the sump. Diverse

active and passive heatsinks are provided that are each independently capable of suppatisg in
retention.

(d) Containment System

The reactor circuit and other key systems are located within a steel containment vessel to confine release of
materials during faulted and accident conditions. The FRidlgce SMR also adopts-iressel retention to

confine the postulated melt in severeidents.

(e) Spent Fuel Cooling Safety Approach / System

Active and passive cooling systems provide robust decay heat removal defence in depth during fault
conditions. Reactivity control is provided in a soluble beir@e environment using geometric spacing and
solid neutron poison racks.
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6. Plant Safety and Operational Performances

Plant conditions have been analysed using industry validated codes to demonstrate significant safety margin
across the levels of defence in depth. The Probabilistic Safety Assessment calculates a core damage frequency
from plant faults of <1ED7 per year bpower operation, and that no single fault or class of faults makes a
disproportionate contribution to risk, i.e. a balanced risk profile is achieved. Internal and external hazard
assessments have defined the design basis and informed the plant lagptimiee segregation. Key
equipment is protected by the hazard shield which is resilient against external hazards including aircraft impact
and tsunami.

The RollsRoyce SMR is designed for full compliance with the U.K. Grid Code, provides load following
between 50% and 100% power at a rate-6#@8per minute, and can deliver stable operation for at least two
hours supplying onl yadt he power stationés house |
An 18-day outage period is targeted to support high availability, at least 92.5% availability overytbar 60

life of the RollsRoyce SMR.

7. Instrumentation and Control Systems

The RollsRoyce SMR reactor plant is controlled gmtected by a number of control and instrumentation
systems. The Reactor Plant Control System manages duty operations and uses an-invaifiaiskey
programmable logic controller or distributed control system. It uses mixed analogue gmg@mmals

digital sensors and communicates on hardwired multichannel digital electrical networks. Opportunities to use
smart devices and wireless technologies are being pursued.

The Reactor Protection System provides shutdown, decay heat removal and containment in response to a fault.
The Reactor Protection System contains priority logic, which from the range of input signals received from
lower classified systems, determines shé operation of actuators. The Diverse Protection System uses non
programmable electronics and as such provides a diverse means to provide shutdown, decay heat removal anc
containment in response to fault conditions. The Diverse Protection System soptairity logic,
independent of Reactor Protection Systems which, from the range of input signals received from lower
classified systems, determines the safe operation of actuators.

PostAccident and Severe Accident Management Systems within the Nuclear C&I System provide clear plant
status displays, over the days and months following a postulated accident.

8. Plant Layout Arrangement
The power station is designed for installation on an extensive range of inland and coastal sites, across a wide
range of soil and earth conditions, whilst maintaining a compact site footprint. This flexibility is enabled
through design features such assec isolation for key safety areas. The nuclear reactor is located in the
Reactor Island (red) adjacent to Turbine Island (yellow). Support buildings and auxiliary services are situated
around the§§_islands and within a berm that sweeps around the site.

e

WX
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9. Testing Conducted for Design Verification and Validation

The RollsRoyce SMR design is based on optimised and enhanced use of proven technologies. Test rigs have
been designed for validation of safety claims of the key safety systems, utilising established test facilities
reflecting that safety systems are bagedeadily provable phenomena.

10. Design and Licensing Status

The RollsRoyce SMR entered formal design assessment by UK regulators in 2022 and have successfully
completed two steps of the thrstep regulatory process. Completion is targeted in time for construction of
the first of a kind power station to commence027.

11.Fuel Cycle Approach

Approaching equilibrium, the RoHRoyce SMR operates on an-ttnth fuel cycle, with a threleatch
equilibrium core. Used fuel is subsequently transferred to a spent fuel pool adjacent to the containment building
for storage prior to transfer to long tedry cask storage.

12. Waste Management and Disposal Plan

The RollsRoyce SMR waste treatment systems are based on use of proven technologies and best available
techniques. Industry lessons learned and good practices have been used in the development of systems tc
minimise active and neactive wastes and disclgas, through both design and operational practices adopted.
Standardised waste treatment system components and modules are used to achieve the flexibility required for
the waste informed design. Operation without soluble boron in the primary coolantsifjoifisant reduction

in environmental discharges and concomitant simplification of the waste treatment systems.

13. Development Milestones

2015 Development of initial reference design Complete
2017 Development of whole power statioonceptual design Complete
2022 Formal regulation entered in the UK Complete
2027 Construction of first plant begins Planned
Early 2030s | Commercial operation of first plant Planned
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SMR-300 (Holtec International, United
States ofAmerica)

All content included in this section has been provided by, and is reproduced with permission of Holtec Internation&tatkstefl America.

Parameter Value
Pressunzer Technology developer, country of Holtec International, United States
origin of America
Reactor type PWR
Coolant/moderator Light waterlight water
Steam Benerarer (56 Thermal/electrical capacity, 1050 MWth(nominal)
MW(t)/MW(e) 366 MWe (gross) /320 MWe (net)
Primary circulation Forced (2 pumps)
Hol Leg Piping n
NSSS Operating Pressure 15.5/6.2
(primary/secondary), MPa
Aractar Conlamt Fump (2C0F) Core Inlet/Outlet Coolant 292 /321
Temperature°C)
Fuel type/assembly array UOQ; pellet / square array
Cod Lag Fiping Number of fuel assemblies in the 69
core
pecharTieseih deceeLEEN] Fuel enrichment (%) 4.9% (average) / 5% (max)

SMR OO Pri mary Ci rCoreDischarge Burnup (GWd/ton) 43 (initial design)

Refuelling Cycle (months) 18
Reactivity control Soluble Boron anéRods (RCCASs)
Approach to safety systems Incorporates robust passive safety

systems, requiring no operator
action for accident mitigation.

Design life (years) 80

Plant footprint () 160,000 (dual unit, fenced area)
RPV height/diameter (m) TBD

RPV weight (metric ton) TBD

Seismic Design (SSE) 0.4

Distinguishing features Passive safety cooling systems ar

active norsafety systems; flexible;
spent fuel pool within containment
(no transfer channelptegrated dry
spent fuel storage and transportati
system; smart modular design
SMR-300 Fuel concept

Assembly Design status Detailed Design

1. Introduction

The SMR300, developed by Holtec International, is a Small Modular Reactor (SMR) designed to deliver
efficient and reliable power generation. It features advanced Pressurized Water Reactor (PWR) technology in
a compact and scalable design. This reactor aims to provide a flexible solution for various applications, from
remote locations to integrated powggids. Its innovative safety and operational features set it apart from
traditional largescale reactors.

2. Target Application

The primary application of SMRO0O is electricity production with optional cogeneration equipment (i.e.,
hydrogen generation, thermal energy storage, district heating, seawater desalination).

The SMR300 is ideal for deployment in areas where large nuclear reactors are impractical due to space or
logistical constraints. Its modular design allows for easy installation in remote or industrial sites and integration
into existing power infrastructue . The reactorodos flexibility makes
and as part of larger energy systems. This adaptability supports diverse energy needs and locations with varying
requirements.
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3. Design Philosophy

The design philosophy of the SMBO0 prioritizes safety and simplicity by incorporating advanced passive
safety systems that require no operator intervent
maintenance, and operational costs whileaaehng reliability. It integrates proven technologies and materials

to ensure robust performance under various conditions. This approach ensures that the reactor operates
efficiently and securely with minimal operational challenges.

4. Main Design Features

(a) Nuclear Steam Supply System

The SMR300 utilizes a twdoop Pressurized Water Reactor (PWR) system with a singletbraxggh steam
generator. This configuration enhances thermal efficiency and power generation. The steam generator
efficiently transfers heat from the reactor cookarpproduce higtpressure steam. Integrated design simplifies
system operations and improves overall reliability.

(b) Reactor Core

The reactor core of the SMBOO features a 17x17 array lofv-enriched uranium dioxide fuel assemblies.
Designed for an X&onth refueling cycle, it maximizes fuel efficiency and operational lifespan. The core's
configuration supports robust performance and safety margins. Available and proven PWR technology and
fuel ensures reliable and effective core operation.

(c) Reactivity Control

Reactivity control in the SMB00 is achieved through the use of control rods and/or boron in the reactor
cool ant . These mechanisms allow precise adjust me
operation. The control system is designed to leawmdrious operational and safety scenarios. This approach
ensures effective management of reactor reactivity throughout its operating cycle.

(d) Reactor Pressure Vessel and Internals

The reactor pressure vessel is designed to be compact and robust, housing the core and primary coolant system
It features durable materials to withstand high pressures and temperatures. The internal configuration
minimizes complexity and supports efficiemaintenance. The design enhances the overall safety and
longevity of the reactor.

(e) Reactor Coolant System and Steam Generator

The reactor coolant system employs forced circulation during normal operations with tviegcplamps and

a single oncghrough steam generator. This system ensures efficient heat removal and transfer to the steam
generator. The integrated design of tteam generator and pressurizer improves thermal management. The
systemds simplicity contributes to reduced-30Mhai nt e
safety systems are passive and are driven by natural forces (e.g., gravity, conduadtigenvective heat
transfer), with no reliance on pumps, external water, or offsite power.

(f) Pressuriser

The pressurizer is integrated into the steam generator, maintaining the pressure of the reactor coolant system.
This design reduces system complexity and enhances reliability. It regulates the coolant pressure to prevent
boiling and ensure stable reactoonditions. The integration supports efficient thermal and pressure
management within the reactor system.

(g) Primary pumps

The SMR300 uses two vertically mounted reactor coolant pumps to ensure forced circulation within the
primary loop. These pumps are designed for high reliability and efficiency in circulating coolant through the
reactor core and steam generator. Theirigordition supports consistent heat removal and system stability.
The design minimizes the need for additional components and maintenance.

5. SafetyFeatures

(a) Engineered Safety System Approach and Configuration

The SMR300 employs advanced passive safety systems designed to function without operator intervention or
external power sources. The safety systems include redundant and diverse pathways for heat removal and
accident mitigation. These systems areintegcht i nt o t he reactor 6s robust c
overall safety. The design minimizes the likelihood of accidents and ensures effective response in emergency
scenarios.
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(b) Safety Approach and Configuration to Manage DBC

For Design Basis Events (DBCs), the SNBD incorporates redundant safety features that automatically
manage and mitigate potential accidents. The reac
containment without requiring operator actidrhis approach ensures that the reactor remains safe under a
wide range of anticipated operational occurrences. Enhanced safety margins are maintained to protect the plant,
the public health and safety, the environment, and the health and safety efquleers.

(c) Safety Approach and Configuration to Manage DEC

The reactordéds safety design addresses {feespagsine Ext e
cooling solutions and containment integrity. The SBM includes multiple safety barriers and systems to
handle severe accident conditions. Theseegystare designed to maintain core cooling and prevent
radi ol ogi cal r el e a s ecool amdhmmanagecheatpicidedtenhanbeis itsiresilienceto s e
extreme scenarios.

(d) Containment System

The SMR300 features a robust containment system that integrates a large
reservoir for heat dissipation and missile protection. This containment stru

is designed to withstand external impacts and prevent the release of radig «.
materials. Thavater reservoir aids in cooling and managing decay heat dt
accidents. The containment system enhances overall plant safety -
environmental protection.

(e) Spent Fuel Cooling Safety Approach / System -=
Spent fuel cooling is managed through a small spent fuel pool located w
the reactor containment, providing initial cooling and radiation shielding.-Lc
term cooling is achieved using dry cask storage, whadures spent fuel ir
welded stainlessteel canisters. This approach ensures safe handling
minimal environmental impact. The spent fuel management system sug
efficient and secure waste storac = i t the
| |

6. Plant Safety and Operational Performances - —
The SMR300 is designed for high safety and operational performa ~ SMR-300 Configuration
featuring robust passive safety systems and simplified maintenance procedures.

The reactords design ensur enmintaming hign eeliability mred efacterecy. 1 n t
Safety margins are maximized through the use of proven materials and advanced technologies. This approach
enhances the reactorb6s ability to operate safely

7. Instrumentation and Control Systems

The SMR300 utilizes the MELTAC Nplus S digital safety 1&C platform to enhance plant control and safety.
This system provides advanced monitoring and control capabilities, optimizing operator interface and defense
in-depth. The platform ensures robust parfance and reliability in managing plant operations. It integrates
with the reactorés safety features to support sec

8. Plant Layout Arrangement

The SMR300 features a compact and efficient plant layout designed to maximize space utilization and
simplify construction. Major components, including the reactor core, steam generator, and safety systems, are
arranged to facilitate easy maintenance gretational efficiency. The layout supports streamlined operations
and reduces the need for extensive infrastructure
space and integration of key systems.
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9. Testing Conducted for Design Verification and Validation

Extensive testing and simulations are conducted to verify and validate th@IMR6 s desi gn, ens-u
safety and performance criteria. This includes evaluating safety systems, core performance, and operational
reliability under various conditon§.he testing process confirms the r
efficiently. Results from these tests support the

10. Design and Licensing Status

The SMR300 is currently in the Detailed Design phase, with ongoing efforts to finalize the regulatory
submissions. Holtec International is preparing for site characterization and regulatory reviews, with
construction planned to start by r2@27. The reaor is expected to enter commercial operation in 2030. This
timeline reflects progress towards a fully licensed and operational reactor.

11.Fuel Cycle Approach

The SMR300 employs a lovenriched oxide fuel cycle with a traditional -ff®nth reload shuffle. This
approach optimizes fuel usage and extends the rea
high performance and efficiency throughbouh e r eact or 6s | i fespan. The wuse
reliable and effective operation.

12. Waste Management and Disposal Plan

The SMR3 0 0 6 s managereet strategy includes a small spent fuel pool within containment for initial
cooling and longerm dry cask storage for spent fuel. This plan ensures secure handling and minimal
environmental impact. The system incorporates rigorous security measwtenonitoring to maintain safe
waste management. The approach supports effective disposal attdriorgafety.

13. Development Milestones

February 2024 |[SMR-300 FOAK site selection (Palisades site in MI, USA) Completed
Integral andSeparate Effects Testing (ISET) Program completed| Planned

October 2025 Idaho National Labs (INL), USA

June 2026 Submit Construction Permit Application for Palisades site Planned
Commence Nuclear Island Construction Activities atRhsades Planned

June 2027 site

June 2030 Completion of Construction Planned

December 2030 | Commercial Operation Date (COD) Planned
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WATER COOLED
SMALL MODULAR REACTORS
(MARINE BASED)
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Russian Federation)

ABV -6E (JSCnAfrikantov OKBM o0,

All content included in this section has been provided by, and is reproduced with permigsisn®f A Af r i k a Russiam (

Federation.

Parameter

Technology developer,
country of origin

Reactor type
Coolant/moderator
Thermal/electrical capacity,
MW (t)/MW(e)

Primary circulation

NSSS Operating Pressure
(primary/secondary), MPa
Core Inlet/Outlet Coolant
Temperature®C)

Fuel type/assembly array

Number of fuel assemblies in
the core
Fuel enrichment (%)

CoreDischarge Burnup
(GWad/ton)
Refuelling Cycle (months)

Reactivity control mechanism
Approach to safety systems
Design life (years)

Plant footprint (M)

RPV height/diameter (m)
Seismic Design
Distinguishing features

Value

J S @frikantov OKBMO,
RosatomRussian Federation
PWR

Light water / light water
38/6i1 9

Naturalcirculation
16.2

250/ 325

UO: pellet/hexagonal
121

<20
N/A

1207 144

Control rod driving mechanism
Passive

40

20000 (basic design)

6/2.4

7 per Richter scale (basic design)

Natural circulation in the primary
circuit

Design status Final design
1. Introduction
The AEBEVis reactor plant (RP) as a part of
6 MW(e) in cogeneration mode o0 E9 i MWeéeg) ali Bne
natur al circulation of6H hee spirgwedwasedd aulsa mtg. tThhee
experience of PWR reactors and recent achievemer
The main objective of the project is to develop
NPP for s aofveerto@l20rpmeé amsn without refuelling at the
Pl ant mai ntenance and repair, refuelling and nu
faci.l ities
2. Target Application
The AEBEVRP is i ntpwrdpeads easRR. nTuhlet iRP i s designed w
a floating power wunit (FPU) as a art of floati|
of 91.6 m, a beam of 26ement df a8l00ft 3. Pemeadi,]
the region, the FNPP can generate electric power
for other appl i ebaatsieadn sc.onBda sgiudeast,i oan lodnd he pl ant
3. DesignPhilosophy
The AEBEVis a pressurized water reactor (PWR); its
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- Integral primary circuit layout with natural circulation of the primary coolant;

- Negative feedbacks and enhanced thermal inertia;

- Passive and seHctuated safety systems;

- Increasedesistance to extreme external events and personnel errors;

- Use of nuclear fuel with the enrichment of less th@#o.
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5. Safety Features
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7. Plant Layout Arrangement

FLOATING POWER UNIT____ A iy

2

WATERSIDE STRUCTURES

No. in plan Title
1 Floating power unit
2 Waterside structures
3 Integrated process
building

4 Treatment facilities
5 Access control point
6 Guard room

7 Administrative
building/shelter

COASTAL SITE

8. Design and Licensing Status

The

f

inal @6&sihgs obkeABYccompli shed. .The desi

9. Development Milestones

2006

2007

2014

8 4

Feasibility study developed for construction of the floating NPP with ABAfor the Far North
(settlement Tiksi, settlement UKamchatsk)

Feasibility study developed for construction of the floating NPP with /ABA/for Kazakhstan
(City of Kurchatov)

Final design is being developed for a transportable reactor plant6kByhder the contract wit
Minpromtorg (Russian Federation Ministry of Industry and Trade)

8 Indoor switchgear
9 Substation-shared control
room
10.1, 10.2 | Diesel-generator sets
11 Garage

gn

r



ACP100S (CNNC, China)

All contentincludedin this section has been provided by, and is reproduced with permission of CNNC, China.

Parameter Value
Technology developer, CNNC/NPIC, China
country of origin
Reactor type Integral PWR
Coolant/moderator Light water / light water
Thermal/electrical capacity, 385 /125

| MW(t)/MW(e)
Primary circulation Forced circulation

NSSS operating pressure  15/4.6
(primary/secondary), MPa
Coreinlet/outlet coolant 286.5/319.5

temperature°C)

Fuel type/assembly array ~ UO./ 17x17 square pitc
arrangement

Number of fuel assemblies in57

the core

Fuel enrichment (%) <4.95

Refuelling cycle (months) 24

Coredischarge burnup <52

(GWd/ton)

Reactivity control mechanisnControl rod drive mechanism
(CRDM), GdO: solid burnable
poison and soluble boron acid

Approach to safety systems Passive + Active

Design life (years) 40

Plantfootprint (rr?) 8 000 (Floating NPP)
RPV height/diameter (m)  10/3.35

RPV weight (metric ton) 300

Seismic design (SSE) Not applicable

Fuel cycle Shore refuelling, temporal
requirements/approach stored in the spent fupbol
Distinguishing features Integrated reactor with on

through steam generator, towe
sites along coast
Design status Basic design

1. Introduction

ACP100S was developed based on its faaded reactor ACP100 whose pitwbject has been under
construction in Hainan province in China to provide capacity of 125 MW(e) per module. It inherits
most of the main features of ACP100 with integrated design and could be used for power generation,
desalination, heating, for offshoa@d open sea area, and isolated island,letoainly adopts passive

safety system with active passive measure as an implement to cope with the marine environment. It
could be constructed in the shipyard and delivered to the sites, and satisfy theespfiegynent of

third generation PWR.

2. Target Application

The ACP100S is a multipurpose power reactor designed for coastal and open sea areas, or isolated
island where central electric grid is hard to reach. It could be used for electricity production, heating,
steam production or seawater desalination.
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3. Design Philosophy

The ACP100S realizes design simplification by integrating the primary cooling system and enhanced
safety by using the cooling water from the sea. It adopts mature ge#sigeophy with lanebased
ACP100 being constructed. ACP100S could be constructed in the shipyard and factory, which greatly
improve the economic competitiveness.

4. Main Design Features

(a) Nuclear Steam Supply System

The integrated nuclear steam supply system (NSSS) design consists of the reactor core, and sixteen (16)
oncethrough steam generators (OTSG). The four (4) canned motor pumps are installed nozzle to nozzle
to the RPV. All these technologies provide higheirgnt safety and avoid large LOCA in largjee

nuclear power plant.

(b) Reactor Core

The 57 fuel assemblies (FAs) of ACP100S core with total length of 2.15 m core have a squbred 17
configuration. The fue®U enrichment is about 1194.95%. The reactor will be able to operate 24
months at balance fuel cycle.

(c) Reactivity Control

The reactivity is controlled by means of control rods, solid burnable poison and soluble boron dissolved
in the primary coolant. There are 20 control rods, with a magnetic force type controtiviog)
mechanism (CRDM).

(d) Reactor Pressure Vessel and Internals

The RPV and equipment layout are designed to enable the natural circulation between reactor core and
steam generators. The RPV is protected by safety relief valves againgressurization in the case

of strong difference between core power and theegadved from the RPV.

The internals not only support and fasten the core but also form the flow path of coolant inside RPV.

(e) Reactor Coolant System

The ACP100S primary cooling mechanism under normal operating condition and shutdown condition
is done by forced circulation. The RCS has been designed to ensure adequate cooling of reactor core
under all operational states, during and following all postdlaff normal conditions. The integral

design of RCS significantly reduces the flow area of postulated small break LOCA.

(f) Steam Generator

There are 16 OTSGs, which are mounted within the RPV. All the 16 OTSGs are figured in the annulus
between the reactor vessel and haddadvn barrel. The bottoms of OTSGs are limited their position by
the hole on barrel supporting hub, the heads are weldbd teactor vessel steam cavity.

(g) Pressurizer
The pressurizer of ACP100S is located outside of the reactor vessel. The pressurizer is a vertical,
cylindrical vessel with hemispherical top and bottom heads.

(h) Primary pumps

The ACP106& uses cannethotor pumps as reactor coolant pumps which are directly mounted on the
RPV nozzle. The shaft of the impeller and rotor of the camnetthr pump is contained in the pressure
boundary, eliminating the seal LOCA of reactor coolant pump.

5. Safety Features

(a) Engineered Safety System Approach and Configuration

The ACP100S is designed with inherent features, eliminating large primary coolant piping which in
turns eliminates large break LOCA. It mainly adopts passive safety system with active passive measure
as a supplement to cope with the marine environmentsdfiety system mainly consists of the passive
decay heat removal system (PDHRS), passive emergency core cooling system (ECCS), passive
containment suppression system (PCS) and active containment spray system.
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(b) Decay Heat Removal System

The PDHRS prevents core meltdown in the case of design basis accident (DBA) and beyond DBA, such
as station black out, complete loss of feedwater, sbnafik LOCA (i.e., to prevent the change of
beyond DBA to severe phase). The PDHRS of ACP100S conkist® oesidual remove exchangers

and associated valves, piping, and instrumentation. The residual heat remove exchanger is located in
the passive residual heat remove water storagentanitedon left and right side of shipboard, which
provides the heat sink for the emergency cooler. The decay heat is removed from the core by natural
circulation. The PDHRS provides core cooling for 72 hours without operator intervention.

(¢) Emergency Core Cooling System

The emergency core cooling system (ECCS) consists of two safety injection system and recirculation
system, which mainly include two core malke tanks (CMT), two low head pressure injection pumps

and associated injection lines and valves. In the DBA, ngotliater from the CMTs would be injected

to the reactor core by gravity force to cool down the reactor core, and recirculation would be generated
for long term after the DBA accident.

(d) Spent Fuel Cooling Safety Approach / System
ACP100S adopts the mature shore refuellitigtegy andvould be towed to the dock when refuelling
is needed after one refuelling period of 24 month.

(e) Containment System

The ACP100S use small steel containment containing one module of the NSSS. It's a vertical,
cylindrical vessel with hemispherical top and bottom heads, a personnel gate is mounted on the
cylindrical side and a hemishperical top gate is set as a refugiieg The containment is figured in

the reactor compartment which is a reinforced structure of the boat. The containment could withstand
the maximum pressure during DBA of NSSS, and also withstand the external water pressure in the sink
accident.

6. Plant Safety and Operational Performances

Nuclear safety is always the first priority. Thiémate goal of nuclear safety is to establish and maintain

an effective defence that can effectively protect people, community, and environment from radioactive
disaster. To be specific, the design and operation of ACP100S ensures that radiatiothdagert@rs

and to the members of the public do not exceed the dose limits and kept it as low as reasonably
achievable. Accident prevention measures ensure that radioactive consequences are lower than limited
dose in terms of all the considered accidemusaces and even in the unlikely severe accidents,
mitigation of accidents induced influences can be ensured by implementing emergency plan. The design
of ACP100S incorporates operational experience of thestdte-art design. Proven technology and
equpment are adopted as much as reasonably possible. It's estimated that ACP100S has the core
damage frequency (CDF) of less thatil@s per reactor year and the large release frequency (LRF) of
1x10¢ per reactor year. The load factor is no less than 0.9.

7. Instrumentation and Control System

The Instrumentation and Control (1&C) system designed for ACP100S is based on defence in depth
concept, compliance with the single failure criterion and diversity. The diversity in the design of 1&C
system is achieved through: (1) different hardware aftvace platforms for 1E and N1E 1&C, (2)
reactor protection system (RPS) with functional diversity, and (3) diverse protection systems to cope
with the common mode failure of the RPS. I&C systems of the NSSS include reactor nuclear
instrumentation sysite, RPS, diverse actuation system, reactor control system, rod control and rod
position monitoring system, reactorigore instrumentation system, loose parts and vibration
monitoring system and other process control systems.

8. Plant Layout Arrangement

The ACP100S is a nepropelled FNPP mounted on the boat, and could be towed to locations where
needed with the ability of operating independently. Actually, one or two NSSS modules could be
installed on the boat according to the requirement, with theHesfghe boat about 200meters or 150
meters respectively. The containment figured in the reactor compartment is located in the middle of the
boat to lower the effect caused by the ocean. The turbogenerator compartment is located next to the
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reactor compartment, and accommodations are arranged in astern. The ACP100S has enough space to
figure reactor auxiliary compartment and I&C room, the cogeneration facility could be installed on the
board or at the coastline according to the operationrergant.

9. Testing Conducted for Design Verification and Validation

Since ACP100S is developed based on mature ACPhfafst of verification tests have been finished,
such asCHF, test relevant with SG, flow induced vibration of internals, etc. Experiments are mainly
planned to verify the new design brought by the ocean environment. For example, thead gk

line cold and hot testontainment scale structure test, and containment suppression test are in progress.
ACP100S has a mature NSSS with only small part of verification needed.

10. Design and Licensing Status
Presently, the licensing of ACP100S is yet to be launched. The preliminary feasibility study of
ACP100S has been finished aiming at the site in city of Yantai and Fuqging in the East of China.

ACP100S
marine nuclear power platform

11.Fuel Cycle Approach
Spent fuel processing is conducted on the shore, using the service facility prepared at the base harbour,
which is similar to théand-based reactor.

12. Waste Management and Disposal Plan
After waste is transported to the base harbour, the waste management approach and disposal plan is
similar to other nuclear power plants.

13. Development Milestones

2012 The concept design of ACP100S finished.

2018 The basic design of ACP100S finished.

2019 Preliminary feasibility study for one site finished.
2021 Preliminary design of ACP100S finished.

2023 The demonstration of marimeiclear power finished.
2024 The feasibility study of demonstration project finished
2026 Target to start construction
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4% | BANDI (KEPCO E&C, Republic of
. Korea)

All content included in this section has been providg@ndis reproduced with permission KEPCO E&C, Republic of Korea

’
§§ %)

Parameter Value
Technology developer, country of KEPCO E&C, Republic of
origin Korea
Reactor type PWR
Coolant/moderator Light Water
Pressurizer Thermal/electrical capacity, 200MW(t) / 60 MW(e)
MW(t)/MW(e)
Steam Primary circulation Forced (2 pumps)
Generator
In-Vessel NSSS Operating Pressure 15.5/5.5
/ CRDM "
(primary/secondary), MPa
Corelnlet/Outlet Coolant 293/322
Temperature°C)
, Core Fuel type/assembly array uo ceramic

square array
Number of fuel assemblies in the 52

Cannca- motor
RCP

core
RCS Configuration and Cross-Sectional Fiew Ll sl () LEE
Core Discharge Burnup (GWd/tor 29.4
Refuelling Cycle(months) 48- 60
Reactivity control Control rods, Temperature
Approach to safety systems Passive safety systems
including PECCS, PRHRS
and PCCS
Design life (years) 60
A Typical Plant Layout of BANDI Plant footprint (rf) TBD (To be determined)
RPV height/diameter (m) 136/2.8 34
RPV weight (metric ton) 110
Seismic Design (SSE) N/A
Distinguishing features Semtintegral design, block
type RCS, and passive
safety systems
Design status Conceptual Design

1. Introduction

BANDI, developed by KEPCO E&C, is named after a Korean firefly known for its clean image of
emitting bright green light in a deep forest in a summer night. Its reactor system featuresmsegeahi

or a 'blocktype' design, with ateam generator (SG) block and a reactor vessel (RV) block directly
connected without large pipes. It does not use soluble boron for its core reactivity control. Its Control
Rod Drive Mechanism (CRDM) is installed inside the RV block, callet¥dasel CRDMor V-
CRDM.

2. Target Application

The primary target of BANDI is floating nuclear power plants that provide clean, safe, reliable and
affordable energy for remote isolated communities like a firefly brightens in a deep, dark forest. It can
also be designed for carbfnee propulsion powesf big merchant ships like bulky containers. KEPCO
E&C is now working closely with a Korean global leading shipbuilding company on engineering and
business planning.
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3. Design Philosophy

The design of BANDI is based on KEPCO E&COs t
conventional nuclear power engineering over 40 years. Nuclear safety functions of reactor shutdown,
decay heat removal and radiation protection are further enhanced drgrinland passive safety

features. New technologies like advanced nuclear fuel, compact and simple 1&C systems, automatic
load following, autonomous operation, etc. will also be added.

4. Main Design Features

(a) Nuclear Steam Supply System

BANDI has a singldoop design of Reactor Coolant System, featuring a-g&etral or a blockype
arrangement where the Reactor Vessel (RV) block and Steam Generator (SG) block are directly
connected by nozzles. The nozmenozzle connection is desighé accordance with ASME BPVC

Sec. lll, Class 1 NB300. With it, a large pipe break LOCA, one of the most serious accident scenarios,
can be eliminated from the design basis. Compared to fully integral systems, thtyptoKers easier
maintenance ahbetter scalability. Soluble bordree design eliminates troublesome concerns caused

by the corrosive boron as experienced in conventional PWR plants. This significantly simplifies the
Chemical and Volume Control System (CVCS) and reduces the footprmard. It also alleviates
corrosive environments and reduces liquid radioactive wastes.

(b) Reactor Core

The BANDI reactor core uses conventional Ad&amic fuel enriched up tc
4.95% in a 17x17 array and the active core height is 2m. It consists B
fuel assemblies designed to produce 200 MW thermal power over 4~5 \
The core incorporates burnable absorbers, specifically Pyr€x)(Bds, |wo| =
which replace 24 fuel rods per assembly and vary in boron concentr | u| =
from 5% to 40%. The core's configuration allows for a 4/&8r operation s
cycle at full power. =

(c) Reactivity Control

BANDI is soluble boroHree for its core reactivity control. The negati
moderator temperature coefficient (MTC) is increased in magnitude and thus

enhances the inherent safety and stability of reactivity control. Its reactor core employs 40 control rod
assemblies, each containing 2€Bontrol rods, grouped into two types: 18 regulating and 22 shutdown

rods. These are further organized into four banks for regulation and two banks for shutdown. The use

of burnable absorbers, specifically Pyrex@B rods helps manage excess reactivity throughout the

core's life. Thissetup ensures adequate negative reactivity to maintain shutdown capability without
solubl e boron, and supports the reactordéds operat

(d) Reactor Vessel Block

BANDI reactor vessel (RV) block consists of a reactor pressure vessel (RPV) and the internals. BANDI
RPV is a vertically mounted cylindrical structure with a hepherical lower head and a removable

top cover, designed to avoid low head penetrations mg usopMounted IrCore Instrumentation
(TM-ICI). This design minimizes the risk of lower vessel failure even in a severe core meltdown
accident.

Control Rod Drive Mechanism (CRDM) is installed inside the RV block and calleddsel CRDM.

It eliminates the reactivity accident of rod ejection from the design basis, which otherwise could be
more serious for small bordree reactors like BANDI tharbigger conventional ones since the
reactivity worth of individual control rod of small reactors is stronger.

Reactor Core with Burnabl:
Poison

(e) Steam Generator Block

The SG block contains one Steam Generator, one Pressurizer and twormmatmeReactor Coolant

Pumps in it. The SG is ondbrough type with helical heat transfer tubes and produces superheated
steam. The reactor coolant flows through the tube side hersktondary steam and feedwater through

the shell side.

The pressurizer is integrated into the SG bl ock
through heaters and sprays. It is designed with a large capacity to control reactor coolant system volume
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across the full range of reactor power levels. Safety Depressurization Valves (SDVs) are included on
the top of the pressurizer to handle pressure equilibrium during small break loss of coolant accidents.
BANDI reactor uses two leakght canneemotor pumps (RCPs) located in the SG block's bottom
plenum. These pumps are designed for reliability and efficient coolant circulation, ensuring stable heat
transfer and system operation. Their sealed design miggmigaintenance needs and enhances
operational safety.

5. Safety Features

(a) Engineered Safety System Approach and Configuration
BANDI reactor uses a Passive Emergency Core Cooling System (PEC
with Emergency Core Cooling Tank (ECCT), Safety Depressurizatigin] L[ W
Valves (SDVs), and Safety Recirculation Valves (SRVSs) for emergg
coolant injection, without reliance on active safety systems. It integt
passive safety features like graviyiven safety injection and natura
circulation cooling to ensure reactor safety under any accident conditi

(b) Safety Approach and Configuration to Manage DBC
BANDI's safety approach for Design Basis Conditions (DBC) includé
block-type reactor design with a single heat transfer loop to minin
LOCA risks. It features a robust Reactor Pressure Vessel and a helical t
SteamGenerator, along with Safety Depressurization Valves (SDVs), and
Safety Recirculation Valves (SRVs) for emergency cooling. The reac safety Systems of
design includes redundant cooling and pressure control systems, alon(, BANDI
advanced instrumentation for early warning and response during extreme conditions.

(c¢) Safety Approach and Configuration to Manage DEC

For Design Extension Conditions (DEC), BANDI uses passive safety systems like the Passive
Emergency Core Cooling System (PECCS) and Containment Vessel Cooling Tank (CVCT) to handle
severe accidents without external power.

(d) Containment System

The reactor containment system is composed of two main struet@againment Vessel (CV) and
Reactor Compartment. The CV of BANDI is a steel cylindrical type angriteipal function is to

confine radioactive materials that can be released during both normal and accident conditions including
very unlikely severe accident. The reactor compartment encloses the whole primary systems and
protects them from external hadarsuch as airplane crash.

(e) Spent Fuel Cooling Safety Approach / System

The spent fuel cooling system of BANDI includes a spent fuel pool designed to store spent fuel
assemblies for up to 10 years, with a dedicated heat removal system and chemistry control. The pool is
maintained by a heat removal system to ensure safe deahyemoval management and is used for

both new and spent fuel during refuelling outages. Fuel assemblies are moved to and from the pool
using a fuel transfer system, with the process completed in about 10 days.

6. Plant Safety and Operational Performances

BANDI reactor emphasizes safety with passive systems for emergency cooling and decay heat removal.
Operational efficiency is enhanced by the bfva® reactivity control design fully utilizing the enhanced

MTC feedback effect and the Reactor Trip Prevent®ystem (RTPS) to prevent unintended
shutdowns.

7. Instrumentation and Control Systems

The Instrumentation and Control (1&C) system is a fully digital system with data communication
network and has a simple and compact structure suitable for BANDI. 1&C design of BANDI prevents
software Common Cause Failure (CCF) by implementing its owndiliyelesign in the safety system.

8. Plant Layout Arrangement
The plant layout is designed for optimal safety and efficiemgth clear zoning for reactor operations,
support systems, and emergency facilities. In a-dn#lsetup of reactor systems in the floating nuclear
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power plant, it features two separate Containment Vessels (CVs) with individual reactor systems to
reduce accident impacts. The auxiliary compartment safeguards-sdéted systems from natural
hazards with protective measures, while the turbine compatt houses Turbine Generators,
condensers, and heaters.

e
Camrare
Cormpmmns - -

|
|
|
|
|
|
|
|
|

Plane View of Plant Layout

9. Testing Conducted for Design Verification and Validation

BANDI has verified its advanced design feature of th¥éssel Control Rod Drive Mechanism €V
CRDM) through fullscale testing to ensure its reliability under the normal operating conditions of high
pressures and temperatures.

e

Iﬁ-VesseI CRDM Demonstration Test Facility

10. Design and Licensing Status

BANDI is in the second phase of its conceptual design, incorporating 45 years of@atience and
recent innovations. Major design updates were made in 2023, with further refinements planned for
2024. Licensing reviews are planned for the late 2020s, with construction of the first unit expected to
begin after 2030.

11.Fuel Cycle Approach

BANDI supports a single batch refuelling ever 4ears to minimize downtime, or muliatch cycles

for cost optimization. New fuels can be transported with modified casks, while spent fuel can be stored
on-site for up to 5~10 years before being shipmed tledicated facility. Fuel cycle options can vary
based on owner preferences.

12. Waste Management and Disposal Plan

BANDI's waste management strategy involves temporassiterstorage of radioactive waste before it

is transferred to longerm disposal facilities. Lowand intermediatéevel wastes are safely contained,
while hightlevel waste is managed with enhancefktyameasures. Spent fuel is storedsite for
approximately 5~10 years before being shipped in dry casks to dedicated storage facilities, with options
for future disposal or reprocessing depending on owner preferences.

13. Development Milestones
20127 2015 | Preliminary and basic studies for SMRs Complete
y Governmenssupported R&D projects for key innovative element | Complete
2013i 2018 i
technologies of SMR
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20161 2022
2023

20231 2024

20251 2026
2026- 2030
2031~

Nuclear Steam Supply System (NSSS) conceptual design for m
SMRs

Overall design change

NSSS, Balance of Plant (BOP), and floating system conceptual
for

FNPPs

Basic design for FNPPs

Standard design and licensing review for FNPPs

Projected construction

Complete

Complete
On track

Planned
Planned
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KLT-40S (JSC AnAfri ka
Russian Federation)

All content included in this section has been provided by, and is reproduced with permissiSn@frikkantov O K B M Russian

Federation.
Parameter Value
Technology developer, JSCAiAfri kantov
country of origin Rosatom Russian Federatiot
Reactor type PWR
Coolant/moderator Light water / light water
Thermal/electrical capacity, 150/ 35
MW(t)/MW(e)
Primary circulation Forced circulation

NSSS Operating Pressure  12.7

(primary/secondary), MPa

Core Inlet/Outlet Coolant 280/ 316

Temperature°C)

Fuel type/assembly array ~ UO:; pellet in silumin matrix

Number of fuel assemblies ir 121

the core

Fuel enrichment (%) 18.6
Core Discharge Burnup 45.4
(Gwad/ton)

Refuelling Cycle (months)  30-36

Reactivity control mechanisn Control rod driving
mechanism
Approach to safety systems Active (partially passive)

Design life (years) 40

Plant footprint (rd) 4320 (Floating NPP)
RPV height/diameter (m) 48/2.0

RPV weight (metric ton) N/A

Seismic Design (SSE) 9 point on the MSK scale

Distinguishing features Floating power unit for
cogeneration of heat and
electricity; no onsite
refuelling; spent fuel take
back

Design status Connected to the grid in
Pevek in December 2019
Entered full commercial
operation in May 2020.

1. Introduction

The KLT-40S is a PWR developed for a floating nuclear power plant (FNPP) to provide capacity of 35
MW(e) per module. Thdesign is based on third generation K&@ marine propulsion plant and is an
advanced version of the reactor providing the l@rgn operation of nuclear icebreakers under more
severe conditions as compared to stationary nuclear power plant (NPP). ThevENBRKLT-40S

reactor can be manufactured in shipyards and delivered to the sites fully assembled, tested and ready
for operation. There is no need to develop transportation links, power transmission lines or the
preparatory infrastructure required fant based NPPs, and there is a high degree of freedom in
selecting the location for a FNPP as it can be moored in any coastal region.
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2. Target Application

The FNPP with KLT40S is intended to provide cogeneration capabilities for power and heat supply to
isolated consumers in remote areas without centralized power supply. Besides, this FNPP can be used
for seawater desalination as well as for autonomous psupply for sea oiproduction platforms.

3. Design Philosophy

KLT-40S is the reactor for Akademik Lomonosov FNPP, intended for reliable power and heat supply
to isolated consumers in remote areas without centralized power supply and where expensive delivered
fossil fuel is used.

4. Main Design Features

(a) Nuclear Steam Supply System

The steam linewhile exiting from the SGs are routed through containment to a set of steam inlet valves,
and finally into the turbine building for electricity conversion. Cogeneration equipment could be
modified into the mediurtow temperature heat process concept if onenultiple separation heat
exchangers are positioned between the primary and secondary loops.

(b) Reactor Core

Fuel utilization efficiency is achieved by using dispersion fuel elements. One of the advantages foreseen
by the FNPP under construction is long term independent operation in remote regions with decentralized
power supply. The design requires refuellingezfctor after every 2i3 years of operation. Refuelling

is performed 14 days after reactor shutdown when the levels of residual heat releases from spent FAs
have reached the required level. The spent nuclear fuel is initially stored on board at trenBXn

returned to Russian federation. No special maintenance or refuelling ships are necessary. Single fuel
loading is done in order to provide maximum operation period between refuelling. The fuel is loaded
in the core all at once with all fuel asseieblbeing replaced at the same time.

(c) Reactivity Control

The control rod drive mechanism (CRDM) is electrically driven and relezsgsol and emergency

control rods into the core in case of station black out (SBO). The speed of safety rods driven by electric
motor, in the case of emergency is 2 mm/s. The average speed of safety rods being driven by gravity is
307 130 mm/s.

(d) Reactor Pressure Vessel and Internals
The KLT-40S reactor has a folwop forced and natural circulation coolant loop; the latter is used only
in the emergency heat removal mode. This reactor is utilized at all operating nuclear icebreakers.

(e) Reactor Coolant System

The reactor has a modular design with the core, steam generators (SGs) and main circulation pumps
connected with short nozzles. The reactor has aléoyr system with forced and natural circulation, a
pressurized primary circuit with canned motor pumpklaak tight bellow type valves, a onttegough

coiled SG and passive safety systems. OB thermahydraulic connections comprising external
pressurizer, accumulators, and separation heahamger are in proximity of the reactor systems. The
pressurier is not an integral part of the reactor systems and in this design it is formed by one or more
separate tanks, designed to accommodate changes in coolant volume, especially severe during reactor
startup. The core is cooled by coolant flowing from cogtéim to top, in accordance with typical

PWR core flow patterns. However, flow patterns between the core shroud and the RPV inner walls
differ significantly from conventional external loop PWR configurations. Once hot coolant exits the top

of the core anénters any of the multiple SGs, it uses coaxial hydraulic paths wherein the cold and hot
legs are essentially surrounding one another. As hot coolant enters the SG, it begins to transfer thermal
energy with the fluid circulating in the secondary loop (sdeoy side of the SGs).

5. Safety Features

The KLT-40S is designed with proven safety aspects such as a compact structure of the SG unit with
short nozzles connecting the main equipment, primary circuit pipelines with smaller diameter, and with
proven reactor emergency shutdown actuators baseifferent operation principles, emergency heat
removal systems connected to the primary and secondary circuits. Additional barriers are provided to
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prevent the release of radioactivity from the FNPP caused by severe accidents. Among them are passive
and active physically separated and independent safety systems, 1&C systems, diagnostic systems,
active cooling train through primary circuit purificatieny st e més heat exchanger
with a 6thirdé independent circuit exchanging he
train through the SGs heat exchangers with decay heat removal accomplished through the condenser
which in tun is cooled down by ambient sea or lake water, 2 passive cooling trains through the SGs
with decay heat removal via emergency water tank heat exchangers, and venting to atmosphere by
evaporation from said tanks. Both active and passive safety systems pegform the reactor
emergency shutdown, emergency heat removal from the primary circuit, emergency core cooling and
radioactive products confinement. The KBTS safety concept encompasses accident prevention and
mitigation system, a physical barrieggstem, and a system of technical and organizational measures

on protection of the barriers and retaining their effectiveness, in conjunction with measures on
protection of the personnel, population and environment. The-40S safety systems installed on
FNPPs are distinctive from those applied to Hmaded installations in security of the water areas
surrounding the FNPP, a#ftooding features, antiollision protection, etc. Passive cooling channels

with water tanks and #built heat exchangers ensusdiable cooling to 24 hours.

(a) Engineered Safety System Approach and Configuration
The active components of the protection system are scram actuators for six (6) groups of the control
rods.

(b) Decay Heat Removal System

The decay heat removal system is intended to remove core residual heat upon actuation of reactor
emergency protection in case of abnormal operation including accidents, as well as to remove residual
heat at normal RP decommissioning. The decay heat remgstaim includes two secondary passive
cooling channels via steam generators, one active secondary cooling channel via steam generators and
one active cooling channel via the primary/third heat exchanger.

(¢) Emergency Core Cooling System

The ECCS is intended to supply water to the reactor for core cooling in accidents associated with
primary coolant loss, makeup of primary coolant during process operations, supply of liquid coolant to
the reactor at failure of the electromechanical reattatdown system, adjustment of water chemistry

and hydraulic testing of the primary circuit and associated systems, secondary and third loop sections
disconnected at intagircuit leaks and designed for primary pressure. The ECCS includepreiggure

ECCS subsystem with makeup, highessure ECCS subsystem with hydraulic accumulators and Low
pressure ECCS subsystem with recirculation pumps.

[Pnssire system of containment emergenq"J I Passive emergency core cooling system
pressure decrease (condensate system) (bvdraulic accunmlators)
o | | o

Active emergency core
cooling svstem

Purification and cooling

Sustenn

@ "From STP (Standby and emergency
feed water punps)

Active emergency
shutdown cooling
system (through
process condensers)

Containment passive 7t
emMErgency pressure
decrease system (bubbling)

(d) Containment System

The containment for the KL-AI0S is configured for FNPP applications and is made of steel shell
designed to sustain mild pressurization, while the reactor systems are positioned inside a reinforced
6reactor roomd wh dised tank dhidank can bedloodes with coslingenatéer for

Active emergency core
cooling system

" Recirculation system punps ]

System ofreactor caisson
filline with water
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decay heat removal as well as for shielding purposes. The top portions of the reactor room can be
pressurized as the reactor room is plugged by a steel and concrete plug. Once removed, the plug provides
access to the reactor systems and to the core t@liie§ or maintenance operations.

6. Plant Safety and Operational Performances

The KLT-40S NPP ensures electricity and heat generation within the power range of 10% to 100% for
a continuous operation of 26 000 hours. The NPP is designed for manoeuvring speed of up to 0.1 %/s.
As a countermeasure against the external impact, theNRfed with both ground safety and floating
physical protection means. Structures are designed to be placed in the Arctic zone at the depth of 2 m
at freezing temperatures. The FPU and NPP buildings are designed to withstand the crash of an aircraft
of 10 tons. Based on analysis, the radiation emission limits are satisfied for all conditions.

7. Electric Power Systems

The electric power system in the FPU is comprised of the following: main electric system; and
emergency electric system. The main electric system of the FPU is intended to generate electricity and
transmit it to the power system of the region, as welbasansmit electricity to internal consumers.

The system includes two main thyglease AC generators of 35 MW each and eight Ho@ckiesel
generators of 992 kW each. The emergency electric system supplies electricity to safety system loads
in all operatim modes, including loss of operating and bapkelectric power sources. The FPU has
independent emergency electric systems for each reactor plant. Each emergency electric system has two
channels with an emergency diesel generator of 200 kW.

8. Plant Layout Arrangement

The coastline line of the FCNPP has the complex engineering building with equipment to distribute and
transmit electricity to loads and to prepare and transfer heating water to loads and auxiliary buildings,
including: two hot water storage tanks; pariail ground tank with slime water; wet storage bunker;

two cooling towers; access control point; site enclosure; lighting towers. The coastal line of the FCNPP
does not provide for handling nuclear materials and radiation hazardous media.

(a) Reactor Building

The FPU is a flush deck neself-propelled rackmounted vessel with hull and muléiyer deckhouse.

The medium portion of the FPU has a reactor compartment and nuclear fuel handling compartment. A
turbogenerator compartment and electrotechnical
respect to the reactor compartment, auxiliary installations compartment and accommodations are
arranged in astern. Each reactor plant is arranged within gteg$ure containment, which is a
reinforced structure of the FPU casing. The containment is designed for maximum pressure, which can
develop during accidents. Onboard the FPU, storages for spent cores and means are arranged that ensure
reactor reloading.

(b) Control Building

The KLT-40S reactor is controlled wusing the operat (
control panel located in the central control room. In case it is impossible to carry out control from the
central control room, information on the reactor stasuobtained and safety systems are activated to

make reactors subcritical and control reactor plant cooling using emergency cooling control panels
located outside the central control room.
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General crosssectionview of the FPU

(¢) Turbine Generator Building

The steam turbine plant (STP) is intended to convert the thermal power from steam obtained in the
KLT-40S reactor to the electric and thermal one to heat water in the intermediate circuit of the
cogeneration heating system. The FNPP structure includesteam turbine plants. Each STP is
independent of the other and is connected to its own module c#RIST Heat is delivered to the shore

by heating intermediate circuit water, which circulates between FPU and the shore, using steam from
adjustable turbineteam extraction.

9. Design and Licensing Status

KLT-40S is the closest to commercialization of all available FNPP designs, and expects deployment
through the Akademik Lomonosov FNPP. The K&JS is a modified version of the commercial KLT

40 propulsion plants employed by the Russian icebreaker fleeterffironmental impact assessment

for KLT-40S reactor systems was approved by the Russian Federation Ministry of Natural Resources
in 2002. In 2003, the first floating plant using the KBTS reactor system received the nuclear site and
construction licenss from Rostechnadzor. The keel of the FNPP carrying the4QS[ the Akademik
Lomonosov in the Chukotka region, was laid in 2007. The construction of Akademik Lomonosov was
completed in 2017. The Akademik Lomonosov has started commercial operation imtiee@019 in

the town of Pevek in Chukotka region.

10. Development Milestones

1998 The first project to build a floating nuclear power plant was established

2002 The environmental impact assessment was approved by the Russian Fe
Ministry of Natural Resources

2006 After several delays the project was revived by Minatom (Russian Fed
Ministry of Nuclear Energy)

2012 Pevek was selected as the site for
undertook charge of construction, installation, testing and commissioning tl
FPU

2017 Completion of construction and testing of the floating power unit at the
shipyard

2018 Dock-side trials, fuelling, final tests completion with reactor core, attainme
reactorés first criticality

Summer 2019 [Transportation of FPU to the town of Pevek

December 2019 |Connected to grid on 1@f December in Pevek

May 2020 Fully commissioned in Pevek on2af May
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RITM-200M (JSC nAfrik
Russian Federation)

All content included in this section has been provided by, and is reproduced with permisdids & A Af r i k a Rutsianv

Federation.
Parameter Value
Technology developer, country ' Afrikantov OKBM, Rosatom,
origin Russian Federation
Reactor type Integral PWR
Coolant/moderator Light water / light water
Thermal/electrical capacity, 198 /50
MW (t)/MW(e)
Primary coolant system Forced circulation
circulation
NSSS operatingressure 15.7 /3.83
(primary/secondary), MPa
Core inlet/outlet coolant 284 /321
temperature (
Fuel type/assembly array UO:; (cermet fuel) pellets /

hexagonal

Number of fuel assemblies in th 241
core
Fuel enrichment (%) <20
Refueling cycle (months) Up to 120

Core discharge burnup i

(GW-d/ton)

Reactivity control mechanism  Control rod drive mechanism;
within the control and protection
system (CPS)

Approach to safety system Combined active and passive
system

Design service life (years) 60

Ship footprint () 3360

RPV height/diameter (m) 8.6/3.45

RPV weight (metric ton) 265

Seismic design (SSE) 0.3g

Requirements for or approach t« Without onsite refueling
the operating cycle

Distinguishing features Integral reactor, ikvessel corium
retention, double containment
Design status 6 prototype re:

manufactured and installed on
icebreakers (2
process of testing)

1. Introduction

RITM seriesreactors RITM200 and RITM200M are the latest development in Generation I+ SMR
line designed by the Afrikantov OKBMnNd has incorporated all the best features from its predecessors.
Floating power units (FPUs) with the RITMs are commercially available for medium and long terms.
The RITM-200M adopts refueling cycle up to 10 years.

2. Target Application

The RITM-200M design was developed for the use on the Optimized Floating Power Unit (OFPU).
The OFPU is a power generating facility in the form of a compacsetipropelled vessel having two
RITM-200M reactor plants. The FPUs based on RIZDOM may sasfy the needs of small residentials

or industrial facilities. The OFPU can provide electricity to domestic and industrial consumers. The
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OFPU can also be used for heat supply and water desalination purposes after installing additional
equipment.

3. Design Philosophy

RITM series reactors are the evolutionary development of the reactord JQKOK900, KLT-40

series) for Russian nuclear icebreakers with a total operating experience of more than 60 years (more
than 400 reacteyears). Incorporation the steam generaitais the reactor pressure vessel, the reactor
system and containment is very compact compared to the4QLRITM design makes it possible to
increase electric output (40% more) and reduces the dimensions (45% less) and the mass (35% less) in
compare witrKLT-40S.

4. Main Design Features

(a) Nuclear Steam Supply System

RITM series nuclear steam supply system consists of the reactor core, four steam generators integrated
in the reactor pressure vessel, four canned main circulation pumps (MCP), and pressurizer. The primary
cooling system is based on forced circulation mymormal operation and allows natural circulation

for emergency condition.

(b) Reactor Core

RITM series adopts a low enriched cassette core similar to4dS that ensures long time operation

without refueling and meets internationalfom ol i f erati on requirements. T
assemblies with the enrichment up to 20%. Thecswres i ce | i fe is up to 10 ye

(c) Reactivity Control

Control rods are used foeactivity control. A group of control rods drive mechanisms is intended to
compensate for the excessive reactivity at start up, power operation and reactor trip. A group of
shutdown rods is designed for fast reactor shut down and to maintain it in thigicallbcondition in

case of accident.

(d) Reactor Cooling System

The reactor pressure vessel (RPV) is thigkled cylindrical pressure vessel. The reactor is designed

as an integral vessel with the main circulation pumps (MCP) located in separate external hydraulic
chambers with side horizontal sockets for steam georefaG) cassette nozzles. Each of the four SGs
have 3 rectangular cassettes, while the four main circulation pumps are installed in the colds leg of the
primary circulation path and separated into four independent loops. The SGs generate steam of 295°C
at3.83 MPa flowing at 261 (280) t/h. The conventional MCPs are used.

(e¢) Steam Generator
The RITM uses once through (straight tube) SGs. The configuration of the steam generating cassettes
makes possible to compactly install them in the RPV.

(f) Pressurizer

The design adopts pressure compensation gas system proved comprehensively in the Russian ship
power engineering. It is characterized by a simple design, which increases reliability, compactness, and
no electric power required. The design enables the use@ssurizer as a hydraulic accumulator,
increasing reactor plant reliability considerably in potential-tiissoolant accidents.

5. Safety Features

The safety concept of the RITM is based on the defamdepth principle combined with the inherent
safety features and use of passive systems. RITM optimally combines passive and active safety systems
to cope with abnormal operating occurrences and késigis accidents.

- Passive pressure reduction and cooling systems have been included (system reliability is confirmed
by test bench);

- Pressure compensation system is divided into two independent groups to minimize size of potential
coolant leak;

- Main circulation path of the primary circuit is located in a single vessel,

- Steam header of primary coolant circulation is added, which ensures safety of the plant during SG
and MCP failures.
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(a) Approach to and Configuration of the Engineered Safety System

The high safety level of RITM series reactors is achieved both by inherent safety features and a
combination of passive and active safety systems. Moreover, redundancy of safety system equipment
and channels and their functional and/or physical separat®mprovided to ensure high reliability.
Safety systems are driven automatically by the control system, when controlled parameters achieve
appropriate set points. In case of automated systems failuractadting devices will actuate directly

under theprimary circuit pressure to ensure reactor trip and initiate the safety systems.

(b) Residual Heat Removal System

The residual heat removal system (RHRS) consists of four safety trains:

- Active safety loop with forced circulation through steam generator.

- Active safety loop with forced circulation through primdiyrd circuit heat exchanger of primary
circuit coolant purification loop.

- Two passive safety loops with natural coolant circulation from water tanks through steam
generators. Evaporated is steam generators water condenses in air cooled heat exchangers and flow
back to tanks with water heat exchangers. After complete wateorati@n from the tanks, the air

cooled exchangers continue provide cooling for unlimited time.

(¢) Emergency Core Cooling System

The ECCS consists of safety injection system (SIS) for water injection in primary circuit to mitigate the
consequences of a break kugscoolant accident. The system is based on active and passive principles
with redundancy of active elements in each dehand consists of (i) two passive pressurized hydraulic
accumulators; (ii) two active channels with water tanks and two 1makimps in each channel.

(d) Containment System

RI'TM is placed within the hermetically sealed
around the reactor vessel to localize possible radioactive releases. In case of severe accident thick wall
of the reactor vessel keeps molten corium within thetoeaWater filled caisson under the reactor
provides the reactor vessel cooling. The envelope integrity ensured by overpressure relief valve,
containment cooling system, and passive autocatalytic recombiners.

6. Plant Safety and Operational Characteristics
The country of origin constructs the OFPU and conducts the first core loading. The transportation to
the operation site is through the territorial sea of transit countries. Power and heat are generated at the

operation site in the host country for up to 10
radwaste handing, the OFPU is returned to thentrg of origin. Afterwards, it is transported to the
operation site in the customerds country.
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7. Instrumentation and Control System

An automated control system is provided in the RIF&ded nuclear power plant to monitor and control

plant processes. This system possesses necessary redundancy with regard to safety function fulfiiment
and allows both automated and remote control of the power plant.

8. General Layout of the Plant

The OFPU with the RITM200M reactor is designed to supply electricity, thermal power, and
desalinated water to coastal or isolated territories, offshore installations, islands, and archipelagos.
The OFPU can be rapidly delivered to the site by sea. The oatisne launch operation is docking
pier and onshore power transmitting infrastructure

OFPU fitted with the RITM200M reactor plant

9. Testing to Check and Validate the Design

The engineering solutions used in the design are traditional for marine power engineering. The solutions
have been checked in the course of many operating years and ensured the required reactor plant
reliability and safety performance. The RITMOM reacto pertains to integralype reactors. Integral

type reactors are used in a s-poweéreddcebedkedikikaj ect 2.
SibirandUral.

10. Design and Licensing Status

The RITMseries reactors have been developed in conformity with Russian laws, codes and standards
in a peaceful use of atomic energy and in conformity with IAEA recommendations. At present, the
reactors are manufactured and installed on nugleaered icbreakers; the OFPU design is under
development

11. Approach to the Operating Cycle

The OFPU is delivered to the site with fresh fuel in its reactors. After the cycle of operation is over, the
OFPU comes back to the exporting country along with the spent fuel in its reactors. Spent nuclear fuel
postirradiation handling and reprocessing @erformed in the exporting country.

12. Waste Management System and Waste Disposal Plan

The waste is stored within the OFPU, not in the operation site water area. The waste ensuing from plant
operation is compact, has a low activity level and is securely isolated from the biosphere. It has been
verified that there is no effect to marine ongams in the deployment site water area.

13.Development Milestones

2016 The first RITM-200 installed on board the icebreakektika

2020 The icebreakeArktika under testing

2020 A conceptual design of the OFPU with RITROOM

2024 Technical design of RITM0OOM for floating nuclear power unit was complete
2024 Design of floating power unit is expected to be completed
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VBER-300 (JSChAfrikantov OKBM 0,
Russian Federation)

All content included in this section has been provided by, and is reproduced with permisaioikaritov OKBM, Russian Federation.

1.

Introduction

Parameter

Technology developer, country of
origin

Reactor type
Coolant/moderator

Thermal/electrical capacity,
MW(t)/MW(e)
Primarycirculation

NSSS Operating Pressure
(primary/secondary), MPa
Core Inlet/Outlet Coolant
Temperature®C)

Fuel type/assembly array

Number of fuel assemblies in the
core
Fuelenrichment (%)

Core Discharge Burnup (GWd/ton)
Refuelling Cycle (months)
Reactivity control mechanism

Approach to safety systems

Design life(years)

RPV height/diameter (m)
Seismic Design (SSE)
Distinguishing features

Design status

Value

J S @frikantov
OKBM©, Rosatom,
Russian Federation
Integral PWR

Light water / light water
917/ 325

Forced circulation
16.3

292/ 328

U0z pellet/hexagonal
85

4.95
50
72

Control rod driving
mechanism and soluble
boron

Hybrid (active and
passive) system

60

9.3/3.9

0.25¢g

Power source for
transportable Bating
NPPs, cogeneration
options, compact design
Licensing stage

The VBER300 is amultipurpose mediunsized power reactor with a rated electric power of 325 MW
intended for lanébased nuclear power plants (NPPs), nuclear cogeneration plants, and transportable
floating nuclear power plants (FNPPs). The VBBBD design is evolution of mathr marine
propulsion reactors. An increase in thermal power causes an increase in mass and overall dimensions;
however, the reactor basic design is similar to that of marine propulsion reactors. TheSUBHEEsign

was developed based on the lessonsieghirom the design, safety and operating experience for VVER
reactors. VBERB0O adopts proven nuclear ship building technologies and operating experience that in
turn contribute to enhancement of operational safety and reduction in production costs3VBE#h

be configured as a muithodule plant on request of the customer. VBH® design features are
availability for both lanebased and transportable FNPPs, a variety of cogeneration options, maximally
compact design, improved plant efficiency, andtgetion against external impacts. A reduction in
construction time is achieved due to the compact design of the reactor system.
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2. Target Application

The VBER300 nuclear plants are intended to supply thermal and electric power to remote areas where
centralized power is unavailable, and to substitute capacities of available cogeneration plants on fossil
fuels. The design is also proposed to be used as a power source for seawater desalination complexes.
The VBER300 nuclear plant has two reactor utlitst operate in the steatondensing mode and can
generate 600 MW(e) to satisfy power demands of a city with a population 60808.ccording to the
OKBM6s dat a,300ascogendrBtiBrRcapabilities, the total electric output will reduce to

200 MW(e) providing 460 Gcal/hr for process heat applications

3. DesignPhilosophy

VBER-300 design using shipased modular configuration enhances the safety philosophy through
proven marine modular technologies. The reactor design has no pipelines in the primary circulation
circuit. The reactor unit incorporates the reactor and foansigenerators MCPs twevessel units.

The compact reactor system comprises the steam generating system in a limited space of the reactor
compartment, and has enhanced reliability and long refuelling cycle. \@BRan also be configured

as a transportadlFNPP and can be arranged to operate individually or asmmudtile plant, increasing

the power output by means of scaling up the equipment and with the same reactor system configuration.

4. Main Design Features

(a) Nuclear Steam Supply System

The separation heat exchangers are designed to extract heat energy from the nuclear heat source without
mixing the fluids circulating within the nuclear plant with those employed in the process heat
application. In the VBERB0O design, separation heat exers are thermally coupled indirectly via

heat exchangers coupled with the secondary loop supporting the power conversion system. In this
configuration, a stream of the steam generated via steam generators (for any of the 2, 3, and 4 SGs) and
partially expanded in the turbines is extracted at an intermediate pressure for circulation within the
separation heat exchangers.

(b) Reactor Core

The reactor core comprises 85 hexagonal fuel assemblies (FAs) which are placed in the reactor cavity
in nodes of a regular triangular lattice with a space interval of 236 mm. Pelletizefli&l@ith an
enrichment of up to 5% licensed and tested in VVER reactors is used. FA of unified design to increase
the fuel efficiency is utilized. Each FA contains guide tubes that allow insertion/withdrawal of control
rods. Reactor core also uses gadaln fuel elements, which contain gadolinium in the fl@| pellet

and has the same geometry as the regular fuel pellet.

(c) Reactivity Control

Sixty onecontrol rods in combination with fuel elements mixed with burnable poison materials provide
safe and reliable reactivity control during both normal and transigetations Control rods are
operated through higperformance electromechanical control rod drive mechanisms (CRDMs). The
control rods elements are designed to maintain the core subcritical even if the most reactive assembly
fails (i.e. stuckrod/assembly event).oTcompensate for the fuel burnup reactivity margin, fuel rods
with gadolinum burnable poison contained in uranium dioxide pellets are distributed across each FA
with configurations similar to those used in VVAROO reactors. Boric acid is also dissolved and
maintained at controlled concentrations within the primary coolanérsyto ensure optimum core

power distribution.

(d) Reactor Pressure Vessel and Internals

The reactor pressure vessel (RPV) consists of the reactor core and internals with an overall height of
9.3 m and a diameter of 3.9 m. The VBBBO desigrprovides a special system of emergency vessel
cooling to solve the problem of retaining the melt inside the reactor vessel in severe accidents. The core
melt retention is facilitated by the low power density, relatively low level of residual heat, no
penetations in the reactor vessel bottom and smooth outer surfaces of the reactor vessel bottom creating
more favourable conditions for steam evacuation under core cooling by boiling water.

(e) Reactor Coolant System

The VBER300 primary cooling mechanism under normal operating conditions operates using forced
circulation of coolant by the MCPs and using natural circulation in the shutdown condition. The
reliability and operational safety of the MCPs are enhancedadtietusage of a proven technology

106



and operating experience for the pumps in the area of marine propulsion. The MCPs are connected
directly to the steam generators (SGs). All components of the primary loop are directly connected to
the RPV, except for the pressurizer. The MCPs are cerdtifsigglestage canned pumps with
impellers.

() Steam Generator

The SGs are onehirough coil modules with the secondary coolant flowing inside the tubes. The
feedwater is pumped through an inlet in the SG head, circulates within the SG tubes and exits through
the SG outlet as a superheated steam at the design paassteenperature for expansion in the turbine
generator units.

(g) Pressurizer

The VBER300 has an external steam pressurizer that is conventional for loop PWRs. The water region
in the pressurizer, where electric heaters are located, is connected with the SG hot section in one primary
loop. The steam region of the pressurizer isneated with the cold section in this loop near the MCP
pressure chamber, from which the underheated water is supplied to the pressurizer when valves are
open in the injection line. The pressurizer head in the steam region has two safety valves that protect
the primary circuit against overpressure in case of accidents with loss of decay heat removal.

5. Safety Features

The VBER300 safety systems are based on the defendepth principle with redundancy relying on
passively driven systems that enables the core to operate within safety margins under all anticipated
accident scenarios for at least 24 hours. After thiimperiod, emergency baakp and diverse safety
systems ensure continued core cooling for extended time. In addition, separation of the passive and
active cooling channels prevents common failures of the emergency core cooling systems (ECCS).

(a) Engineered Safety System Approach and Configuration

The safety assurance and engineering solutions incorporated in the design focus on accident prevention
measures, design simplification, inherent safety; passive safety systems and enhancement of safety
against external events (including acts of terrorismyj mitigation of severe accident consequences.

The RPV and connecting piping that usually form the primary pressure boundary represent an additional
physical barrier. The leatight carbon steel containment and protective enclosure with filtration forms

the ultimate barrier separating the reactor system from the environment. For all cogeneration
applications, the separation of heat exchangers represents a physical barrier to prevent radioactive
release.

(b) Decay Heat Removal System

The decay heat removal system (DHRS) consists of two passive heat exchangers and a process
condenser. Passive safety features are intended to arrange recirculation in the core for the removal of
decay heat in the course of scheduled maintenance, refumllimgler emergency conditions. Passive
emergency shutdown cooling system operates using natural circulation of coolant in all heat transport
circuits with stored water tanks, where water is evaporated and condensed back to liquid upon a contact
with the ooler surfaces of the containment inner shell. Decay heat is also removed indirectly by the
secondary circuit using the steam turbine condenser.

(¢) Emergency Core Cooling System

The ECCS contains two stages accumulators with different-riddgv characteristics to ensure
emergency core cooling for 24 hours, makeup pumps and a recirculation system. If electrical power is
available during accidents, makeup pumps and an active fatipousystem ensures emergency core
cooling beyond the initial 24 hours. The VBBRO emergency shutdown system consists of the
CRDMs, two trains of liquid absorber injection, and two trains of boron control from the-omke
system. Emergency residual heamoval system (RHRS) by means of passive cooling channels with
water tanks and #built heat exchangers, ensure reliable cooling up to 72 hours and longer. The system
is actuated by passive meénydraulically operated pneumatic valves. The emergeney amling
accumulators are part of the passive water injection system as injection is done using compressed gas.
Containment depressurization systems prevent containment damage and reduce radioactive release in
design basis accidents (DBA) and beyond DBAssmall and medium loss of coolant accidents
(LOCA) are prevented by a combination of a sprinkler system;pi@ssure emergency injection
system, and core passive flooding system.
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(d) Containment System

The landbased VBER300 containment system includes a double protective pressure envelope formed
by an inner carbon steel shell and an outer reinforced concrete containment structure. In addition,
localizing reinforcement is provided to protect the presdasundary represented by all auxiliary
systems hydraulically connected to the primary loop. The containment is designed to withstand all
stressors induced by all credible accident scenarios, including aircraft crashes. The inner steel
containment of 30 nin diameter and 49 m high provides space for condensing the steam generated
from the medium in large LOCAs. The outer concrete structure 44 m high and 36 m in diameter serves
as protection against natural and rtamnised impacts.

6. Plant Safety and Operational Performances

The VBER300 safety concept is based on the defénakepth principles. With the modular
configurationjt has increased resistance to impact loads in case of earthquake and aircraft crash. Results
of strength analysis under seismic loads of up to 8 points according to th&M&iéle carried out for

the VBER300 RPs confirmed that the reactor unit has atimes safety margin (maximum seismic
stress of the most loaded vessel unit is 150 MPa maximum at an allowed stress of 370 MPa). Analysis
of the 20 on aircraft crash on the reactor compartment showed that overload upon the attachment
fittings of the reactor unit is less than seismic loads. It is considered that core melting accidents for the
core are postulated. In tlvaseof the severe accident, the reactor cavity is filled with water from the
emergency reactor vessel cooling system ensuring reliable heat removal from the external surface of
the bottom and lower portion of the vessel. Retention of satisfactory mechaojgaitigs and load
carrying @pacity of the vessel ensures retention of the melted core inside the reactor. The safety level
of the power units with VBER plants correspond to requirements for Generation lll+ advanced nuclear
stations making it possible to place them near citiesstuditextreme importance as virtually all regional
power sources are used for district heating. The buffer area of the station coincides with the perimeter
of the industrial site. The calculated radius of protection measures planning for population is 1 km.

7. Plant Layout Arrangement

In the basic architecture of the lahdsed VBER300 power unit, the reactor, including its servicing
systems, spent fuel pool, and auxiliary equipment are arranged within a double containment resistant to
aircraft crashes.

(a) Reactor Building

The inner steel shell is a leéight cylindrical Secoridety L6op
enclosure 30 m in diameter that is covered w N eparation HEX
the semispherical dome 15 m in radius ar \
that has an elliptical bottom. The height of th ... <.aee ran
Ieak'tlght enC|OSure |S 47 m. The Steel She” (Passive Features)
designed for parameters of the maximum DE
with the excess pressure of 0.4 MPa and -
temperature of 13C. The outer protective
enclosure is made of ofptece reinforced
concrete without preliminary tensioning of th
steel and consists of a cylindrical portion of tt J
semispherical dome. Building structures FeedwaterPump |  Turbine-Generator
the outer protective enclosure are designed ... oR

external acaental exposures, including an aircraft crash and air shock wave

(b) Balance of Plant

The VBER300 design can be configured for lalpalsed stationary applications wherein the reactor
systemi’ a nuclear island coupled to a turbine island and auxiliary buildings for spent fuel storage, water
treatment, maintenance, and switchyard connections with configurations similar to conventional large
LWRsT are housed in a relatively small area.

Heating

strict

Di

cves

\
\ District Heating Pump
\

(c) Turbine Generator Building

Each VBER300 reactor system can be thermally coupled with one or multiple turbine generator sets.

A slightly superheated steam is supplied to the turbine in the secondary circuit with part of the steam
taken off from the turbine and directed to the heahanger of a district heating circuit.can operate

as a NPP with a condensing turbine and as a nuclear cogeneration plant with a cogeneration turbine.
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8. Design and Licensing Status

Development of the final design and design documentation for a V&BRhuclear station can begin
immediately upon the request of a customer. It will take 36 months to develop documentation to the
extent needed to obtain a license for VBEBO NPP constrdion, including 18 months to develop the
design.

9. Fuel Cycle Approach

The VBER300 design concept allows a flexible fuel cycle for the reactor core with standard VVER
FAs. The fuel cycles arex2 years and*1.5 years. The number of FAs in the refuelling batch is either
15 or 30; maximal fuel burnup does not exceed 60 GWd/ton U for the cycle with 30 fresh FAs in the
reloading batch and maximum initial uranium enrichment.

10. Development Milestones

2001 Design activities to develop VBER reactors started

2002 Technical and commercial proposal for the twit VBER NPP

2004 Preliminary design 1 approved by the Scientific and Technical Board and State N
Supervision Body (GosAtomNadzor)

2006 JSC nAnKaRalstsdtaaman company AAtomic stat
VBER-300 design.

2007 2009 Technical Assignment for th&lPP design and final designs of the reactor pl

automated process control system, and-geaterating plant; feasibility, economy, a
investment studies of the VBEBOO RP NPP for the Mangistau Region, Kazakhsta

2007 2008 Development of the 10600 MW VBER plant

2008 2011 R&D for the VBER460/600 NPP design

20112012 Development of the VBE®00/4 NPP based on the heat exchange loop of the incr
capacity

2012 2015 Technical and economic optimization of the VBBEB0/4 plant
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Energy Multiplier Module (EM ?)
(General Atomicy
—

All content included in this section has been provided by, and is reproduced with permiss@read| Atomics, USA.

Parameter Value

Technology developer, country of General Atomics (GA),

Elevation view of EM? modular building
element employing two modules on a single

seismically solated platform

origin
Reactor type

Coolant/moderator

Thermal/electrical capacity,
MW(t)/MW(e)

Primary circulation

United States of America
Gascooled Fast Reactor
(GFR)

Helium/None

500 MW(t) / 265 MW(e)
per module, 1060 MW(e)
total

Driven by the Power

Conversion Unit (PCU), nc
separate pumps

NSSS Operating Pressure 13.3/NA
(primary/secondary), MPa

Core Inlet/Outlet Coolant 550/ 850
Temperature°C)

Fuel type/assembly array Uranium Carbide (UC),
Hexagonal Assemblies
Number of fuelassemblies in the 85

core

Fuel enrichment (%) 6.5 (average), 17

(maximum)
Core Discharge Burnup (GWd/ton) 140
Refuelling Cycle (months) 360
Reactivity control Rods
Approach to safety systems Defensein-depth, passive
safetysystems
Design life (years) 60
Plant footprint (r®) 5000
RPV height/diameter (m) 125/4.6
RPV weight (metric ton) 280
Seismic Design (SSE) 0.3g

Convertandburn/Silicon
carbide composite
cladding/

Fission gas collection
Conceptual Design

Distinguishing features

Design status

1. Introduction

Energy Multiplier Module (EM) is a heliuracooled fast reactor with a core outlet temperature of

850°C. It is designed as a modular, ggapable power source witthat unit output of 265 MW(e).

The reactor converts fertile isotopes to fissile and burns them in situ overeai€ore life. EM

employs a closed Brayton cycle gas turbine power conversion unit with a Rankine bottoming cycle for
53% net power conversion efficiency, assuming evaporative coolingisEMulti-fuel capable, but

the reference design uses lewriched uranium (LEU) with depleted uranium (DU) carbide fuel

pellets enclosed in silicon carbide (SiC) composite cladding (i.e., $iGA

2. Target Application

The EMt reactor targets baseload electricity generation with high efficiency and modular design. It is
suitable for both gristonnected and remote locations. Its long refueling cycle and low emissions make
it ideal for sustainable energy solutions.
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3. Design Philosophy

The EM: reactor embraces a "convert and burn" design philosophy, optimizing fuel use by separating
fissile and fertile materials within the core. This approach enhances fuel efficiency and extends fuel
burnup, thereby reducing waste and operational costs. Thetrear 6 s desi gn i ntegr at
features and high thermal efficiency to ensure robust performance ariitongustainability.

4. Main Design Features

(a) Nuclear Steam Supply System
EMz employs a combined cycle power conversion system (PCS) with a direct helium Brayton cycle and
a Rankine bottoming cycle to maximize thermal efficiency. There is no nuclear steam supply system.

(a) Reactor Core

The core is designed with a "convert and burn" approach, featuring a fisigilefand fertile materials
to enhance fuel efficiency. It uses uranium carbide fuel assemblies and incorporates zietlmyium
and graphite reflectors to sustain a high level of neutron flux.

(b) Reactivity Control

Reactivity is managed by 18 control rods and 12 shutdown rods, which ensure the reactor can be safely
controlled and shut down if necessary. The control rods use -&doadl mechanism, while the
shutdown rods are driven by linear motors.

(c) Reactor Pressure Vessel and Internals

The reactor pressure vessel (RPV) is constructed from SA533 material, providing robust containment
for the reactor core and primary coolant system. The RPV is designed to accommodate the high
pressures and temperatures of the reactor operation whilergnstrtictural integrity. Internally, the

vessel contains the reactor core, control mechanisms, and coolant channels, all designed to maintain
operational safety and efficiency.

(d) Reactor Coolant System and Steam Generator

Helium is used as the primary coolant in a closed loop system to transfer heat from the reactor to the
PCS. The PCS includes higffficiency heat exchangers to manage heat transfer to the ultimate heat
sink. There is no steam generator.

(e) Pressuriser
The operating conditions of the primary coolant helium are maintained by the helium purification
system. There is no specific separate pressurizer.

(f Primary pumps

Primary coolant circulation is managed by the turbocompressor of the PCS that is driven by hot helium
flow from the reactor core. This closed Brayton cycle ensures a continuous and controlled flow of
helium through the reactor core and PCS. There is ravaepprimary pumps.

5. Safety Features

(a) Engineered Safety System Approach and Configuration

EMzreactor employs a comprehensive engineered safety system which features multiple redundant and
diverse safety systems, including passive and active safety measures that function independently of
external power sources. This configuration includes autonsftitdown systems, emergency core
cooling systems, and a robust system for detecting and responding to any anomalies, ensuring the
reactor's safe operation even in extreme scenarios.

(b) Safety Approach and Configuration to Manage DBC

EMz2 reactor uses advanced safety features to manage Design Basis Conditions (DBC). The Direct
Reactor Auxiliary Cooling System (DRACS) provides effective heat removal during all operational
states, and reactivity control is maintained with control and shutdods that ensure the reactor can

be safely brought to a cold subcritical state. The containment system is designed to haipieshigie
scenarios, preventing the release of radionuclides, and ensuring robust protection.
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(c¢) Safety Approach and Configuration to Manage DEC

EMz2 reactor uses a combination of passive and active safety systems to handle Design Extension
Conditions (DEC). Key features include the DRACS for core cooling and the Fission Product Vent
System (FPVS) for maintaining the lowest source term level. Thesarsy/svork together to ensure
public safety even under severe conditions.

(d) Containment System

EMZ?'s containment system is a sealed, bejpade structure divided into two interconnected chambers.

It features a hermetically sealed design to ensure robust protection against radioactive releases. The
system includes structural ligaments with additiohélging and is designed to handle peak pressures

up to 0.62 MPa with an argon atmosphefée leakage rate is less than 0.2% per day.

(e) Spent Fuel Cooling Safety Approach / System

EMz2 employs a passive spent fuel cooling system that utilizes natural convection to remove heat from
spent fuel. Spent fuel assemblies are stored in sealechaéd containers located in a dedicated
storage facility. This facility is designed to handle loap for up to 60 years of operation without
requiring active cooling systems or water, ensuring Hemgn safety and minimal operational
complexity.

6. Plant Safety and Operational Performances

EMz2 reactor, plant safety and operational performance are ensured through -tayetdtil safety
approach and high operational efficiency. The plant employs advanced safety systems like the DRACS
and helium purification systems to manage core heat and caplality. Operationally, the EMs
designed for high availability with a high capacity factor and modular construction to streamline
maintenance and reduce downtime.

7. Instrumentation and Control Systems

EMz2 reactor utilizes advanced instrumentation and control systems to maintain safe and efficient
operation. Advanced sensors, including ssligte and silicon carbide neutron flux monitors, provide
precise data for reactor control. The integrated contraésysnanages reactor power, coolant flow,

and turbine operations, ensuring responsive adjustments to plant conditions and maintaining operational
stability.

8. Plant Layout Arrangement

EMz plant layout is designed for efficiency and accessibility, covering a total footprint of 9.3 hectares
(23 acres). It features a modular configuration with four 265 MW(e) reactors, each including a complete
powertrain from reactor to heat rejection, allogiifor sequential construction and independent
operation. The maintenance hall is situated at grade level and serves all four reactors, with the roof
designed as a protective shield and the facility organized to support effective maintenance and
operationhaccess.

EMz2 plant layout on 9 hectares of land
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9. Testing Conducted for Design Verification and Validation

Design verification and validation for the EMeactor involve extensive testing to ensure that all
systems perform as expected. Experimental measurements have been partially conducted for: i) UC
spherical kernel irradiation tests in High Flux Isotope Reactor (HFIR) in 2021 and measurements of
fissiongas release and swelling in 2022, ii) a series of thermal, mechanical, and safety measurements
of the SiC composite tube, and iii) a ldluence irradiation of zirconium silicide reflector material in

2016.

10. Design and Licensing Status

EMz2 reactor is currently in the conceptual design phase. The reactor design has undergone several
reviews to meet regulatory and safety requirements, and it is progressing towards more design
improvements and regulatory engagement.

11.Fuel Cycle Approach

The EM open fuel cycle with LEU/DU vented fuels exceeds 30 years without refuelling or shuffling,
leading to a reduced cost of power, low proliferation risk, high fuel utilization, and low mass of waste
streams. The core can burn used light water reactor (LWi&Ranium, and thorium fuels. Fissile self
sufficient fuel cycle is feasible by removing fission products from the dfnt fuel.

12.Waste Management and Disposal Plan

EMz reactor minimizes nuclear waste through high burnup fuel and recycling strategies. It extracts more
energy from fuel, reducing the volume and radiotoxicity of spent fuel. Recycled materials are safely
stored and eventually disposed of in a geologicalsitpy, ensuring responsible waste management.

13. Development Milestones

2009 Start of design Complete
2013 Preconceptual design complete Complete
2020 Pre-application license review (in USA] On track

116



Fast Modular Reactor (FMR) (General
Atomics)

—

All content included in this section has been provided by, and is reproduced with permis&@anefal Atomics, USA.

Parameter Value
Technology developer, General Atomics, United States of
country of origin America
Reactor type Gascooled Fast Reactor (GFR)
Coolant/moderator Helium / None
Thermal/electrical 100 MW/(t) / 44 MW(e)
capacity MW(t)/MW(e)
Primary circulation Driven by the Power Conversion Uni

(PCU), no separate pumps
NSSS Operating Pressur 7 / N/A
(primary/secondary), MP:
Core Inlet/Outlet Coolant 506 / 800

Temperature°C)
Fueltype/assembly array Uranium Dioxide (UQ) / Triangular
array
Number of fuel assemblie 198
in the core
Fuel enrichment (%) 17.6% (average) / 19.75% (maximur
Core Discharge Burnup 100
(GWad/ton)
Refuelling Cycle 180
(months)
Reactivity control Control rods, Burnable absorbers
(B.C)
(== Approach to safety Combination of active and passive
| A EAR systems systems, no core melt provisions,
reactor vessel passive cooling systel
Design life (years) 60
Reactor building and major systems and compone|pjant footprint (rf) 2,000 m2 (reactor building) / 38,000 |
arrangement designed with defenge-depth (site)

RPV height/diameter (m) 11/ 4.6
RPV weight (metric ton) 230
Seismic Design (SSE) 0.3 g

Distinguishing features  Helium coolant, SiC composite
cladding, drycooling heat sink, close
Brayton cycle

Design status Conceptual Design

1. Introduction

The Fast Modular Reactor (FMR) is a 1@V thermal Gascooled Fast Reactor (GFR) developed by
General Atomics Electromagnetic Systems (BIMS) for the US electricity market by theid-2030s.
Designed to be safe, maintainable, and -efisictive, the FMR features helium coolant for kigh
temperature operation, uranium dioxide fuel for long life and high burnup, and silicon carbide (SiC)
composite cladding for radiation tolerance sitaplified design includes a&ooling as an ultimate heat

sink and passive heat removal systems, making it a flexible and dispatchable power source.

2. Target Application

Its primary application is to provide a flexible and reliable source of energy that can provide baseload
power, support grid stability and complement renewable energy sources. With a focus on modularity,
the FMR aims to meet the growing need for smalltrithisted nuclear power stations that can be
deployed in diverse locations and offer adoarbon alternative to conventional baseload generation.
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3. Design Philosophy

The FMR design philosophy focuses on simplicity, safety, and efficiency. It uses an inert helium coolant
and SiC composite materials to enhance safety and thermal efficiency. The reactor is modular with an
air-cooling system, aiming for coesffectivenesand adaptability to various grid needs.

4. Main Design Features

(a) Nuclear Steam Supply System

The equivalent Nuclear Steam Supply System (NSSS) of the FMR integrates the reactor core with the
power conversion unit (PCU). It features a direct Brayton cycle where helium gas, heated in the reactor,
drives a turbine t o gsdesigniactudes @reaetor pressuceivassel. (RPV)h e s
connected to the PCU via a cralisct, ensuring efficient heat transfer and power generation. There is

no system that supplies steam.

(b) Reactor Core

The reactor core of the FMR is a compact, annular design surrounded by advanced neutron reflectors
like zirconium silicide and graphite. Low core power density and use of uranium dioxidef(leéO

and SiC composite matrix ceramic cladding secures the safety margin of the fuel.

(c) Reactivity Control

FMR utilizes a combination of reactivity control mechanisms to ensure stable ampeefton. The
primary method involves control rods that manage reactivity changes and maintain the core's stability.
Additionally, the reactor design incorporates a tHyatih refuelling scheme to optimize fuel use and
minimize the need for excess reaityi control.

(d) Reactor Pressure Vessel and Internals

FMR RPV is a cylindrical structure made from stainless steel, specifically 316H, designed to contain
the reactor core and primary coolant. The internals include thetdmgherature upper support
structure, the lower core support structure, and Hu®iainstrumentation support structure.

(e) Reactor Coolant System and Steam Generator

The FMR utilizes a heliurbased reactor coolant system that ensures efficient heat transfer and high
thermal efficiency. The coolant, being inert and sifailase, facilitates operation at high temperatures
while minimizing chemical reactions. The systertegrates with a closed Brayton cycle PCU, where
helium transfers heat from the reactor core to the tutpmerator of the PCU. There is no steam
generator.

(f) Pressuriser

FMR design uses a helium coolant in a direct Brayton cycle system, which generally does not require a
traditional pressurizer. The operating conditions of the helium coolant are maintained by the helium
service system.

(g) Primary pumps

FMR utilizes a helium coolant in a direct Brayton cycle, which typically does not require conventional
primary pumps. The coolant's circulation is achieved through the use of compressors and turbine
integrated into the PCU. This design eliminates the ieedr s epar ate pri mary pu
properties facilitate efficient coolant flow and heat transfer within the reactor core and the PCU.

5. Safety Features

(a) Engineered Safety System Approach and Configuration

The engineered safety features (ESFs) of the FMR mitigate the consequences of postulated accidents.
The ESFs include reactivity control system, reactor protection system, maintenance cooling system,
reactor vessel cooling system (RVCS), and containment.

(b) Safety Approach and Configuration to Manage DBC

FMR employs robust design features to handle various Design Basis Conditions (DBCSs). It integrates
passive safety systems like the RVCS for heat removal, which ensures safety duringbassign
accidents (DBASs) without relying on active systems.
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(c¢) Safety Approach and Configuration to Manage DEC

The reactor features passive safety systems, such as the RVCS, which ensures heat removal even in the
event of a loss of coolant accident (LOCA) or other extended conditions. The design includes redundant
safety systems for core cooling and containmenighvfunction without relying on external power.

(d) Containment System

The sealed containment vessel is a-fmding cylindrical pressure vessel constructed of stainless
steel plate that is located inside the concrete building structure, independent of the concrete mat
foundation, walls, or slab above. The main functionttef sealed containment is to prevent the
uncontrolled release of radiological material into the surrounding environment under normal operating,
abnormal accident, or extreme environmental conditions including severe accident temperature and
pressure chargs.

(e) Spent Fuel Cooling Safety Approach / System

FMR's spent fuel cooling safety approach involpessive heat removal and natural circulation to
maintain safe temperatures. The spent fuels are stored in dry storage canisters designetefan long
safety and cooling through air convection. The system employs both passive and active safety features
to ensure effective heat management and containment of spent fuel throughout its lifecycle.

6. Plant Safety and Operational Performances

The plant design incorporates measures to prevent unauthorized access and/or theft of nuclear material,
complying with 10 CFR 73.55 for physical protection of licensed activities in nuclear power reactors
against radiological sabotage and 10 CFR 73.6thBphysical protection of special nuclear material

of moderate and low strategic significance.

7. Instrumentation and Control Systems

Instrumentation and Control (I&C) system consists of the saé#yed reactor protection system (RPS)

and the norsafetyrelated plant protection system (PPS), plant control, data, and instrumentation
system (PCDIS), and plant monitoring system (PMSg [BtC employs methods such as prioritization

and plant state dependency for alarms, to avoid operator information overload caused by untimely or
unnecessary audible or visual information.

8. Plant Layout Arrangement
FMR plant contains four main buildings for the reactor, auxiliary system, cooling tower, and
administration. The reactor building includes the underground containment structure, which contains
the sealed containment vessel, reactor, power conversion systdmeactor cooling system, as well

as the reactor vessel passive coolifss T
system, control room, spent fue
storage, helium service system, ai
support equipment. The referenc
design allocates 9.5 acres for t
FMR  plant, excluding the
switchyard and exasion zonesThe
total space allocation including th
switchyard is 16.5 acres.

Site-flexible FMR plant layout

9. Testing Conducted for Design Verification and Validation

FMR design validation involves several key testing and verification activities to ensure its performance
and safety. Experimental measurements have been partially conducted for tbearhigh UQ fuel
measurements of fission gas release and swelling, a series of thermal, mechanical, and safety
measurements of the SiC composite tubefloence irradiation of zirconium silicide reflector, and
passive reactor vessel cooling.
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10. Design and Licensing Status

FMR is in its prelicensing phase, with key milestones including the completion of concept design by
2026, a prdicensing review starting in 2027, and the start of construction in 2030. The engineering
design will be finalized and licenses secured by 20&%h commercial operation expected by 2036.
Examples of prdicensing documents include the Principal Design Criteria (PDC) and Quality
Assurance Program (QAP).

11.Fuel Cycle Approach

FMR baseline design uses a oitlsough fuel cycle approach, involving initial use of 1J@el without
recycling. The design includes interim storage and direct disposal of spent fuel. The fuel cycle is
optimized for high burnup and long operational life, with a focus on simplicity and safety. The FMR
cam also recycle and/or transmute usedeawnduels with appropriate recycling technologies.

12.Waste Management and Disposal Plan

Radioactive wastes are segregated into liquid, gaseous, and solid categories. The liquid waste undergoes
filtration and demineralization before being processed and combined with solid waste. Gaseous wastes
are reduced in activity to safe levels before apmeric release. Solid wastes are collected, solidified,
packaged, and stored for offsite disposal. The waste management plan ensures minimal environmental
impact and complies with regulatory requirements for waste handling and disposal.

13. Development Milestones

2022 Start of design Complete
2026 Concept design complete On track
2027 Start of prelicensing vendor desigreview (in USA) Planned
2029 Engineering design complete/ Secure necessary licenses (in U Planned
2030 Start construction of a demonstration unit (in USA) Planned
2036 Commercial operation Planned
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GTHTR300 (JAEA Consortium, Japan)

All content included in this section has been provided by, and is reproduced with permission of, JAEA, Japan.
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1. Introduction

Py

Parameter

Value

Technology developer, country JAEA, MHI, Toshiba/IH]I,

of origin

Reactor type
Coolant/moderator

Thermal/electrical capacity,
MW(t)/MW(e)
Primary circulation

NSSS Operating Pressure
(primary/secondary), MPa
Core Inlet/Outlet Coolant
temperature°C)

Fuel type/assembly array

Number of fuel assemblies
in the core
Fuel enrichment (%)

Refuelling Cycle (months)

Core Discharge Burnup
(GWwd/ton)

Reactivity control mechanism

Approach to safety systems
Design life (years)

Plant footprint (rA)

RPV height/diameter (m)
RPV weight (metric ton)
Seismic Design (SSE)

Fuel cycle
requirements / approach
Distinguishing features

Design status

Fuji Electric, KHI, NFI,
Japan
Prismatic HTGR

Helium / graphite
<600 / 100~300

Forced by gas turbine
717

587633 / 850950

UO, TRISO ceramic coated
particle

90

14

48

120

Control rod insertion
Active and passive

60

~250 x 250(4-reactor plant)
23/8

~1 000

>0.18g automatic shutdowr

Uranium once through
(initially)

Multiple applications of
power generation,
cogeneration of hydrogen,
process heat, steelmaking,
desalination, district heating
Basic design

The 300 MW(e) Gas Turbine High Temperature Reactor (GTHTR300nigltapurpose, inherently

safe and sitdélexible small modular reactor (SMR) being developed by Japan Atomic Energy Agency

(JAEA) for commercialization in 2030s. As a Generatigntechnology, the GTHTR300 offers
important advances over current light watsactors. The coolant temperature is significantly higher in

the range of 85@50C .

Such

high

temperatur e

capability

operation enables a wide range of applications. The design employs eyaledhelium gas tbine

to simplify the plant by eliminating water and steam systems while generating power with enhanced

efficiency of 4550%.

2. Target Applications

Typical applications include electric power generation, thermochemical hydrogen production,

as

desalination cogeneration using waste heat, and steel production. The reactor thermal power may be
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rated up to 600 MW(t). The maximum hydrogen production per reactor is 120 t/d, enough to fuel about
one million cars, 2800 MW(e) electricity generation with additional seawater desalination
cogeneration of 55 0003d potable water for about a quarter million of population, and annual
production of 0.65 million tons of steel. All these are produced withowe@@ssion.

3. Design Philosophy

The overall goal of th&THTR300 design and development is to provide a family of system options
capable of producing competitive electricity, hydrogen, desalination, other products, and yet deployable
in the near term. The development of the multiple systems simultaneousiyodmesessarily suggest
having investment and risk multiplied. Rather, the development requirement is minimized by pursuing
system simplicity, economic competitiveness and originality, namely the SECO design philosophy.

4. Main Design Features

(a) Power Conversion

The reactor system combines a high temperature
cooled reactor with direatycle gas turbine to
generate power while circulating the reactor coola
The system consists of three functionallyented

pressure vessel units, housing the reactor corggaihe
turbine, and the heat exchangers respectively.
multi-vessel system facilitates modular constructi
and independent maintenance access to the functi
vessel units. The reactor system is placed below gt
in the reactor building. The pipplication basic Reactor Primary System

design of the system was completed in 2003 by JAEA of the GTHIR300

and domestic industrial partners Mitsubishi Heavy

Industries, Fuji Electric, Nuclear Fuel Industries and others. The reactor system design added

cogeneration capabilities by adding an IHX between the reactor and gas turbine that can accept the
various roles of cogeneration while sharing equipment degigjhsGTHTR300.

(b) Reactor Core

The reactor core consists of 90 fuel columns arranged in an annular ring, 73 and 48 inner and outer
removable reflector columns, and 18 outer fixed reactor sectors. The effective annular core is-about 3.6
5.5m in inner to outer diameter and 8m in heighe Tuel column is a hexagonal graphite block similar

to the HTTR fuel but improved from it by an integral or sleeveless fuel rod for increased heat flux and
by and enlarged coated particle buffer for improved fission product retention integrity under high
burnup.

(c) Fuel Characteristics

The fuel design is coated fuel particle of less than 1 mdiameter. Each particle consists of a:.UO

kernel coated by four layers of low and high density sadon and silicon carbide. The all ceramic

particle fuel is heat resistantupto 1800 Appr oxi mately 10 000 particle
of the size of a thumb. The compacts are then assembled into giaplifael rods. The fuel rods are

inserted into the bore holes of a hexagonal graphite fuel block of about 1 m long amdadfoss,

where the annulus formed between the fuel rod and thehategrovides coolant flow channels. The

fuel blocks are loaded into the reactor core. The more fuel blocks are placed in the core, the higher the
power output of the reactor.

(d) Fuel Handling System

The fuel handling system consists of fuel loading machines, door valves, a control rod exchange
machine, and a transport carriage. The fuel loading machine is used to remove fuel blocks from core
and load fuel blocks to core and spent fuel storage facllitg door valves are devised at the interface
between fuel loading machine and spent fuel storage facility to maintain airtightness and radiation
shielding. The control rod exchange machine is installed for removal of control rods from reactor and
loadingof used control rods to maintenance pit. The transport carriage is used for the transportation of
the fuel loading and control rod exchange machines.
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(e) Reactivity Control

Reactivity control system consists of control rods, control rod drive mechanisms and reserve shut down
systems. The system is used to adjust control rod position for reactivity control as well as shut down

reactor in case of reactor scram. GTHTR300 hgsa®8 of control rod and reserve shut down systems.

The control rods and reserve shut down system channels are located in reflector blocks on inner and
outer rings of fuel region.

(f Reactor Pressure Vessel and Internals

The reactor core consists of graphite hexagonal blocksthindeof which are fuel blocks arranged in

an annular region while the other tthirds are reflector blocks arranged inside and outside of the fuel
region. Each fuel block has 57 coolant holeghiiel rods forming annulashaped coolant channels.

A permanent reflector which surrounds side replaceable reflectors contains coolant channels. The
helium coolant from the reactor inlet is introduced to the channel. A core barrel is installed between
reactor internals and reactor pressure vessel to support internal structure laterally.

(g) Reactor Coolant System

Helium is heated in the reactor core to the cycle top temperature at high pressure. It then enters the
turbine for expansion to convert thermal energy into shaft power needed by the turbine to drive the
compressor and electric generator on single shaé.tditbine exhaust helium enters the recuperator,
wherein its residual heat is recovered in high effectiveness to preheat coolant to the reactor..

5. Safety Features
The reactor delivers fully inherent safety due to three enabling design features:
1 Ceramic coated particle fuel maintains containment integrity under a temperature limit of
1600C.
1 Reactor helium coolant is chemically inert and thus absent of explosive gas generation or phase
change.
1 Graphitemoderated reactor core provides negative reactivity coefficientptover density,
and high thermatonductivity.
As a result of these features, the decay heat of the reactor core can be removed by natural draft air
cooling from outside of the reactor vessel for a period of days or months without reliance on any
equipment or operator action even in such severe at¢adsas as loss of coolant or station blackout,
while the fuel temperature will remain below the fuel design limit.

(a) Engineered Safety System Approach and Configuration

An engineered safety system in the GTHTR300 consists of a reactor cavity cooling system and
confinement. GTHTR300 safety design is based on philosophy of maintaining safety functions relying
on inherent and passive safety features. Accordingly, the systel@signed not to rely on active
components or operator actions in principle.

(b) Decay Heat Removal System / Reactor Cooling Philosophy

GTHTR300 design removes the core decay and residual heat from the outside surface of the reactor
vessel by the natural convection and radiation, and to transfer it to an ultimate heat sink in the
operational states and in the accident conditions so thatebign limits for fuel, the reactor coolant
pressure boundary and structures important to safety are not exceeded.

(¢) Spent Fuel Cooling Safety Approach / System

The fuel cycle is of onecthroughthenout design allowing for 1460 days (4 years) otare fuel
residence with 120 GWd/ton average burnup. The spent fuel is stored in dry cooling facility with
expenses included in fuel cycle cost estimate. Fuel remioggs technically feasible and preliminary
evaluation for this option is being conducted.

(d) Containment System

GTHTR300 employs a vented confinement rather than a conventionalptagbure, airtight
containment used in LWRs. The confinement is designed to meet requirements designated in safety
design. The confinement is designed to release helium coolant blofrorytrimary system in case

of depressurized losH-forced cooling accidents. Dampers are devised and recloses when the pressure
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between outside and inside of confinement equalizes. The design leak rate is set to 20%/day to limit the
amount of air ingress to reactor core.

(e¢) Chemical Control

The helium purification systems are installed in the primary and secondary cooling systems in order to
reduce the quantity athemical impurities such as hydrogen, carbon monoxide, water vapor, carbon
dioxide, methane, oxygen, and nitrogen. The primary helium purification system is mainly composed
of a precharcoal trap, an inlet heater, two copper oxide fixed beds, coolemsdigoular sieve traps,

two cold charcoal traps and helium compressors.

6. Plant Safety and Operational Performance

The ability to follow variable power and heat loads is simulated as shown in the following figure. The
simulation shows the plant response to an electric demand increase of 5%/min with corresponding
reduction in heat rate, which is the maximum requireddom load follow. The reactor remains at

100% power at all times. Starting from a base cogeneration ratio of 203 MW(e) electricity and 170
MW(t) net heat, the turbine power generation is increased to follow the increasing electric demand by
increasing prnary coolant inventory with opening of inventory valve IV1. The IHX heat rate is

lowered by lowering secondary loop flow of the IHX. The power sent out to external grid increases to
276 MW(e) in as little as a few minutes. The pressure in the reactoasesrto 7 MPa from 5 MPa.

7. Instrumentation and Control System

The instrumentation and control system consists of reactor and process instrumentations, control
systems, safety protection system, and engineered safety features actuating systems. The six (6)
fundamental controls are for turbine bypass, inventory, reamitlet temperature, turbine inlet
temperature, process heat supply rate and IHX differential pressure controls. They are combined in the
basic plant control to provide controllability for a variety of transients includingpbksad and electric

load following as shown above.

8. Plant Layout Arrangement
The reactor building is a belegrade, steel concrete structure housing 4 units of reactor systems
consists of subsystems including reactor module, gas turbine module and heat exchanger modules.

9. Testing Conducted for Design Verification and Validation

The test results using the HTTR will be utilized for the development of GTHTR300. The test items
cover fuel performance and radionuclide transport, core physics, reactor thermal hydraulics and plant
dynamics, and reactor operations, maintenance, conteolTke results of the system performance
analysis showed that the reactor could be continuously operated with the above variable load conditions.
However, an actual demonstration test is warranted for performance confirmation.

10. Design and Licensing Status
The design is developed at gieensing basic design stage. The design and development are planned
to be concluded to prepare for the demonstration plant operation in 2040s.

11.Fuel Cycle Approach
The design is applicable to fuel cycle options including, @D X, and Ptburning.

12.Waste Management and Disposal Plan
The design is applicable to options of direct disposal or reprocessing for spent fuel.

13.Development Milestones

2003 Basic design of GTHTR300 completed

2005 Design for cogeneration plant GTHTR300C

2015 Basic design for HTTRonnected gas turbine and plant (HTTRGT/H,) for
system demonstration

2020s HTTR-H. test plant construction and operation (planned)

2040s Operation of demonstration plant (TBD)
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GT-MHR (J S CAfrikantov OKBM 0,
Russian Federation)

1.

All content included in this section has been provided by, and is reproduced with permission of, OKBM Afrikantov, Russidiorie

Introduction

Parameter

Technology developer,
country oforigin

Reactor type
Coolant/moderator
Thermal/electrical capacity,
MW (t)/MW(e)

Primary circulation

NSSS Operating Pressure
(primary/secondaryMPa
Core Inlet/Outlet Coolant
Temperaturg°C)

Fuel type/assembly array

Number of fuel assemblies
in the core
Fuelenrichment (%)

Core Discharge Burnup
(GWwad/ton)
Refuelling Cycle (months)

Reactivity control
mechanism
Approach to safety systems

Design life(years)

Plant footprint (mM)

RPV height/diameter (m)
RPV weight (metric ton)
Seismic Design (SSE)

Fuel cycle requirements /
Approach

Distinguishing features

Design status

Value

J S @frikantov OKBMJ,
Russian Federation
Modular Helium Reactor

Helium/graphite
600/ 288

Forced circulation
7.2/ -

490/ 850

Coated particle fueh compacts
hexagonal prism graphite blocks of
0.36m

~1020

14-18% LEU or WPu
100-720 (depends on fuel type)

25
Control rod insertion

Hybrid (active and passive)

60

9110

29/8.2

950

8 points (MSK 64)

Standard LEU or WPu /

No recycling; high fission product
retention

Inherent safety characteristics; no col
melt; high temperature process heat
capabilities; small number of safety
systems

Preliminary design completed; key
technologies are being demonstrated

The gas turbine modular helium reactor ¢(8HR) couples a HTGR with a Brayton power conversion
cycle to produce electricity at high efficiency. As the reactor unit can produce high coolant outlet
temperatures, the modular helium reactor system can alseweily produce hydrogere.g.by high
temperature electrolysis or thermochemical water splitting.

The use of modular helium reactor units makes the system flexible and allows to use various power
conversionschemes: with gaturbine cycle, stearturbine cycle and witla circuit supplying high
temperature heat to industrial applications. The modular high temperatucealed reactor unit
possesssinherentsafety features witlsafepassive removabf decay heat providing high level of

safety even ithe case of total loss of primary coolant.

125



The modular helium reactor design proved unit modularity with a wide power range of a module (from
200 to 600 MW(t)) and NPP power variation as a function of module number. This provides good
manoeuvring characteristics of the reactor plant (RP) for rebpmwer sources.

2. Target Application

The GTFMHR can produce electricity at high efficiency (approximately 48%). As it can produce high
coolant outlet temperatures, the modular helium reactor system can also efficiently produce hydrogen
e.g.by high temperature electrolysis or thermochemical water splitting.

3. DesignPhilosophy

The GTMHR direct Brayton cycle power conversion system contains a gas turbine, an electric
generator and gas compressors. The layout can be seen in the figure above-MHR @Gas turbine

power conversion system has been made possible by utilizingadatiye, magnetic bearings, compact,

highly effective gas to gas heat exchangers and high strength, high temperature steel alloy vessels. The
use of the gaturbine cycle application in the primary circuit leads to a minimum number of reactor
plant system&nd components. The GNTHR safety design objective is to provide the capability to
reject core decay heat relying only on passive (natural) means of heat transfer without the use of any
active safety systems. The @THR fuel form presents formidable challges to diversion of materials

for weapon production, as either fresh or as spent fuel.

4. Main Design Features
(a) PowerConversion System Flow Diagram

. Reactor 5/
. Gas Turbine "
. Recuperator

. PreCooler

From helium
purification and
N .'| ) storage system

From cooling
Iy water sysiem

. Generator cooler AR | )
10. Bypass Valve
11~15. SCS Components
16. Surface Cooler Of reactor
17.Air Ducts
18. Heat Exchanger with Heat pipes

. Intercooler

. High Pressure Compressor Prom refiaile

water supply

. Generator system

1
2
3
4
5. Low Pressure Compressor
6
7
8
9

The Brayton power conversion with direct gas turbine contains a gas turbine, an electric generator and
gas compressors. The @IHR gas turbine power conversion system has been made possible by
utilizing large, active magnetic bearings, compact, highlycéffe gas to gas heat exchangers and high
strength, high temperature steel alloy vessels.

(b) Reactor Core and Fuel Characteristics

Coated particle fuel is used. The fuel kernel (U or Pu oxide) is coated by a first porous layer of
pyrocarbon, followed by a dense layer of pyrocarbon, a silicon carbide layer and an outer dense layer
of pyrocarbon. Thousands of coated particles and geaptatrix material are made into a fuel compact

with thousands of compacts inserted into the fuel channels bEagonaprismatic graphite blocks

or fuel assemblies. The coated particles will contain almost all fission products with temperatures up to
1600C. About 1 billion fuel particles of the same type were manufactured and tested in Russia. The
standard fuel cycle for the commercial ITHR utilizes low enriched uranium (LEU) but alternative
cycles including the disposition of plutonium were also stutiettail.
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(c) Reactivity Control

Two independent reactivity control systems based on different operation principles are used to execute
reactor emergency shutdown and maintenance in acréidal state. These systems are: 1)
Electromechanical reactivity control system based on control rods moving in the reactor core channels
and in the inner and outer reflectors; 2) Res&uwgdownSystem (RSS) based on spherical absorbing
elements that fitin channels in the fuel assendsstacled over the whole height of a fuel assembly.
Control rodswith boron carbide absorbirglements located in the reflectare used during normal
operation and hot shutdown, and rods located in theatetesed for scram.

(d) Reactor Pressure Vessel and Internals

The reactor pressure vessel, made of chrommotybdenum steel, is 29 m in height with an outer
diameter (across flanges) of 8.2 m. Prerequisites and conditions excluding brittle fracturing of the
reactor vessel include keeping the fast neutron fluentieeoreactor vessel and the vessel temperature
below the allowable limits. hvessel structures, namely, prismatic fuel blocks, reflectors, and core
support structure are made of graphite, and metallic structures are made of chrichkeinalloy.
Service ife of the reactor vessel and internals is 60 years.

5. Safety Features

Safety objectives for the GMHR are achieved, first, by relying on tlireherent safety features
incorporated in the plant desighhe design features, which determine the inherent safety and ensure
thermal, neutronic, chemical and structural stability of the reactor unit, are the following:

Using of helium coolant, which has some specific properties. During plant operation, helium is not
affected by phase transformations, does not dissociate, is not activated and has good heat transfer
properties. Helium is chemically inert, does not reach \iilel, moderator and structural materials.

There are no helium reactivity effects;

Core and reflector structural material is higgnsity reactor graphite with substantial heat capacity and
heat conductivity and sufficient mechanical strength that ensures core configuration preservation under
any accident;

Nuclear fuel in the form of coated fuel particles with multilayer ceramic coatings, which retain integrity
and effectively contain fission products under high fuel burnup and high temperatures;

The temperature and power reactivity coefficients are negathat provides the reactor safety in any
design and accident conditions.

Safety is ensured kgpplication of passive principles of system actuation. The decay and accumulated
heat Is removed from the core through reactor vessel to reactor cavity cooling system and then to
atmosphere by natural physical processes of heat conductivity, radiatisactom without excess of

fuel safe operation limits including LOCA, in case of all active circulation systems and power sources
failure.

(a) Engineered Safety System Approach and Configuration

In addition to the inherent (sgfirotection) features of the reactor, the-8HR plant incorporates

safety systems based on the following principles: 1) Simplicity of both system operation algorithm and
design; 2)Use of natural processes for safety system operation under accident conditions; 3)
Redundancy, physical separation and independence of system channels; 4) Stability to the internal and
external impacts and malfunctions caused by accident conditions; 5) @uwiror periodical
diagnostics of systn conditions; 6) Conservative approach used in the design, applied to the list of
initiating events, to accident scenarios, and for the selection of the definitive parameters and design
margins.

(b) Reactor Cooling Philosophy

High heat storage capacity of the reactor core and high acceptable temperatures of the fuel and graphite
allow passive shutdown cooling of the reaataring accidents, including LOCA (heat removal from

the reactor vessel by radiation, conduction and convection), while maintaining the fuel and core
temperatures within the allowable limitehe GTMHR design provides for no dedicated active safety
systems. Active systems of normal operation, such as the power conversion unit and the shutdown
cooling system r@ used for safety purposes. These systems remove heat under abnormal operation
conditions, during design basis accidents (DBA) and in beyond design basis accidents (BDBA).
Emergency heat removal can also be carried out by the reactor cavity cooling G¥St€R). Heat

from the reactor core is removed through the reactor vessel to the RCCS surface cooler, the heat tubes
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and then to the atmospheric air due to natural processes of heat conduction, radiation and convection.
Water and air in the RCCS channels circulate driven by natural convection.

(¢) Containment Function

Passive localization or radioactivity is provided by the containment designed for the retention of helium
air fluid during accidents with primary circuit depressurization. The containment is also designed for
the external loads, which may apptyseismic impacts, aircraft crash, air shock wave, etc. Activity
release from the containment into the environment is determined by the containment leakage level,
which is about 1 % of the volume per day at an emergency pressure of 0.5 MPa.

6. Plant Safety and Operational Performances

All safety systems are designed with two channels. Fulfilment of the regulatory requirements on safety,
proven by a compliance with both deterministic and probabilistic criteria, is secured by an exclusion of
the active elements in a channel or by applyirggrequired redundancy of such active elements inside

a channel, as well as via the use of the normal operation systems to prevent design basis accidents.

7. Instrumentation and Control Systems

The GFMHR NPP control and support safety systems (CSS) are intended to actuate the equipment,
mechanisms and valves, localizing and support safety systems in t{aecfutental conditions and in
accidents; to monitor their operation; and to generate @otgmmands for the equipment of normal
operation systems used in safety provision algorithms. The CSS are based on the principles of
redundancy, physical and functional separation, and safe failure. The CSS sets are physically separated
so that internalfire, etc.) or external (aircraft crash, etc.) impacts do not lead to a control system failure
to perform the required functions. The CSS provide automated and remote control of the equipment of
safety systems from the independent main and standby cosarok. Principal technical features are
selected using the concept of a safe failimlackouts, shortircuits, or phase breaks initiate emergency
signals in the channels or safety actions directly.

8. Plant Layout Arrangement
Reactor equiy nt Positi ' Refueling Reactor
The plant |ayout |S ShOWn on the r|ght maintenance and /muchincg auxiliary

repair building l«huildinu

/

Crane central room

9. Design and Licensing Status
Electrical-technical

Reactor plant preliminary design and demonstration buiding
of key technologies for Pfuelled option completed.

10. Fuel Cycle Approach

The GT-MHR fuel cycle approach is a once through
mode without reprocessinguel handling operations
are performed using the protective containers to
avoid fuel assembly damage and radioactive product
release. Appropriately shielded containers are
provided to protect the personnel against radiation Power—
impacts during dismantling of ¢h reactor unit “ieem
components at fuel reloading. These measures are

also applied at spent fuel managem&pgent fuel

shows good proliferation resistance characteristics,
producing less materials of proliferation concern

(total plutonium and®°%Pu) per unit of energy

produced.

Reactor
cavity
cooling
system

Reactor

Reactor containment building

11.Waste Management and Disposal Plan

Facilities for longterm storage of spent nuclear f(8NF) and solid/solidified radioactive wagtieW)

are included in the complex of a @THR commercial 4unit NPP. The capacity of the designed SNF
storage is determined from the condition of capability to store fuel unloaded from the NPP for 10 years.
The estimated total construction volume of the SNepgon and storage compartments is around
150000 n?. The capacity of solid/solidified RW storage facility is designed to provide stofaggste
geneated during the 1§ear period of NPP operation. After 10 years of storage at the NPP site, SNF
and RW are to be removed for final underground disposal. Radiochemical SNF reprocessing is
considered as an option for future only.
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12.Development Milestones

1993
1994
1996
1997
1998
1999
2000
2002
2002
2003
2014
Since 2014

Minatom / General Atomics MOU on joint GNIHR development for commercial uni
Russia proposes to build @WTHR at Seversk to burn Russian WPu
Framatome& Fuji Electric join the GMHR program

Conceptual design completed

GT-MHR becomes an option within the US/RF Pu disposition strategy
Conceptual design review by international group of experts

Work started on preliminary design

Project review byinatom of Russia and US DOE experts

Reactor plant preliminary design completed

Begin demonstration of key technologies

Completion of demonstration of key technologies foifiRlled core

Use of principal reactor unit design features as a basis for-WMid&sign (Ufuelled option)
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HTGR-POLA (NCBJ, Poland)

All content included in this section has been provided by, and is reproduced with permidé@BJpPoland
surrounded by RCCS

/ Parameter Value
u———% Technology developer, country of National Centre for Nucleat

! origin Researc{NCBJ), Poland
Reactor type HTGR
‘ p ‘ L Coolant/moderator Helium/Graphite
— Thermal/electrical capacity, 30/11.5
‘ I MW()/MW(e)
: ,.Ar Primary circulation Helium
= - - ¢ rem, NSSS Operating Pressure 4.0/13.8
= bl [ ld = (primary/secondary), MPa
il Core Inlet/Outlet Coolant 325/750
Temperature ( )
\ Fuel type/assembly array UO; TRISO/ compact/
s e ™ I graphite blocks
¢ e Blwie ol Number of fuel assemblies in the 114
core
Fuel enrichment (%) 10-12
" e Core Discharge Burnup (GWd/ton) 40
i RefuellingCycle (months) 20
| Reactivity control B.C control rods,
| |I reserved BC pellets
N £ | Approach to safety systems Inherent safety, passive an
B E’-z - active
[ E Design life (years) 60
i Plant footprint (18 25,000
I RPV height/diameter (m) 16.2/4.08 (beltine)
RPV weight (metric ton) 200
TR .
Fiy)iimaiy e | Seismic Design (SSE) 0.39
B Distinguishing features Prismatic fuel blocks
Design status Basic Design

1. Introduction

The implementation of Higlfemperature Gas Reactors (HTGRS) in Poland began in flb2ing

the start of the Polish Nuclear Power Program in 2010. The Paris Agreement in 2015 aimed to reduce
greenhouse gas emissions, Poland is investing in renewables and nuclear to decarbonise the energy mix
around 2050.In 2016, the Minister of Energypainted the "Committee for Analysis and Preparation

of Conditions for Deployment of Higliemperature Nuclear Reactors", which concluded that Poland
should build a fleet of industrial HTGRs with 180 M#/a ¢ h , providing steam at
2 3 0 Howeter, due to the lack of commercial reactors in Poland, experts decided to construct a
research HTGR of 30 MW thermal power as a technology demonstrator to convince regulator and the
industry about its safety, economy, and practicality. The HFGRA reactor is an updated design of

the researcldemo high temperature gasoled reactor based on the Japanese HTTR (High
Temperature Engineering Test Reactor), designed to operate intermittently and produce electricity and
heat for targeted practical applicatis.

2. Target Application
The HTGRPOLA is a demonstration for HTGR technology, supplying superheated steam to address
Pol andds industri al needs. The plant design in
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secondary loop facilities. Test plans consider superheated steam for industrial applications and utility
applications like electricity generation and district heating. Three primary cogeneration modes are
identified: electricity production with a maximunud p ut o f., superhedied Bt¥dm with a

maxi mum out put of 25 t/ h, and communal heat with

3. Design Philosophy

The research HTGIROLA reactor aims to serve building competence (human resources, industry,
regulator, etc.), research tasks, and amallscale demonstrator of HTGR technology for industrial
applications. It combines features of the European GEMINI Plus reactor design with the proven
properties of HTTR. The reactor design matches Polish requirements for research, demonstration, and
apdications, with the goal of maximizing similarity to an industrial type FO&A-Kind (FOAK)

18 0 .idabtor design.

4. Main Design Features

Adacent Fachity

(a) Nuclear Steam Supply System .
The NSSS consists of a reactor press(”
vessel, steam generator, and helium blow|-
It operates at 30 MWwith helium coolant =
transporting heat from the reactor core to {—
steam generator.
temperature increases to 750 with a 4.0
MPa coolant pressure. Heat is transferred
the secondary circuit, generating superhea
steam (565 13.8 MPa) .
into two main flows, directed to the stea
turbine and to the reboiler, which genera o =5S _ 1
final process steam for various applions. e B

(b) Reactor Core Sumplified dingram af the HTGR- FOLA N5S5SS

The active core of a fuel engine is composed diu&d columns arranged in triangular pitch, forming
two rings around a central fuel column. Each column
contains a stack of six fuel blocks. A single fuel block it
hexagonal prism measuring 36 cm across the flats and 6!

in height. The fuel block incorporates a grid of fuel hol
and coolant channelshé&re are two types of fuel blocks
standard blocks and control blocks (with a channel
reserved shutdown system). The active core height is 3.
and its equivalent diameter is 1.66 TRISO fuel with
kernels enriched it#U (HALEU, 10-12 wt.%, UQ) is used,
with fuel compacts with packing factor of -B®% inserted
into dedicated holes. Between four to six of the fuel ho
may be occupied by burnable poison rods instead of

“NETIEN

IREREREE]

compacts. Helium coolant flows through the coole | ... e 5. Replaceable reflector block
channels in fuel blks. The active core is radially ; jocorpesye ves oo bk
surrounded by two rings of replaceable reflector bloc..L>™ SRS W ol for oS

Selected reflector blocks are designed with channels for —Reactor core configuration
control rods. There are two layers of replaceable refiddbcks
in each location with the external dimensions being the same as the fuel blocks, except for height.

(c) Reactivity Control

The reactor design uses two independent reactivity control systems: Control Rods (CR) and Reserve
Shutdown SystertRSS). 18 CR, using.B as neutron poison, are used for active operational control.

If a CR becomes inoperable, the RSS is activated. The RSS uses cylindrical pgll&t3 (Bleased

from hoppers into six channels within the active cBugnablepoison rods (BC/C) are used for long

term reactivity excess management. To adjust power, one needs to reduce heat uptake by reducing
coolant flow, matching reactor power to the altered flow.
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(d) Reactor Pressure Vessel and Internals

The core assembly, comprising fuel blocks and replaceable reflector blocks, is positioned on graphite
core support structures (such as hot plenum blocks and support posts) and metallic core support
structures (including support plates and grids). Theassembly and its support structures are encased

by the permanent side reflector, consisting of graphite segments. This entire structure is contained
within a metallic core barrel, which is ultimately embedded within the reactor pressure vessel.

(e) Reactor Coolant System and Steam Generator

The coolant from the upper mixing chamber is directed to the active core, then to the lower mixing
chamber. It exits the RPV and is directed to the edoss. Hot helium is then sent to the steam generator
(SG), where it is cooled and directed to the mkmain helium blower. The helium then flows back

to the SG through the outer SG shell, and RiR/, where it enters the upper mixing chamber.

(f) Pressuriser
Pressure in the primary cooling circuit is controlled by helium purification and supply systems.

(g) Primary pumps

The reactor coolant pressure boundary includes a sétagge, magnetibearing main blower, and pipes
connected to the steam generator. The cooled helium from the steam generator is directed to the main
blower while highpressure helium is routed backibhe reactor pressure vessel.

5. Safety Features

(a) Engineered Safety System Approach and Configuration

HTGR has unique safety properties due to its strong negative fuel, moderator, and reflector temperature
coefficient of reactivity and large heat capacity of bulk graphite in the core. Increase fuel temperature
decreases fission reactions and reactor pdeadjng to spontaneous shutdown in accident conditions.
There is no safety injection of coolant to the reactor coolant system, and heat is dissipated through
conduction, natural convection, and thermal radiation.

(b) Safety Approach and Configuration to Manage accident conditions

The HTGRPOLA design employs a defente-depth concept for accident management focusing on
prevention and mitigation through active and passive systems. The inherent reactor features are
emphasized, ensuring higisk events are categorized as low pralitghThe first two layers of defence

focus on preventing accidents using high quality materials like TRISO fuel and large safety margins
(level 1). The 1&C system detects and restores required parameters after departure from safe operation
(level 2). Mitigation is achieved through activating level 3 defeimedepth layer systems, such as
passive safety system for core heat removal and maintaining physical barrier integrity. The Reactor
Cavity Cooling System controls RPV wall and core temperature, ragacaident consequences. The

SG drain system prevents chemical attack on core graphite structures. The two last defence lines (4 &
5) focus on accident management, the limited operator action requirements, RCCS secondary coolant
addition and emergency prmedness with offite response.

(c¢) Containment System

The HTGRPOLA containment system is a reactor functional containment comprising of protective
barriers that limit radionuclides transport and release. These barriers include the fuel kernel, TRISO
layers, graphite, graphite blocks, primary system boundag confinement in reactor building. The
primary barrier for fission product retention is the TRISO fuel.

(d) Spent Fuel Cooling Safety Approach / System

The spent fuel storage system is designed to remove decay heat from spent fuel blocks and other
materials by storing them on storage racks and temporarily storing them in the reactor building while
being cooled by pool water. The hot transport water ipe placed in the upper part of the pool and

flows into the water cooling and purification system. The cooled water flows into the pool through a
pipe placed in the lower part of the pool. After primary cooling period in the spent nuclear fuel storage
in the reactor building, fuel is planned to be transferred to the spent nuclear fuel building with dry
storage system.
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6. Plant Safety and Operational Performances
Since the HTGRPOLA has not been constructed yet, there is no empirical experience in operational.

7. Instrumentation and Control Systems

The HTGRPOLA uses 1&C systems divided into process instrumentation, logic controllers and
supervision and control systems. These systems are designed to withstand the environmental conditions
and meet operational, design and safety licensing objectives. The visualisation and control level
includes workstations, Main Control Room and the ReseBreitdown Station. The 1&C automation

level consists of three subsystems: Reactor Protection System, Safety Automation System, and Process
System. The Reactor Protection System ensures safe shutdown in case of exceeding DBE, DEC, or
Limiting Conditions ofOperation. The Safety Automation System safeguards pivotal components like
the steam generator, residual heat removal system and confinement insulation. The Process System
regulates technological infrastructure and maintains process according to pglaitaieparameters.

The ultimate goal is to reduce the probability of operator error and safety impact through ergonomic
design principles and adequate time to react.

8. Plant Layout Arrangement

The plant is divided into a nuclear and conventional island, with the reactor building being part of the
nuclear island, this part will be composed of the following buildings: reactor building, auxiliary building
and spent fuel building. The conventiorsdaind, designed to convert energy includes a turbine, reboiler,
water treatment system, switch yard, power output and electrical building.

9. Testing Conducted for Design Verification and Validation

The HTGRPOLA is a new design based on a proven technology and lessons learned from past designs
of prismaticHTGRs. Reactor core physics, thershgraulic and PSA analysis are undergoing. Tests

of HTGR-POLA construction materials, equipment and safety are planned.

10. Design and Licensing Status

The basic design phase and selected chapters of the Preliminary Safety Analysis Report (PSAR) were
completed in 2024. Next step is the finalising of the PSAR with site investigations required for licensing
application. In parallel the detailed design phagkbe launched.

11.Fuel Cycle Approach
The HTGRPOLA is designed for open fuel cycle with TRISO fuel. The primary fuel enrichment is 10
12% ofzsU, the maximum burnup is currently limited to 40 GWd/t due to fuel qualification program.

12. Waste Management and Disposal Plan

The plan for radioactive waste management includes solid, liquid, gas wastes, and spent nuclear fuel.
Spent nuclear fuel will be temporarily stored on site, transferred to dry storage in the spent nuclear fuel
building after ~2 years of primary cooling aimchdiated reflector graphite blocks will be temporarily
stored in the spent nuclear fuel building. Final disposal depends on the national plan.

13. Development Milestones HTGRPOLA

20127 2019 Preliminary studies and technological innovation (using available materials).| Complete
20191 2021 Pre-conceptual design phase and technology validation Complete
20217 2022 Conceptual Design Phase Complete
20227 2024  [Basic Design Phase Complete
2025- 2028 Licensing Phase Planned
20257 2028 Detailed Design Phase Planned
2029- 2032 Construction Planned
2033 Commissioning Planned
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>¥ HTMR100(STL Nuclear (Pty) Ltd.,
P SOUth Alrica)

All content included in this section has been provided by, and is reproduced with permisSioh Biucleay South Africa

Parameter Value

Technology developer, country (STL Nuclear (Pty) Ltd , South Africa
origin
Reactor type (HTGR) Pebble Bed
Coolant/moderator Helium, graphite
Thermal/electrical capacity, 100 / 35 single module plant
MW(t)/MW(e)

Primary circulation Forced circulation
NSSS operating pressure 4116
(primary/secondary), MPa
Core inlet/outlet coolant 250/ 750
temperature°C)
Fuel type/assembly array TRISO particles in pebbles; LEU/Th
Number of fuel assemblies in the~150 000; around 125 to 150 pebbles
core throughput
Fuel enrichment (%) 10
Refuelling cycle (months) Online fuel loading
Core Discharge Burnup 80-90
(GWd/ton)

Reactivity control mechanism  Control Rods in the reflector
Approach to safety systems Passive

Design life (years) 40

Plant footprint (r7) 5 000 (buildings only)

RPV height/diameter (m) 15.7 / 5.6 (flange outer diameter)
RPV weight (metric ton) 155

Seismic design (SSE) 0.3 g (generic site), 0.5 g under

consideration)
Fuel cycle requirements/approat/arious options (see below)

Distinguishing features No core meltdown, no active enginee
safety systems
Design status Basic design

1. Introduction

The HTMR100 (High Temperature Modular Reactor) pebble bed reactor is a high temperature gas
cooled reactographite moderated and cooled by forced helium flow. The existing design of the module

is to produce high quality steam which is coupled to a ste@dnme/generator system to produce 35
MW(e). The steam can be used in a wide range of cogeneration dppfic@he reactor is also suitable

to provide direct high temperature energy for process heat. The design of the reactor is based on proven
technology and therefore no new basic technology development is needed. The size of the reactor and
the fuel cycle wre chosen to simplify the design and operation of the module. The approach to small
intrinsic safe modular units ensures continuous production, easy road transportability, skid mounted sub
systems, wider range of manufactures, fast construction and amoexhliicensing process.

2. Target Application

The HTMR100 can supply electric power to any distribution grid and to standalone or isolated
electricity users. It can be deployed as single modules or-matiule plants as well as for medium
temperature process heat applications (later also upgradaldeythigh temperature). The HTMR100

is a perfect fit for clients who want to progressively extend their generating capability. The unique
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safety characteristics make it possible to introduce and construct these plantaiticlean countries.
Firstworld countries that want to utilize their stock of Plutonium for peaceful applications are also
markets for HTMR100 reactors.

3. Design Philosophy

The reactor has good load following characteristics which is needed foradtenad(not grid coupled)
applications. The 60Once Through Then Outd (OTTC
effective fuel management system. The relatively low prin@op pressure requires a thinner walled

pressure vessel and thus an easier manufacturing process, resulting in a wider range of vessel
manufacturers. The HTMR100 plant design caters for different site and client requirements. It allows
flexibility in protection against external events and flexibility in multi module configuration and power
capacity.

4. Main Design Features

(a) Power Conversion

The flow through the core is from top to bottom where
the heated gas is collected in a hot plenum. From tk .
plenum the hot gas flows through a connecting pipeld
the steam generator. The power conversion syste
uses a helical coil steagenerator unit supyng
superheated steam to the turbine. The main syste
will be supplied as four skid mounted units namely the ra]
condenser, turbine, gearbox and electric generatGy:—
The turbine can be used in a bamkessure
configuration or intermediate temperature stezan
be taken off for process heat applications.

(b) Reactor Core Reactor core and pewer conversion layout

The reactor unit consists of a steel pressure vessel, a

steel core barrel, graphite reflector blocks, neutron absorber rods, rod guide tubasedhaaisms

and invessel instrumentation. The vessel is designed for 4 MPa pressure. The graphite structure allows
for differential expansion and volumetric changes due to temperature and neutron fluence induced
distortion. This is done to keep the stradesv and minimize primary fluid bypass and leaks. The side,

top and bottom reflector material is nuclear grade graphite.

(c) Fuel Characteristics

The fuel elements (FE) for the HTMR100 are 60 mm diameter spheres consisting of a spherical fuel
zone of approximately 50 mm diameter, in which the TRt®@ted particles are randomly distributed

in the graphitic matrix material. A fudélee shell of grapke matrix of about 5 mm in thickness is then
moulded to the fuel zone. The fuel kernel and coatings serve as a fission product barrier in normal and
accident operating conditions. There are various types of fuel that will be used in the HTMR100 reactor
(see below for details). A Fuel Qualification and Test programme will be conducted on the fuel prior to
loading of the reactor. The HTMR100 operates on a much longeruipufuel cycle compared to
conventional reactors. The npnoliferation characteristicfaghe OTTO cycle is the extended time the
pebbles reside inside the core, making it more difficult to divert partially burnt fuel.

(d) Fuel Handling System

A six-month supply of fresh fuel is kept in the fresh fuel storage facility. New spherical fuel elements

(fresh fuel) are loaded by the fuel loading machine into a charge lock. The charge lock is purged, filled

with clean helium and pressurised to systeasgure, before it is opened, and fuel is gravity fed into

the core cavity. The charge lock has a physical capacity for approximately epecfsle r day 6 s f
sphere inventory.

(e) Reactivity Control

Eighteen neutron absorber rods are provided in graphite sleeves inside the graphite side reflector blocks.
The absorber rods can be operated independently as a group cgasugg) as required by the reactor
operating control system. A control rod catsiof several rod absorber material segments, pinned
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together to form articulating joints. The segments consist of sintered B4C absorber material,
sandwiched between an inner and an outer tube segment. The inner tube segment allows cooling helium
gas to flow form the top down in the circular channels. Eadhg equipped with a position indicator

which measures the position of the rod over its entire positioning range and with position indicators for
the upper and lower limit positions.

(f) Reactor Pressure Vessel and Internals

The Reactor Pressure Vessel (RPV) is constructed in compliance with the ASME Ill subsection NB
code. It comprises two main components reactor of vessel body and vessel head which is bolted to
vessel body. The reactor vessel baiysists of several forged rimpmponents circumferentially
welded together.

The core structures consist of the metallic parts and the graphite structures. The function of these
internal structures is to provide stable core geometry, neutron reflection, cold and hot gas channelling,
fuel element flow, shielding, thermal insulatiand support of the control and shutdown systems guide
tubes and the neutron sourdee functional design of the structural core internals is such that they can
withstand the steady state and transient loadings during normal operation, anticipatednaperati
occurrences and design basis accidents.

The shape and structure of the inner side reflector wall and the 30° angled core bottom permit uniform
fuel element flow. The loads borne by the ceramic internals are transferred to the steel core barrel and
then to the reactor pressure vessel throughllicatamponents such as the lower support structure and

the core barrel axial and radial supports.

All areas of the core internals are designed for the service life of the reactor. Access for ceramic structure
inspections can be done through the fuel loading channel and the reflector rod holes.

(g) Reactor Coolant System

Helium enters the outer part of the-axial duct and flows up the helium risers, it is then directed into

the pebble bed core and removes heat as it flows downwards. The helium then collects in the lower
plenum and is directed in the inner pipe of thegi@l duct back to the steam generator. Electric blowers

are used to move the helium within the reactor pressure boundary. The secondary power conversion
loop uses a conventional Rankine cycle and heat is transferred from the helium loop to the water loop
to form steam which in turn drives the turbine.

5. Safety Features

(a) Engineered Safety System Approach and Configuration

In principle the plant is designed to perform its safety functions without reliance on the automated plant
control system, or the operator. The engineered safety system of the plant has no engineered safety
systems in terms of active human or machine wetaion to assure nuclear safety. Provision for beyond
design basis conditions is made. Beyond design basis scenarios include -fla@ctioning/non

insertion of all active control and shutdown systems. The reactor core characteristics e.g. small excess
reactivity and strong negative reactivity coefficient with temperature will shut down the reactor and
maintain a condition where no damage to the fuel, core structures and reactor vessel occurs. Excessive
reactivity increases during water or water vaporesg (increasing moderation) is prevented by
designing the reactor for limited heavy metal content of the fuel.

(b) Decay Heat Removal System / Reactor Cooling Philosophy

The Reactor Cavity Cooling System (RCCS) removes heat radiated from the reactor towards the reactor
cavity walls. It consists of welded membrane tubes arrangedbgidiele on the inside of in the reactor

cavity wall. Water is circulated through the tulbbegorm a cold wall. The RCCS is a passive system

and consists of three independent cooling trains and is designed for all postulated design basis
conditions

(c) Spent Fuel Cooling Safety Approach / System

The spent fuel will be stored in special tanks of which the height/diameter is in excess of 4.
Thermosiphons (heat pipes) are attached to the outside walls of these tanks which removes heat to the
outside of the spent fuel area. The condenser ends ottbatsgipes are then fitted with fins to dissipate

the heat to atmosphere in an entirely passive way. There is also the possibility to use Stirling
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engine/generators on the condenser ends to generate electricity for charging batteries and in so doing
provide a measure of energy conservation.

(d) Containment System

The primary fission product barrier is the SiC layer of the TRISO coated fuel particles, which keeps the
fission products contained under all postulated events, even if the second barpam(@ng pressure
vessel system) and the third barrier (the building filter system) fails.

(e) Chemical Control

The probability of an ideakage of water in case of a tube rupture in the steam generator is reduced by
its vertical positioning relative to the hot parts of the reactor core. Water leaking from a ruptured tube
will then accumulate in the shell of the ate generator and consequently will not be able to enter the
core in quantities that will cause damage. In case of air ingress due to a break in the pressure boundary
will be a slow diffusion process against the outflow rate of helium coolant. In addgoonstruction

of the coolant flow paths in and around the core structures is such that a naturally driven chimney type
flow of oxygen is avoided inherently. Also, the grade of graphite used in the fuel and core structures is
of such purity that selpropagating oxidation reactions are naturally not possible.

6. Plant Safety and Operational Performances

The central consideration is the demand for high availability of process steam supply and/or electricity
generation. To reduce or minimize the NSSS daily or weekly load changes of the reactor, the preference
is to change the ratio between steam supplyedeatricity supply. Excess steam and/or electricity can

be utilized in the desalination plants to provide water as a sellable commodity earning additional
revenue. This allows the plant to operate virtually continually at full power very close to the plant
availability.

7. Instrumentation and Control System

The Automation System (ATS) comprises that group of safety andafety C&l systems that provide
automated protection, control, monitoring and hursgstem interfaces. The three specific systems in
the HTMR100 system structure define control and instniatn are plant control, data and
instrumentation system, equipment/investment protection system and protection system.

8. Plant Layout Arrangement

The reactor building contains the safety equipment that provides the necessary functions for the safe
shutdown of the reactor under all design basis conditions. The reactor building is partially submerged
below ground level such that the reactor and stgamerator cavities are completely protected against
postulated external threats. The depth can be further adapted to suit the geological conditions of the
specific site to provide for the necessary level of seismic protection.

The reactor building, electrical building and auxiliary buildings are connected by means of underground
tunnels, providing protection for interlinked services and, it also ensures that spent fuel is never brought
above ground level. Provision is made floe storage of all spent fuel produced during the operating

life of the plant. The reactor building is seismically designed to withstand a design basis earthquake
(DBE) and together with the spent fuel storage bunker, is the only safety related buildihg etof

the HTMR100.

The Turbine Building provides the foundation and housing for the Power Conversion Sysheding

other support systems such as the compressed air, water sampling, HVAC, Voltage Distribution
Systems, permanent 11kVAC and 400VAC diesel generator sets and steam safety valves.

The Electric Building houses the main control and computer rooms, primary and secondary plant
security alarms rooms and provides the primary access facilities for the nuclear island and the energy
conversion area. This centre also provides space fortegiassociated with plant administration and
security services. The plant control, data, and instrumentation system control/display panels and
computers are housed in the control room.

9. Testing Conducted for Design Verification and Validation
Under design.
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10. Design and Licensing Status

Conceptual design is in an advanced stage. The core neutronic, tgtraalic and heat transfer
analyses are being done to optimize the performance and verify the safety analysis. Nuclear Regulator
engagement was initiated with the aim of commencingtiassessment for licensing in order to reach
design certification status at the end of the conceptual phase.

11.Fuel Cycle Approach

The reactor design can accommodate various fuel types with different fuel cycles, including mixtures
of thorium and plutonium or thorium and uranium. Studies have shown the reactor can utilise: (i) 10%
LEU (7-10g HM/sphere); (ii) Th/LEU mix of 50% LEU (20%nriched) and 50% Th (11Rg
HM/sphere); (i) Th/HEU mix with 10% HEU (93% enriched) and 90% Th12§ HM/sphere); and

(iv) Th/Pu mix with 15% reactor grade Pu by mass, (12g HM/sphere). Reprocessing of the HTMR100
fuel elements is not intended.

12. Waste Management and Disposal Plan

The HTMR100 fuel elements can be stored and disposed of a fuel sphere but available technology needs
to be assessed for volume reduction. Disposal of spent spherical fuel elements from the HTMR100 is
executed in the following sequence: (i) Direct tranefepent fuel elements into a flask inside the cast

iron high energy spent fuel casks {¢#isk); (i) Immediately after filling the fdask they are sealed and
transferred to the spent fuel catiwn facility on site; (iii) Once cooled down, the flask filleith fuel

is transferred from the & cask to a low energy spent fuel concrete cask (Cask); iv) The LeCask

is transported to the low energy-site interim storage facility; v) For offsite transport the flask is
transferred to a shipping/transportkasf or shi pping to an wultimate re
fuel elements will be discharged for on fplbwer year of operation and only one or two flasks
containing physically damaged fuel spheres, singled out by the fuel unloading machine (failed fue
separator), may be required in the lifetime of the core. As in normal and accident conditions the coated
particles maintain its excellent fission product retention capabilities and fission products are almost
entirely retained within the fuel element kels. Also, the release of these nuclides into the cask or
flask atmosphere from the number of fuel element particles with defective SiC coatings is very low.

13. Development Milestones

2012 Project Started

2020 Preparation for priicensing application
2021 Concept design completed

2022 Basic design started
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HTR-10 (Tsinghua University, China)

All content included in this section has been provided by, and is reproduced with permission of Tsinghua University, Chin

Parameter Value
T T Technology developecountry INET, Tsinghua University,
a . of origin Peopleds Repub
Reactor type Pebble bed modular high
M|l b NG temperature gasooled test
(T 1 reactor
I&;' i Coolant/moderator Helium/graphite
s’,g:cz:n Thermal/electrical capacity, 10/2.5
— MW(t)/MW(e)
bm— Primary circulation Forced circulation

NSSS Operating Pressure  3/4
(primary/secondary), MPa

{

3117438 0e 2

L S yuvE S eV s

Core Inlet/Outlet Coolant 250/ 700
; Temperature°C)
1 Ll Fuel type/assembly array Spherical elements with TRISO
‘ I oy - particles fuel (U@kernel)
B e Number of fuel assemblies in 27 000 spherical fuel elements
‘L‘& - Uf - core
\ % Fuel enrichment (%) 17
D & m_‘i}, L et Core Discharge Burnup 80
(GWwad/ton)

Refuelling Cycle (months) Ontline refuelling

Reactivity control mechanism Control rod insertionhegative
temperature feedback
Approach to safety systems Combined active and passive

Design life (years) 20 (test reactor)

Plant footprint (rf) 100x130

RPV height/diameter (m) 11.1/4.2

RPV weight (metric ton) 167

SeismicDesign (SSE) 3.3 m/s

Fuel cycle requirements / 17% enriched LEU is needed fc
Approach such a small test reactor; Small

amount of material to be include

in national programme.
Distinguishing features To verify and demonstrate the

technical and safety features; a

to establish an experimental ba

for process heat applications
Design status Operational

1. Introduction

In 1992, the China Central Government approved the construction of the 10 MW(t) pebble bed high
temperature gas cooled testreactor (HOR) i n Tsinghua Universityods
Energy Technology (INET). In 2003, the HTI® reached its full power operation. Afterwards, INET
conducted many experiments using the HIWRto verify crucihinherent safety features of modular
HTRs, including (i) loss of ofsite power without scram; (ii) main helium blower shutdown without
scram; (i) withdrawal of control rod without scram; and (iv) Helium blower trip without closing outlet
cut-off valve. The second step of HTR development in China began in 2001 when tHerigérature
gascooled reactor pebblged module (HTRPM) project was launched.
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2. Target Application

The HTR10 is a major project on the energy sector within the Chinese National High Technology
Programme, serving as the first major step of the development of modular HTGR in China. Its main
objectives are to: (1) explore the technology in the desigrsteamion and operation of HTGRS;

(2) establish an irradiation and experimental facility; (3) demonstrate the inherent safety features of
modular HTGR; (4) test electricity and heatgeneration and closed cycle gas turbine technology; and

(5) perform esearch and development work on nuclear process heat application. The aims of this project
are to demonstrate the inherent safety features of the HTGR modular design and test the technologies
of electricity generation, district heating as well as proceas d&pplication with modular HTGR.

3. Design Philosophy

The primary pressure boundary consists of reactor pressure vessel, steam generator pressure vessel and
hot gas duct pressure vessel which connects the above two vessels. This arrangement can make the
maintenance and inspection of the components easianiéigdte the accident result of water ingress

into reactor core ithe steam generator heat transfer tubes might fail.

4. Main Design Features

(a) Reactor Core
The reactor core volume is 5M.8 m in diameter anc

the mean height is 1.97 m. About 27 000 spherical f ; ,{,::—1‘—?&
elements with 60 mm in diameter will be filled up i T AT B N, S

the reactor core, the enrichment of fuel is 17% and / ot LS 0 e
mean discharge burn up is designed to be 80 o A\ 2\l S S O N
MWad/tU. The reactocore is entirely constructed by /(& "o * @ e 00 \\\
graphite materials, no metallic components are u | ./ »f ‘1~U" 0« g
in the region of the core. At the funnel bottom of tl L ’ 0 ™ W \ \ i
reactor core, there is a fuelement discharging tube '|'\ Lo 09\ R e HO- —o. 4 )
with a diameter of 500 mm andength of 3.3 m. At ‘\-,_.. O YR P & /’,
the tube end the special fuel discharge facil "\§ %%+ %5, [ 2@ ¥4
singularise the fuel to be unloaded through a 65 r \v o bl b B %
diameter pipe that penetrates the reactor pres: a o/ 0107\ o\ P07
vessel. Nl (;;,

(b) Reactor Pressure Vessel and Internals

The pressure vessel unit consists of the reacuu
pressure vessel, the steam pressure vessel and the hot gas duct pressure vessel. The upper part of the
reactor pressure vessel is a cover which is connected via eighty bolts, and its lower part is a cylindrical
shelf with a lower closure head. A metallicOi n g anngl areaused f6r sealing between the upper

and lower parts. The tube nozzle for irrdidia channels and the control rods driving system are
mounted on the cover.

(c¢) Reactor Coolant System

Cold helium channels are designed within the side reflector for the helium primary coolant to flow
upward after entering the reactor pressure vessel from the annular space between the connecting vessel
and the hot gas duct. Helium flow reverses at theofopactor core to enter the pebble bed, so that a
downward flow pattern takes place. After being heated in the pebble bed, helium then enters into a hot
gas mixing chamber in the bottom reflector, and from there it flows through the hot gas duct and then
on to the heat exchanging components.

(d) Steam Generator

The steam generator (SG) is a once through, modular helical tube type. Hot helium from the hot gas
duct flows through its central tube to the top part of the SG and then is fed in above the SG heat transfer
tubes. While flowing around the tubes, the helitetieases its heat to the water/steam side, thereby
cooling down from 700°C to 250°C. The cold helium flow is then deflected to the inlet of the helium
blower and returns to the reactor along the wall of the pressure vessel. The water flows through the
helical tubes from the bottom to the top. The feed water temperature is 104°C and the steam temperature
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at the turbine inlet is 435°C. The SG mainly consists of the pressure vessel, the steam generator tube
bundle modules and the internals.

(e) Helium Circulator

The helium circulator is a key component for high temperature helium cooled reactors and therefore an
important component to develop and test in the HORThe helium circulator assures the thermal
energy transfer from the reactor core to the steam genarad operates at 3.0 MPa and at 250°C. The
circulator is integrated into the steam generator vessel and installed on top of the SG. The helium
circulator was designed and manufactured by INET at Tsinghua University and the Shanghai Blower
Works Co., Ltd

(f Fuel Characteristics

The fuel elements are the spherical type fuel elements, 6 cm in diameter with coated particles. The
reactor equilibrium core contains about 27 000 fuel elements forming a pebble bed that is 180 cm in
diameter and 197 cm in average height. The spheridatiiements move through the reactor core in a
multi-pass pattern.

(g) Fuel Handling System

The HTR10 is designed to use spherical fuel elements. Its Fuel Handling System (FHS) is different
from the refuelling machines of reactors using rod shaped or block shaped fuel elements. The main
feature of the FHS is to chargarculate and discharge fuel elements in the course of the reactor
operation, or in other words dime. For the initial core loading, dummy balls (graphite balls without
nuclear fuel) were firstly placed into the discharge tube and the bottom coneaktjienmeactor core.

Then, a mixture of fuel balls and dummy balls were loaded gradually to approach first criticality. The
percentages of fuel balls and dummy balls were 57% and 43% respectively. After the first criticality
was reached, mixed balls of teame ratio were further loaded to fill the core in order to make the
reactor capable of being operated at full power. The full core (including the cone region) is estimated
to have a volume of 5in

(h) Reactivity Control

There are two reactor shutdown systems, one control rod system and one small absorber ball system.
They are all designed in the side reflector. Both systems are able to bring the reactor to cold shutdown
conditions. Since the reactor has strong negatimpaeature coefficients and decay heat removal does

not require any circulation of the helium coolant, the -wifnof the helium circulator can also shut

down the reactor from power operating conditions. There are ten control rods placed in the side
refledor. Boron carbide (E) is used as the neutron absorber. Each control rod contains@weng
segments which are housed in the area between an inner and an outer sleeve of stainless steel. These
are then connected together by metallic joints. The inner and outer diameter &% thiegHs 60 mm

and 105 mm respectively, while the length of each ring segment is 487 mm. There are 7 holes in the
side reflector of the HTRO for small absorber ball system.

5. Safety Features

HTR-10 has inherent safety features common to the new generation of advanced reactors, i.e. the reactor
automatically shuts down because of the negative temperature reactivity coefficients and the decay heat
is passively removed from the reactor to theirmmment.HTR-10 is a new generation reactor whose
design is based on the ideas of module reactors.

(a) Reactivity control
The online refuelling leads to a small excess of reactivity, the overall temperature coefficient of
reactivity is negative, and two independent shutdown systems are available.

(b) Decay Heat Removal System

After shutdown, the decay heat will be dispersed from the core to outside of reactor pressure vessel via
conduction, convection and radiation, even in the case of depressurized accident condition. Then the
decay heat can be carried out by two independairist of passive decay heat removal systems to
environmentTwo independent reactor cavity coolers are located at the surface of the reactor cavity.
During an accident, the decay heat is removed to the environment by the passive heat transfer
mechanisms,&. heat conduction, natural convection and thermal radiation.
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(¢) Containment Function

There are three barriers to the release of fission products to the environment, i.e. the coating layers of
the TRISO coated fuel particles, the pressure boundary of the primary loop and the confinement. In any
accidents the maximum temperature of the &e@ments could not exceed the temperature limit and a
significant radioactivity release can be excluded. In addition, the low free uranium content of fuel
elements, the retention of radioactivity by graphite matrix of fuel elements, and the negligiaieédcti
corrosion products in the primary coolant system will maintain the radioactivity of the primary coolant
system at a very low level. In the depressurization accidents of the primary coolant, the impact of
radioactivity release on the environment Wi insignificant. Therefore, it is not necessary to provide
containment for the HTRO. Therefore, a confinement without requirement of pressyhtess is
adopted.

6. Plant Safety and Operational Performances

There are two operational phases for the HIRIn the first phase, the plant is operated at a core outlet
temperature of 700°C and inlet of 250°C. The secondary circuit include a steam turbine cycle for
electricity generation with the capability for dist heating. The steam generator produce steam at
temperature of 440°C and pressure of 4 MPa to feed a standard -‘webem@tor unit. In the second
phase (not implemented yet), the HIB will be operated with a core outlet temperature of 900°C and
an nlet of 300°C. A gas turbine (GT) and steam turbine (ST) combined cycle for electricity generation
is in preliminary design. The intermediate heat exchanger (IHX), with a thermal power of 5 MW,
provides high temperature nitrogen gas of 850°C for the Glecytere are other options under
consideration to operate HFRD in higher temperature mode.

7. Instrumentation and Control Systems
The control system makes use of the distribution control system (DCS). Full digitalized control room
and reactor protection system are used in HOR

HTR-10 Control room

8. Plant Layout Arrangement

The HTR10 plant includes the reactor building, a turbine/generator building, two cooling towers and a
ventilation center andtack. These buildings are arranged and constructed on an area of 1002x 130 m
The HTR10 plant does not contain a letigght pressure containing system. The concrete compartments

that house the reactor and the steam generator as well as other parts of the primary pressure boundary
are preferably regarded as confinement.

9. Design and Licensing Status
HTR-10 is operational. The extension of operation license is undergoing.

10.Fuel Cycle Approach
For the test reactor a once through fuel cycle is initially implemented.
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11.Waste Management and Disposal Plan
To be included in the national plan of test facilities.

12.Research and Development Plan

From 1986 to 1990, eight (8) research topics for key technologies were defined: (i) a conceptual design
and the supporting reactor physics and thermal fluid design and safety software codes; (ii)
manufacturing process of the fuel spheres; (iii) reprocgssiohnologies for the thoritranium

cycle; (iv) core internal graphite structure design and supporting analysis; (v) helium technology
establishment, (vi) pressure vessel designs, (vii) the fuel handling design; (viii) development of special
materials.

Before the commissioning, the following engineering experiments were conducted: (i) a hot gas duct
performance test; (i) measurements to establish the mixing efficiency at the core bottom (limit
stratification and heat streaks); (iii) typhase flow stality tests on the onethrough steam generator;

(iv) fuel handling performance test; (v) control rods drive mechanism performance; (vi) V&V of the
digital reactor protection systems; (vii) measurements to confirm the neutron absorptiesectiuss

of thereflector graphite and (viii) a performance test for the helium circulator.

13. Development Milestones

1992 Project approved

1995 Construction began

2000 First criticality

2001 HTR-PM Project is launched

2003 Commission date and full power operation

2018 Restart after upgrade of systems; Meite tests to measure temperat
distribution conducted.
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. HTR50S (JAEA, Japan)

All content included in this section has been provided by, and is reproduced with permission of JAEA, Japan.

Parameter Value

Technology developer, JAEA
country of origin

Reactor type Prismatic HTGR
Coolant/moderator Helium / graphite
Thermal/electrical capacit 50/17.2 (max)
MW(t)/MW(e)

Primary circulation Forced by gas circulator

NSSSOperating Pressure 4 (abs)/12.5 (abs)
(primary/secondary), MPa
Core Inlet/Outlet Coolant Phase I: 32%750

Temperature°C) Phase II: 323 900
Fuel type/assembly array UO, TRISO ceramic coated
particle

Number of fuel assemblie: 33 fuel element / fuel block
in thecore
Fuel enrichment (%) 5.9/94

Core Discharge Burnup 49
(GWad/ton)
Refuelling Cycle (months) 730 days

Reactivity control Control rod insertion
Plant layout (Phase I1) [1] Approach to safety Active and passive

systems

Design life (years) 40

Plant footprint (r®) TBD

RPV height/diameter (m) 13.8
RPV weight (metric ton) 240
Seismic Design (SSE) TBD

Distinguishing features  Multiple applications of power
generation, cogeneration of
hydrogenprocess heat,
steelmaking, desalination, distric
heating

Design status Conceptual Design

1. Introduction

HTR50S i ¢ snialbsized Wigh temperature gaeoled reactor (HTGR) for multiple heat
applications with the reactor outlet coolant temperature of 750°C for the reference design. The reactor
is designed to increase to outlet temperature up to 900°C.The design buildsigrihe existing
technology and experience obtained in the HTTR construction and operation to minimize initial
construction uncertainty and potential delay.

2. Target Application

The HTR50S is designed to provide both electricity and heat in remotegndfbcations. It has a net
power output of 17.2 MWe (Max.) and can supply 25 MW1 of heat teehectric application systems.
The reactor supports efficient heat utilizationthaip to77.0%heat utilization ratio in combined heat
and power (CHP) configurations.
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3. Design Philosophy
The HTR50S aims for potential nei@rm deployment.The following approaches are employed to
meet the design strategy:
1 The reactor outlet temperature was at 750°C to use Alloy 800H for steam generator heat transfer
tubes, with a main steam temperature of 538°C.
1 Thereactor inlet temperature was set at 325°C, considering RPV materials like SA533B/SA508
with a service temperature limit of 371°C and accident limit of 538°C.
I The primary coolant pressure was set at 4 MPa, similar to HTTR, leveraging HTTR's
experience and reducing RPV thickness for transportation.
The fuel specifications match HTTR's to utilize existing knowledge and experience.
Steam temperature/pressure was set at 538°C/12.5 MPa, aligning with Fort St. Vrain reactor
conditions and existing small steam turbine capabilities.

1
1

4. Main Design Features

(a) Nuclear Steam Supply System

The HTR50S power generation system converts energy from steam generator (SG) into rotational
energy via a steam turbinghich is then converted into electrical energy by the generator. The system
includes a steam turbine, generator, condenser, degasser, feed water pump, feed water heater, piping,
and valves. It utilizes a regeneration cycle of thstege extraction to a derator and two highressure
feedwater heaters. During summer operation, the power output is 17.2 MWe with an efficiency of
34.4%.

In winter, 25 MWt of heat is utilized for district heating, reducing power output to 13.5 MWe with an
efficiency of 27.0%, but increasing the heat utilization ratio to 77.0% through local heat application.

(b) Reactor Core

The reactor core consists of stacked hexagonal graphite blocks, consisting 30 fuel columns and 7 control
rod guide columns in the fuel region, and 18 replaceable reflector columns and 6 control rod guide
columns in the reflector region, totalling 61 colwniThe core is surrounded by a fixed graphite
reflector block witha side shield and core restraint mechanism.Fuel elements (fuel rods) are loaded into
graphite blocks with a height of 580 mm and a faetace distance of 360 mm. The coolant flows
throughdesigned channels to remove heat and maintain core temperature.

(c) Reactivity Control

It employs two independent reactor shutdown systems with: a control rod system andup back
shutdown system using boron carbide and sintered graphite pellets. The control rod system is designed
to ensure the core remains subcritical under all operatommaditions. If control rods cannot be fully
inserted, the backup system ensures the core remains subcritical to maintain safety

(d) Reactor Pressure Vessel and Internals

The reactor pressure vessel(RPV) supports the core through graphite and steel structures. The primary
cool ant enters at 325eC, cooling various reactor
The upper plenum is equipped with a shroud madewfthermal conductivity material to prevent
overheating due to thermal radiation.

(e) Reactor Coolant System

The reactor cooling system includes a primary cooling system that cools the reactor, a shutdown cooling
system (SCS) for decay heat removal, and a Vessel Cooling System (VCS) thatremove decay and
residual heat during abnormal transient and accident consliti

A steam generator (SG) transfers heat from the reactor to a secondary system for steam production. In
Phase I, with a 900°C reactor coolant outlet, an intermediate heat exchanger (IHX) will be added to
generate gas turbine power and highmperature steanwith potential applications in hydrogen
production.
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5. Safety Features

(a) Engineered Safety System Approach and Configuration

To ensure reactor safety, the HTR50S employs several key safety functions: reactivity control, heat
removal from the core, and confinement of radioactive materiagmsaive indirect cooling system,

known as the VCS, effectively removes heat through radiation heat transfer teco@tst panels on

the bieos hi el ding concrete surrounding the reactor
material containmentsiachieved with multiple barriers, including coated fuel particles, a graphite
sleeve, the reactor coolant pressure boundary, and a reinforced concrete containment vessel (RCCV)
lined with steel. Additionally, to manage chemical attack risks, the degiga the entry of air into the

reactor postlepressurization. .

(b) Safety Approach and Configuration to Manage DBC

In order to ensure reactor safety under design basis conditigiteered safety features which have

basic safety functions, namely reactivity control, heat removal from the core, and confinement of
radioactive materials are employed. Plant behaviour analyses are performed for representative accident
conditons and thanalysis results demonstrated that evaluation items for the safety analysis met the
evaluation criteria.

(c) Safety Approach and Configuration to Manage DEC

HTGR can intrinsically shutdown without exceeding fuel temperature limitation in case of loss of forced
cooling accidents with failures of all reactivity control systei@ach cahracteristics are demonstrated

by the HTTR safety demonstration tests. Because of the inherent safety characteristic of the HTGR, the
amount of radionuclide released to environment would be small even in the design extention coditions
which consides failures ofengineered safety features.

(d) Containment System

The reactor containment vessel is one of the engineering safety facilities in the HTR50S, which is
designed to prevent the release of radioactive materials to the outside and to ensure the safety of the
general public and workers in the vicinity of theatea facility. Isolation valves are installed in the

piping that penetrates the reactor containment vessel in order to form a pressure barrier in the event of
a double pipe rupture accident, etc. and to form a barrier against the release of radioagtigts mat

For the design of the containment vessel of the HTR50S, a RCCV was adopted from the viewpoint of
reducing the amount of steel materials.

(e) Spent Fuel Cooling Safety Approach / System

Spent fuel is transferred to the spent fuel storage facility in the re:
building by the fuel exchanger, and then transferred into the s '___;i
fuel storage building by the fuel in/out machine. The design - ol
removing decay heat from spent fuel shall vecabled in the spent; -
fuel storage building. '

6. Plant Safety and Operational Performances

During a depressurized accident, maximum fuel temperature pee o

1386°C but falls to 500°C after 2000 hours, staying within saic.y e

limits. The maximum RPV temperature reaches 364°C but remDepressurized accident behaviour [1]
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system. Reactivity increase is 1.3110 | ek !/ k,
system flow rate drops due to stopped gas circulators, and coolant pressure boundary temperature stays
stable.

7. Instrumentation and Control Systems

The instrumentation and control system consists of reactor and process instrumentations, control
systems, safety protection system, and engineered safety features actuating systems. The reactor
protection system automatically shuts down the reactor by ingedintrol rods in response to signals

from reactor and process instrumentation. It employs &rawo logic circuit that triggers reactor scram

and interlock signals. Power is provided independently by an uninterruptible power supply, and system
componerg are constructed from ndlammable or flameaetardant materials.

8. Plant Layout Arrangement

The steam turbine building is adjacent to the reactor building, aligned with the steam generator (SG),
and the gas turbine building aligns with the intermediate heat exchanger (IHX) to minimize piping. The
reactor building has four underground and two aground floors, measuring 53.0 m x 56.0 m, with
heights of 32.2 m below ground and 24.8 m above. The steam turbine building is two stories, 25.0 m x
32.0 m, and 19.4 m high. Piping for steam, water, and helium is routed through 3 m wide trenches. Air
coolers are installed on the north side of the reactor building to avoid interference with hydrogen
production facilities and ensure proper ventilation.
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Bird’s eye view of HTRS0S [2] Site layout of HTRS0S [2]

9. Testing Conducted for Design Verification and Validation

The test results using the HTTR will be utilized for the development of HTR50S. The test items cover
fuel performance and radionuclide transport, core physics, reactor thermal hydraulics and plant
dynamics, and reactor operations, maintenance, controkleteever, an actual demonstration test is
warranted for performance confirmation.

10. Design and Licensing Status

The design is developed at conceptual design stage. HTR50S design is basedatartdde
technology established through the HTTR design, construction, operation and maintenance. In
addition, conventional technologies from other industries are also incorporated. The following
approaches are employed to meet the design strategy:

11.Fuel Cycle Approach

HTR50S offers flexible fuel cycle options and can adopt the spent fuel management policy in the
country to be deployed. For spent fuel reprocessing, methods include roasting and electrolytic
deconsolidation to remove coated fuel particles. Various techsiquch as the roller, jet mill, and
rotating disk methods are used to remove coatings and recover uranium. The rotating disk method, in
particular, has been employed successfully for uranium recovery from HTTR fuel. Additionally,
HTR50S optimizes resourcise by allowing up to 25 MW1 of its heat to be utilized for district heating,
achieving a heat utilization ratio of 77.0%.

12. Waste Management and Disposal Plan
The design is applicable to options of direct disposatprocessing for spent fuel.
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13. Development Milestones

2010 Start of design Complete

2013 Concept design completed Complete

2017 Graphite irradiation test project Complete

2019 High burnup fuel irradiation test project Complete

2023 Monolithic fuel element specimen irradiation test project Complete
Reference

1. H. Ohashi ef$i a¢d, HiBGRS&ws¢tem Design for Multiple Heat /
Int. J. Nucl. Energy, vol. 2013, p. 18, 2013.

2. H.Ohashieal ., AConceptwabkededlTGEGR efyssmal, | 4; Pl ant -design a
Technology 201816, 2013.

149






T

Cold Falium
Trage

H|

IR

Hot gax duct

BUOHE
Fuel discharge
tube

EHMM,

MM

7 Stewn Genarator

1. Introduction

Parameter

Technology developer, country o
origin

Reactor type

Coolant/moderator

Thermal/electrical capacity,
MW(t)/MW(e)
Primary circulation

NSSS Operating Pressure
(primary/secondary), MPa
Core Inlet/Outlet Coolant
Temperature®C)

Fuel type/assembly array

Number of fuel assemblies in the
core
Fuel enrichment (%)

Core Discharge Burnup
(Gwad/ton)
Refuelling Cycle (months)

Reactivity control mechanism
Approach to safety systems

Design life (years)

Plant footprint (m)

RPV height/diameter (m)
RPV weight (metric ton)
Seismic Design (SSE)

Fuel cycle requirements /
Approach

Distinguishing features

Design status

Value

INET, Tsinghua
University, China
Modular pebble bed
HTGR
Helium/graphite

2 x 250/ 210

Forced circulation
7113.25

250/ 750

Spherical elements with
coated particle fuel

420 000 (in each reactor
module)

8.5

90

On-line refuelling
Control rod insertion
Combined active and
passive

40

256 100

25 /5.7 (inner)

800

0.2g

LEU, open cycle, spent
fuel intermediate storage
at the plant

Inherent safety, no need
for offsite emergency
measures

In operation

In 1992, the China Central Government approved the constructlon of the 10 MW(t) pebble bed high

temperature gas cooled test reactor (HI'R )

in Tsi

nghua

Uni versityos

Energy Technology (INET). In 2003, the HTI® reached its fulpower operation. After that, INET

has completed many experiments on the HDRo verify crucial inherent safety features of modular
HTRs, including (i) loss of offite power without scram; (ii) main helium blower shutdown without
scram; (iii) withdrawéof control rod without scram; and (iv) helium blower trip without closing outlet

cut-off valve.

The next step of HTR development in China began in 2001 when theenmperature gasooled
reactor- pebblebed module (HTRPM) project was launched. The first concrete of the HPWR
demonstration power plant was poured on 9 December 2012, in Rong&hamgiong Province. In
support of manufacturing first of a kind equipment and licensing, large scale engineering test facilities

151



were constructed, and al l tests have been comp

has been completed in 2016 with the first of two reactor pressure vessels installed in March 2016.
Currently all major equipment has been manufactured adrghdy installed. The power plant is
scheduled to start power generation i2 20

2. Target Application

The HTRPM is a commercial demonstration unit for electricity production. The twin reactor modules
driving a single turbine configuration was specifically selected to demonstrate its feasibility. Following
the HTRPM demonstration plant, commercial deplamhof HTRPM based on batch construction is
planned. Units with multiple standardized reactor modules coupling to one single steam turbine, such
as 200, 600 or 1000MW(e) are envisaged.

A standardiesign has been finished for the 600 MW(e) rmmltidule HTRPM600 nuclear power plant,
which consists of six reactor modules or Nuclear Steam Supply System (NSSS) modules coupling to
one steam turbine. Each NSSS module has the same design as tRd/HIeRonstration plant, with
independent safety systems and sharedsadety auxiliary systems. The footprint of a muftbdule
HTR-PM600 plant is not substantially different from that of a PWR plant generating the same power.
Future sites have beedentified for possible deploymenthereis a big market demand for high
temperature steam supply fratTR-PM/HTR-PM600 in China.

3. Design Philosophy

The HTRPM consists of two NSSS modules coupled with a 210 MW(e) steam turbine, as shown below.
Each NSSS module includes a reactor that contains reactor pressure vessel, graphite, carbon, and
metallic reactor internals; a steam generator; a main heliameb] and a hot gas duct. The thermal

power of each reactor module is 250 MW(t), the helium temperatures at the reactor core inlet/ outlet
are 250/750°C, and stegrarameters is 13.28Pa/567°C at the steam turbine

Coated Particle

— e Kemel @ Fuel element
= oo ) oA TRISO coated particle fuel
& et | = with excellent fission
- ﬂ Bas | ¥ ‘-‘ product retention properties
)

v
&
(= G¥r) GRAY, even for extended time at
' ) high temperatures ~1600 °C

entrance.
4. Main

Design Features

(a) Reactor Core and Power Conversion Unit

The primary helium coolant works at 7.0 MPa with the rated mass flow rate of 96 kg/s. Helium coolant
enters the reactor in the bottom area inside the RPV with an inlet temperature of 250°C. Helium coolant
flows upward in the side reflector channels tottpereflector level where it reverses the flow direction

and flow into the pebble bed in a downward flow pattern. Bypass flows are introduced into the fuel
discharge tubes to cool the fuel elements there and into the control rod channels for conivoliragis c
Helium is heated up in the active reactor core and then is mixed to the average outlet temperature of
750°C and then flows to the steam generator.

(b) Fuel Characteristics

lllustrated above, fuel elements are spherical ones. Every fuel element contains 7 grams of heavy metal.
The enrichment for the equilibrium core is 8.5%¢%8t). Uranium kernels of about 0.5 mm diameter

are coated by three layers of pygarbon and one layer of silicon carbon. Coated fuel particles are
dispersed in matrix graphite, 5 cm in diameter. Surrounding the fuel containing graphite matrix is a 5
mm thickgraphite layer.

(¢) Fuel Handling System

The operation mode of HFRM adopts continuous fuel loading and discharging: the fuel elements
drop into the reactor core from the central fuel loading tube and are discharged through a fuel extraction
pipe at the core bottom. Subsequently, the dischaigedelements pass the bunp measurement

device one by one. When a fuel sphere reaches the target burnup they will be discharged into the spent
fuel storage tank, otherwise they arémngerted into the reactor to pass the core once again.
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(d) Reactivity Control

Two independent shutdown systems are installed: a control rod system and a small absorber sphere
(SAS) system, both placed in holes of the graphite side reflector. Reactivity control is performed using
24 control rod assemblies, and 6 SAS shutdown syssemve as a reserve shutdown system. The
control rods are used as a regulating group during normal plant operation and for emergency shutdown.
Furthermore, turning off the helium circulator is also efficient for reactor trip. Drop of all control rods
can abieve long term shutdown. The SAS system is used to reduce the shutdown temperature for the
purpose of irservice inspection and maintenance. Absorber material of control rods and small
absorbers is K.

(e) Reactor Pressure Vessel and Internals

The primary pressure boundary consists of the reactor pressure vessel (RPV), the steam generator
pressure vessel (SGPV) and the hot gas duct pressure vessel (HDPV), which all are housed in a concrete
shielding cavity. The three primary pressure vesselsamgposed of SA53B steel as the plate
material and (or) the 568 steel as the forging material. The ceramic structures surrounding the reactor
core consist of the inner graphite reflector and outer carbon brick layers. The whole ceramic internals
are irstalled inside a metallic core barrel, which itself is supported by the RPV. The metallic core barrel
and the pressure vessel are protected against high temperatures from the core by the cold helium borings
of the side reflector, which act like a shieldbegnperature screen.

5. Safety Features

The HTRPM is designed with the following safety features: (1) radioactive inventory in the primary
helium coolant is very small during normal operation conditions, and even if released there is no need

to take any emergency measures; (2) for any regctietident or loss of coolant accident, the rise of

the fuel el ementsdé temperature wil. not cause a
(3) the consequences of water or air ingress accidents depend on the quantity of such ingeesses. T
ingress processes and the associated chemical reactions are slow, and can readily be terminated within
several dozens of hours (or even some days) by taking very simple actions. And air ingress accident is
classified as design extension condition.

The HTRPM incorporates the inherent safety principles of the modular HTGR. The lower power
density, good coated particle fuel performance and a balanced system design ensures that the
fundamental safety functions are maintained. A large negative tenmgeredefficient, large
temperature margin, low excess reactivity (due tdirmn refuelling) and control rods ensure safe
operation and limit accident temperatures. The decay heat is passively removed from the core under
any designed accident conditionsriatural mechanisms, such as heat conduction or heat radiation, and
keeps the maximum fuel temperature below 1620°C, so as to contain nearly all of the fission products
inside the SiC layer of the TRISO coated fuel particles. This eliminates the poseftilitye melt and

large releases of radioactivity into the environment.

Another feature of the HTIRM design is the lorgme period of accident progression due to the large
heat capacity of fuel elements and graphite internal structures. It requires days for the fuel elements to
reach the maximum temperature when the codacimpletely lost.

(a) Engineered Safety System Approach and Configuration

When accidents occur, a limited number of reactor protection actions shall be called upon by the reactor
protection system. No or very limited actions through any systems or human interventions are foreseen
after the limited reactor protection actions acéivated. The limited reactor protection actions shall be

to trip the reactor and the helium circulator, to isolate the primary and secondary systems. When there
is large leak or rupture of steam generator traasfertubes, alumpingsystem is designeéd minimize

the amount of water ingress into the primary circuit.

(b) Reactivity control

The online refuelling leads to a small excess reactivity, the overall temperature coefficient of reactivity
is negative, and two independent shutdown systems are available.

(c) Reactor Cooling Philosophy

Normally the reactor is cooled by steam generating system. Under accident conditiovantiedium
blowershall be stopped automatically. Because of the low power density and the large heat capacity of
the graphite structures, the decay heat in the fuel elements can dissipate to the outside of the reactor
pressure vessel by means of heat conduction andicadVaithin the core internal structures, without
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leading to unacceptable fuel temperature. And the fuel temperature increase in this phase will
compensate accident reactivity and shutdown the reactor automatically via negative temperature
feedback. The decay heat shall be removed to heat sink passivedadior cavity cooling system
(RCCS). Even if the RCCS fails, the decay heat can be removed by transferring it through the concrete
structure of reactor cavity while the temperatures of fuel elements are under design limit.

(d) Containment Function

Retention of radioactivity materials is achieved through nafdtriers. The fuel elements with coated
particles serve as the first barrier. The fuel elements used forRWM Rave been demonstrated to be
capable of retaining fission products within thetedgparticles under temperatures of 1620°C which is

not expected for any plausible accident scenarios. The second barrier is the primary pressure boundary
which consists of the pressure vessels of the primary components. The verpeeldsure containment

(VLPC) is designed according to ALARA principle to mitigate the influence of accidents, consisting of
the reactor cavity inside reactor building and some auxiliary systems suchassgiphere ventilation,

burst disc and filters.

(e) Chemical control

Water and steam ingress is limited by plant design (pipe diameters, SG lower than core and water /
steam dumping system) while massive air ingress is practically eliminated (small pipes, connection
vessel; no chimney effect). After water ingress accidbetway to remove humidity from primary

circuit are provided.

6. Plant Safety and Operational Performances

The HTRPM demonstration power plant is under final commissioning test phase. Due to online fuel
loading mode of HTHPM, better availability factor can be expected compared with other power plants
operating in a mode of periodic fuel loading.

7. Instrumentation and Control Systems

The instrumentation and control system of HPR is similar to those of normal PWR plant. The two
reactor modules are controlled in a coordinated manner to meet various operational requirements.

8. Plant Layout Arrangement

The nuclear island contains reactor building, nucl
auxiliary building, spent fuel storage building and Elect ps
building, asshown below. The steam turgenerator,
which is similar to that of a conventional fosfied power
plant, is housed in the turbine building.

9. Design and Licensing Status

The preliminary safety analysis report (PSAR) wi
reviewed by the licensing authorities during 2ZI89.

The Construction Permit was issued in December 2(
Final approval of the FSAR is achievedluly 2021, and ¢
Operation License was obtained in August 2021, follo
by fuel loading, criticality and power operation.

10. Fuel Cycle Approach

The aircooled spent fuelanistes are placedn the spent tuel storage bulldingth concreteshields.
The canister can be placed in a standard LiveRsport cask and be transported if necessariR-PM
currentlyadopts open fuel cycle. Rer the intermediate storage of spent fuel eleménsfinal storage
in geological deposits can be carried out in the open dyctee closed cycle, thepentfuel elements
would bedismantled, and the nuclear fuel can be reprocessed in n@pnatessg facilities (when
the amount of spent fuel reaches certain level and reprocessing technology is econawaitalile)

HTRPM Main Control

11.Waste Management and Disposal Plan

The technologies of cleaning the liquid waste and of thgadksare similar to those used in hormal
PWR plants, although the amount of liquid waste from HHRR is much smalletWaste with low or
medium level activity resulting from the operatiésm conditioned followingdifferent process
technologieswhich have beerstablished with high efficiency muclearindustry. Different auxiliary

154



material and solid residue will be put into casks for intermediate starhigewastecan be underwent
a final storage after conditioned.

12. Development Milestones

2001
2004
2006

2006

20062008
2009
2012
2013
2014
2015
2016

2017
Q4/2020
2021.8

2021.9
2021.12.20
2022

Launch of commercial HT#M project
Standard design of HT-RM started

HTR-PM demonstration power plant approved as oneNafional Science an
Technology Major Projects

Huaneng Shandong Shidaowan Nuclear Power Co., Ltd, the owner of théMT
established by the China Huaneng Group, the China Nuclear Engineering Group !
Tsinghua University

Basic design of HTHPM completed

Assessment of HTIRM PSAR completed

First Pour of Concrete of HFRM

Fuel plant construction started

Qualification irradiation tests of fuel elements completed

Civil work of reactor buildinginished

RPV and core barrel etc. delivered, installation of main components ongoing

Fuel plant achieved expected production capacity
Startup commissioning test of primary circuit
Operation License

First criticality
Grid connection
Full power operation
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. HTTR (JAEA, Japan)

All content included in this section has been provided by, and is reproduced with permission of JAEA, Japan.

/SlJnd plpes Parameter Value
o Technology developer, counti JAEA in cooperation with
} Control rod of origin MHI, Toshiba, IHI, Hitachi, Fuji

il

Reactor pressure
vessel

Electric, NFI, Toyo Tanso,
Japan
fud Reactor type Prismatic HTGR
assembly Coolant/moderator Helium / graphite
Carbon blods Thermal power, MW(t) 30
Auxiliary Primary circulation Forced by gas circulators
cooling pipe Main .
cocling plpe Primary coolant pressure, 4
MPa
A Core Inlet/Outlet Coolant 395 /850 (950 max.)
@ Helium TemperatureC
Fuel type/block array UO, TRISO ceramic coated
HTTR 30MW particle
Number of fuel block in core 150
I Vo fust Fuel enrichment, wt% 31 10 (6 avg.)

particle

Average fuel discharged 22 (33 max.)
burnup, GWdfty
Refuelling Cycle, days 660 EFPD

Reactivity control mechanisn Control rod insertion
Approach to safety systems Active

Design lifetime years ~20 (Operation time)
Plant area, m ~200m x 300m
RPV height/diameter, m 13.2/55
S p— ’ Seismic Design (SSE) > 0.7m/$ automatic shutdown
uel compact Fuzl assemibly
Distinguishing features Safety demonstration test
Status In operation

1. Introduction

The High Temperature Engineering Test Reaedtor (H
Reactor (HTGR) established in the Oarai Research and Development Institute of Japan Atomic Energy
Agency (JAEA). The HTTR has superior safety features byguswmated fueparticle, graphite
moderator, and helium gas coolant. With the potential of supplying high temperature heat above 900°C,
HTGR can be used not only for power generation but also for process heat in several industrial fields.
JAEA conducted logrterm high temperature operation (950°C/50days operation) to demonstrate the
capability of high temperature heat supply. It then conducted a loss of forced cooling (LOFC) test (at
100% power) to demonstrate the inherent safety feature of HTGR in 2024 OH¢@ test simulates

the severe accident in which the reactor coolant flow is reduced to zero and the reactor scram is blocked.
The test result shows that the reactor could be shut down and kept in a stable condition without any
operation management. JAHfas accumulated useful data for the development of future commercial
HTGR system though the design, construction, and operation of the HTTR.

2. Target Applications

The objectives of HTTR are to: (i) stablish and upgradésttienological basis for the advanced HTGR,;

(ii) Perform innovative basic research in the field of high temperature engineering; and (iii) Demonstrate
high temperature heat applications and utilization achieved from nuclear heat.

157



3. Design Philosophy

lllustrated in the figure below, the reactor building is designed with five levels of three underground
floors and two upper ground floors. The reactor building is 18.5 m in diameter, 30 m in height. The
cylindrically shaped containment steel vessel costtiie reactor pressure vessel, the intermediate heat
exchanger, the pressurized water cooler and other heat exchangers in the cooling system.

Crane
Reactor
pressure Air cooler
vessel

Refueling
Service machine

areas

Service
Interm ediate areas
heat

exchanger
Reactor

containm ent
vessel

Pressunized
water cooler

Double
pipe

Cutawayr view of the HTTR

The reactor core is designed to keep all specific safety features within the graphite blocks. The
intermediate heat exchanger is equipped to supply high temperature clean helium gas for process heat
application systems. The instrumentation and controesystre designed to allow operations which
simulate accidents and anticipated operational occurrences. As the HTTR is the first HTGR in Japan
and a test reactor with various purposes, it incorporates specific aspects regarding safety design. JAEA
establiskd t he safety design principles for HTTR in
L WR P o we r butPtakang ints &ccount the significant safety characteristics of HTGR and
corresponding design requirements as a test reactor.

4. Main Design Features

(a) Reactor Core

The HTTR reactor consists of reactor internals and core components. The reactor internals comprise
the graphite and metallic core support structures and shielding blocks. They support and arrange the
core components, such as fuel blocks and replacealdetoefblocks within the reactor pressure vessel
(RPV). The core components are made up of the same prismatic blocks of 360 mm width across the
flats and 580 mm in height, including replaceable reflector blocks, irradiation blocks, control rod guide
blocks and fuel assembly blocks. The 2.9m in height, 2.3m in diameter core is surrounded by the
permanent reflector made of graphite. The active core region consists of 30 fuel columns and 7 control
rod guide columns while the reflector region contains 9 amfditi control rod guide columns, 12
replaceable reflector columns, and 3 irradiation columns.

(b) Fuel
The HTTR employs the TRISO (Fsitructural isotropictoated fuel particles (CFPs) with Wel

kernel. There are four layers surrounding the fuel kernel, including aémaity porous pyrolytic
carbon (PyC) buffer layer, followed by a higkensity PyC layer, a SiC layer, and an outer ‘aghsity

PyC layer. Approximately X8housand CFPs afabricated in a graphite matrix of fuel compact. There
are 14 fuel compacts in a fuel rod. Each fuel assemblies contains 31 or 33 fuel rods.

The fabrication of the firsibading fuel for the HTTR started in June 1995. A total of more than 60
thousand fuel compacts, corresponding to abouttfieesand fuel rods, were successfully produced
through the fuel kernel, coated fuel particle, and éoehpact processes. The fuel rods were transferred
to the reactor building of HTTR, where they were inserted into the graphite blocks to form the fuel
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blocks. In December 1997, 150 fuel assemblies were completely formed and stored in new fuel storage
cells.

(¢) Reactivity control system

The HTTR contains two reactivity control systems, including a control rod system and a reserve
shutdown system (RSS). The control rod system comprises of 16 pair of control rods m&iéatB

pair of control rods can move individually by control rod drive mechanisms located in standpipes at the
top head closure of the RPV. In the event of a scram, the control rods can freely fall into the core by
gravity. There are 7 pairs of controbr the active core and 9 pairs in the reflector region.

The RSS is located in the standpipes along with the control rod and can be inserted into the third hole
of control rod guide block. The RSS consists of driving mechanism, hopper, guide tube, etc. The hopper
contains BC/C pellet. When the RSS is activated, the hopper is opened andCiiellets drop into

the reactor by gravity. The RSS was designed to be able to make the reactor subcritical from any
operation condition at a temperature range from 27°C to 950°C.

(d) Cooling systems

The cooling systems of HTTR are composed of a main cooling system (MCS), an auxiliary cooling
system (ACS), andessel cooling system (VCS). Under a normal condition, the heat of 30 MW

from the reactor core could be removed by the MCS with two loading modes. One is a single loaded
operation mode where 30MW thermal from the reactor is cooled by only the primanyrizexss

water cooler. Another is a parallel loaded operation mode, in which 10 MW and 20 MW thermal are
separately removed by the helidmalium intermediate heat exchanger and the primary pressurized
water cooler, respectively. The helidmelium intermedia heat exchanger of HTTR is operated at the
highest temperature in the world.

The ACS consists of the auxiliary heat exchanger, auxiliary gas circulators, and air cooler. The heat
transfer capacity of the ACS is about 3.5 MW. The ACS automatically starts up when the reactor is
scrammed and the MCS is stopped abnormally. The redigaalof the core can also be removed by

the VCS without the activation of ACS.

5. Safety Features
The reactor delivers fully inherent safety due to three enabling design features:

9 Helium coolant is chemically stable. It does not react chemically with fuel and core structures
so that hydrogen gas is not produced by chemical reaction of fuel element in accident like
LWR;

1 The CFPs of HTTR have excellent heasistant property which can bear very high temperature
condition over 2200°C without any fission product release. The HTTR is designed that the fuel
temperature does not exceed 1600°C in any accident to preventrhagiata

1 Graphitemoderated reactor core provides a negative reactivity coefficienpoower density,
and high thermal conductivity. Graphite core structure also can withstand up to 2500°C without
any thermal damage.

The HTTR can remove the residual heat of the core inherently because of optimized low reactor power
density and graphite core structure. If the forced cooling performance was lost in an accident, decay
heat of fuel transfers to reactor vessel through dne graphite structure slowly by thermal conduction

and radiation. The fuel temperature is kept below the design limit of 1600°C by this safety features. The
HTTR does not need to consider the immediate accident management and to provide excess emergency
safety system.

6. Plant Safety and Operational Performance

Various operational tests have been conducted to confirm the plant safety and operational:

a) Preoperational test

Preoperational test operation of the reactor cooling system was performed from May 1996 to March
1998. At the stage of the poperational test without nuclear heating the helium gas was heated by the
gas circulators up to about 200°C at 2 MPa. Plantrabsystems were also fully checked. During the
pre-operational tests, several improvements in the system were made in terms of securing its safety
margin and easy operation. Their performance was finally confirmed in July 1999 after completing the
actualfuel loading.
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b) Startup physics test

Fuel loading to the reactor started in July 1998, and the first criticality was attained on November 10
1998. The fuel blocks were colurwise loaded from the outer fuel columns to the inner. The first
criticality was achieved successfully with 19 fuel columns loading. After that, the other inner fuel
columns were loaded and the full core criticality walsieved by December 1998. In the course of fuel
loading, low power physics tests were also carried out for the 21, 24, and 27 fuel columns loaded core.
These tests provide useful data for designing future annular cores of advanced HTGR.

¢) Rise to power test

Rise to power tests were started in September 1999 when the reactor power was increbgetegtep

to 10 MW(t), 20MW(t), and then finally to 30 MW(t). The 30 MW(t) full power and 850°C high reactor
outlet coolant temperature were achieved in Decembet. ZDExtificate of preoperation test, that is,
operation permit of the HTTR was issued in March 2002. The HTTR accomplished the maximum
reactor outlet coolant temperature of 950°C in April 2004 in high temperature test operation. Operation
permit for the fgh temperature test operation was issued in June 2004.

d) Safety demonstration test

The safety demonstration tests have been implemented from 2002 in order to confirm the excellent
inherent safety of HTTR. In the first phase of the safety demonstration tesontnetrod withdrawal

tests, the gas circulator tripping tests, etc. have been carried out demonstrating the safety of HTTR.
From 2010, the second phase of safety demonstration tests, namely loss of forced cooling test (LOFC),
was carried out. The LOFCdiewas initiated by tripping all three helium gas circulators of the HTTR
while deactivating all reactor reactivity control systems to disallow reactor scram due to abnormal
reduction of the primary coolant flow rate. The test results showed that ther ipawer immediately
decreased to almost zero and became stable as soon as the helium gas circulators were stopped as shown
in the figure below.

e) Continuous operation

In order to demonstrate the lotgym operation of the heat utilizatispstem, the HTTR was conducted
Rated/Paralleloaded 30 days, and further 50 days, continuous operation with full power. This was the
first longterm operation with a reactor outlet coolant temperature over 900°C. The continuous
operation test confirmedahthe reactor internal structures and the intermediate heat exchanger, which
are the core technologies of the HTGR, operated properly as designed value. The intermediated heat
exchanger could also transfer stable Higmperature heat from the primary ¢econdary helium
coolant.

7. Instrumentation and Control Systems

Instrumentation and control systems consist of instrumentation, control, and safety protection systems.
The instrumentation includes reactor and process instrumentations to provide important parameters
such as control rod position, neutron flux, tempemtyressure, flow rate, etc. for operation,
monitoring, and reactor protection. There are abouttteousand sensors in the HTTR, and the signals

from the sensors are centralized by the plant computer. The control systems comprise the operation
mode seletor, reactor power control system, and plant control system. The safety protection systems
consist of the reactor protection system and engineered safety features actuating system to ensure the
integrity of the core and prevent the fission products release

8. Plant Layout Arrangement

The plant area is 200 m x 300 m in size, including the reactor building, cooling towers, exhaust stack,
laboratory building, and other auxiliary facilities. The reactor building is located in the centre of the
plant. The exhaust stack is on the north sithe reactor building to ventilate the air from the reactor
building to the atmosphere. The laboratory building and the development building are on the west of
the reactor building.

9. Design and Licensing Status

The HTTR construction started in 1991 with first criticality accomplished in 1998. Details of the
operational achievements is given below. The HTTR has not been in operation since the great east Japan
earthquake occurred in March 2011. In conformity widwnregulatory requirements by Nuclear
Regulation Authority of Japan, JAEA received permission and restarted operation of the HTTR on July
2021.
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10. Development Milestones

19691 1984

19851 1990
19911 1997
1998
2001, 2002
2004
2007, 2010
2014

2020
2021
2022, 2024

11. Future plans

Conceptual design (4 years); System integrity design (6 years) and Basic d
years)
Detail design (3 years); Application and permission of construction (1 year)

Construction

First criticality

Reactor outletoolant temperature of 88D, Safety demonstration test
Reactor outlet coolant temperature of @50

850C/30 days operation; 980/50 days operation and Safety demonstration t

Conformity review on the NewRegulatory Requirements start toward res
operation
Permission toward the restart of HTTR

Operation restarted
Safety demonstration tests

New test project to demonstrate hydrogen production by 2030 thsifggh temperature heat from the

HTTR has been launched. Other than these, a number of activities are planned to be carried out through
operation of the HTTR including international cooperation and hem@source development. As the

HTTR can be used adest bed for international cooperation, JAEA plans to launch new international
projects based on the operation of the HTTR, and welcomes discussion with potential partners.

Ref erence

T. Nishihara et al ., fEXceelhlneon to ghEchdlpgy@0MEA Japanese
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MHR -100(J S CAfrikantov OKBM o,
Russian Federation)

All content included in this section has been provided by, and is reproduced with permissiBr@&frikantov OKBMo, Russian

Federation.

.~ MAJORTECHNICAL PARAMETERS
Parameter Value
Technology developer, J S @frikantov OKBMO,
country of origin Russian Federation
Reactor type Modular helium reactor
Coolant/moderator Helium/graphite
Thermal/electrical 215/ 257 87 (depends on
capacity, MWt)/MW(e) configuration)
Primary circulation Forced circulation
NSSS Operating Pressure 417 5/depends on configuration
(primary/secondaryMPa
Core Inlet/Outlet Coolant 4907 553/ 7951 950
Temperaturg®C) (depends on configuration)

Fuel type/assembly array  Hexagonal prism graphite blocks
with coated particle fuel

Number of fuelassemblies  About 1600 blocks with more thar
600 fuelcompacts in each block
Fuel enrichment (%) < 20%
Reactivity control Control rod insertion
mechanism
PCU Approach to safety Hybrid (active and passive)
systems
Reactor Design life (years) 60
=T q A Plant footprint () Depends on configuration

RPV height/diameter (m)  Similar to 1000 MW(e) LWR

MHR-100 GT layOUt RPV weight (metric ton) Similar to 1000 MW(e) LWR

Seismic Design (SSE) 8 points (MSK 64)

Fuel cycle requirements /  Once through U; Pu and Th cycle
Approach also possible

Distinguishing features A multipurpose reactor for

cogenerations adlectricity, heat

and hydrogen; higlemperature

heat supply to oil refinery plant
Design status Conceptual design

1. Introduction

The desige arebagd onthe global experience in the development efperimental HTGR plants.
Russia has more than 40 yeafsexperience in the development of HTGR plants of various power
(from 100 to 1000 MW) and for various purposk$as established the experimental facilities for the
R&D work, the fuel element and material fabrication technology, including the fabrication and
mastering of pilot equipment, and various activities in hydrogen generation technology. Today,
conventional powestations with electric capacity ~300 M%), aredeployedall over theterritory of
RussiaThese are adapted to regional systempemdde the electric power negdl heyconsist mainly

of cogeneration plants producing about 40% of electric power and 85% of heatiganéralysis
shows thatSMRs with HTGR have therefore good prospects to add to or replace these regional
generation. Innovative nuclear power systems to be implemented on this basis are therefore considered
as an important area of the nuclear power industry development up to the afitid# century. Based

on study 6 the power market development and demands;cpneeptual workis performedfor
commercial MHR100 with modular helium reactor and several power conversion |&youssious
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powerindustrial applicationsThe following optionsof MHR100 for industrial applications were
studied:

- Electrigty and district heat productisrby core thermal power conversion to electric one in direct
gasturbine Brayton cyclé MHR-100 GT;

Electridty and hydrogen generatishy hightemperature steam electrolysiMHR-100 SE;
Hydrogen generation by steam methane reforming method-VBRSMR;

High-temperature heat supply to oil refinery plaiMHR-100 OR.

2. Target Application

The MHR-100 is intended for regional power generation and heat production in the Russian Federation.
A single reactor unit design can be implemented in various plant configurations.

Parameters Power Mode Cogeneration Mode
Reactor heat capacity (MW) 215 215

Net power generation efficiency (%) 46.1 254
Helium temperature at reactor inlet/out/®C) 558/ 850 490/ 795
Low-pressure helium temperature at recuperator if@t ( 583 595

Helium flow rate through the reactor (kg/s) 139.1 134
Helium bypass flow rate from HPC outlet to recuperatglet at ) 32.2
high-pressure side (kg/s)

Helium pressure at reactor inlet (MPa) 491 4.93
Expansion ratio in turbine 2.09 1.77
Generator/TC rotation speed (rpm) 3000/ 9000 3000/ 9000
PCU cooling water flow rate (kg/s) 804 480
Delivery watertemperature at inlet/outlet@) T 70/ 145

3. DesignPhilosophy

The reactor power and its design are universal for all the different power and process heat options with
only the coolant parameters that are different. The reactor unit power levéli{®{t}) was selected
according to: (i) the regional power industry and district heat supply needs; (ii) the manufacture needs
in high- and mediurrtemperature heat supply for technological processes; and (iii) process capabilities
of national enterprises fabrication of RP main components including vessels.

4. SpecificDesignFeatures

(a) Power Conversion Unit

A power conversion unit is integrated in a single vessel and includes a vertical turbomachine, highly
efficient heat exchanger, ambolers. The turbomachine includes a generator and-tmippressor
mounted on a single shaft on electromagnetic suspension. Gas turbine cycle of power conversion with
the helium turbomachine, heat exchanger and intercooler provide thermal efficieBey.at 4

(b) Reactor Core and Fuel Characteristics

Coated particle fuel is used. The fuel kernel (U oxide) is coated by a first porous layer of pyrocarbon,
followed by a dense layer of pyrocarbon, a silicon carbide layer and an outer dense layer of pyrocarbon.
Thousands of coated particles and graphiteirataterial are made into a fuel compact with hundreds

of compacts inserted into fuel channels of datagonaprism graphite block0.2 mx 0.65 m height)

The core is a cylindrical arrangement of vertical stacks of fuel blocks (fuel colufes3tadard fuel

cycle is to utilize low enriched uranium (LEU) in a once through mode.
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(c) Reactivity Control

The wo (2) independent reactivity control systems are usguetéormreactor emergency shutdown
and maitenance in a subritical state: (i Electromechanical reactivity control system based on control
rods in the channels and in the inner anteoueflectors; (ii)Reserve shutdown system based on
spherical absorbing elements thatifillchannels in the fuel assembly stack over the whole height of a
fuel assembly. Control rods with boron carbide absorbing elements located in the reflecsed
during normal option and hot shutdown, and rods located in the aaased for scram.

(d) Reactor Pressure Vessel and Internals

The Reactor Pressure Vesg&®PV) made of chromiuanmolybdenum steghas dimension similar to

that of standard VVERO00Q Prerequisites and conditions excluding brittle fracturing of RR&/

include keeping the fast neutron fluereeand temperature tie RPV below the allowable limits. n

vessel structures, namely, prismatic fuel blocks, reflectors, and core support structure are made of
graphite Metallicinternalsare made of chromiumickel alloy. Service life of thR&PVand internals is

60 years.

5. Safety Features

Safety objectives for thelHR-100are achieved, first of all, by relying on timnerent safety features

These design featuresisure thermal, neutronic, chemical and structural stability of the re@atety

is ensured by passive principles of system actuation. The decay and accumulated heat is removed from
the core throughRPV to reactor cavity cooling system and then to atmosphere by natural heat
conductivity, radiationand convection In LOCA condition with failuresof all active circulation
systemsand power sourcesperation safety limit of the fuel is not exceeded

(a) Engineered Safety System Approach a@dnfiguration

In addition to the inherent features, Mé&lR-100incorporates safety systems bdea: () Simplicity

of both system operation algorithm and des{@nNatural processes for safety system operation under
accident conditiondjii) Redundancy, physical separation andeipendence of systems; )(iStability

to the internal and external impacts and malfunctions caused by accident con@ifi@usjtinuous or
periodical diagnostics of system conditiof\8) Conservative approach used in the design, apmied

the list of initiating events, to accident scenarios, and for the selection of the definitive parameters and
design margins.

(b) Decay Heat Removal / Reactor Cooling Philosophy

High heat storage capacity of the reactor core and high acceptable temperatures of the fuel and graphite
allow passive shutdown cooling of the reactor in accidents, including LOCA (heat removal from the
reactor vessel by radiation, conduction and conveftievhile maintaining the fuel and core
temperatures within the allowable limits ThiHR-100design provides for no dedicated active safety
systems. Active systems of normal cgérn, such as thpower conversion unit and the shutdown
cooling system aresed for safety purposes. These systems remove heat under abnormal operation
conditions, during design basis accidents (DBA) and in be{xBl.

(¢) Containment Function

Passive localizationfeadioactivity is provided by the containment designed for the retention of helium
air fluid during accidents with primary circuit depressurization. The containment is also designed for
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external loadslue toseismic impacts, aircraft crash, air shock wave, etc. Activity release from the
containment into the environment is determined by the containment leakage level, which is about
1%vol/d day at 0.5 MPa.

6. Plant Safety and Operational Performances

All safety systems are designed with two channels. Fulfilment of the regulatory requirements on safety,
proven by a compliance with both deterministic and probabilistic criteria, is secured by an exclusion of
the active elements in a channel or by applyirggrequired redundancy of such active elements inside

a channel, as well as via the use of the normal operation systems to prevent design basis accidents.

7. Instrumentation and Control

Control and support safety systems are intended to actuate the equipment, mechanisms and valves,

localizing and support safety systems in thegweidental conditions and in accidents; to monitor their
operation; and to generate control commands for togegnt of normal operation systems used in
safety provision algorithms.

8. Design Variants and Plant Arrangements Based on the Modular MHRLOO

The modul ar reactor consists of the core with
cool ant , and-phas echhenenfTheseltechnical -666cept
based on:

- Modular hightemperature heliuraooled reactors with typical high level of inherent safety;

- Fuel cycle with fuel in the form of multilayadO.-basedcoated fuel particles, high burnup and
possibility to disposthe spent fuel blocks without additional reprocessing;

- High-performance higltemperature compact heat exchangers, -bigingth casings of heat
resistant steel,

- Direct gasturbine cycle with higkefficiency recuperation and intermediate coolant cooling;

- Experience in higlefficiency gas turbines application in power engineering and transport;

- Electromagnetic bearings used in power conversion system.

The coolant is circulated in the primary loops by the main gas circulator or by the power conversion
unit (PCU) turbomachine (TM) compressors. The MHR option consists of power and process parts.
The power part is unified to the maximum for all optiansl is a power unit consisting of a reactor unit
with a thermal power of 215 MW and a gasbine PCU for power generation and (or) heethange

units, depending on the purpose. The process part of-MMRs either a process plant for hydrogen
productionor circuits for hightemperature heat supply to various technological processes, depending
on the purpose.

The unified gagurbine PCU is planned to be used in MHIBO GT and MHRLOO SE options. Vertical
oriented TM is the main feature of the PCU and consists of the-tarpressor (TC) and generator
with rotors, which have different rotation speed of 9000 rpnd 3000 rpm respectively.

Electromagnetic bearings are used as the main supports. The generator is located in air medium outside

the helium circuit. The PCU psepoler and intercooler are arranged around TC while the recuperator

is located at the top difie vessel above the hot duct axis. Waste heat from the primary circuit is removed
in the PCU precooler and intercooler by the cooling water system, then in dry fan cooling towers to
atmospheric air.
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Heat exchange blocks are intended to transfer heat power from the reactor to the consumer of power
technological applications. Depending on the working fluid, prodgpe and probability of
radioactivity ingress to the process product and contamination of equipment with radioactive products,
two- or threecircuit RP configuration can be used. So, two circuit configurations are used iRIlIIR

SE NPP for hydrogen gendéicn and in MHR100 SMR for steam methane reforming. Water steam is

the main component of process fluid in these processes. The analysis shows that the effects of hydrogen
bearing products ingress in potential accidents with depressurization of the steanata (SG) or
high-temperature heat exchanger (HX) are reliably checked by reactor control and protection systems.

MHR-100 ORbased power source for heat supply to petrochemical applications and oil refinery plants
has threeircuit thermal configuration. Heat from RP is transferred to the consumer via high
temperature intermediate helimelium HX (IHX) and intermedia helium circuit and then to network
circuit of petrochemical applications. This decision restricts radioactivity release to the network circuit
and provides radiological purity of the process product and minimum contamination of the primary
circuit with process impurities.

MHR -100 SE MHR -100 SMR

Parameters Values Parameters Values

Reactor heatapacity (MW) 215 Reactor heat capacity (MW) 215

Useful electric power of generator (MW) 87.1 Helium temperature at reactor inlet/outlet (°C 450/ 950

Net power generation efficiency (%) 457 Helium flow rate through the reactor (kg/s) 81.7

Helium temperature at reactor inlet/outlet (°C 553/ 850 Helium pressure at reactor inlet (MPa) 5.0

Helium flow rate through the reactor (kg/s) 138 Steamgas mixture pressure at HX inlet (MPa 5.3

Helium pressure at reactor inlet (MPa) 4.41 HX-TCF 1

Expansion ratio in turbine 2.09 HX 1 capacity (MW) 31.8

Generator/TC rotation speed (rpm) 3000/ Helium/stearrgas mixture flow rate (kg/s) 12.1/
9000 43.5

Helium flow rate through turbine (kg/s) 126 Steamgas mixture temp. amlet/outlet (°C) 350/ 650

Helium temperature at PCU inlet/outlet (°C) 850/ 558 HX-TCF 2

SG power (MW) 223 HX 2 capacity (MW) 58.5

Helium flow rate through SG (kg/s) 121 Helium/stearmgas mixture flow rate (kg/s) 22.2/

60.9

Heliumtemperature at SG inlet/outlet (°C) 850/ 494 Steamgas mixture temp. at inlet/outlet (°C)  350/750

Steam capacity (kg/c) 6.46 HX-TCF 3

Steam pressure at SG outlet (MPa) 4.82 HX 3 capacity (MW) 125

Helium/stearmgas mixture flow rate (kg/s) 47.4/101
Steamgas mixture temp. at inlet/outlet (°C)  350/870

A

=

L
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Reactor

HX

MHR-100 SMR
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9. Design and Licensing Status

Optimization of reactor core desigheasibility study oMHR-100-SMR plant application for large
scale hydrogen productipriechnical and economical evaluation of the plant potential to supply
hydrogen to the expected mark8tudies of safety issues, with the emphasis on mutual influence of
nuclear and hydrogen production components of the facility.

Parameters Values
Reactor heat capacity (MW) 215
Helium temperature at reactor inlet/outlet (°C) 300/ 750
Helium flow rate through the reactor (kg/s) 91.5
Helium pressure at reactor inlet (MPa) 5.0

IHX capacity (MW) 217
Primary/secondary helium flow rate through IHX (kg/s) 91.5/113
Primary helium temp. at IHX inlet/outlet (°C) 750/ 294
Secondary helium temp. at IHX inlet/outlet (°C) 230/ 600
Secondary helium pressure at IHX inlet (MPa) 5.50

Reactor

MHR-100 OR

10. Fuel Cycle Approach

The MHR100 fuel cycle approach is a once through mode without reprocedsiray. handling
operations are performed using the protective containers to avoid fuel assembly damage and radioactive
product releaseAppropriately shielded containers are provided to protect the personnel against
radiation impacts during dismantling of the reactor unit components at fuel reloading. These measures
are also applied at spent fuel management.

11.Waste Management and Disposal Plan

Facilities for longterm storage of spent nuclear f(8NF and solid/solidified radioactive wagtieW)

are included in the complex of MHR-T commercial 4unit NPP. The capacity of the designed SNF
storage is determined from the condition of capability to store fuel unloaded from the NPP for 10 years.
The capacity of solid/solidified RW storage facility is designed to provide stofagaste generated

during the 16year period of NPP operation. After 10 years of storage at the NPP site, SNF and RW are
to be removed for final underground disposal. Radiochemical SNF reprocessing is considered as an
option for future only.
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12.Development Milestones

2014 Conceptual design completed
2018 Feasibility study of plant application for largeale hydrogeproduction
2020 MHR-100-SMR is taken as the basis for néamm development of neelectricity

nuclear applications in Russia
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MHR-T Reactor
Russian Federation)

(JScC
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All content included in this section has beeovided by, and is reproduced with permissiod @& @\frikantov OKBM g Russian Federation.

High temperature |
N exchangers

conversion
unit

1. Introduction

Parameter

Technology developer, country
of origin
Reactor type

Coolant/moderator

Thermal/electrical capacity,
MW(t)/MW(e)
Primary circulation

NSSS Operating Pressure
(primary/secondaryMPa
Core Inlet/Outlet Coolant
Temperaturg®C)

Fuel type/assembly array

Number of fueblocks
Fuel enrichment (%)

Core Discharge Burnup
(GWwd/ton)
Fuel cycle (months)

Reactivity control mechanism
Approach to safety systems
Design life (years)

RPV height/diameter (m)
RPV weight (metric ton)
Seismic design

Fuel cycle requirements /
Approach

Distinguishing features

Designstatus

Value

J S @frikantov OKBMO |,
Russian Federation
Modular helium high
temperature reactor
Helium/graphite

4 x 600/ 4 x 205.5

Forced circulation
7.5/

578/ 950

Coated particle fuel in
compacts, hexagonal prism
graphite block of 0.36m
~1020

<20
125

30

Control ross

Hybrid (active and passive)
60

32.8/6.9

950

8 points (MSK 64)

Standard LEU /

No recycling; high fission
product retention
Multi-module HTGR dedicated
to hydrogen production / high
temperature process heat
application.

Conceptual design

The MHRT reactor/hydrogen production complex makes use of the bashMiR reactor unit design

as the basis for a muithodule plant for hydrogen production. The hydrogen production through the
steam methan@forming process or higtemperature solid oxide electrochemical process is performed
by couping the plant with the modular helium reactor(s). The use of modular helium reactor units
makes the system flexible and allows the possibility to use various power unit schemes:-withigas
cycle (GT-MHR design, steamturbine cycle and with the circuit supplying hitggmperature heat to
industrial applications (this design). The modular high temperatureagdead reactor unit possess
salient safety featuresith passive decay heat removal providing high level of safety even in case of
total loss of primary coolant.
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2. Target Application

The most perspective technologies for Russia are hydrogen production through the steam methane
reforming process or higlemperature solid oxide electothemical process coupled with a modular
helium reactor called MHR. The chemicatechnological sectowith steam methane reforming is
considered as an option for shtetm perspective.

3. DesignPhilosophy

The MHRT complex includes the chemiei@chnological sector (hydrogen production sector) and the
infrastructure supporting its operation. The chemieahnological sector includes hydrogen
production process lines, as well as systems and facilities isungptheir operation.

The following processes are considered as the basic processes for the eteetmicdbgical sector: (i)
steam methane reforming; and (ii) higgmperature solid oxide electrochemical process of hydrogen
production from water. Heat shall be transferredeatly from primary coolant to chemieal
technological sector medium in a higgmperature heat exchanger. The key component of chemical
technological sector medium circulating through the fiegghperature heat exchanger is water steam.
The hightemperatureelectrolysis option allows the consideration of twand threecircuit plant
configurations. The technical concept is based on:

- Modular heliumcooled reactors with typical high level of inherent safety;

- Fuel cycle based on uranium dioxide in the form of rdaiter coated particles, high burnup and
burial of fuel blocks unloaded from the reactor without any additional processing;

- Electromagnetic bearings operating almost without friction and applied in various technical areas;

- Highlly efficient hightemperature compact heat exchangers, strong vessels made of heat resistant
steel.

The thermal energy generated in the reactor is converted to chemical energy in a thermal conversion
unit (TCU) where, in the MHR option with methane reforming, the initial steg@s mixture is
converted to hydrogeeanriched converted gas (mixture of wate s t e a g, x4 [a nsdin tieey

course of a thermochemical reaction.

4. Main DesignFeatures

(d) Power Conversion System

A power conversion unit is integrated
in a single vessel and includes a vertical
turbomachine, highly efficient plate
heat exchanger, and coolers. A high
temperature heat exchanger (IHX) for
the MHR-T option with methane steam
reforming is an integral parof the
thermal conversion unit and is
partitioned as a threstage heat
exchanger. Arrangement of the heat
exchanger sections along the primary
coolant flow is parallel, and
downstream of the coolant in the
chemicaltechnological sector (CTS) is
sequentik Each section is designed as
a separate heat exchanger consisting of
several modules.

He-to PCU
11513 from THX-2
=1
— N ) ey
3
1
He-from-
reactor

Power Conversion Unit High Temperature Heat Exchanger
Section

The material of the heat exchange surface of the module is -aelsestint alloy. The turbomachine
includes a generator and turbompressor mounted on a single shaft on electromagnetic suspension.
The @s turbine cycle of power conversion with the helium turbomachine, heat exchanger and
intercooler providethermal efficiencyof 48%.

(e) Reactor Core and Fuel Characteristics

Coated particle fuel is used. The fuel kernel (U oxide) is coated by a first porous layer of pyrocarbon,
followed by a dense layer of pyrocarbon, a silicon carbide layer and an outer dense layer of pyrocarbon.
Thousands of coated particles and graphiteiriataterial are made into a fuel compact with thousands

of compacts inserted into the fuel channels of the Hexagonal Prism graphite blocks or fuel assembilies.
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The coated particles will contain almost all fission products with temperatures up €€ 1800ut 1

billion fuel particles of the same type were manufactured and tested in Russia. The standard fuel cycle
is to utilize low enriched uranium (LEU) in a once through mode. The MRow good proliferation
resistance characteristics. It produces I®tal plutonium antf®Pu (materials of proliferation concern)

per unit of energy produced. The fuel form presents formidable challenges to diversion of nfiaterials
weapons production, as either fresh or as spent fuel.

(1 Reactor Coolant System

Working media in circulation circuits are helium of fhmary circuit and steargas mixture (SGM)

in the CTS. The peculiarity of heat exchangers for the production of hydrogen by methane reforming
process is the transfer of heat from high temperature helium of the primary circuit to the chemically
aggressive mediumf hydrogen production circuit.

(2) Reactivity Control

Two independent reactivity control systems based on different operation principles are used to execute
reactor emergency shutdown and maintenance in acréidal state. These systems are: 1)
Electromechanical reactivity control system based on contislmmving in the reactor core channels

and in the inner and outer reflectors; 2) Reserve shutdown system based on spherical absorbing elements
that fill-in channels in the fuel assembly stack over the whole height of a fuel assembly. Control rods
with boran carbide absorbing elements located in the reflector used during normal operation and hot
shutdown, and rods located in the core used for scram.

(h) Reactor Pressure Vessel and Internals

Reactor Pressure Vessehde of chromiunmolybdenum steel is 29 m height with outer diameter
(across flanges) 8.2 Rrerequisites and conditions excluding brittle fracturing of the reactor vessel
include keeping the fast neutron fluence on the reactor vessel and the vessel temperature below the
allowable limits. Invessel structures, namelysigmatic fuel blocks, reflectors, and core support
structure are made of graphite, and metallic structures are made of chroitketalloy. Service life

of the reator vessel and internals is 60 years.

5. Safety Features

The safety features of the MHRreactor are the same as for the-MHAR. Safety objectives for the
MHR-T are achieved, first of all, by relying on thdherent safety featuréscorporated in the plant
design.The design featureme as follows:

- Using helium as the coolant. During operation, helium is not affected by phase transformations. It
does not dissociate and has good heat transfer properties. Helium is chemically inert. It does not react
with fuel, moderator and structural materials. Thaeno helium reactivity effects;

- Core and reflector structural material is higgnsity reactor graphite with substantial heat capacity
and heat conductivity and sufficient mechanical strength that maintain core configuration integrity;

- Nuclear fuel in the form of coated fuel particles with multilayer ceramic coatings, which retain
integrity and effectively contain fission products under high fuel burnup and high temperatures;

- The temperature and power reactivity coefficients are negative that provides the reactor safety in any
design and accident conditions.

Safety is ensured by application of passive principles of system actuation. The decay and accumulated
heat is removed from the core through reactor vessel to reactor cavity cooling system and then to
atmosphere by natural physical processes of heat cavidyatadiation, convectiohn case of LOCA

with failures ofall active circulation systems and power sourogeration limitsof the fuel are not
exceeded.

(i) Engineered Safety System Approach and Configuration

Special considerations are devoted to external impacts from the hydrogen productioimsadtition

to the inherent (selprotection) features of the reactor, the MHAIRblant incorporates safety systems
based on the following principles: 1) Simplicity of both system operation algorithm and design; 2)
Usage of natural processes for safety aysbperation under accident conditions; 3) Redundancy,
physical separation and independence of system channels; 4) Stability to the internal and external
impacts ad malfunctions caused by accident conditions; 5) Continuous or periodical diagnostics of
system conditions; 6) Conservative approach used in the design, applied to the list of initiating events,
to accident scenarios, and for the selection of the degniarameters and design margins.

173



(i) Reactor Cooling Philosophy

High heat storage capacity of the reactor core and high acceptable temperatures of the fuel and graphite
allow passive shutdown cooling of the reactor in accidents, including LOCA (heat removal from the
reactor vessel by radiation, conduction and conwvejtievhile maintaining the fuel and core
temperatures within the allowable limishe MHR-T follows the GFMHR designprinciples withno

dedicated active safety systefastive systems of normal operatiare used for safety purpo}esd

with emergency hat removahlso possibléy the reactor cavity cooling syst€deee GTMHR for more

details).

(k) Containment Function

The approach is the same as for the IR with passive localization or radioactivity provided by the
containmengs well aexternal load¢see GTMHR for more details).

6. Plant Safety and Operational Performances

All safety systems are designed with two channels. Fulfilment of the regulatory requirements on safety,
proven by a compliance with both deterministic and probabilistic criteria, is secured by an exclusion of
the active elements in a channel or by applyirgrequired redundancy of such active elements inside

a channel, as well as via the use of the normal operation systems to prevent design basis accidents.

7. Instrumentation and Control Systems

The MHRT NPP control and support safety systems (CSS) are intended to actuate the equipment,
mechanisms and valves, localizing and support safety systems in taecfutental conditions and in
accidents; to monitor their operation; and to generate dardrmmands for the equipment of normal
operation systems used in safety provision algorithms. The CSS are based on the principles of
redundancy, physical and functional separation, and safe failure.

8. Plant Arrangement

The main components of each NPP module are arranged in isolated premises of the underground
containment of the NPP main building. The chemieahnological sector equipment is arranged
outside the containment of the NPP main building. The MHBnergytechnological complex is
designed for a specific site on the basis of design solutions selected with account of climatic conditions
typical of central Russia and special external impaatk ag seismicity, aircraft crash, air shock wave.

The interfaces between the femodule NPP and the chemigakhnological sector must be designed

to except faults that could cause failure of more than one W dule. The main reactor equipment

is arrarged in a vertical vessel located in a separate cavity parallel to the power conversion unit and
high-temperature heat exchanger vessels.
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9. Design and Licensing Status

Feasibility study of plant application for largeale hydrogen productia@ompleted. Currently, safety
issuesarethe major area of R&D with the emphasis on mutual influence of nuclear and hydrogen
production components of the facility

10. Fuel Cycle Approach

The MHRT fuel cycle approach is a once through mode without reprocessing. Appropriately shielded
containers are provided to protect the personnel against radiation impacts during dismantling of the
reactor unit components at fuel reloading. These measteedso applied at spent fuel management

11.Waste Management and Disposal Plan

Facilities for longterm storage of spent nuclear fuel (SNF) and solid/solidified radioactive waste (RW)
are included in the complex of an MHRcommercial 4unit NPP. The capacity of the designed SNF
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storage is determined from the condition of capability to store fuel unloaded from the NPP for 10 years.
The estimated total volume of the SNF reception and storage compartments is aroddd 150 he
capacity of solid/solidified RW storage facility is designed to provide storage of waste generated during
the 10Qyear period of NPP operation. After 10 years of storage at the NPP site, SNF and RW are to be
removed for final undergrourdisposal.

12.Development Milestones

2001 Precconceptual proposal

2005 Conceptual design completed

2007 Elaboration otechnical requirements

2017 Feasibility study of plant application for largeale hydrogen production

2020 Development of basic design solutions for cherdieahnological part of the
facility
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PeLUIt-40 (BRIN T ITB, Indonesia)

All content included in this section has been provided by, and is reproduced with permiBstdN,dhdonesia.

Parameter Value

Technology developer, country National Research and Innovation

of origin Agency (BRIN) and Bandung
Institute of Technology (ITB),
Indonesia

Reactor type Pebble bed higiemperature gas
cooled reactor

Coolant/moderator Helium/graphite

Thermal Power 30MWt / 10MWe

Primary circulation Forced circulation

NSSSOperating Pressure 3/6
(primary/secondary), MPa
Core Inlet/Outlet Coolant 250/ 750

Temperature°C)

Fuel type/assembly array Spherical elements with coated
particle fuel

Number of fuel assemblies in 27 000

the core

Fuelenrichment (%) 17

Core Discharge Burnup Targei 80

(GWad/ton)

Refuelling Cycle (months) On-line refuelling
Reactivity control mechanism Control rod and small absorber

sphere
Approach to safety systems Combined active and passive
Design life (years) 40
Plant footprint (rA) ~24 000
RPV height/diameter (m) 11.1 /4.2 (inner)
RPV weight (metric ton) 180
Seismic Design (SSE) 0.269
Fuel cycle requirements / LEU, open cycle, spent fuel
Approach intermediate storage at the plant
Distinguishing features Inherent safety, no need for offsite
emergency measures
Design status The basic design of 30MWt/10MW

is in progress.

1. Introduction

PeLUIt stands foPembangkit Listrik datap-panas Industr{lndonesian) that means Nuclear Power
Plant for Cogeneration of Electricity and Industrial Heat. Currently, main developer of P&ELUIt
design is National Research and Innovation Agency (BRIN) and Bandung Institute of Technology
(ITB). In Indonesia, thewr d o6 Pel ui té means a O6whistl ed which
start the nuclear power plant era in Indonesia. Its initial nam&walstor Daya Eksperiment@®DE).

RDE was one of the national programs that supported the National MediunDeeetopment Plan
(RPJIMN) for 20152019. The main goal of the RDE development Programme was to build the national
capability to develop a nuclear reactor technology by mastering the design, construction project
management, commissioning, and operation nticlear power reactor. This goal is now continued

with the PeLUI#40 development. Furthermore, the nuclear reactor type selected for the program should
become the prototype design to be commercialized to contribute to enhancing the national energy
supplysecurity. The Pebble Bed Reactor (PBR) type of Higmperature Gasooled Reactor (HTGR)

was selected as the technology for this progranAmsound safety feature, optimum fuel utilization
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and flexible applications of the PBR technology are among the reasons for this decision. PBR has a
high safety level shown by a small radioactive release to the environment in any probable accident.

As part of the licensing procedure, BRIN (previously BATAN) already received the RDE Site Licensing
from the National Nuclear Regulatory Body (BAPETEN) in January 2017. The design approval phase
started in 2018 and 2019. However, the licensing proces$altsl due to a change in the national
main policy of nuclear reactor development. Although the research and development of HTGR is
continue, particularly related to safety analysis and its cogeneration potential. As the4teinifiated

and design devepment continue, recentlfommunication with BAPETEN is already started looking

for the opportunity to start design approval in late 2024 based on graded approach.

The general scheme of the PeLUIt system is shown in the figure below. The main components of the
nuclear island system are the reactor pressure vessel (RPV) and its internal, coaxial hot gas duct, the
main steam blower, and the steam generator pressigel \Rexts of the RPV internals are shown on

the right side of the figure below, such as the core and the graphite reflector surrounding the core. While
uprating the power level to 40MWH, it is targeted that the core and RPV dimensions are kept.
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PeLUIt Schematic System and Targeted Impact on Sustainable Development Goals

2. Target Application

The PeLUIlt, a small modular reactor (SMR) type cogeneration reactor, targets two primary
applications.

Currently, there are two target applications of PeLUIt as an SMR type cogeneration reactor. First, it
ai ms t o supp odeselizationdoy raptasing aodtly diedat generators in remote areas with
10 MWe reactors. PLN, the national utility compahgs a robust program for-déeselization. A total

5200 diesel unit in in 2130 location with total capacity of 2.37GWe is planning to be replaced in the de
dieselization program. Second, it seeks to contribute to hydrogen production, aligning with global
energy transition trends. Collaboration with a statmed energy company PLN Nusantara Power is
underway to develop the design and potential demo plant to prove the constructability, safety operation
and maintenance, and its capability to be coupledlid ®xide Electrolysis Cell (SOEC) to produce

a 172 kg/h low carbon hydrogen. To have the economic feasibility of the above utilization the power
level is uprated to 30MWt/10MWe from the initial 1L0MWt/3MWe of RDE. Although, initial reactor
physics safetghows the capability of PeLUit to be upgraded to 40MWi.

Another target utilization is for desalination as shown in the above figure of PeLUIt.

3. Main Design Features

(a) Design Philosophy

The PeLUlt is designed based on an established pbbbleeactor principle. The design employs the
TRISO-based fuel which provides a sound fission product retention capability resulting in allowable
release of radioactive material to the environmentyncandition of the core including the most severe
postulated accident. The core and reflector are dominantly composed of graphite which gives good heat
transfer and neutronic features. High heat conductivity and capacity of the graphite improve the heat
transfer characteristic of the design. It helps to improve the thermal neutron spectrum of the core due to
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its effective neutron thermalization capability. An inert He gas as the coolant avoids any chemical or
physical reactions. The nuclear island is applying a typicalsreede arrangement of the RPV and

Steam Generator Vessel which are connected by gasaiuct vessel. Each reactor module includes a
reactor pressure vessel (RPV); graphite, carbon, and metallic reactor internals; a steam generator; and
a main helium blower. The thermal power of each reactor module is in the range of 1CGNIMAV1.

Currently, main option which represent Pel-4@ is one with 30MWt or 10MWe power level. Each

power level options have a different pebble fuel consumption. The helium temperatures at the reactor
core inlet/ outlet are 250/700°C, and the steam parameters & MPa/ 520AC at t he
entrance. The nuclear island is coupled with a ~13MWe or 3 MW(e) steam turbine and additional heat
exchanger to accommodate coupling with cogeneration

(b) Reactor Core and Power Conversion Unit

The primary helium coolant works at a pressure of 3.0 MPa. Helium coolant enters the reactor in the
bottom area inside the pressure vessel with an inlet temperature of 250°C. Helium coolant flows upward
in the side reflector channels to the top reflectut 8p helium plenum and flows into the pebble bed

in a downward flow pattern. Bypass flows are introduced into the fuel discharge tubes to cool the fuel
elements there and into the control rod channels for control rod cooling. Helium is heated up in the
active reactor core and then is mixed to the average outlet temperature of 700°C and then flows to the
steam generator. The hot helium then transfers its energy to the feed water in the steam generator to
have a superheated steam of 520°C at 6 MPa flowitigetturbine to generate a 10MWe to ~3MVife.

the PeLUIt40 with power level of 10MWe, a specific turbine is chosen to have the possibility of
extracting the steam in medium/intermediate pressure to be directed to the heat exchanger and further
to SOEC gstem.

(c) Fuel Characteristics

Fuel elements are spherical ones. Every fuel element contains 5 g of heavy metal. The equilibrium core
has a 17% enrichment 8fU. Uranium kernels of ~0.5 mm in diameter are coated by three layers of
pyro-carbon and one layer of silicon carbon. Coated fuel particles are dispersed in matrix graphite with
5 cm in diameter. Surrounding the fuggntaining graphite matrix is a 5 mmahkigraphite layer. Up

to now, in the PeLUIt development the fuel is limited to the fuel which already tested and manufactured.
In particular, the same fuel design as in the HIIRJesign is chosen.

(d) Fuel Handling System

The operation mode of PeLUIt adopts continuous fuel loading and discharging: the fuel elements are
pneumatically lifted into the upper part of the reactor, drop into the reactor core using a single fuel
loading tube, then move downward across the corgtandgh a discharging tube at the core bottom.

The fuels will pass one by one through the singular. The geometry of discharged fuel elements is
checked in the faifuel separator. Failed fuel with geometrical defects will be separated and diverted
into thefailed fuel cask, while the good ones will continue to the hwormeasurement facility. Fuel
pebbles that have already reached the burnup target will be collected in the spent fuel cask while the
other will be redirected back into the core. For the mat$ fuel scheme option, gpss scheme is
applied. A OncelhroughThenOut (OTTO) fuel management scheme is considered as the main option
compared to muHpass. A simpler design that finally improves its tecBnonomic performance.

(e) Reactor Pressure Vessel and Internals

The primary pressure envelope of PeLUIt consists of the reactor pressure vessel (RPV), the steam
generator pressure vessel (SGPV), and the hot gas duct pressure vessel (HGDPV), which are housed in
a concrete shielding cavity. The material for the RPVIecsed based on ASME Section Ill. The RPV
consists of the vessel portion, closure head, and nozzles. The RPV internals include the ceramic internal
and metallic internal, as well as the control rod and control rod drive mechanism. The metallic internal
includes the core barrel with guides and supports, the lower structure with a bottom plate, and the top
thermal shield. The ceramic internal includes all the bottom, side, and top reflectors also the outer
carbon bricklayer.

4. Safety Features
The PeLUlt incorporates the established safety features of pebble bed typt HTGR design as follows: (1)
Maximum temperature of the fuel is below 1600°C in any condition, even in the most hypothetical
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accident; (2) With that maximum temperature, the TRE3®ed fuels contain all fission products to
ensure a nohazardous released to environment. Passive control safety features by the low power
density, a large negative temperature coefficient, and lmess reactivity (due to online refuelling).
Passive cooling safety features are supported by the physical properties of the graphite which is the
dominant material in the core and by the low diameter design of the core.

(a) Engineered Safety System Approach and Configuration

The PeLUlt employs a standard engineering safety system of the pebble bed type HTGR. This
engineered safety system functions to localize, control, mitigate and terminate accidents and to maintain
radiation exposure levels to the public below applicabl@dint applied the principles of redundancy,

high reliability, diversity, and single failure principlelt includes the ventilated loywressure
containment, reactor cavity cooling system, safety shutdown and protection systems, primary loop
isolation, seondary loop isolation, emergency steam generator drainage system, and main control room
habitability system.

(b) Reactivity control

PeLUIt is equipped with two (2) independent reactivity control or shutdown systems, a control rod
system and a small ball shutdown system. Control rods are used for shutdown, fine temperature
adjustment, and trimming. Each control rod can move in thesildetor columns independently. The

small ball shutdown system is provided for cold and {texgh shutdowns. The small ball shutdown
elements are stored above the top thermal shield and fall under gravity into reflector columns (slotted
holes) by demandlhe passive control capability of the reactor is supported by its strong negative
reactivity feedback and low excess reactivity.

(¢) Reactor Cooling Philosophy

In normal operation, the core is cooled by the helium coolant flowing to the reactor and inlet temperature
of 250°C. It reaches 700°C after absorbing the heat from the reactor, then the heat is transferred to the
secondary cycle in the steam generator.adratcident conditions, the cooling of the core depends on

its passive cooling system. After skddwn the core decay heat is dissipated passively through the core
structures to the RPV due to the sound thermal characteristic of the graphite. From thieeRi&¥dt

will be taken by the reactor cavity cooling system (RCCS) which operates passively based on natural
circulation. However, the main function of the RCCS is to protect the concrete of the cavity. Even if
the RCCS fails, basically the fuel temperatoan be maintained below the design limit.

(d) Containment Function

The containment capability of the PeLUIt design is based on abautier system. The TRISBased

fuel design, particularly the SiC layer, acts as the first barrier that maintains almost all of the fission
product. From the previous HTRel test, in pdicular the HTR10 fuel design which was adopted in
PeLUlt, the fuel was able to maintain its containment capability under the temperatures of 1620°C
which is not expected for any accident scenarios. The second barrier is the primary pressure boundary
which consists of the pressure vessels of the primary components. The third barrier is the ventilated
low-pressure containment as part of the engineered safety feature of the design.

5. Plant Safety and Operational Performances

The PelLUIlt is not yet constructed so there are no empirical safetppardtional performances.
However, it is expected that due to online refuelling features a better availability factor can be expected
compared with other power plants operating in a mode of periodic fuel loading. One of the priorities is
to conduct experients to evaluate plant operational safety performance using the PeLUIL.

6. Instrumentation and Control Systems

In general, the instrumentation and control system of PeLUIt is similar to those of normal PWR plants.
The Reactor Protection System (RPS) can measure important parameters related to reactor safety
including the neutron fluxes for the intermediate and porveeges, high and low Helium gas
temperature, the mass flow of the main helium coolant and feed water in the secondary system, and
pressure in the primary and secondary system.
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7. Design and Licensing Status

For the uprated 40MWt PeLUIt including the hydrogen production system is still in progress of working
the basic design. While for the initial LOMW!t RDE, the Site License was already issued by the Nuclear
Energy Regulatory Agency (BAPETEN) in 2017. Altigh initial processes of Design Approval were
already started in 2018 and 2019, the licensing of 10MWt RDE was halted. Communication with
BAPETEN is already started looking for the opportunity to start design approval in late 2024 based on
graded approach.

8. Fuel Cycle Approach

In the adopted fuel cycle, the pebble fuels that already reached their burnup limit are collected in the
spent fuel casks. These spent fuel casks are placed in the spent fuel storage room in the reactor building.
The spent fuel storage room is equippedhvét radiation and temperature monitoring and control
system. The casks and the room are designed to avoid the criticality of the spent fuels. The cask is
designed so that it can be placed in a standard LWR transport cask and be transported if necessary.

9. Development Milestones

2024 Start design approval at the Indonesian Regulatory Body (BAPETEN)
2026 Site Licensing

2027 Start Construction andommissioning Licensing.

2028 Start construction of the first fuficale NPP.

2031 Initial operation.
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Xe-100(X Energy, LLC, United States
of America)

All content included in this section has been provided by, and is reproduced with permiséignasfly, LLC United States of America

Hot gas duct

Helical
coil tubes

Feed water
inlet

Control rods
Pressure vessel

Pebble bed

Graphite side
reflector

Circulators

Parameter

Technology developer, country of
origin

Reactor type

Coolant/moderator

Thermal/electrical capacity,
MW(t)/MW(e)
Primary circulation

NSSS Operating Pressure
(primary/secondaryMPa
Core Inlet/Outlet Coolant
Temperaturg®C)

Fuel type/assembly array

Number of fuel assembliés the core
Fuel enrichment (%)

Core Discharge Burnuf@&Wd/ton)
Refuelling Cyclg(months)

Reactivity control mechanism
Approach to safety systems

Design life (years)

Plant footprint (M)

RPV height/diameter (m)

RPV weight (metric ton)

Seismic Design (SSE)

Fuel cycle requirements / Approach
Distinguishing features

Design status

Value

X-energy, LLC,United States of
America
Modular HTGR

Helium/graphite
200/82.5

Forced helium circulation
6.0/16.5

260/ 750

UCO TRISO/pebbles

220 000 pebbles per reactor
15.5

165

Online fuel loading

Thermal feedback & control rods
Passive

60

340m x 385m (4 reactor modules
with 4 turbines)
16.4/4.88

274

0.5g

Uranium once through (initially)
Online refuelling, core cannot melt
and fuel damage minimized by
design, independent radionuclide
barriers, potential for advanced fuel
cycles

Basic design

1. Introduction

The Xe100 is a pebble bed higemperature gasooled reactor with thermal rating of 200 MW. It
features a continuousfuelling system with low enriched fuel spheres or pebbles of approximately 15.5
wt% entering the top of the reactor and passing through the core six (6) times to achieve a final average
burnup of 16900 MWd/tHM.

2. Target Application
Process heatpplications, desalination, electricity andgeneration
3. DesignPhilosophy

A major aim of the Xel00 design is to improve the economics through system simplification,
component modularization, reduction of construction time and high plant availability
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4. Main Design Features

(a) Reactor Core

The Xel100 core comprises220 000 graphitepebblesfuel elements each containird8 000 UCO

TRISO coated patrticles. The core is graphite moderated with online refueling capabdigdvantage

of online refuelling is that the core excess reactivity is maintained at below 2% which means that no
burnable poisons are needed to ensure that the reactor reactivity remains within safe shutdown limits at
all times. This also improves theutron economy of the core and helps thel®@ to achieve an
average burup of 165000MWd/tHM. At full power approximately 173 fresh pebbles are added daily,

and a similar number are also removed as spent fuel

The core geometry (i.e. aspect ratio), power density, heavy metal loading and enrichment level have
been optimized to ensure that decay heat can be removed during even the most severe accident scenario
such as a total loss of power along with the losh@helium heat transfer fluid. During such an event,

known as a Depressurized Loss of Forced Cooling (DLOFC), the decay heat is removed passively
through making use of the thermal characteristics of the core and graphite core support structures

(b) Fuel Characteristics

TRistructural 1SOtropic (TRISO) particles are embedded in a graphite matrix pebble to form the fuel
element. Particles contain coated uranium oxide and carbide (UCO) kernels enriched at 15.5 wt% and
are slightly smaller in diameter (425 pm) than the u&l@d (500 um) fuel kernels used in Germany

and China. The optimized moderation ratio (NC/NA) yields a heavy metal loading of around 7 g/pebble.
This enables the X&00, under worst case water ingress scenarios, to be shut down with its reactivity
control aml shutdown system (RCSS). Moreover, the graphite shell does not melt but sublimes (changes
into vapor) at 38920°C (4200K) and fuel temperature never exceeds 1100°C during normal operation.
Therefore, Xenergy does not have to bear the same magnitude of costs related to the pressure vessel,
containment building, or safety systems as those of a traditional nptdea

(¢) Fuel Handling System

The fuel handling system (FHS) moves fresh fuel pebbles, upon arrival at the plant, to the reactor where
they remain until the fuel has been fully utilized. The pebbles areréimeoved from the reactor and
transferred to the spent fuel storage system. The FHS cosfwisemain subsystems/components:

new fuel loading systenfuel unloadingandrecirculation systenmfuel burnupmeasurement system;

and pent fuel handlingndstorage system

The FHS is a closed system which allows for 100% accountability of the fuel as it enters and exits the
reactor. Each time the fuel passes through the reactor the burnup is measured to determine the amount
of useful fuel available. If the fuel is not fulgpent, it is recycled through the reactor and remains in

the fuel handling system until spent and is then deposited into a spent fuel cask. These casks are stored
onsite for the life of the plant

(d) Reactivity Control

First and foremost, the reactor relies on a strong negative temperature coefficient to ensure nuclear
stability at all times. For operational reactivity control the reactor has a RCSS comprised of a bank of
nine control rods with BC as the main control poison. A second bank of nine rods remains in the fully
withdrawn position acting as reserve shutdown system primarily used for maintenance shutdown. The
negative temperature coefficient alone will shut the reactor down to a sadewhuwdondition without

the need for active reactivity control systems. The control rod and shutdown rods can however
individually shut down the reactor in a controlled shutdown operation. To achieve indefinite shutdown
at temperatures of about 100°C for maintenance, both bamkssarted. Due to continuous fuelling, a
minimum excess reactivity margin can be maintained. This margin is functionally selected to allow for
startup when performing loatbllow operation (100%10% 100%) and is sufficient to cover the effect

of Xeon deay.

(e) Reactor Pressure Vessel and Internals
The reactor pressure vessel (RPV) and internal structures are designed-yaaa Ige
5. Safety Features

The intrinsic safety characteristic of the plant is guaranteed by a relatively low power density of 4.8
MW/m?3, high thermal inertia of the graphitic internals and a strong negative temperature coefficient of
reactivity over the total operational regime of the reactor. Also, the use of qualified UCO TRISO coated
particle fuel provides excellent retention of fissiproducts at the source. The pressure boundary

184



provides a further independent physical barrier to retain the small amount of fission products that may
end up circulating in the helium and in graphite dust particles. The reactor building venting route also
minimizes the release of fission products bgtirgy through filtered release vents

(a) Engineered Safety System Approach and Configuration

The primary engineered safety systems are designed to be passive. Unintended plant transients are
avoided due to the small excess reactivity resulting from continuous fuelling. The RCSS insertion depth
during normal operation binds around tikks (1 nile = 100@cm), allowing for loaefollow operation

within the range of 100%40%-100%. Any spurious signal that would cause full withdrawal of the
RCSS would therefore only translate to a higher temperature and will not cause fuel.damage

(b) Decay Heat Removal/ Reactor Cooling Philosophy

Passive decay heat removal is possible, while the fuel temperature remains below admissible values.
The radionuclides remain inside the fuel even throughout extreme upset events. If the active heat
removal system is not available, then the core heat iswednpassively through: Conduction between

the pebbles and side reflector; Convection and thermal radiation to the core barrel, RPV; and, Reactor
Cavity Cooling System (RCCS). Loss of the RCCS does not result in a safety concern as decay heat
can be safelgissipated into the building structures and finally to the environment

(¢) Containment Function

Xe-100 dunctionalcontainmeriis based on TRISO coated particles serving as the primary barrier to
radionuclide release. The fuel element matrix contributes to additional resistance and adsorber surface
in diffusing radionuclides. The helium pressure boundary (HPB) is the secondepenuent barrier

while the reactor building serves as final barrier. In the event of a break in the HPB a building flap will
open, serving to let the helium escape to atmosphere through a filtered release vent to remove
radionuclides

6. Plant Safety and Operational Performances
The design has the following inherent safety characteristics and design features

Non-metallic fuel elementsi meltdown proof and efficient retention of radionuclides in the TRISO
coated particle fuel during normal operation allows for relatively clean helium circuits and plant
operations with low contamination of cooling gas and radioactivity release;

Helium i Chemically and radiologically inert helium is an effective heat transport fluid. Moreover, it
does not influence the neutron balance. Helium allows for very high coolant temperatures;

Graphite core structuresi allows for hightemperature operations and provides high thermal inertia
to the reactor resulting in slow transient response during a loss of active cooling.

(d) Engineered Safety System Approach and Configuration
The following is credited as safety systems (active and passive):

- Coated particle fuel elements;

- Reactor protection system (RPS);
Core support structures;

- RPV;

- Reactor building

(e) Operationaltransients and accidents
) Key safety features to limit plant transients

The RCSS insertion depth during normal operation binds around.-d.4Any spurious signal that
would cause full withdrawal of the RCSS would therefore only translate to a higher temperature that
would remain below an allowable value shown experimentally not to cause any fuel damage.
Furthermore, because the reactor cockiminternals are mostly graphite, this provides a high thermal
inertia that would cause any transient to be shating

(i) Key safety features to avoid core damage:

Features include the reactor core with a low power density, which is very robust and has a high thermal
capacity to make the reactor thermally stable during all operational and controlled procedures. Strong
negative temperature coefficients also contribatie excellent inherent safety characteristics

(iif) Key safety features to contain core damage:
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Core meltdown proof no Core Damage Frequency
(iv) Key safety features to reduce or eliminate large offsite release
Multiple T independent fission product barriers

- Qualified UCO TRISO coated particle fuel provides retention of fission products at the; source

- ASME designed pressure boundary provides a further reliable physical barrier to retain the small
amount of fission products that may end up circulating in the helndrin graphite dust particles;

- Afiltered and vented reactor building.

(v) Diversity and redundancy:

A series of independent fission product barriers providdandancy and diversity. Failure of any one
individual barrier will not impact the performance of another neighboring system/barrier

(vi) Worst accident scenario and release:

The Depressurized Loss of Forced Coolant (DLOFC) is the wass accident scenario. This assumes
the RCSS has also failed to insert. Under this scenario no fuel damage will be experienced

7. Instrumentation and Control Systems

The 1&C system consists of three layers: Distributed control system, investment protection system, and
reactor protection system. The human machine interface is configured in such a way that no operator
action is required to ensure safe shutdown of theteeduring all events

8. Plant Layout Arrangement

Control Room &
Electrical Building

Reactor buildings

Spent Fuel
Storage

Admin & B ™

Security

Cooling Towers Turbine Buildings

9. Design and Licensing Status
Conceptual design development and U.S. Nuclear Regulatory Commissi@epsing phase

10. Development Milestones

2019 Conceptual Design Development Complete

2021 Basic Design Development Complete

2021 Applications submitted to the U.S. Nuclear Regulatory Commission
2025 Start ofConstruction
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LIQUID METAL COOQOLED
FASTNEUTRON SPECTRUM
SMALL MODULAR REACTORS
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. 4S (Toshiba Corporation, Japan)

All content included in this section has been provided by, and is reproduced with permi§ishib& Corporation, Japan.

Parameter Value

Technology developer, country of Toshiba Energy Systems &

origin Solutions Corporation, Japan

Reactor type Liquid metal cooled fastactor
(pool type)

Coolant Sodium

Thermal/electrical capacity, 30/ 10

MW(t)/MW(e)

Primary circulation Forced convection

NSSS operating pressure Non pressurized

(primary/secondary), MPa

Core inlet/outletoolant 355 /510

temperature°C)

Fuel type/assembly array Metal fuel (UZr alloy) enriche

uranium

Number of fuel assemblies in the 18

core

Fuel enrichment (%) < 20%

Refuelling cycle (months) N/A

Coredischarge burnup (GWd/ton) 34
Reactivity control mechanism Axially movable reflectors / fixe

absorber
Approach to safety systems Hybrid passive and active
Design life (years) 60
Plant footprint (rf) 157 000
RPV height/diameter (m) 24135
RPV weight (metric ton) -
Seismic design (SSE) Seismic isolator

Fuel cycle requirements/approach Either onethrough scheme or clos
fuel scheme is applicable

Distinguishing features Core lifetime of ~30 years witho
on-site refuelling, passive walkaw
safety

Design status Detailed design

1. Introduction

The 4S (supesafe, small and simple) is a small sodiaaoled poottype fast reactor with metal fuel.
Beingdeveloped as distributed energy source for nputpose applications, the 4S offers two outputs

of 30 MW(t) or 10 MW(e) and 135 MW(t) or 50 MW(e), respectively. These energy outputs are selected
from the demand analyses. The 4S is alm@eder fast reamt. 4S reactor cores are designed to have

a lifetime of 30 years for the 30 MW(t) core and 10 years for the 135 MW(t) core. The plant electric
power can be controlled by the watgieam system, which makes the reactor applicable for a load
follow operationmode.

2. Target Application

The 4S is designed for electricity supply to remote areas, mining sites as well as-fdeatoo
applications. The plant can be configured to deliver hydrogen and oxygen using the process of high
temperature electrolysis.

189



This process can be performed without producing environmentally disadvantagemosllgts, such

as carbon dioxide. Two kinds of systems for-etectric applications can be incorporated in the 4S:

- Seawater desalination system: the 50 MW(e) 4S plant can produce fresh water at a rate of 168 000
me/day;

- Hydrogen and oxygen production system: hydrogen production rate for the 10 MW(e) and 50 MW(e)
4S is 3000 Nrfh and 15 000 Neh respectively.

Combinations of these systems and the turbine generator system as balance of plant (BOP), including
the capacity of each system, would be determined to meet the actual needs at any particular site.

3. Design Philosophy

The 4S reactor is an integral pool type with all the primary components installed inside the reactor
vessel (RV). The 4S design is optimized to achieve improvement of public acceptance and safety,
minimization of fuel cost and O&M cost, use of uranium fuith enrichment less than 20%, adequate

fuel burnup and reduction in core size.

4. Main Design Features

(a) Power Conversion

The steam turbine generator is used for converting nuclear power to electridity. nuclear steam

supply system (NSSS) consists of the primary cooling system, the intermediate heat transport system
and the water/steam system. The intermediate heat transport system has an EM pump, piping and a
steam generator (SG). The SG is a helomal type with wiremeshed doubtevall tube to prevent a
sodiumwater reaction in the event of the tube failure.

(b) Reactor Core

The core and fuel are designed to eliminate the need for refuelling during approximately 30 years for
the 10 MW(e)4S and to make all reactivity temperature coefficients negative. Metal fuel, which has an
excellent thermal conductivity, is applied. The e&eaan be operated by axially moving reflectors
installed outside of the core, upward from the bottom. No reloading or shuffling of fuel is required
during the whole core lifetime. The fuel element consists of fuel slugsarfdlloy, bonding sodium,
cladding tube, and plugs at both ends. Coolant inlet modules located beneath the fuel subassembly
provide a lower shielding for the reactor internal structures including the core support plate and air in
the reactor vessel auxiliary cooling system (RVACS).

(¢) Reactivity Control

The reactivity control during normal operation is by the axial movement of reflectors and using fixed
absorbers. The movable reflector surrounding the core gradually moves, compensating the burnup
reactivity loss over the 30 years lifetime. Therefore réaetivity control is unnecessary at the reactor

core side and this is an important factor to simplify the reactor operation. The transient overpower is
prevented by the limitation of higépeed reactivity insertion by adopting the very low speed driving
system.

(d) Reactor Pressure Vessel and Internals

The RV houses all the major primary components (integral type) including the IHX, the primary EM
pumps, the moveable reflectors which form a primary reactivity control system, the ultimate shutdown
rod which is a backip shutdown system, radial shieldirgsamblies, core support plate, coolant inlet
modules and fuel subassemblies. The RV provides a primary boundary for the primary sodium coolant,
and is designed with a pressure/temperature of 0.3 MP&5%08e design lifetime of the RV is 60
years as weéhs the other components.

(e) Reactor Coolant System

The primary sodium circulates from the EM pumps downward, driven by its pump pressure, and flows
through radial shielding assemblies located in the region between the RV and the cylindrical dividing
wall. The coolant flow changes its direction at the bottd the RV and then goes upward, mainly into

the fuel subassemblies and partly into the movable reflectors. The coolant flow is distributed
appropriately to fuel subassemblies of each type and to the movable reflectors. Here, the core barrel
separates theore and the reflector regions. Heat produced in the core is transferred to the coolant while
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it flows through the fuel pin bundles. The reflectors are also cooled so that the temperature becomes
sufficiently low and the temperature distribution is flattened to maintain integrity through the plant life
time. The coolant gathers at the hot plenuteraflowing through the fuel subassemblies and the
reflectors. The heated primary sodium then goes into the IHX to transfer heat to the secondary sodium.
During normal operation, the primary system is enclosed inside the RV; sodium coolant is circulated
by two EM pump units arranged in series. The heat generated in the reactor is transferred to the
secondary sodium via the IHX located at the upper region in the RV. The secondary sodium is circulated
by one EM pump unit. The heat is transferred to the wsié&am system via heat transfer tubes in the

SG. The heated water/steam is circulated by the feedwater pump.

() Secondary System

The secondary sodium loop acts as an intermediate heat transport system and consists of the EM pump,
piping, dump tank, and the SG. The secondary sodium coolant heated in the IHX flows inside the piping
to the SG where heat is transferred to water/stedra supplied to the steam turbine generator.

(g) Steam Generator

The 4S adopts a once through type dowldd tube SG with failure detection systems. The heat transfer
tube of the SG is a doubleall type. Between the inner and outer tube, wire meshes are installed, which
are filled with helium, to detect one side tifbdure prior to failure of the other side tube. It enables to
prevent sodiurwater reaction.

5. Safety Features

(a) Engineered Safety System Approach and Configuration

The philosophy of the 4S safety concepts is to put an emphasis on simplicity achieved using passive
and inherent safe features as a major part of the defence in depth (DiD) sttateggdition to the

inherent safety features, there are two independent systems for reactor shutdown. The primary shutdown
system provides for a drop of several sectors of the reflector, and thafablkitdown system provides

for insertion of the ultimatshutdown rod from a fully out position at the core centre. The teflec

and the shutdown rod are fallen by gravity on scram. Both the reflector and shutdown rod are each

capable of enough negative reactivity to shut down the reactor.

(b) Decay Heat Removal System / Reactor Cooling Philosophy

The water/steam syst Air outlet Air outlet or mal
shut down heat remoyva 1 .1 IRACS (Air Cooler) t he
core is transferred ' 1 Vi a
the intermediate hea Air ]_l—‘

forced convection an -»-;"Hsmiumﬂow from

a condenser. meomrml dda o \ :

water steam system i Airinlet — "{SG
accidents, two indep pl | = s are
provi ded; t he RVACS .

reactor auxiliary coG“a'dV““'\ﬁb L{ The
RVACS i s Compl et el Yy RVACS ':'{ e

decay heat fafonmt heregit Air flow pass

vessel (GV) using nNactuir ai ClI I LUl at 1 Uil [V air .
There is no val ve, vane, or damper in the flow ¢
operation, even when the reactor operates at rat
sufficient draft. The | RACS hr amoweg achgeay i me sste rhb
secondary sodium | oop. Heat is removed by forced
electric power is availabl e. I n addition, the |IF
through nadmurafl kdtricudiart iand sodium during | oss

(c) SpentFuel Cooling SafetyApproach/ System

Spent fuel after 30 years of operation is cool ec
in dry cask-4BorDthecadMWaendnovealtednbyfnat ur alNo ne
is required.
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(d) ContainmentSystem

The 4S adopts a cylindrical/ spherical contai nmer
and the top dome, whi ch csohvieelsditrhge pulpuge ra mrde gti hoen
on the shielding plug. The GV provides the secol
of the RV. Fo [

r the mitigation of sodium fire, ni
(e¢) ChemicalControl
4S does not have chemical control system.

6. Plant Safetyand Operational Performances

The 4S is designed to operate safely without ac
features to support swpgphrepetriatvi by swichgdaut drmhat
the fine motion refl ecdogtyf f(12i)n g oo fn efewde li ni mr etl loe
the 104BW(€B) reduction in maintenance requireme
(4) redusdriwinceofi nsnpecti ons achi @eved sy itzekdi rsg sa
sowrnc ool ed reactor and by applying a-bebdb-breakous
detection concept to ensure safety.

7. Instrumentation and Control System

The instrument and contr ol ssyasfteetny croen saitsetds soyfs tsea
related systems include the reactor protection

system (ESFAS) and the Yemdoheseshsydboewms shavemt
i nstrument s. The RPS is plant protection system

condition.

8. Plant Layout Arrangement
The plant | ayout of the 4S is optimized to meet
radiation zoning, piping and cabling; construct:i

(a) ReactorBuilding
The 4S -basadlaandl ear power station with the res¢
security considerations and to enhance protectio
including the concrete ysddros can be used for mor e

(b) Balanceof Plant
ThBOPNncl| adtigtagmr Bysébmcaged uedel
i Tur bGemee rBautidrdi ng
Th&€$| arotn soifosniree a a hamteur Giene s § 6 Saum.er v¢ taegdp p | i ed
framset egem et & hteurr bi ne.
i El e cPtorni8y st e ms
T h essyes ti ennaslt inptleanratigre n e ( B MG dhnea ipro wieran s & otdhgee ner at or
cirbue & kcCrRl)i epewgenerrabatt Ehgeisdl s onnetcotheeth i t
auxitnamyf OAMetewn!l 4 $bsu saersee paf aemdh menslepaf ab :d
t hneo-ol ddsl e styrsitblamcH d sy si pmo vwidiedle p aernaetregkeinecsye |
genenaldaotrt eri es.

9. Testing Conductedfor DesignVerification and Validation
Manegui pfmeaficdot ebbhe @rr f otrdneentdo n ¢ thseeap ax sapt eed thse
4SdesiThet e htasbee eopre r f olrantieh 0 s h inkeasbosd ituels ® d @ c ii Ini t y
Yokohasabhs uppolrotcianigd o IndWwh fedoel .| ewipeg itneeknbtsall i dat i on
wemper for med:

T Acri ekpalfiagreneuc desmginibhdde f |-eacrtorcwlwleendt al | i ¢

fuel
T Ther e sdsrubrpaf usd bas shealmbepp nf ibrnfmeledy dr aebit tng.
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il

|l

|l

Thec dleestt hree f | cercitmnee h awii SiMme@v e nheabse e r f or me d .
He attr a ncsifaerra c theert iwketeime sanatl hai r folfRWA Clsa vbee e n
confirmed.

Thbeedat ancshfaerrac todtrhies te@@ena e hatberecronf ibrymmedi um
testing.

Manuf actiunrvaebsitliid tayc t o m@esaqinleltedstdi nadmyd if Urbw st i ng
ot hEeMpunmepo mp |l et ed.

10.Designand Licensing Status

Licensingactivitiesfor the 4S designinitiated with the U.S. NuclearRegulatoryCommission(U.S.
NRC)in 2007.In pre-applicationreview,four meetingshadbeenheldin the pastandfourteentechnical
reportshavebeensubmittedto the U.S. NRC. Toshibais conductingthe detaileddesignand safety
analysisfor designapproval.ln parallel, ToshibaEnergySystems& Solutionscontinuesto look for
customers.

11.Fuel Cycle Approach

The4Sreactorcanbeappliedto eitheroncethroughfuel cycle schemeor closedfuel cycle schemelt
mainly dependon userc o u n fuel gyblespolicy. In the caseof oncethroughfuel cycle scheme,
spentfuel after30y e aaperdiionis cooledin thereactorvessefor oneyearandtemporarystoredin
dry caskfor the10MWe-4S.Then,it is eventuallyshippedto a permanentepository.

12.Waste Managementand DisposalPlan

Decommissioningat the endof-life was evaluatedsuch as sodium depositionand reactor vessel
depositioncanbe doneby following decommissioningnethodof EBR-Il andLWR plantin the US.
Sodiumwill bedisposedy following experimenbf EBR-Il. The RV without fuel andsodiumwill be
filled with concreteandtransportedo disposakite.

13.DevelopmentMilestones
2007
2008
2013

Licensing activity for the 4S design initiated with the U.S. NRC
Completion of four times public meetings@s-application review with the U.S. NRC
Completion of submitting 14 technical reports to the U.S. NRC
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ARC-100(ARC Nuclear Canada, Inc,
Canada

All content included in this section has been provided by, and is reproduced with permisaie€ duclear Canadénc., Canada

Muran Scale

Reacior
Cortainment

Reactor Core

1. Introduction

Control Rods

;/ Reactor Slo

(Concres)

Heat
Exchanger

Furp

Parameter

Technology developer, country of origit
Reactor type

Coolant

Thermal/electrical capacity,
MW(t)/MW(e)
Primary circulation

NSSS Operating Pressure
(primary/secondaryMPa
Corelnlet/Outlet Coolant Temperature
(°C)

Fuel type/assembly array

Number of fuel assemblies in the core
Fuel enrichment (%)
RefuellingCycle (monthg

Core Discharge Burnufis\Wd/ton)
Reactivity control mechanism
Approach to safety systems
Design life (years)

Plant footprint (r)

RPV height/diameter (m)

RPV weight (metric ton)
Seismicdesign (SSE)

Fuel Cycle requirements/approach
Distinguishing features

Design status

Value

ARC Clean EnergyCanada
LMFR (pool type)

Sodium

286/ 100

Forced circulation
Non- pressurized

355/510

Metal fuel (U-Zr alloy) based on
enriched uranium
99

Avg. 13.1

240

77

Control Rods

Passive, diverse, redundant
60

56 000

16.7/79

600

0.3 PGA

Metallic HALEU/Open cycle

Inherent safety with passive,
diverse and redundant decay hea
removal.Core lifetime of 20years
without refueling.
Preliminarydesign

The ARG100 is an advancesMR that utilizes proven prototype experience while integrating modern
design improvements. Itis a 100 MW(e) sodioooled, fast flux, poetype reactor with metallic fuel
that builds on the 3@ear successful operation of the EBReactor, built and opeted by the Argonne
National Laboratory in the U.S. The ARIDO effectively addresses the four challenges which have

limited the public acceptance and expansion of the nuclear industry. First, its 100 MW(e) electrical
generation capacity is less than daeth the capacity of traditional nuclear power plants, and,
consequently, its upfront cost will be affordable by a much broader range of customers in both the
developed and developing worlds. Second, because its coolant is liquid sodium instead ofswater, it
6fastd® neutrons have much more energy, giving
used fuel. Third, the ARQOO utilizes a metallic alloy of uranium instead of uranium oxide, which
provides the foundation for its inherent, walk awafgsa And fourth, the operator refuels this power
plant only once every 20 years, rather than every 28 months which is typical of the light water
reactors which dominate the current worldwide market. The long refueling cycle reduces operational
costs and complexity, opening markets in the third world and many isolategic#pplications.
Replacementfathe entire 20year fuel cartridge and its removal by the vendor for recycling greatly
reduces the risk of nuclear proliferation
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2. Target Application

The global energy industry is searching for an affordable, flexible, and mature-addigy nuclear

power solution to address the rapidly evolving energy market landscape and the geopolitics of

environmental regulation. The ARIDO offers has a uniquelstion to these challengésa solution

which can deliverBreakthrough economic§ilexible operations and load following to complement

intermittent renewable power sourcé&chnical maturity and demonstrated industrial reliability;
Inherent safety pesfmance;The ability to address the important issue of nuclear waste by

recycling over and over its used fuel

The ARG100is a lowrisk, low-cost, clean energy solution that is ready for +iean development

and deployment. It will initially target gridcale electricity generation markets in the developed world.
Also, its inherent safety and simplicity of operation make it ideally suited to satisfy electricity needs at
remote locations like mine sites aridetsmaller grid markets in the developing world that can
accommodate not much more than ¥(e). It will also be targeted at industrial hehydrogen
produwction andwater desalinationApplications.

3. Design Philosophy

The philosophy of the ARQOO reactor is to rely on simple, passive safety features to achieve reactor
safety under any normal operational occurrence or accident condition. Tha@Ri@as adopted five
traditional levels of safety for its defence in dep)hMinimize risk by the prevention of abnormal
operation and failure by maximizing safety margiis Protection against abnormal operations and
anticipated events via the large thermal inertia of the sodium ipy&trotection against DBA through
diverse and redundant systemg Control of severe plant conditions through designed passive and
inherent safety characteristics of the facjliy Protection of the public health and safety in case of
accidents by designing the inherent and passive safety characteristics such that operator intervention
and external power are not required for plant survival. Additionally, the design goal of this fihett

the evacuation zone is limited to the site boundary.

4. Main Design Features

(a) Power Conversion

The power conversion system of the ARQ0 consists of a sodium to water superheated steam
generator that powers an air cooled-meheat turbine generator set capable of producing 115 MWe.

(b) Reactor Core

The ARC-100 core consists of driver assemblies successively surrounded by steel reflector assemblies
and shield assemblies. The core is divided into inner, middle, and outer core zones to flatten the radial
power distribution. The fuel assembly contains fuekpeach of which provide a plenum to contain
fission gasesThe fuel is U10%Zr binary metallic fuel with an average uranium enrichment of 13.1%.
The maximum enrichment will be in compliance with IAEA requirements.

(c) Reactivity Control

The ARG100 core employs twindependent, safety grade, reactivity control systems. The Primary
System consisting of six control rods is designed to have sufficient reactivity worth to bring the reactor
from any operating condition to cold subcritical with the most reactive conseirddy stuck at the

full power operating position. Any operating condition includes an overpower condition together with
a reactivity fault. The Primary System also serves to compensate for the reactivity effects of the fuel
burnup and axial growth of thmetal fuel. The reactivity associated with uncertainties in criticality and
fissile loading is accommodated by the Primary Control System. The Secondary Control Rod System
consisting of three control rods is designed to shut down the reactor from artyngp=radition to the

cold shutdown, also with the most reactive assembly inoperative.

(d) Reactor Pressure Vessel and Internals

The Reactor Vessel contains the nuclear fuel and forms the coolant loop of the Primary Heat Transport
System. The primary coolant boundary is completely enclosed within the Reactor Vessel shell and top
plate which forms a pool of sodium. A cover gas ofoargheld at pressure slightly higher than
atmospheric pressure, resides above the sodium pool within the Reactor Vessel. The Primary System
boundary consists of the Reactor Vessel, the reactor top plate, and the top plate mounted components,
principally the intermediate heat exchanger. A Guard Vessel surrounds the Reactor Vessel shell to serve
as a leak jacket should the Reactor Vessel shell develop a leak. The core support structure uses a welded
connection at the bottom head of the Reactor Vessel. Qtharthe core support connections and
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shipping restraints, the vessel has no attachments and no penetrations below the reactor top plate.
Reduced number of penetrations below the reactor top plate and low operating pressure precludes any
pipe ruptures. Itis a key factor in the ability to kéegcore continuously cooled for the entire spectrum

of design basis events. The design lifetime of the reactor vessel, as well as the other components, is not
less than 60 years

(e) Reactor Coolant System

The primary circuit of the AR€O0O is the coolant loop of the reactor core which is contained within

the reactor vessel. Two Intermediate Heat Exchangers (IHX) serve as the method of transferring heat

to the Intermediate Heat Transfer System (IHTS), botclat ed wi t hin the react o
penetrate the redan from the hot sodium pool and transfer heat to the cold pool. Four submersible EM
pumps provide forced sodium circulation within the reactor

(f/ Secondary System

The secondary system is referred to as the Intermediate Heat Transport System (IHTS). The IHTS is
the fluid system for transporting reactor heat between the IHX and the steam generator. It consists of
two piping loops between the IHX, which resides inReactor Vessel, and the steam generator. Each
piping loop includes an EM pump and permanent magnet flowmeters in the cold leg. The system also
includes instrumentation for detecting steam generator tube leaks and a rupture disc driven pressure
relief linefor overpressure protection for the steam generator shell, intermediate piping and IHXs. The
steam generator, the sodium dump valve, the Intermediate Sodium Processing System are located in the
Steam Generator Building (SGB).

(g) Steam Generator

Thesteam generator is a helical coil, single wall tube, vertically oriented sdadiwrater counteflow
shellandtube exchanger. The steam generator provides the interface for where the sodium flowing in
from the IHTS heats the water to generate superthesitam for the steam turbine plant. Sodium is
distributed through the shell side of the steam generator while the water flows through the helical coil
tube bundles. The steam generator includes a cover gas space in the upper head of the steam generator
which accommodates sodium level changes due to intermediate sodium thermal expansion and pump
transients.

5. Safety Features

(a) Engineered Safety System Approach and Configuration

I'n the design, the reactordos inherent reactivity
in two ways:(i) The systems provide the basis for the reactor to passivelyegeifate its power

production to match the heat demand from the power converg@a without moving control rods

(passive load following)(ii) The sy st e mefencpim-doevpitdheé O6pr ot ecti on t o
progressions before the reactor reaches unsafe conditions, even if the control and safety rods fail to
scram.

(b) Decay Heat Removal System / Reactor Cooling Philosophy

TheBalance of Plant steam turbine generator system is relied upon for normal shutdown heat removal.
The ARG100 emergency Heat Removal systems consist of the follo@jrgirect Reactor Auxiliary

Cooling System (DRACSJji) Reactor Vessel Auxiliary (Air) Cooling System (RVACShe RVACS

always operates in a passive state, RVACS removes the reactor's decay heat through the Reactor Vessel
and Guard Vessel walls by radiation and convection to naturally circulating air outside the Guard Vessel
without exceding structural temperature limits. The DRACS is composed of three units operating in a
natural convection mode. Heat exchanger loops using NaK as an intermediate transfer heat from the
cold sodium pool to air heat exchangers in which the hot air vethg mtmosphere. DRACS can be

either passive or active using forced air convection

(c) Spent Fuel Cooling Safety Approach / System

Used fuel assemblies are temporarily storedassel at the outside of the core. Once sufficiently cooled,
the used fuel assemblies are periodically extracted and placed intesda drycask storage.

(d) Containment System

The ARG100 containment system is a Ldwakage containment type, where the reactor vessel is
designed to operate at near atmospheric pressure. Damage to the core does not directly relate to
radioactive releases as the high chemical compatibility betweefission products and the sodium
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coolant trap radionuclides. The core itself is isolated from the secondary side using an intermediate heat
transfer system, which itself limits if not prevents the propagation of nuclides via being pressurized
above the primary sodium loop.Cover Gas System is used to remove radionuclides from the cover

gas region. Radiation monitors are installed in the head access area and cover gas service vault to detect
any gas leakage. The slightly pressurized argon cover gas is circulated withiregfitage teliminate

sodium vapor, aerosols, and any other impurities. This monitoring system is also used to survey the
reactor cover gas to check for elevated fission gas levels that could indicate fuel failures. The
pressurization is used to ensure that no sodiilhbe released into the environment if a leak occurs.

Argon that is treated is reintroduced to reduce consumption.

(e) Chemical Control

The ARG100 sodium coolant and argon cover gas are continuously monitored. Both the primary and
secondary sodium coolant are cleaned using sodium cold traps. The primary sodium can also be directed
to a radionuclide trap in case of fuel pin failure.

6. Plant Safety and Operational Performances

The ARGL 00 wi | | reqguire only minimal active invol ve
will be to monitor plant behaviour and transient response to ensure that it is within the specific design
parameters. The core design features includey@lonup reactivity swing which reduces the need for

frequent control rod motion and the inherent load following characteristics of the reactor support
simplified load following operation.

7. Instrumentation and Control Systems

The failsafe safetyrelated shutdown Distributed Control and Information System (DCIS) is a three
division control and monitoring system design, each with separate and independent power supply
electrical systems. Divisions are used to support automatid®hin of the reactor and decay heat
removal via DRACS and RVACS. The system is designed to be able to operate with one division
continuously out of service when a design basis event occurs. The DCIS operates at low voltage as the
fail-safe shutdown systesrare designed to operate without electricity.

8. Plant Layout Arrangement

(a) Reactor Building

The Reactor Building is a cylindrical building made of reinforced concrete floors and walls. Roof
trusses and their supporting columns are made of structural steel. The Reactor Building Structure houses
the Primary Reactor System, reactor support and safetgrnsg. Theefuelling floor of the Reactor
Auxiliary Building Structure includes thefuellingand fuel handling systems and the overhead crane.

The design pressure and temperature of the Reactor Building will be established from maximum
calculated pressas and temperatures resulting from postulated design basis events including sodium
fires. The reactor building and the primary systems including the concrete silo will have a design life
of at least 60 years.

(b) Balance of Plant

The steam turbine is a n@aheat, air cooled, single shaft, single casing turbine with separate HP/IP/LP
sections. steam turbine with a single flow high pressure turbine and combined intermediate-and low
pressure turbine. The Condensate and Feedwategn$ysillects water from the main turbine and
auxiliaries after available thermal energy in the water has been extracted, conditions it, and returns it to
the steam generator at design temperature and preBsareirbine generator auxiliary systems provide
supportive services to the turbine generator via cooling, sealing, lubricating, and control functions to
sustain the operation and assure the maximum efficiency of the turbine generator.

9. Testing Conducted for Design Verification and Validation

An extensive suite of analysis codes compiled over the 30 years of developmental history of sodium
fast reactors provide a comprehensive theoretical and applied basis for th#0O8RE€actor. Efforts
are in progress to Verify and Validate the codes.

10. Design and Licensing Status

Based on the regulatory requirements applicable to new build projects in Canada, Arc Clean Energy
has successfully completed the CNSC VDR | process. Arc Clean Energy is now completing preliminary
design while progressing through VDR phase 1l. The siteysafesessment, environmental impact
assessment, and PSAR have started.
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11.Fuel Cycle Approach

The ARC100 core uses HALEU in metallic form alloyed with zirconium. The reference plan for the
FOAK demonstration unit is an fAopen fuel cycl eo
Repository (DGR). When theactoris refuelled after 20 years, spent fuel will be moved out of the core
region and eventually sent to-gite dry storage. After 60 years of operation and two refuelling cycles,

all of the spent fuel can be transferred to a DGR. The-ABCwill only produe about 300 spent fuel
asemblies over its 6@ear design lifeThe ARCG100 reactor is capable of closing the fuel cycle by
recycling its own metallic spent fuel. Given theyggar fuel cycle and a suitable decay period, recycling

the first core load would occur about 50 years after that initial load. The pyroproaeissoent metallic

fuels was developed bgNL and demonstrated during EBRoperation to successfully recycle
metallic fuel pins. A closed fuel cycle would be considered when reprocessing spent fuel is a licensed
activity by the regulatory body in Canadaceptable to the public, and economically viable. The-ARC

100 fuel fabrication process is suitable for shielded production of recycled fuel.

12.Waste Management and Disposal Plans

The low quantities of solid, liquid, and gaseous radioactive waste resulting from operations will be
handledand processed in a responsible and safe manner consistent with toé titatat that ensures
minimum exposure to all personnel handling, transporting, and processing the waste. Interim storage
will be stored on the site in defined areas and transpaateauthorized processing facilities at
appropriate times, dependent on the category and type of Wasig fuel assemblies are temporarily
storedin-vessel at the outside of the core. Once sufficiently cooled, the used fuel assemblies are
periodically extracted and placed into angite drycask storage. Long term storage is planned in
containers that meet the requirements for the deep geologjeagitory design of the Nuclear Waste
Management Organization (NWMQ)

13. Development Milestones

2020 ConceptuaDesigncomplete
2023 PreliminaryDesigncomplete
2026 Licenseto PrepareSite

2027 Licenseto Constructfor first unit
2029 Licenseto OperateFirst Unit
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BLUE CAPSULE (Blue Capsule
Technology, France)

All content included in this section has been provided by Blue Capsule Technology and is reproduced with permissianpdrikie ci

*NotBl:ue capsius el ideewsiidgnmet al cool ed but hashibeear filayt
grouped with LMFR designstonthéai 80théensogoat egobr el nn

Parameter Value
Technology developer, Blue Capsule Technology, France
country of origin
Reactor type Graphitemoderated, liquignmetat

cooled, hightemperature reactor

Coolant/moderator Sodium / Graphite
Thermal/electrical capacity, 150 MWth /50 MWe
MW(t)/MW(e)
Primary circulation Natural circulation

NSSS Operating Pressure 0,1 sodium /0,5 air
(primary/secondary), MPa

Core Inlet/Outlet Coolant 400 °C/ 750°C

Temperature°C)

Fuel type/assembly array  Prismatic, TRISO with Ugkernel

Number of fuel assemblies

the core

Fuel enrichment (%) 5% in=U

Core Discharge Burnup Approx 30 GWd/t
(Gwd/ton)

Refuelling Cycle (months) Continuous refuelling
Reactivity control Control rods

Approach to safetgystems Passive safety (natural coolant
circulation, TRISO failure
temperature significantly higher tha
sodium boiling point), ultimate air

coolant
Design life (years) 60
Plant footprint (rA) 690 (Reactor Building only)
External vessaliameter x @8 x 6

height (m)
RPV weight (metric ton)  Approx 130

Seismic Design (SSE)

Distinguishing features Fuel rods isol at
fuel 0), open sec

Design status Preconceptual design aridchnology
validation

1. Introduction

Blue Capsule is a 150 MWth reactor that allows onsitéocation at hardo-abate industries and is
designed to maximise the production of industgi@de heat in the form of air at temperatures up to
700°C. This output can be used directly for prehgatomponents or materials, transformed it
gradesteam at 650°C, or converted into electriaify to 50 MNe per unit The innovation lies in
deploying a crossver of sodiurrcooled and higltemperature reactor (HTR) technology, featuring
TRISO fuel ad primary loop at atmospheric pressure. The ultimate heat sink is ambient air in an open
circuit, with the air passing through the sodiam heat exchangers and then directed towards the
conventional, versatile part of the system, which interfaces dtfinal user facility.
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