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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 and expanding countries 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 provided through publication of status reports
and other technical documents.

Member States, both those launching their nuclear power programme and those with an existing nuclear power
programme, keep expressing their interest in information about advances in SMR design and technology
developments, as well as global trend of their deployment. The IAEA Division of Nuclear Power, which has
been facilitating Member States in addressing common technologies and issues for SMRs, plays a prominent
role in convening international scientific forums and technical cooperation in this field for the interested
Member States. The activities on SMRs are further supported by specific activities on advance water-cooled,
fast neutron spectrum, and high temperature gas cooled reactor technology development, as well as the non-
electric applications.

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 electricity grids. 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 suited for partial or dedicated
use in non-electrical applications such as providing heat for industrial processes, hydrogen production or sea-
water desalination. Process heat or cogeneration results in significantly improved thermal efficiencies leading
to a better return on investment. Some SMR designs may also serve niche markets, for example by deploying
microreactors to replace diesel generators in small islands or remote regions.

Booklets on the status of SMR technology developments have been published in 2011, 2012, 2014, 2016 and
2018. The objective is 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 covers land based and marine based water-cooled reactors,
high temperature gas cooled reactors, liquid metal, sodium and gas-cooled fast neutron spectrum reactors,
molten salt reactors, and the recent development of a sub-category called micro modular reactors with electrical
power typically up to 10 MW(e). For the first time also that the booklet provides some insights on associated
fuel cycles and radioactive waste management of the SMR designs reported herein. The content on the specific
SMRs is provided by the responsible institute or organization and is reproduced, with permission, in this
booklet.

This booklet is intended as a supplement to the IAEA Advanced Reactor Information System (ARIS), which
can be accessed at http://aris.iaca.org. Previous booklets published in support of ARIS are listed in Annex VIII.

This publication was developed by Nuclear Power Technology Development Section, Division of Nuclear
Power of the IAEA Department of Nuclear Energy in cooperation with Member States. The IAEA officers
responsible for this publication were F. Reitsma, M.H. Subki, J.C. Luque-Gutierrez and S. Bouchet of the
Division of Nuclear Power.
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INTRODUCTION

The TAEA’s Department of Nuclear Energy within its structure contains the Section for Nuclear Power
Technology Development that is tasked to facilitate efforts of Member States in identifying key enabling
technologies in the development of advanced reactor 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 focusing on specific needs of newcomer
countries are issued.

The world will need to harness all low-carbon sources of energy in order to meet the Paris Agreement goal of
limiting the rise in global temperatures to well below 2°C above pre-industrial 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 countries to boost
economic output and raise living standards. Together with hydropower, nuclear is the only low-carbon source
of energy that can replace fossil fuels for 24/7 baseload power.

There is increasing interest in small modular reactors (SMRs) and their applications. During the International
Conference on Climate Change and the Role of Nuclear Power held in September 2019, it was revealed that
SMRs are being considered by many Member States as a potential viable nuclear option to contribute
mitigating the climate change. SMRs are newer generation reactors designed to generate electric power
typically up to 300 MW, whose components and systems can be shop fabricated and then transported as
modules to the sites for installation as demand arises. Most of the SMR designs adopt advanced or even
inherent safety features and are deployable either as a single or multi-module plant. SMRs are under
development for all principal reactor lines: water cooled reactors, high temperature gas cooled reactors, liquid-
metal, sodium and gas-cooled reactors with fast neutron spectrum, molten salt reactors, and most recently
microreactors. The key driving forces of SMR development are fulfilling the need for flexible power
generation for a wider range of users and applications, replacing ageing fossil-fired units, enhancing safety
performance, and offering better economic affordability.

Many SMRs are envisioned for niche electricity or energy markets where large reactors would not be viable.
SMRs could fulfil the need of flexible power generation for a wider range of users and applications, including
replacing aging fossil power plants, providing cogeneration for developing countries with small electricity
grids, remote and off grid areas, and enabling hybrid nuclear/renewables energy systems. Through
modularization technology, SMRs target the economics of serial production with shorter construction time.
Near term deployable SMRs will have safety performance comparable or better to that of evolutionary reactor
designs.

Though significant advancements have been made in various SMR technologies in recent years, some technical
issues still attract considerable attention in the industry. These include for example control room staffing and
human factor engineering for multi-module SMR plants, defining the source term for multi-module SMR
plants with regards to determining the emergency planning zone, developing new codes and standards, and
load-following operability aspects. Some potential advantages of SMRs like the elimination of public
evacuation during an accident or a single operator for multiple modules are under discussion with regulators.
Furthermore, although SMRs have lower upfront capital cost per unit, their economic competitiveness is still
to be proven as these units are deployed in future.

A major milestone has been reached in SMR technology deployment. The Akademik Lomonosov floating
power unit in the Russian Federation with two-module KLT40S has been connected to the grid and started
commercial operation in May 2020. There are more than seventy (70) SMR designs under development for
different application. Two industrial demonstration SMRs are in advanced stage of construction: in Argentina
(CAREM, an integral PWR), in People’s Republic of China (HTR-PM, a high temperature gas cooled reactor).
They are scheduled to start operation between 2021 and 2023.

This booklet provides a brief introductory information and technical description of the key SMR designs and
technologies under different stages of development and deployment. To assist the reader to easily understand
the status of deployment, Table 1 lists all the SMR designs with the applicable technology along with the
output capacity, type of reactor and design institute information.



The 2020 edition comprises of six (6) parts arranged in the order of the different types of coolants, the neutron
spectrum adopted, and the sixth part is dedicated for microreactors, as a new sub-category within SMR and to
cover other SMRs that do not use the traditional coolants and/or fuel design, such as heat pipes.

Table 1: Design and Status of SMRs included in this Booklet

Output

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

CAREM 30 PWR CNEA Argentina Under construction
ACP100 100 PWR CNNC China Detailed Design
CANDU SMR 300 PHWR Candu Energy Inc (SNC- Canada Conceptual Design
Lavalin Group)
CAP200 200 PWR SNERDI/SPIC China Conceptual Design
DHR400 400 MW(t) LWR CNNC China Basic Design
(pool type)
HAPPY200 200 MW(t) PWR SPIC China Detailed Design
TEPLATOR™ 50 MW(t) HWR UWRB Pilsen & CIIRC CTU | Czech Republic Conceptual Design
NUWARD 2 x 170 PWR EDF, CEA, TA, France Conceptual Design
Naval Group
IRIS 335 PWR IRIS Consortium Multiple Countries Basic Design
DMS 300 BWR Hitachi-GE Japan Basic Design
Nuclear Energy
IMR 350 PWR MHI Japan Conceptual Design
SMART 107 PWR KAERI and Republic of Korea, Certified Design
K.A.CARE and Saudi Arabia
RITM-200 2x53 PWR JSC “Afrikantov OKBM” | Russian Federation Under Development
UNITHERM 6.6 PWR NIKIET Russian Federation Conceptual Design
VK-300 250 BWR NIKIET Russian Federation Detailed Design
KARAT-45 45-50 BWR NIKIET Russian Federation Conceptual Design
KARAT-100 100 BWR NIKIET Russian Federation Conceptual Design
RUTA-70 70 MW(t) PWR NIKIET Russian Federation Conceptual Design
ELENA 68 kW(e) PWR National Research Centre | Russian Federation Conceptual Design
“Kurchatov Institute”
UK SMR 443 PWR Rolls-Royce and Partners United Kingdom Conceptual Design
NuScale 12 x 60 PWR NuScale Power Inc. United States of Under Regulatory
America Review
BWRX-300 270 - 290 BWR GE-Hitachi United States of Pre-licensing
Nuclear Energy and Hitachi America, Japan
GE Nuclear Energy
SMR-160 160 PWR Holtec International United States of Preliminary Design
America
W-SMR 225 PWR Westinghouse Electric United States of Conceptual Design
Company, LLC America
mPower 2 %195 PWR BWX Technologies, Inc United States of Conceptual Design
America
PART 2: WATER COOLED SMALL MODULAR REACTORS (MARINE BASED)
KLT-40S 2 x35 PWR in JSC Afrikantov OKBM Russian Federation In Operation
Floating NPP
RITM-200M 2 x50 | PWR in FNPP JSC Afrikantov OKBM Russian Federation Under Development
ACPRS50S 50 PWR in FNPP CGNPC China Conceptual Design
ABV-6E 6-9 PWR in FNPP JSC Afrikantov OKBM Russian Federation Final design
VBER-300 325 PWR in FNPP JSC Afrikantov OKBM Russian Federation Licensing Stage




SHELF 6.6 PWR in NIKIET Russian Federation Detailed Design
Immersed NPP
PART 3: HIGH TEMPERATURE GAS COOLED SMALL MODULAR REACTORS
HTR-PM 210 HTGR INET, Tsinghua University China Under Construction
StarCore 14/20/60 HTGR StarCore Nuclear Canada/UK/US Pre-Conceptual Design
GTHTR300 100 - 300 HTGR JAEA Japan Pre-licensing
GT-MHR 288 HTGR JSC Afrikantov OKBM Russian Federation Preliminary Design
MHR-T 4 x205.5 HTGR JSC Afrikantov OKBM Russian Federation Conceptual Design
MHR-100 25-87 HTGR JSC Afrikantov OKBM Russian Federation Conceptual Design
PBMR-400 165 HTGR PBMR SOC Ltd South Africa Preliminary Design
A-HTR-100 50 HTGR Eskom Holdings SOC Ltd. South Africa Conceptual Design
HTMR-100 35 HTGR Steenkampskraal Thorium South Africa Conceptual Design
Limited
Xe-100 82.5 HTGR X-Energy LLC United States of Basic Design
America
SC-HTGR 272 HTGR Framatome, Inc. United States of Conceptual Design
America
HTR-10 2.5 HTGR INET, Tsinghua University China Operational
HTTR-30 30 (t) HTGR JAEA Japan Operational
RDE 3 HTGR BATAN Indonesia Conceptual Design
PART 4: FAST NEUTRON SPECTRUM SMALL MODULAR REACTORS
BREST-OD-300 300 LMFR NIKIET Russian Federation Detailed Design
ARC-100 100 Liquid Sodium | ARC Nuclear Canada, Inc. Canada Conceptual Design
4S 10 LMFR Toshiba Corporation Japan Detailed Design
microURANUS 20 LBR UNIST Korea, Republic of | Pre-Conceptual Design
LFR-AS-200 200 LMFR Hydromine Nuclear Energy Luxembourg Preliminary Design
LFR-TL-X 5~20 LMFR Hydromine Nuclear Energy Luxembourg Conceptual Design
SVBR 100 LMFR JSC AKME Engineering Russian Federation Detailed Design
SEALER 3 LMFR LeadCold Sweden Conceptual Design
EM? 265 GMFR General Atomics United States of Conceptual Design
America
Westinghouse LFR 450 LMFR Westinghouse Electric United States of Conceptual Design
Company, LLC. America
SUPERSTAR 120 LMFR Argonne National United States of Conceptual Design
Laboratory America
PART 5: MOLTEN SALT SMALL MODULAR REACTORS
Integral MSR 195 MSR Terrestrial Energy Inc. Canada Conceptual Design
smTMSR-400 168 MSR SINAP, CAS China Pre-Conceptual Design
CA Waste Burner 20 MSR Copenhagen Atomics Denmark Conceptual Design
0.2.5 MW()
ThorCon 250 MSR ThorCon International International Basic Design
Consortium
FUJI 200 MSR International Thorium Japan Experimental Phase
Molten-Salt Forum: ITMSF
Stable Salt Reactor - 300 MSR Moltex Energy United Kingdom / Conceptual Design
Wasteburner Canada
LFTR 250 MSR Flibe Energy, Inc. United States of Conceptual Design
America
KP-FHR 140 Pebble-bed salt KAIROS Power, LLC. United States of Conceptual Design
cooled Reactor America
Mk1 PB-FHR 100 FHR University of California United States of Pre-Conceptual Design
at Berkeley America
MCSFR 50 - 1200 MSR Elysium Industries USA and Canada Conceptual Design




PART 6: MICRO MODULAR REACTORS
Energy Well 8 FHTR Centrum vyzkumu ReZ Czech Republic Pre-Conceptual Design
MoveluX 3~4 Heat Pipe Toshiba Corporation Japan Conceptual Design
U-Battery 4 HTGR Urenco United Kingdom Conceptual Design
Aurora 1.5 FR OKLO, Inc. United States of Conceptual Design
America
Westinghouse eVinci 2-3.5 Heat Pipe Westinghouse Electric United States of Under Development
Company, LLC. America
MMR 5-10 HTGR Ultra Safe Nuclear United States of Preliminary Design
Corporation America

Part One: Land-based water-cooled SMRs. This part presents notable water-cooled SMR designs from
various configurations of light water reactor (LWR) and heavy water reactor (HWR) technologies for on-land
on-the-grid applications. These designs represent the mature technology considering most of the large power
plants in operation today are of water-cooled reactors. There are twenty-five (25) water-cooled SMR designs
from 12 Member States described in this booklet that comprises integral-PWRs, compact-PWRs, loop-PWRs,
BWRs, CANDU-type designs, and pool-type reactors for district heating. An integral-PWR with natural
circulation, designated as CAREM is finalizing construction for operation by 2023. Dozens of designs are
being prepared for near-term deployment, including the ACP-100 in China and NuScale in the United States.

Part Two: Marine-based water-cooled SMRs. This part presents concepts that can be deployed in a marine
environment, either as barge-mounted floating power unit or immersible underwater power unit. This unique
application provides many flexible deployment options. This booklet presents six (6) marine-based water-
cooled SMRs, some of them have been deployed as nuclear icebreaker ships. The first SMR connected to the
grid is from this category, with the deployment KLT-40S for the Akademik Lomonosov floating nuclear power
plant in Pevek, Russian Federation that started commercial operation in May 2020.

Part Three: High Temperature Gas Cooled SMRs: This part provides information on the modular type
HTGRs under development and under construction. HTGRs provide high temperature heat (=750°C) that can
be utilized for more efficient electricity generation, a variety of industrial applications as well as for
cogeneration. Eleven (11) HTGR-type SMRs are described in this booklet, including HTR-PM, which is the
next SMR to start operation in 2021 in China and three (3) HTGR test-reactors, two that have been in operation
for technology testing purposes in Japan and China for over twenty years.

Part Four: Fast Neutron Spectrum SMRs. This part presents eleven (11) SMR designs that adopt fast
neutron spectrum with all different coolant options, including sodium, heavy liquid metal (e.g. lead or lead-
bismuth) and helium-gas. Tangible advances in technology development and deployment on SMRs in this
category have been made. The BREST-OD-300, a lead-cooled fast neutron reactor is in the process of
construction at a site in Seversk, Russian Federation with a scheduled operation by end of 2026. This is a
demo-prototype project for future design with large power to enable a closed nuclear fuel cycle.

Part Five: Molten Salt SMRs. This part highlights ten (10) SMR designs from molten salt fuelled and cooled
advanced reactor technology (MSRs), which is also one of the six Generation IV reactor designs. MSRs
promise many advantages including enhanced safety due to salt’s inherent property, low-pressure single-phase
coolant system that eliminates the need of large containment, a high temperature system that results in high
efficiency, and flexible fuel cycle. Several MSR designs are conducting preliminary licensing activities in
Canada, United Kingdom and the United States.

Part Six: Micro-sized SMRs. This booklet now 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). They are from different types of coolant, including HTGRs and
designs that use heat pipes for heat transport. Several designs are undertaking licensing activities in Canada
and the United States for planned near-term deployment. In 2019 a site application was submitted by Global
First Power for a single small modular reactor using USNC’s Micro Modular Reactor (MMR) technology at
the Chalk River Laboratories site. Microreactors serve future niche electricity and district heat markets in
remote regions, mining, industries and fisheries that for decades have been served by diesel power plants. Six
(6) microreactor designs are included and discussed in this booklet.
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For this booklet, effort has been made to present all SMR designs within the above 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,
engineered safety features, plant arrangement, design and licensing status. Some SMR designers did not make
reportable new milestones or advances, however, their inclusion in the booklet are to the benefit of Member
State readers by providing lessons learned in design development. Not all small reactor designs presented can
strictly be categorized as SMRs. Some strongly rely on proven technologies of operating large capacity
reactors, while others do not 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.

This booklet is enriched with a set of annexes that provide Member States’ readers with various charts and
tables to understand the essential technical facts of SMR designs. The description of each annex is given below.
For the first time this edition of booklet many designs also contain information on the fuel cycle, waste
management and disposal plan and these are also summarized in new annexes. The particular concepts that
have been mentioned in these annexes are just examples useful to elaborate on possible different options. The
summaries provided have not undergone an official review by the IAEA. The views expressed do not
necessarily reflect those of the International Atomic Energy Agency or its Member States and remain the
responsibility of the contributors.

Annex I provides charts that summarize global SMR technology development and deployment. It includes a
SMR developers world map, general timeline of deployment, government and private sectors on SMR
technology development, and an interesting chart that presents stage of design or deployment of SMRs in terms
of their output capacity.

Annex II shows power ranges of SMR designs of different category of coolant and neutron spectrum.
Annex IIT shows comparison of main technical characteristics among several SMR Designs.

Annex IV recaps SMR design for different non-electric applications. A chart is provided that shows SMR
according to the core exit coolant temperature.

Annex V shows the dimensions of reactor vessels in water-cooled SMRs and HTGR-SMRs.

Annex VI provides a summary on the fuel cycle approach adopted in by SMR designs, furnished with a table
that categorize different SMR types according to the fuel cycle types (open or closed cycle), refuelling cycle
interval, enrichment level, spent fuel processing and conditioning, the use of Thorium-cycle and/or Plutonium
disposition and the use of spent fuel as fuel.

Annex VII provides a summary on the waste management approach, technology and disposal plan adopted by
SMR designs. It contains a table on the adopted categories, i.e. volume reduction and conditioning, waste
processing, storage approach, spent fuel pool cooling mechanism, spent fuel take back option, and market
potential.

Other booklets previously published in support of ARIS are listed in Annex VIII.
Annex IX contains a list of commonly used acronyms.

It is hoped that this booklet will be useful to Member States with a general interest in SMRs, as well as to those
newcomer countries looking for more specific technical information. It should also further promote
contributions to and the use of the ITAEA Advanced Reactor Information System (ARIS).

The technical description and major technical parameters were provided by the design organizations without
validation or verification by the IAEA. All figures, illustrations and diagrams were also provided by the design
organizations.

This booklet is a supplement to the IAEA Advanced Reactor Information System (ARIS, http://aris.iaea.org).
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CAREM (CNEA, Argentina)

All content included in this section has been provided by, and is reproduced with permission of CNEA, Argentina

STEAM GENERATORS
BARREL

1. Introduction

MAJOR TECHNICAL PARAMETERS

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 (%)

Core Discharge Burnup (GWd/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 or Approach

Distinguishing features

Design status

Value
CNEA, Argentina

Integral PWR
Light water / Light water
100/ ~30

Natural circulation
12.25/4.7

284 /326

UO:z pellet/hexagonal
61

3.1% (prototype)

24 (prototype)

14 (prototype)
Control rod driving

mechanism (CRDM) only
Passive

40

Not available

11/3.2

267

0.25g

390 full-power days and
50% of core replacement

(prototype)

Core heat removal by
natural circulation, pressure
suppression containment
Under construction (as

prototype)

CAREM is a national SMR development project, based on LWR technology, coordinated by Argentina’s
National Atomic Energy Commission (CNEA) in collaboration with leading nuclear companies in Argentina
with the purpose to develop, design and construct innovative small nuclear power plants with high economic
competitiveness and level of safety. CAREM is an integral type PWR, based on indirect steam cycle with
features that simplify the design and support the objective of achieving a higher level of safety. CAREM
reactor was 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.

3. Main Design Features

(a) Design Philosophy
CAREM is a natural circulation based indirect-cycle reactor with features that simplify the design and improve
safety performance. Its primary circuit is fully contained in the reactor vessel and it does not need any primary
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recirculation pumps. The self-pressurization is achieved by balancing vapour production and condensation in
the vessel, without a separate pressurizer vessel. The CAREM design reduces the number of sensitive
components and potentially risky interactions with the environment.

Some of the significant design characteristics are:

- integrated primary cooling system;

- self-pressurized;

- core cooling by natural circulation;

- in-vessel control rod drive mechanisms;

- safety systems relying on passive features.

(b) Nuclear Steam Supply System

CAREM is an integral reactor. Its high-energy primary system (core, steam generators, primary coolant and
steam dome) is contained inside a 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 up through 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.

(¢) Reactor Core

The reactor core of CAREM-25 has fuel assemblies of hexagonal cross section. There are 61 fuel assemblies
with about 1.4 meters active length. Each fuel assembly contains 108 fuel rods with 9 mm outer diameter, 18
guide thimbles and one instrumentation thimble. The fuel is 1.8% - 3.1% enriched UO,. The fuel cycle can be
tailored to customer requirements, with a reference design for the prototype of 390 full-power days and 50%
of core replacement.

(d) Reactivity Control

Core reactivity is controlled using Gd>O; as burnable poison in specific fuel rods and movable absorbing
elements belonging to the adjustment and control system. Neutron poison in the coolant is not used for
reactivity control during normal operation and in reactor shutdown. Each absorbing element consists of a
cluster of rods linked to a structural element (‘spider’), so the whole cluster moves as a single unit. Absorber
rods fit into the guide tubes. The absorbent material is the commonly used Ag-In-Cd alloy. Absorbing elements
are used for reactivity control during normal operation, and for shut down to produce a sudden interruption of
the nuclear chain reaction when required.

(e) Reactor Pressure Vessel and Internals

Reactor Pressure Vessel (RPV) of CAREM-25 has a height of 11 meters and is 3.4 meters in diameter, having
a variable thickness of 13 cm to 20 cm. The RPV is made of forged steel with and internal stainless steel liner.

(f) Steam Generator

In CAREM-25, twelve identical mini-helical vertical steam generators of the once-through type are placed
equidistant from each other along the inner surface of the RPV. Each consists of a system of 6 coiled piping
layers, 52 parallel pipes of 26 m active length. They are used to transfer heat from the primary to the secondary
circuit, producing superheated dry steam at 4.7 MPa. The secondary system circulates upwards within the
tubes, while the primary coolant moves in counter-current flow. To achieve a nearly uniform pressure-loss and
superheating on the secondary side, the length of all tubes is equalized. The steam generators are designed to
withstand the primary pressure without pressure in the secondary side and the entire secondary side is designed
to withstand primary pressure up to isolation valves (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 the liquid—steam equilibrium. The
large steam volume in the RPV, acting as an integral pressurizer, also contributes to damping of any pressure
perturbations. Due to self-pressurization, the bulk temperature at core outlet corresponds to saturation
temperature at primary pressure. In this way, typical heaters present in conventional PWR pressurizers are
eliminated.

4. Safety Features

(a) Engineered Safety System Approach and Configuration

The safety system of CAREM consists in two reactor protection systems (RPS), two shutdown systems, passive
residual heat removal system (PRHRS), safety and depressurization valves, low pressure injection system and
a containment of pressure suppression type. The two shutdown systems comply with requirements of
independence, separation and diversification and act automatically. Each can maintain the core sub-critical in
all shut down states; first shutdown system (FSS) consists of 9 fast shutdown rods and 16 reactivity adjust and
control rods located over the core. They fall by gravity when needed. Second Shutdown System consists in a
gravity assisted high-pressure injection of borated water from two tanks at high pressure, which actuates
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automatically when failure of the FSS is detected. For the grace period of 36 hours, core decay heat removal
can ensure safe core temperature due to availability of one out of two PRHRS in the case of loss of heat sink
or Station Black-out (SBO). In CAREM, SBO is classified as a design basis event. The PRHRS are heat
exchangers formed by parallel horizontal U-tubes (condensers) coupled to common headers. A set of headers
is connected to the RPV steam dome, while another set (condensate return line) is coupled with the RPV at the
inlet of the primary system side of the SG. Through natural circulation, the design provides core decay heat
removal, transferring it to dedicated pools inside the containment and then to the suppression pool. Two
redundant diesels provide emergency supply for active cooling systems for the long term. Despite the low
frequency of a SBO longer than 36 hours, provisions are considered for grace period prolongation by simple
systems supported by fire extinguishing system or external pumps and containment protection.

Regarding severe accident mitigation, provisions are considered for hydrogen control and for RPV lower head
cooling for in-vessel corium retention. Safety classification of systems, structures and components (SSCs)
important to safety is based on identification of low-level safety functions (LLSF) -derived from the
fundamental safety functions- and safety functional groups of SSCs that fulfil those functions. Criteria for
safety categories assignation to LLSF and classes to SSC are obtained from the way the principle of defence
in depth is internalized in the design, and probabilistic and deterministic considerations. Three categories and
classes are defined. This methodology, in accordance with IAEA SSG-30, provides a clear assignation of
design rules and requirements to systems important to safety and its SSCs.

(b) Containment System

The cylindrical containment vessel with a pressure suppression pool is a 1.2 m thick reinforced concrete
external wall having a stainless-steel liner inner surface and withstands earthquakes of 0.25g. It is designed to
withstand the pressure of 0.5 MPa. Ultimate heat sink inside the containment during the grace period provides
protection for extreme external events.

5. Plant Safety and Operational Performances

The natural circulation of coolant produces different flow rates in the primary system according to the power
generated and removed. Under different power transients, a self-correcting response in the flow rate is
obtained. Due to the self-pressurizing of the RPV (steam dome), the system keeps the pressure very close to
the saturation pressure. Under all operating conditions, this could prove to be sufficient to guarantee a
remarkable stability of the RPV pressure response. The control system is capable of keeping the reactor
pressure practically at the operating set point through different transients, even in case of power ramps.

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

7. Plant Layout Arrangement

» Reactor Building
» Containment
» Spent Fuel Pool
+ Safety & Process Systems |
» Control Room

e |Turbine Building |

 Service Building
+ Offices
» Changing rooms
« Emergency Control Room

CAREM plant layout

8. Design and Licensing Status

After obtaining the construction license, construction of the prototype started. Contracts with different
Argentinean stakeholders and suppliers for manufacturing of components have already been signed.
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Environmental impact study was approved by the local authority. Non-nuclear buildings first concrete was
poured in February 2014. The nuclear building is under construction.

9. Fuel Cycle Approach

The fuel cycle can be tailored to customer requirements, with a reference open fuel cycle design for the
prototype of 390 full-power days and 50% of core replacement.

10. 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 considered.

11. Plant Economics

As CAREM-25 is a prototype, plant economics is not provided.

12. Development Milestones

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

2001-02 The design was evaluated on generation IV international forum and was selected in the near term
development group

2006 Argentina Nuclear Reactivation Plan listed the CAREM-25 project among priorities of national nuclear
development

2009 CNEA submitted its preliminary safety analysis report (PSAR) for CAREM-25 to the ARN. Announcement
was made that Formosa province was selected to host the CAREM

2011 Start-up of a high pressure and high temperature loop for testing the innovative hydraulic control rod drive
mechanism (CAPEM)

2011 Site excavation work began and contracts and agreements between stakeholders are under discussion

2012 Civil engineering works

2014 8 February, formal start of construction

2023 First criticality
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ACP100 (CNNC, China)

All content included in this section has been provided by, and is reproduced with permission of CNNC (NPIC/CNPE), China

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/secondary), MPa
Core Inlet/Outlet Coolant
Temperature (°C)

Fuel type/assembly array

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

Core Discharge Burnup (GWd/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 or
Approach
Distinguishing features

Design status

Value

CNNC(NPIC/CNPE)
China
Integral PWR

Light water / light water

385/125
Forced circulation

15/4.6
286.5/319.5

UO02/17x17 square pitch
arrangement
57

<4.95

<52 000

24

Control rod drive mechanism
(CRDM), Gd0s solid
burnable poison and soluble
boron acid

Passive

60

200 000

10/3.35

300

0.3g

Temporarily stored in spent
fuel pools

Integrated reactor with tube-
in-tube once through steam
generator, nuclear island
underground

Detailed design

The ACP100 is an integrated PWR design developed by China National Nuclear Corporation (CNNC) to
generate an electric power of 125 MW(e). The ACP100 is based on existing PWR technology adapting verified
passive safety systems to cope with the consequences of accident events; in case of transients and postulated
design basis accidents the natural convection cools down the reactor. The ACP100 integrated design of its
reactor coolant system (RCS) enables the installation of the major primary circuit’s components within the
reactor pressure vessel (RPV).

2. Target Application

The ACP100 is a multipurpose power reactor designed for electricity production, heating, steam production or
seawater desalination and is suitable for remote areas that have limited energy options or industrial
infrastructure.
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3. Main Design Features

(a) Design Philosophy
The ACP100 realizes design simplification by integrating the primary cooling system and enhanced safety by
means of passive safety systems.

(b) Nuclear Steam Supply System

The integrated nuclear steam supply system (NSSS) design consists of the reactor core, and sixteen (16) once-
through steam generators (OTSG). The four (4) canned motor pumps are installed nozzle to nozzle to
the RPV.

(¢) Reactor Core

The 57 fuel assemblies (FAs) of ACP100 core with total length of 2.15 m core have a squared 17x17
configuration. The fuel Ua,ss enrichment is about 1.9-4.95%. The reactor will be able to operate 24 months at
balance fuel cycle.

(d) 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 control rod driving mechanism
(CRDM).

(e) 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 against over-pressurization in the case of strong
difference between core power and the heat removed from the RPV. The internals not only support and fasten
the core but also form the flow path of coolant inside RPV.

(f) Reactor Coolant System

The ACP100 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 postulated off normal conditions. The integral design of RCS
significantly reduces the flow area of postulated small break LOCA.

(g) Steam Generator

There are 16 OTSGs, which are mounted within the RPV. All the 16 OTSGs are fitted in the annulus between
the reactor vessel and hold-down barrel. The bottoms of OTSGs are limited their position by the hole on barrel
supporting hub, the heads are welded to the reactor vessel steam cavity.

(h) Pressurizer

The pressurizer of ACP100 is located outside of the reactor vessel. The pressurizer is a vertical, cylindrical
vessel with hemispherical top and bottom heads.

ACP100 demonstration NPP Aerial View.
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4. Safety Features

The ACP100 is designed with inherent and passive safety features, eliminating large bore primary coolant
piping which in turns eliminates large break LOCA. The passive safety system mainly consists of the passive
decay heat removal system (PDHRS), passive emergency core cooling system (ECCS), passive containment
air cooling system (PAS) and reactor automatic depressurization system (RDP).

(a) Engineered Safety System Approach and Configuration

The ACP100 is designed with several passive safety features and severe accident mitigation features. Enhanced
safety and physical security of ACP100 are made possible by arranging the nuclear steam supply system and
spent fuel pool underground. When the spent fuel pool is filled with spent fuel of 10 years, the pool cooling
water can cope for seven (7) days of cooling in the case of accident before boiling dry and uncovering fuel.
Severe accident prevention and mitigation are achieved through passive reactor cavity flooding preventing
RPV melt, passive hydrogen recombination system preventing containment hydrogen explosion and
maintaining the containment integrity after severe accidents, automatic pressure relief system and RPV off-
gas system to remove non-condensable gas gathered at RPV head after accidents.

(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, small-break LOCA (i.e., to prevent the change of beyond DBA
to severe phase). The PDHRS of ACP100 consists of one emergency cooler and associated valves, piping, and
instrumentation. The emergency cooler is located in the in-containment refuelling water storage tank, 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 seven (7) days without operator intervention or long term with IRWST
makeup water collected by gravity force from the steam condensed in containment.

(c¢) Emergency Core Cooling System

The emergency core cooling system (ECCS) consists of two coolant storage tanks (CST), two safety injection
tanks (SIT), an in-containment refuelling water storage tank (IRWST) and associated injection lines. The
ACP100 has a safety related direct current (DC) power source to support accident mitigation for up to 72 hours,
along with auxiliary power units to recharge the battery system for up to seven (7) days. After LOCA accidents,
the steam in containment is condensed continuously at containment internal face thus the heat is conducted to
containment, which is cooled by PAS, thus ensuring the containment integrity.

(d) In-Refuelling Water Storage Tank (IRWST)

The IRWST is a passive water tank, resting on the internal structure base slab. During refuelling operations, it
provides water for refuelling cavity, internals storage compartment and refuelling transfer canal to complete
the refuelling operation. Under the condition of LOCA and the steam pipe rupture, it provides water for
emergency reactor core cooling. In the severe accidents, water in it floods the internal structure under the
balanced water level due to gravity. During the operation of reactor automatic depressurization system, it
absorbs the sprayed steam from the RCS. During the operation of the passive residual heat removal cooler, it
works as the heat sink of the passive residual heat removal system.

(e) Reactor Pool

The reactor pool is used during refuelling operation or inspection of reactor internals. The reactor pool consists
of two compartments which can be separated by bulkhead: reactor cavity and internals storage compartment
adjacent to the reactor.

(f) Containment System

The ACP100 containment houses the RCS, the passive safety systems and the auxiliary systems. ACP100
adopts small steel containment cooled by air with no need of drive signal.

5. Plant Safety and Operational Performances

Nuclear safety is always the first priority. The ultimate 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 ACP100 ensures that radiation dose to the workers 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 accident sequences and even in the unlikely severe accidents, mitigation of accidents induced
influences can be ensured by implementing emergency plan. The design of ACP100 incorporates operational
experience of the state-of-the-art design. Proven technology and equipment are adopted as much as reasonably
possible.
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6. Instrumentation and Control Systems

The Instrumentation and Control (I&C) system designed for ACP100 is based on defence in depth concept,
compliance with the single failure criterion and diversity. The diversity in the design of I&C system is achieved
through: (1) different hardware and software 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. 1&C systems of the NSSS include reactor nuclear instrumentation system, RPS, diverse actuation
system, reactor control system, rod control and rod position monitoring system, reactor in—core instrumentation
system, loose parts and vibration monitoring system and other process control systems.

7. Plant Layout Arrangement

The ACP100 adopts compact single-unit plant layout, including nuclear island building (NI) and turbine
generator building (CI). The fuel building, electrical building and the nuclear auxiliary building are arranged
around the reactor building, allowing the NI building to work well with a smaller size. This layout can adjust
itself well to various kinds of plant sites. The operation platform of the reactor, the operation platform of fuel
and the transportation platform of the radioactive waste are arranged around the ground of the power plant,
which simplify the transportation of the fuel, radioactive waste and big equipment in the NI, to lower the using
frequency of NI hoists as well as the cost of construction.

The turbine generator building (CI) is arranged longitudinal to the main nuclear building. The head of steam
turbine faces towards the nuclear building. The moisture separator re-heater (MSR) is arranged on the other
side of operation layer of high-pressure cylinder. The plant is mainly equipped with turbine, generator,
excitation device, MSR, condenser, condensate pump, low-pressure heater, deaerator, feed pump and other
auxiliary equipment.

1. Reactor Building 6. Access Building

2. Connecting Building 7. Emergency Diesel Generator Building
3. Fuel Building 8. Auxiliary Diesel Generator Building
4. Electrical Building 9. Fire Protection Pump Station for NI

5. Nuclear Auxiliary Building 10. Emergency Compressor House

8. Design and Licensing Status

The ACP100 engineering basic design is close to completion and a preliminary safety assessment report
(PSAR) is finished. Passive emergency core cooling system, control rod drive system, and critical heat flux
have been tested. Passive containment air cooling system tests are still underway. CNNC is to submit a project
proposal to the National Development and Reform Commission (NDRC) for approval. CNNC/NPIC has built
up comprehensive testing facilities which fulfil the needs of ACP100 design, and the test results on crucial
technology provided the necessary basis for final design and safety evaluation of the reactor. Additionally, a
nuclear power plant site safety assessment report and a site stage environmental impact assessment report to
China’s regulator are supposed to be submitted for review. In April 2016, an agreement to conduct a generic
safety review for ACP100 was signed between the IAEA and CNNC. An industrial demonstration plant with
one 385MW(t) unit is planned in Hainan Province, China.

9. Fuel Cycle Approach
Spent fuel processing is similar to other nuclear power plants. It is temporarily stored in spent fuel pools.

10. Waste Management and Disposal Plan
Waste management approach and disposal plan is similar to other nuclear power plants.

11. Development Milestones
2016 Generic reactor safety review for ACP100 by IAEA finished.

2017 CNNC signed an agreement with the Changjiang municipal government in Hainan Province to
host the first of a kind (FOAK) ACP100 demonstration unit.

2018 Preliminary safety assessment report (PSAR) finished.
2019 PSAR submitted to National Nuclear Safety Authority
2019.07 Site Preparation started

2020.08 Target FCD
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CANDU SMR™ (Candu Energy Inc,
Canada)

All content included in this section has been provided by, and is reproduced with permission of Candu Energy Inc, Canada

1. Introduction

MAJOR TECHNICAL PARAMETERS

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 Outlet Coolant
Temperature (°C)

Fuel type/assembly array

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

Core Discharge Burnup (GWd/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

Candu Energy Inc. Member of the
SNC-Lavalin Group, Canada
Pressurized Heavy Water Reactor

Heavy Water (D20)
960 /300

Forced
9.9/4.6

310

37 elements
2064

Natural Uranium; not enriched
5.8

On-line

Zone controllers, mechanical adjusters
Combined active and passive
70 years

21 000

NA; Calandria

300

0.3g

Natural Uranium, once-through

Natural Uranium fuel (no
enrichment); high degree of
localization

Conceptual

The CANDU® Small Modular Reactor (SMR) is being developed as a proven and mature design to help
countries reach their goal of Net Zero. Built on proven CANDU® technology to be quickly deployable, this
300 MW(e) reactor features simplified systems, fewer components and a modular design. The design
objectives are a low-cost, low-carbon power with a high capacity factor in a compact layout.

2. Target Application

A CANDU SMR is designed to enable a fast deployment using proven technology, maintaining energy
independence by using natural uranium fuel from fuel manufacturers and avoiding the need to import enriched
uranium fuel. This maximizes identification and utilization of a high performing supply chain, minimizing
project delivery risk and creating high technology jobs in countries. The CANDU SMR (CSMR) offers a
smaller and more flexible source of carbon-free electricity. The CSMR is a Generation III+ reactor with a
design life of 70 years (extendable to 100 years) and a 90% capacity factor. It accommodates to a broad range
of potential reactor sites, with its 0.3g seismic design, compact shape and grid-stability features.

3. Main Design Features

(a) Design Philosophy

The CSMR is based on a decades-long proven design that is licensed in many countries operating CANDU
reactors. It meets modern regulatory requirements, with dedicated post-Fukushima features.

The CSMR does not require enriched fuel or a fuel-qualification program because it relies on natural uranium
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in the same fuel bundle employed in multiple CANDU6 reactors. To achieve this it uses heavy water for
moderation and cooling.

(b) Nuclear Steam Supply System

The CSMR is a horizontal pressure tube, pressurized heavy water reactor developed from the long lineage of
successful CANDU reactors. The reactor core consists of a horizontal calandria housing a set of pressure
tubes. The reactor coolant system consists of these pressure tubes, two steam generators, four primary
circulation pumps plus interconnecting piping and headers. The calandria itself is filled with heavy water that
surrounds the pressure tubes and provides neutron moderation plus an element of safety, with the calandria
operating as a core catcher for severe accidents.

(¢) Reactor Core

The CSMR core is 176 channels in a lattice of 14 rows and 14 columns. The channel array is 12’ 2 across.
The calandria main shell radius is 285 cm. Reactor is fueled by standard CANDU natural uranium fuel bundle.

(d) Reactivity Control

Reactor control uses eight zone control units to provide the primary means of reactivity regulation during
normal operation. The core design allows control to be achieved through very small changes in these zone
control units. The adjuster rods, absorber rods and ability to use soluble poisons found in traditional CANDU
designs are retained, as are two fully independent, diverse safety-shutdown systems: SDS1 and SDS2. Like
its predecessors, the CSMR provides safety shutdown reliability.

(e) Reactor Pressure Vessel and Internals

The reactor consists of a cylindrical calandria and end shield assembly that is enclosed and supported by the
cylindrical shield tank and its end walls. The cylindrical shield tank extension assembly closes the top of both
vessels. The calandria contains the heavy water moderator and reflector; the shield tank contains light water.
The seismically-qualified moderator system is independent from the pressurized heavy water heat transport
system (HTS) in the fuel channel assemblies and has the inlet and outlet nozzles connected high in the calandria
to enhance performance in the event of a severe accident.

(f) Reactor Coolant System

The HTS is a single figure-of-eight loop with two steam generators and four heat transport pumps. The HTS
is seismically qualified such that a seismic-induced LOCA is outside of the design basis.

(g) Steam Generator

Two steam generators are used, both with inverted U-tubes and integral steam drum and preheaters, and located
inside the containment structure.

(h) Pressurizer

The pressure and inventory control system include a pressurizer, bleed condenser, feed pumps (one operating;
one on standby), a storage tank and control valves.

4. Safety Features

The CSMR safety features establish defence-in-depth against radiological hazards. CSMR leverages the
inherent safety characteristics of the basic CANDU reactor design and supplements them with a judicious
application of passive and active safety features that emphasizes provenness and results in an improvement in
safety. The irradiated fuel bay is a robust, seismically qualified structure with a large volume of water relative
to the decay heat load of discharged fuel, providing many days of passive cooling in the event of a loss of
active heat removal.

The CSMR provides large volumes of water that are available to provide cooling to the core in the event of
accidents, including by passive means. In addition, it has a large containment volume, contributing to
minimizing hydrogen concentrations in severe accidents. The CSMR HTS is seismically qualified to the design
basis earthquake. The CSMR also makes use of loop subdivision and feeder interlacing to reduce the rate of
coolant voiding that is possible in the event of a large HTS pipe break.

The CSMR places all reactivity devices in the separate, low-temperature, low-pressure moderator, eliminating
pressure-driven ejection of reactivity devices from the design. The separation of moderator from coolant also
provides two separate heat removal means in the event of accidents and ensures that moderator temperature
feedback to the core physics is negligible in normal operation. The characteristic CANDU pressure-tube design
means that direct containment heating type of severe accident does not occur in this design.

(a) Engineered Safety System Approach and Configuration

All plant systems are assigned to one of two groups (group 1 or group 2) according to the CSMR grouping and
separation approach. Group 1 includes the power production systems and delivers safety functions for group
2 support. Group 2 includes the safety related systems required for mitigation of accidents and group 2 systems
are qualified or protected to provide safety functions in the event of severe external events. There is additional
separation within the groups.
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The CSMR has two separate shutdown systems. These are two fully-capable fast-acting means of shutdown
for use at the third level of defence in depth, fully independent of each other and of the reactor regulating
system which acts at the second level of defence in depth.

(b) Decay Heat Removal System

Decay heat removal is accomplished in CSMR by application of several provisions in the design, including
three group 2 systems, as follows:

The large inventory in the HTS, including the pressurizer inventory, provides heat removal for normal
operating transients. The HTS layout enhances natural circulation to the steam generators, which have a large
inventory. The steam generators have normal make-up capability and back-up feedwater.

When the steam generators are not available, or are not effective for heat removal, heat can be removed from
the HTS using the shutdown cooling system. Under emergency conditions this system can be valved in at full
HTS pressure and temperature.

(¢) Emergency Core Cooling System

The emergency core cooling system supplies emergency coolant to the reactor headers in the event of a loss-
of-coolant accident (LOCA). The system operation is divided into two parts, short-term injection and long-
term recirculation. Short-term injection consists of two stages: high pressure and low pressure injection. During
the high pressure injection stage, water from the accumulator tanks is injected into the HTS by pressurized
gas. After this water is depleted, low pressure injection automatically takes over, injecting water from a grade
level tank via the emergency core cooling pumps. A connection is provided to this tank for demineralized
water makeup, and for initial filling. For small LOCAs provision of steam generator crash cooldown and the
maintenance of continued feedwater flow is used instead of the ECC heat exchangers to provide cooling. The
crash cooldown is performed via the MSSVs.

(d) Containment System

The basic function of the containment system is to form a continuous, pressure-confining envelope about the
reactor core and primary cooling system in order to limit the release of radioactive material to the external
environment resulting from an accident. This accident could be either a failure of fuel cooling, or an accident
which releases radioactive material into the containment without a rise in containment internal pressure.

To achieve this overall function, the containment system includes the following related safety functions:

i. Isolation: to ensure closure of all openings in containment when an accident occurs.

ii. Pressure/activity reduction: to control and assist in reducing the internal pressure and free radioactive
material released into containment by an accident.

iii. Hydrogen control: to limit concentrations of hydrogen/deuterium within containment after an accident to
prevent detonation.

iv. Monitoring: to monitor conditions within containment and the status of containment equipment, before,
during and after an accident.

In addition to its safety role, the containment structure also serves the following functions:

i. To limit the release of radioactive materials from the reactor to the environment during normal operations.
ii. To provide external shielding against radiation sources within containment during normal operations and
after an accident.

iii. To protect reactor systems against external events such as tornados, floods, etc.

The containment system includes a reinforced concrete containment structure (the reactor building) with a
reinforced concrete dome and an internal steel liner, access airlocks, equipment hatch, building air coolers for
pressure reduction, and a containment isolation system.

5. Plant Safety and Operational Performances

The CSMR design aligns with the concept of defence in depth, leveraging inherent safety features through the
application of proven engineered systems with an emphasis on providing high reliability through a prudent
mix of active and passive features. The overall CSMR design philosophy is to reduce total unit energy cost by
reducing specific capital cost, shortening the construction schedule, reducing operating, maintenance and
administration costs and providing for plant life extension. In addition, CSMR enhances or improves the
traditional CANDU advantages including real safety, low man-rem exposure, high capacity factor and ease of
maintenance. Proven systems, system parameters, components, and concepts are used, including proven
technologies from other industries.

6. Instrumentation and Control Systems

The overall I1&C architecture and design is aligned with the five levels of defense-in-depth, with suitable
independence between the different levels. Most automated plant control functions are implemented in a
modern distributed control system (DCS) using a network of modular, programmable controllers that
communicate with one another using reliable, high-security data transmission methods. The plant is automated
to the extent that requires a minimum of operator actions for all phases of operation.
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The control systems are backed up by the safety systems, which include the two independent shutdown
systems, the emergency core cooling system, emergency heat removal system, and the containment system.
Each of these safety systems operates completely independent of the other and independent of the reactor and
process control systems. s

7. Plant Layout Arrangement

The CSMR layout is arranged to minimize and achieve a short
practical construction schedule. This is achieved by simplifying the
layout, optimizing interfaces, reducing construction congestion,
providing access to all areas, providing flexible equipment installation
sequences and reducing material handling requirements. The
principal structures of the CSMR include the reactor building, the =
reactor auxiliary building, the turbine building, the group 1 service - -

building and maintenance building. The auxiliary structures include L. e
the Group 1 pump house (main pump house), Group 2 pump house ]
and administration building. In general, Group 1 systems sustain ]

normal plant operation and power production, while Group 2 systems | T— }_
have a safety or safety support functions. -
\

Plant Layout

8. Design and Licensing Status

Candu Energy Inc. has requested the CNSC to initiate the formal Vendor Design Review (VDR) process for
the CSMR design, which will be conducted based on the regulatory requirements applicable to the new build
projects in Canada. The design of CSMR is at the Conceptual Design stage. The current scope is to confirm
the safety and OPEX driven design changes affecting NSP in support of licensing review, and to finalize the
testing schedule to support Preliminary Safety Analysis Report (PSAR) development and detailed design.

9. Fuel Cycle Approach

The standard CSMR uses a once-through fuel cycle based on natural uranium, producing a very low residual-
uranium spent fuel with low heat generation. It is also capable of burning recovered uranium from light-water
reactors, making it a valuable addition to any light-water fleet. The use of MOX and Thorium fuels are also
possible with suitable customization.

10. Waste Management and Disposal Plan

The CSMR implements systems and equipment for handling radioactive wastes consistent with the state-of-
the-art in Canada. The radioactive waste management systems are designed with the objective of limiting
routine releases in accord with the ALARA principle. Facilities are provided for interim storage, or controlled
release, of all radioactive gaseous, liquid and solid wastes.

It is anticipated that most of the of low-level and intermediate-level solid waste produced over the reactor’s
70-plus year lifetime will be stored at the waste management area, with high-level waste being stored on-site
in a dry storage facility. Candu Energy Inc. is working on establishing the plan to safely store, handle and
dispose of all the spent fuel including the on-site storage, long term storage and potential design for new long-
term storage containers that meet the requirements for the deep geological repository design of the Nuclear
Waste Management Organization (NWMO).

11. Development Milestones

2020 Conceptual Design complete
2022 Detailed Design complete
2025 First Concrete for first unit
2028 First Unit in service
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CAP200 (SNERDI/SPIC, China)

All content included in this section has been provided by, and is reproduced with permission of SNERDI/SPIC, China.

MAJOR TECHNICAL PARAMETERS

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 (%)

Core Discharge Burnup

Value
SNERDI/SPIC, China

PWR
Light water/ Light water
660/ >200

Forced circulation
15.5/-

289 /313

UO:z pellet/17x17 square
89

4.2 (Average)
37 (Average)

(GWd/ton)

Refuelling Cycle (months) 24

Reactivity control mechanism Control rod drive mechanism
and soluble boron

Approach to safety systems Passive

Design life (years) 60

Plant footprint (m?) -

RPV Height/Diameter (m) 8.845/3.280

Seismic Design (SSE) 0.30 (g)

Distinguishing features Compact layout; Passive safety;
Underground containment

Design status Conceptual design finished

1. Introduction

The China Advanced Passive pressurized water reactor 200MW(e) (CAP200) is one of the serial research and
development products of PWRs adopting passive engineered safety features initiated by Shanghai Nuclear
Engineering Research and Design Institute (SNERDI). The design of CAP200 is based on more than 45 years
of experience in PWR R&D, and more than 20 years of experience in PWR construction and safe operation in
China. It is the outcome of accumulated experience and achievements of the world's first batch of AP1000
units and the R&D of CAP1400. Furthermore, it adopts safety enhancement measures based on lessons learnt
from the Fukushima event. Figure 1 shows reactor system configuration of CAP200.

2. Target Application

CAP200 is designed for multiple applications, such as nuclear cogeneration and replacing retired fossil power
plants in urban areas. It can be used as a supplement to large PWRs.

3. Main Design Features

(a) Design Philosophy

CAP200 is a small PWR which is designed with improved safety, flexibility and environmental friendliness,
and is also comparable with other SMRs on economy. Compared with large PWRs, CAP200 has a number of
advantages such as higher inherent safety, lower frequency of large radioactivity release, longer time of post-
accident no operator intervention, smaller environmental impact, lower site restrictions, shorter construction
period and smaller financing scale as well as lower financial risk. The main features of this reactor are as
follows:

- Compact primary system: Steam generators (SGs) are connected to reactor pressure vessel (RPV) directly
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and main pipes are eliminated. Compact layout of system and components results in lower risk and
possibility of loss of coolant accidents and smaller primary system footprint.

- Modular design and fabrication: main modules can be fabricated in factory and transported to the site for
installation. Construction period can be shortened because of high modularization.

- Redundant and diverse safety features: redundant and diverse active and passive safety features are
deployed, which ensures the reactor core safety and extremely low risk of large radioactivity release.

(b) Nuclear Steam Supply System

The NSSS of CAP200 consists of reactor pressure vessel (include [HP), steam generators, reactor coolant
pumps, pressurizer and auxiliary systems. Due to the cancellation of RCS pipe, the radioactivity containment
capability of CAP200 is better than traditional PWR.

(¢) Reactor Core

The CAP200 reactor core adopts two different types of control rod assemblies. There are 37 assemblies in
total. The high worth assemblies are known as “black” rods. These are used for shutdown and large swings of
reactivity. The grey rods with lower worth are used for load-follow during operation of a fuel cycle to avoid
adjusting soluble boron concentration, which results in a substantial reduction in waste water generation and
treatment for PWR required to execute load-follow operation.

(d) Reactivity Control

Core reactivity is controlled by both soluble boron and control rods. CAP200 is capable of load following
without boron dilution. Nevertheless, the control rods need repositioning when boron dilutes. This method
suppresses the excess reactivity with soluble boron as conventional PWR does, but to a large degree simplifies
the conventional boron system and the dilution operation.

(e) Reactor Pressure Vessel and Internals

The reactor pressure vessel (RPV) of CAP200 is designed with reference to that of CAP1400. The difference
is in the inlet and outlet of RPV. The pressure nozzles are used in the case of CAP200, to connect RPV and
SGs replacing main pipes. The vessel is cylindrical with a removable flanged hemispherical upper head and
hemispherical bottom head. The area with highest neutron fluence of active core region of the vessel is
completely forged and free of welding which enhances the confidence of 60 years’ design life and decreases
the task of in service inspection. As a safety enhancement, neutron and temperature detectors enter the reactor
through upper head of reactor vessel which eliminates penetrations in the lower head of RPV. This reduces the
possibility of a loss of coolant accident (LOCA) and uncovering of the core The core is positioned as low as
possible in the vessel to decrease re-flood time in the event of an accident. Furthermore, this arrangement is
very helpful for successful execution of IVR. The reactor internals, installed in RPV, provide support,
protection, alignment and position for the core and control rods to guarantee safe and reliable operation of
reactor. The reactor internals consist of the lower internals and the upper internals. The core shroud made of
stainless steel is welded which eliminates the occurrence of reactor core damage induced by loosening of baffle
bolts. The reactor internals design of CAP200 takes the inner pressure nozzle installation into consideration.

(f) Steam Generator

The steam generator (SG) of CAP200 is vertical U-tube type with 3861 tubes made of thermally treated nickel
chromium iron Alloy 690 on a triangular pitch, to fulfil the requirement of heat transfer capacity. The design
parameter of steam exit from SG is 6.06 MPa and 183.6 kg/s for thermal design flow rate with no tube plugged,
respectively. Pressure nozzles are used to connect RPV and RCP directly with SG. The inner duct of the
pressure nozzle connecting RPV with SG side is welded to the partition board of SG water chamber. The
nozzles are designed with two ducts. For the nozzles between RPV and SGs, hot water flows in the inner
circular duct and cold water in the outer annular duct. Stainless steel bars have been installed in bend area to
preclude occurrence of damaging flow induced vibration under all conditions of operation. The feedwater
spray nozzle is at top of the feed ring and adopts the separated start-up feedwater pipe which eliminates thermal
stratification and prevents occurrence of water hammer. The SG channel head is divided into three parts, hot
channel, cold channel, and a third channel through which the coolant is pumped back into reactor vessel.

(g) Pressurizer

The pressurizer of CAP200 is a typical steam-type with electrical heater at the bottom and spray at the top.
The pressure control is steady and reliable. The pressurizer is a vertically mounted cylindrical pressure vessel
with hemispherical top and bottom heads which adopts the traditional design that is based on proven
technology. The pressurizer volume is designed to be large which increases margins for transient operation and
minimizes unplanned reactor trips and provides higher reliability. In addition, fast-acting power-operated relief
valve, which is one of the reactor coolant system leakage sources and the component requiring potential
maintenance, won’t be needed because of the improved transient response by using large volume pressurizer.

(h) Reactor Coolant Pump

Both leak-tight canned motor pump or wet coil pump are possible choices for the RCP of CAP200. There is
rich experience of use of canned motor pump and wet coil pump in nuclear power plants, and the current
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advanced large nuclear reactors are also employing canned motor pump or wet coil pump. The RCP is designed
to produce a head of 65m at design flow rate of 12000 m3/h with a cold leg temperature of 289°C. The reactor
coolant pump has no shaft seals, eliminating the potential seal failure LOCA, which significantly enhances
safety and reduces pump maintenance. The pumps have an internal flywheel to increase the pump rotating
inertia and thereby providing a slower rate-of-flow coastdown to improve core thermal margins following the
loss of electric power.

4. Safety Features

CAP200 adopts passive safety systems which take advantage of natural forces such as natural circulation,
gravity and compressed air to make the systems work, offering improvements for plant in simplicity, safety,
O&M, availability and investment protection. No active components such as pumps, fans and other machinery
are used. A few simple valves align and automatically actuate the passive safety systems. The passive safety
systems are designed to meet criteria of single failure, independence, diversity, multiplicity.

(a) Hydrogen control system

During degraded core accident, hydrogen will be generated at a greater rate than during the design basis LOCA,
and the hydrogen control system is designed to deal with the risk. The hydrogen control system consists of
hydrogen monitoring system and Passive Auto-catalytic Recombiners (PARs) system. The hydrogen detectors
are installed in the region of containment dome to measure the concentration of hydrogen which may be
transferred to main control room and remote shutdown station. Passive auto-catalytic recombiner system is
installed to control the hydrogen concentration in containment without exceeding regulatory requirement.

(b) Passive core cooling system

The main function of passive core cooling system is to provide emergency core cooling during postulated
design basis accidents by supplement and boration to RCS after non-LOCA accidents and safety injection to
core after LOCA. Passive core cooling system forms core decay heat removal pathway together with passive
containment cooling system. For CAP200, Passive Safety Injection System combined with the Passive Decay
Heat Removal System is referred as the Passive Core Cooling System.

Cooling water

storage tank

;Y‘assivc core cooling system l

ADS

(SG )
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Cooling Water

Sump

(¢) Passive Containment Cooling System

The containment of CAP200 is submerged in a water pool. After a steam line break accident or a loss of coolant
accident, heat will be transferred from steam in containment to the water pool. The water pool is safety-related
and prevents the containment from exceeding the design pressure and temperature following a postulated
design basis accident by cooling the outside surface of containment, as shown in the above figure.
The inventory in the water pool can last at least 7 days after an accident. The passive containment cooling
system works without operator control or external assistance.

5. Plant Safety and Operational Performances

Moderating and maximizing the time response of event loads relative to their limits is a focal point in
improving the reactor inventory and cooling safety functions. The total inventory and its distribution
throughout the system factor into this assessment. Further, reserve primary coolant from interfacing safety
systems, most notably the RWST, can extend these time response periods both temporally and to a broader
range of off-normal plant states. The arrangement of reactor core and steam generator thermal centers is crucial
to the plant's capability to remove heat by natural circulation following a loss of forced circulation. For
CAP200, these two components are vertically separating within an integral pressure vessel.
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6. Instrumentation and Control Systems

The instrumentation and control (I&C) system provides the capability to monitor, control and operate plant
systems. It functions to (1) control the normal operation of the facility, (2) ensure critical systems operate
within their designed and licensed limits, and (3) provide information and alarms in the control room for the
operators. Important operating parameters are monitored and recorded, during both normal operations and
emergency conditions to enable necessary operator actions. The 1&C system is implemented using modern,
scalable digital technology.

7. Electric Power Systems

Electric power system has three levels to satisfy the defense-in-depth requirement. The first level is the AC
power supply for plant operation load which is supplied by main generator and off-site power sources. The
second level is the AC distribution system and the non-Class 1E DC and UPS system for the permanent non-
safety loads. The third level is the Class 1E DC and UPS system, which is used to supply safety related loads
essential to emergency reactor shutdown, containment isolation and other essential function during design
basis accident.

8. Conventional Island Systems

The system configuration and general layout of CAP200 are similar to traditional NPP. Considering the
CAP200 is close to the user, the turbine of CAP200 is designed to be capable of different types of extraction,
and which enables CAP200 to meet different levels of heating and industrial steam supply requirements.

9. Plant Arrangement

(a) Reactor building

The reactor building is placed underground, which is suitable for various geological conditions. It can adapt to
the site conditions of most potential sites and islands.

(b) Nuclear island layout

The size of Nuclear Island is minimized by both system simplification and adoption of passive design. Compact
RCS especially eliminates main pipes and allows reactor building to be smaller.

The number of system component is reduced by adoption of large capacity equipment, common use of single

equipment for different systems, for example, replacing the polar crane by a travelling crane to use both for
reactor building and auxiliary building, etc.

10. Design and Licensing Status
Conceptual design finished

11. Development Milestones

2014 Conceptual design started
2015 Conceptual design finished
2018 Further deepen conceptual design
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1. Introduction

|

MAJOR TECHNICAL PARAMETERS

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 (%)

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

Reactivity control mechanism

Approach to safety systems

Design life (years)
Plant footprint (m?)
Pool depth/diameter (m)
Seismic Design (SSE)
Distinguishing features

Design status

Value

China National Nuclear
Corporation (CNNC), China
Pool type reactor

Light water / light water

400 / does not produce
electricity
Forced circulation

0.3 (Core inlet pressure)
68 /98

UO: pellet / 17x17 square
69

<5.0
30

10

Control rod drive mechanisms
Inherent safety features with
large water volume in the reactor
pool

60

40 000

26/10

0.3g

Coupling with desalination and
radioisotope production

Basic design

The DHR400 is a pool type District Heating Reactor with a thermal power of 400 MW. The DHR400 operates
under low temperature in atmospheric pressure. Established light water reactor technologies are used in the
design of DHR400. Inherent safety features are incorporated to enhance its safety and reliability. Significant
design features include: Large water inventory in the pool that provides large thermal inertia and a long
response time, thus enhances the resistance to system transients and postulated accidents. It has low probability
of core meltdown that eliminates the large radioactivity release and simplifies the off-site emergency response.
Simplification in designs and convenience in maintenance lead to the improvement in economics. With high
reliability and inherent safety features, DHR400 can be located in the vicinity of the targeted heating supply
area.

2. Target Application

DHR400 is a multi-purpose application reactor for district heating, sea water desalination and radioisotope
production. The reactor is designed to replace traditional small regional heating plants using coal to minimize
waste and reduce air pollution in northern parts in China.

3. Main Design Features

(a) Design Philosophy
The DHR400 is designed based on the pool type research reactor. It operates under low temperature in

atmospheric pressure above the water surface. With the deep of the pool, appropriate core outlet water
temperature is achieved by the static pressure of the water layer. The design configurations preclude the loss
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of coolant accident (LOCA), control rod ejection accident and the loss of decay heat removal capability.
DHR400 is moderated by low pressure water, which via the negative temperature reactivity coefficient, assures
inherent reactor shutdown at abnormal situations. The DHR400 design also adopts proven pool type reactor
technology, design simplification, convenient maintenance, highly automation and reduced operators to obtain
enhanced safety and improved economics.

(b) Nuclear Steam Supply System
Not Applicable (N/A).

(¢) Reactor Core

The core of DHR400 consists of 69 fuel assemblies. Each fuel assembly is 2.1 m long and its design is modified
from the standard 17x17 PWR fuel assembly with 264 fuel rods, and 9 supporting tubes. The fuel is UO, with
Gd as a burnable absorber. The Ujss enrichment is below 5%. The reactor operates 150 days per year (typical
5-month winter period in northern China) and a three-batch refuelling is conducted off power on a 10-month
refuelling cycle.

(d) Reactivity Control

Reactivity control during normal operations is achieved through control rods. Two separate shutdown systems
are used for reactor shutdown and scram events. Fuel rods containing different mass ratios of gadolinium oxide
are introduced in all fuel assemblies to maintain reactivity during burnup and for flattening the axial power
profile.

(e) Reactor Pool and Internals

The reactor pool is a cylinder with an inside diameter of 10 m and an overall height of 26 m, containing the
core structure, core shroud, four attenuation barrels, four inertial tanks, the residual heat removal system, the
core supporting foundation and the seismic stabilizer brackets inside its 25 m depth of water. The pool is buried
underground with an elevation of its bottom of -26 m. The pool is made of reinforced concrete with an inner
layer of 5 mm stainless steel and an outer layer of 10 mm carbon steel. The thickness of the surrounding
concrete layer is 1.0 m and the bottom plate is 2.0 m thick. The upper head includes a carbon steel truss and a
stainless-steel plate, connected to the concrete wall of the pool and provides support for the control rod driven
mechanism and the control rod guide tubes. One meter below the upper head there is a gaseous space, which
is connected to an engineered venting system to exhaust vapour and other gases. Above the reactor pool there
is a 2m thick movable reinforced concrete plate. The overall structure of the reactor pool provides great
resistance to external events including airplanes. The large water inventory in the pool water provides large
thermal inertia and a long response time, thus enhances the resistance to system transients and accidents. These
features ensure that the core will not melt down under any accident.

(f) Primary Coolant System

During normal operations, a 68°C inlet water enters the core from the bottom, the water is then heated to a
98°C. The outlet water enters the 4 attenuation barrels through the rising barrel right above the core. The water
rises slowly in the attenuation barrels and then enters four separate primary pump room through the pool wall.
The water entering the primary pump room flows into the primary heat exchanger through two electric isolating
valves. Inside the primary heat exchanger, the primary water is cooled to 68°C by the secondary side water and
then pumped back to the upper part of the reactor pool through another two electric isolating valves. The water
then flows down to the bottom and enters the core again. No boiling will occur during normal operations.

(g) Secondary Coolant System

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

(h) Primary Heat Exchanger

The DHR400 uses 8 plate heat exchangers in its primary coolant system to transfer heat to the secondary loop.
Plate heat exchanger is suitable for low temperature difference water-to-water heat exchange for its small
resistance and high efficiency. The leak tightness of the plate heat exchanger is considered to be highly reliable.
Even under the circumstances of leakage, the coolant leaks outwards to the pump room. This feature provides
advantages to radioactivity isolation.

(i) Primary Heat Cooling System

The residual heat cooling system of DHR400 consists of two parts, a 2.4-MW in-pool natural circulation
cooling system and a 4 MW out-pool forced circulation cooling system. The temperature of the reactor pool
water is kept below boiling point after shutdown and a temperature of 40°C can be achieved with the residual
heat cooling system.
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4. Safety Features

The DHR400 is designed with inherent safety features. These include a large volume of water in the reactor
pool, two sets of reactor shutdown systems, pool water cooling system and a decay heat removal system. With
these designs stable long-term core cooling under all conditions can be achieved.

(a) Engineered Safety System Approach and Configuration

Instead of augmenting additional engineered safety systems the DHR400 emphasise on inherent safety
features. The great heat capacity of the 1800 tons of water inside the reactor pool ensures that the reactor core
will be kept submerged in all circumstances, thus no core melt down could occur. It has negative temperature
and void reactivity feedback; therefore the power increase can be effectively restrained. In the event of severe
accident, the reactor can automatically shutdown by the inherent negative reactivity feedback, and the reactor
core will be kept submerged for as long as 26 days even with no further intervention.

(b) Containment System

There are four barriers precluding a radioactive release to the environment in DHR, including the fuel coating,
the reactor pool, the earth around the pool and the reactor building on top of the pool. Due to the low operating
temperature and atmospheric pressure on the top of the reactor pool, there are no high-pressure events and
instead of a containment, a confinement building is sufficient for protection. The location of the reactor
assembly below ground and submerged in 1800 tons of water makes DHR400 highly resistant to external
events including aircraft crashes. Additional protection is provided by the reactor building above the pool.

(c) Waste Gas Treatment System

A waste gas treatment system is introduced to store and decay short life gaseous fission products and to absorb
krypton and xenon isotopes.

5. Plant Safety and Operational Performances

Two independent systems are provided for reactor power control and to ensure safe reactor shutdown. Reactor
cold start-up and rapid start-up can be achieved safely due to the negative temperature reactivity coefficient.
6. Plant Layout Arrangement

The layout of the DHR400 is illustrated below. The principle structures are the reactor main building, the
cooling water pump room, the exhaust tower, the desalination building, the treated water room, the chlorine
production room, non-radioactive oily sewage treatment room and the auxiliary building. The reactor is
seismically and tsunami qualified in accordance with site conditions.

Reactor hall

Heating

supply
ildi

+14.00m

Heating circuit

Secondary loop

Primary loop
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(a) Reactor Building

The reactor building consists of a sealed hall and auxiliary buildings including heating supply room,
radioactive waste storage and treatment room and others. The layout is illustrated in the following figure. The
reactor building is equipped with closed circuit monitoring system to oversee and protect the area.

(b) Balance of Plant

i. Heating Supply Building

The heating supply system is located in the heating supply building. The secondary system transfers heat to
the heating supply system.

ii. Desalination Systems
Sea water desalination systems are used in conjunction with the secondary system.

7. Design and Licensing Status

DHR400 is finalizing the preliminary design (some parameters might change with the optimization of DHR400
design) and seeking for construction license in early 2019. DHR400 has a target commercial operation date of
2021 for the first plant that is expected to be built in Xudapu, Liaoning, China.

8. Development Milestones
2019 Construction licence

2021 Commercial operation
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HAPPY200 (SPIC, China)

All content included in this section has been provided by, and is reproduced with permission of the SPIC, China.

1. Introduction

MAJOR TECHNICAL PARAMETERS

Parameter

Technology developer, country
of origin

Reactor type
Coolant/moderator

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

NSSS Operating Pressure
(primary/heating), MPa
Core Inlet/Outlet Coolant
Temperature (°C)

Fuel type/assembly array

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

Core Discharge Burnup
(GWd/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

State Power Investment
Corporation, Ltd. (SPIC),
People’s Republic of China
PWR

Light water / light water
200/ 0 (thermal power only)

Forced (2 pumps)
0.6/0.8

80/120

UOz / Square 17x17
37

2.76 avg / 4.45 max
40

18

Rods

Active / Passive

60

1150

6.0/2.25

26

0.3g

LEU / once through

Pool-loop combined type
reactor, heat generator.
Detailed Design

The Heating-reactor of Advanced low-Pressurized and Passive SafetY system — 200 MW(t) (HAPPY?200) is a
so called pool-loop combined type reactor, which has both features of swimming pool reactor and PWR to
some extent. The HAPPY200 operates under low temperature and 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 advantage of external 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; proven technology; 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.

2. 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 operated for 4-8 months each year during the winter. Its non-electric
applications include sea water desalination, house cooling in summer, energy storage etc. without any need of
substantial design change.

29



3. Main Design Features

(a) Design Philosophy

The HAPPY200 draws on the mature operating experience of light water-cooled reactors, pool reactors and
passive nuclear safety technology. HAPPY200 adopts proven equipment, such as shortened fuel assembly,
plate-type heat exchanger, etc. This equipment has full operational record, high reliability and high
maintainability. The primary safety objective of HAPPY200 design is practical elimination of core melting
and technical cancellation of off-site emergency, so that the reactor can meet basic evaluation principle for
heating reactor formulated by the Chinese National Nuclear Safety Administration.

(b) Primary Circuit ~

During normal operation, the 80°C inlet water enters into the core . l ! !
from the bottom, and the water is then heated to a temperature of \Tf—d -
120°C. The outlet water enters the 2 hot legs and then enters four - "iRL.

separate primary heat exchangers. Inside the primary heat
exchanger, the primary water is cooled to 80°C by the secondary
side water. The water flowing through the primary exchangers
enters 2 cold legs separately. The water then flows down to the
bottom and enters the core again. No boiling will occur during
normal operations.

(¢) Reactor Core and Fuel

The core of the HAPPY200 consists of 37 fuel assemblies. Each
fuel assembly is 2.1 m long and its design is modified from a
standard 17x17 PWR fuel assembly with 264 fuel rods. The fuel
is UO; with Gd as a burnable absorber. The Uxss enrichment is
below 5%. The reactor operates 180 days per year (typical 6-
month winter period in northern China) and a three-batch
refuelling is conducted off power on an 18-month refuelling
cycle.

(d) Secondary Side

The secondary coolant system is an isolated sealed intermediate
loop that separates the primary loop and the third loop while
transfer heat from the primary to the third. The pressure of the
secondary loop is designed to be higher than that of the primary |
loop, so there is no chance that the radioactive primary side water  |c_.io.2 c_10_20
could contaminate the third loop. ‘ ‘

C_10_20 C_10_20

C_10_20 Cc_10_20

(e) Reactivity Control

HAPPY200 uses 21 control rod clusters to provide enough
reactivity 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 is non-soluble
boron in the core, the reactor is operated by shifting control rods to maintain criticality.

C_10_20(C_10_20(C_10_20

(f) 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.

4. Safety Features

The primary safety objective of HAPPY200 design is practical elimination of core melting and technical
cancellation of off-site emergency. To achieve this safety objective, the safety concept of HAPPY?200 is based
on inherent safety features, the defence in depth principle, the use of passive systems to prevent accidents and
mitigate their consequences, and multi-barriers to the release of radioactive materials into the environment.

(a) Engineered Safety System Approach and Configuration

HAPPY200 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 anti-seismic system. The safety systems of HAPPY200 consist of: redundant
shutdown system, passive feed-bleed system (PFB), passive residual heat removal system (PHR), passive pool
air cooling system (PAC), etc. These systems could maintain core integrity through the plant lifetime.
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(b) Decay Heat Removal System

The passive residual heat removal system is designed to
remove the residual heat from the reactor core during
unexpected operational occurrences and events, especially
for the non-LOCA events. It consists of two series vertical
tube heat exchangers connected with the hot legs and cold
legs of each loop. The passive residual heat removal mode
is provided by the natural circulation of the coolant in
primary circuit through the heat exchangers, which use the
large capacity pool water as the heat sink. The heat sink
capacity is adequate to passively cool down the reactor and
prevent hazardous superheating of the core.

(¢c) Emergency Core Cooling System

Pool water heat sink is used for emergency core coolant
injection and residual heat removal.

(d) Containment System

The containment of HAPPY200 is a steel shell type, acting  Engineered safety features:
as the last barrier of fission product. It also partially  _| pascive Residual Heat removal System
functioned as heat removal sink to environment during 2 Passive Safety Iniection Svst

normal operation and accident condition.it is partially -~ rassive gety njection System
deployed underground. A total of 5 safety barriers: fuel -3 Passive Air Cooling System

pellet, fuel cladding, primary circuit system, large volume

shielding pool and steel containment.

5. 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 away the decay heat without relying on the external power supply by the inherent
safety features and passive safety system.

6. Instrumentation and Control Systems

The instrumentation and control (1&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.

7. Plant Layout Arrangement

HAPPY200 is designed to be sited in inland areas near the targeted heating supply area centre. No special
requirements to adapt with the local air temperature, humidity and other conditions. The principle structures
are the reactor building, electrical building, fuel building and auxiliary building. HAPPY?200 unit itself does
not generate 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 away the
decay heat without relying on the external power supply by the inherent safety features and passive safety
system. HAPPY200 does not discharge waste heat or require a large amount of cooling water, because the
plant design adopts closed cycle. By using closed cycle, the amount of water replenished in normal operation
is small and 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 radius is expected to be approved by the regulators.

(a) Engineered Safety System Approach and Configuration

The reactor 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 disasters. 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 air cooling system, chemical and volume control system, equipment cooling water 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, battery, ventilation system, fire protection system, and so forth.

(¢) 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 control system, etc.
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(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.

8. Design and Licensing Status

HAPPY200 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 meets regulatory 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 environmental impact assessment report to the
Chinese regulatory authorities

9. 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 the 3-year cycle, the reactor should be shutdown for six months
every year. However, there is no need for refuelling 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.

10. 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. Once-through fuel cycle option is considered after plant site decommissioning.
Spent fuel leave at safety level and transfer to specific disposal site.

11. Development Milestones

2015 Start market investigation and concept design (changes)
2016 Concept design completed

2019 Start pre-project work in north of China

2022 To start construction of a proto-type NPP in China
2024 Target commissioning and commercial operation dates
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Czech Republic)

TEPLATOR™ (UWB Pilsen & CIIRC CTU,

All content included in this section has been provided by, and is reproduced with permission of UWB Pilsen & CIIRC CTU Prague, Czech Republic

1. Introduction

MAJOR TECHNICAL PARAMETERS

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 (0C)

Fuel type/assembly array

Number of fuel assemblies

Fuel enrichment (%)

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

Reactivity control mechanism
Approach to safety systems

Design life (years)

Plant footprint (m2)
RPV height/diameter (m)
RPV weight (metric ton)
Seismic Design (SSE)

Fuel cycle requirements / Approach

Distinguishing features

Design status

Value
UWB Pilsen & CIIRC CTU
Prague, Czech Republic
Channels in Reactor Vessel

Heavy Water (D20)/ Heavy
Water (D20)

50 / does not produce
electricity

Forced circulation

Ambient/Ambient

45/98

VVER-440 / hexagonal with
126 fuel pins

55

Spent fuel (< 1.2 wt% Uzss
equivalent)

23

10 months with online
option

Moderator height, Control
blades

Inherent and passive safety
with built/in decay heat sink

60
<2000

6.5/3.7
N/A

0.3g

LEU - reuse of LWR spent
FAs, possibility to run on
fresh SEU (<1.2% Uz3s)

District heating zero COz
source with zero fuel cost,
low pressure.

Conceptual design

The TEPLATOR is the innovative concept for future district and process heat production. The TEPLATOR
facility will use already irradiated fuel from conventional light waters reactor (which are not burnt up to its
regulatory and design limits). In order to harvest additional energy from already used FAs, the TEPLATOR is
a critical assembly derived by the state-of-the-art computational tools using better moderation, more optimal
fuel lattice pitch, lower fuel temperature and lower coolant pressure. Different TEPLATOR variants are

proposed; using either used BWR, PWR or VVER irradiated fuel assemblies with output power range between
50 and 200 MW(t). The initial TEPLATOR operates at 50 MW(t) with VVER440 fuel.

2. Target Application

The TEPLATOR is designed for clean district heating energy production for cities with 100 000 or more
inhabitants. It will replace the out-dated conventional heating plants based on fossil fuels. The TEPLATOR
will produce heat without any emissions and with negligible fuel costs. TEPLATOR solutions are especially
suitable for countries that have thousands LWR FAs stored either in interim storage casks or spent fuel pools.
These FAs are now financial liability which, once used for heat production, can turn into a sizeable financial
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asset. The calculated investments cost for the first TEPLATOR DEMO 50 MW(t) facility is 30 M EUR. Then
the final price of produced heat is 4 EUR/GJ (using prices of 2019).

3. Main Design Features

(a) Design Philosophy

The design philosophy is to use only proven, known, verified, and tested high TRL components. This ensures
low investments costs and low risks. The design itself includes 3 circuits. The primary circuit includes a so-
called calandria, a core with the spent LWR fuel FAs, three heat exchangers and three pumps. The core is
made from Zr channels in which the fuel is inserted. The space between the channels is filled by the moderator,
heavy water. The coolant flows in all channels, through a system of pipes to the collector. Three pipes are led
out of this collector, each of which is led into a separate heat exchanger. The coolant passes through the primary
side of the heat exchanger and returns to the fuel channels through the pump and the lower distribution
chamber. A secondary or intermediate circuit transfers the heat from the primary circuit to the district heating
circuit. The secondary circuit heat transfer fluid (HTF) could either be water or another fluid (based on the
operating parameters). The intermediate circuit includes two storage tanks connected to the circuit serving as
an energy storage system for shaving off demand peaks. These storage tanks are also able to simultaneously
dissipate and store heat from the residual power of the fuel, i.e. the intermediate tanks are designed to be able
to absorb decay heat of the core in DBAs. The tertiary or district heating circuit, which distribute the heat to
the end customer, is therefore separated from the core by two sets of heat exchangers.

(b) Nuclear Steam Supply System
The TEPLATOR operates only with liquid phase, no steam generation or electricity production is expected.

(¢) Reactor Core

The TEPLATOR core consists of equally spaced channels filled with spent nuclear fuel from LWR reactors.
More customization options are possible, the initial one is the reuse of VVER-440 spent nuclear fuel. In that
case, totally 55 fuel assemblies are placed in large-pitched hexagonal array. Typical VVER-440 spent nuclear
fuel had 3.6 wt% Uass initial enrichment, 35 GWd/ton average burnup and 30 years of cooling. Alternative use
of slightly enriched fresh fuel (< 1.2 wt% Uoazss) is possible. Each fuel assembly is placed in a coolant tube filled
with heavy water or alternatives for temperatures up to 98°C. Atmospheric pressure of heavy water moderator
eliminates the need for a thick and expensive pressure vessel. The TEPLATOR is a heat generator with typical
operation up to 10 months each year (typical heating season) with an option to be refuelled online.

(d) Reactivity Control

Two independent systems are deployed. Reactivity control under normal operation is achieved by changes in
moderator level in the reactor pool. Safety-shutdown system is based on three borated steel blades that can be
dropped in the core. Due to the low temperatures, relatively short cycle and use of spent fuel the excess
reactivity is quite small.

(e) Calandria and Internals

The TEPLATOR internals consist of the fuel channels, channel outlets, absorber blades, absorber blades drive
mechanism, I&C systems, reflector and bottom collector. Through the bottom collector the coolant (heavy
water) is distributed back to individual channels. The calandria is a stainless-steel vessel, since the TEPLATOR
works on low pressure, it does not need to be very thick. The space between fuel channels and calandria is
filled with heavy water which serves as a moderator, the total volume of heavy water in calandria is around
30 m®. The core is surrounded by a graphite reflector.

(f) Reactor Coolant System

The primary coolant (D,O) enters the core of TEPLATOR with the temperature of 45°C. It flows through the
fuel channel and then it leaves the individual channels at 98 °C at the channel outlet. This outlet is attached to
the collector where the primary coolant is collected. From the collector the coolant is distributed to the three
heat exchangers where it heats the secondary heat transfer fluid (HTF). The primary coolant flows through the
pump, then through the pipe on the inside of the calandria to the bottom collector where it is distributed again
to the individual channels. Roughly 20 m* of D,O is required in the primary circuit.

(g) Primary Heat Exchanger

The TEPLATOR is a three-loop design, thus it has three primary heat exchangers (HE) to transfer the heat
from the primary to the secondary circuit. The heat exchanger is a horizontal type with U-shaped tubes and
water-water heat exchange. Each of the HE has a heat transfer surface about 520 m? and is capable, under
forced circulation, of cooling the TEPLATOR core on its own: decay heat under emergency conditions can be
safely removed by HE to the energy storage tanks using natural circulation.

(h) Pressurizer

As the TEPLATOR operates under ambient pressure, the function of a PWR pressurizer is replaced by a
volume compensator attached to the primary circuit. The compensator is linked to the heavy water management
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systems.

(i) Secondary side

The secondary circuit is an intermediate loop that separates the primary circuit and the tertiary circuit while
transferring heat from the primary to the third circuit. The secondary circuit consists of the secondary side of
primary heat exchangers (HE 1) and the primary side of secondary heat exchangers (HE II). As part of this
circuit the energy storage system, consisting of two tanks, can be connected having identical heat transfer
fluid (HTF) as the secondary HTF. This energy storage system is based on thermal energy storage (TES) heat
mechanism which serves several purposes: 1) TEPLATOR power fluctuations, 2) compensation and
smoothing of the demand curve and 3) emergency and safety heat sink.

4. Safety Features

General safety features

The TEPLATOR operating conditions (e.g., fuel/coolant temperature, pressure, linear heat rate) are much
lower than those for which the used FAs were certified and used in LWRs. The safety features establish
defence-in-depth against radiological hazards. The TEPLATOR leverages the inherent safety characteristics
of the basic LWR reactor design and supplements them with passive and active safety features that emphasizes
provenness and results in an improvement in safety.

The TEPLATOR secondary circuit provides large volumes of fluid that are available to provide cooling to the
core in the event of accidents, including by passive means.

The TEPLATOR places all reactivity devices in low-temperature, low-pressure moderator, eliminating
pressure-driven ejection of reactivity devices from the design. The separation of moderator from coolant also
provides two separate heat removal means in the event of accidents and ensures that moderator temperature
feedback to the core physics is negligible in normal operation.

(a) Engineered Safety System Approach and Configuration

The TEPLATOR has two separate shutdown systems. These are two fully-capable fast-acting means of
shutdown for use at the third level of defence in depth, fully independent of each other.

(b) Decay Heat Removal System and Emergency Core Cooling System

Decay heat removal system is integrated as the energy storage system interconnected to the secondary circuit.
During TEPLATOR shut down, heat generated in the core is transported by natural circulation inside the
cooling loops. This heat is removed in the primary heat exchanger using thermal energy storage (TES). The
TES system consists of two tanks, a ‘cold' and a 'hot’ one. In order to remove decay heat from the TEPLATOR,
heat transfer fluid (HTF) from the cold tank flows via natural convection through the secondary side of the
primary heat exchanger (HE I) to the hot tank. The volume of both tanks is designed to be sufficient for
removing decay heat for long enough that the auxiliary cooler dissipates the heat.

(¢) Containment System

The TEPLATOR containment system includes a reinforced concrete containment structure (the reactor
building) with a reinforced concrete dome and an internal steel liner, access airlocks, equipment hatch, building
air coolers for pressure reduction, and a containment isolation system.

5. Plant Safety and Operational Performances

Two independent systems are provided for reactor power control and to ensure safe reactor shutdown. Reactor
cold start-up and rapid start-up can be achieved safely due to the large negative temperature reactivity
coefficient.

6. Instrumentation and Control Systems

The instrumentation and control (I&C) system provides the capability to monitor, control and operate plant
systems. The [&C system is implemented using mature technologys; i.e., known and tested LWR detectors and
systems.

7. Plant Layout Arrangement
The plan layout of the TEPLATOR is illustrated below.

(a) Reactor Building

The TEPLATOR facility consists of one main structure which further contains nuclear and non-nuclear
sectors/buildings. Nuclear sectors are the main TEPLATOR hall, the fuel handling building, and the auxiliary
nuclear building. Non-nuclear sectors are the heat exchanger hall and the auxiliary building. Other buildings
and structures within the facility layout are a heat accumulator, water storage tanks, auxiliary cooling towers
with a pumping station, transformers of power supply and backup diesel generators.

(b) Balance of Plant

Heating / Chilling Supply system is located in the heating exchanger hall next to the main TEPLATOR hall.
An option to use the TEPLATOR heat source for district chilling solutions is also investigated.
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8. Design and Licensing Status

The TEPLATOR project completed its preconceptual design and the works on preliminary/basic design will
start in the Q4 of 2020. The commercial demonstration unit with thermal power of 50 MW is in the preliminary
phase. The preliminary phase includes the feasibility study, the site location selection and obtaining the license
for construction. Once the feasibility study is done and the site location is approved, the environmental impact
assessment report will be carried out and will be submitted to the regulatory authorities.

9. Fuel Cycle Approach

The unique feature of TEPLATOR is the reuse of spent nuclear fuel from commercial LWRs which is normally
considered a waste. This can be achieved due to significantly lower operation parameters (far from limits)
when compared to the conditions in large LWRs. Based on heating or cooling demand, the core can be operated
up to 10 months each year with subsequent refuelling of fuel assemblies. Online refuelling is optional as well
as usage of fresh SEU assemblies.

10. Waste Management and Disposal Plan

When removed from the core, reused fuel will be stored and cooled in the fuel handling building and thereafter
transported back to the original spent fuel storage.

11. Development Milestones

2019-2020 Preliminary studies and pre-conceptual design
2020-2021 Conceptual design phase and technology validation
2021-2023 Design phase - Basic design
Detail design / Licensing
2024- Start of DEMO unit construction, first unit in service at 2027
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NUWARD™ (EDF Consortium, France)

All content included in this section has been provided by and is reproduced with permission of the EDF-led Consortium, France.

1. Introduction

MAJOR TECHNICAL PARAMETERS

Parameter

Technology developer, country of
origin

Reactor type
Coolant/moderator

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

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 (GWd/ton)
Refuelling Cycle (months)

Reactivity control mechanism

Approach to safety systems
Design life (years)
Plant footprint (m?)

RPV height/diameter (m)
RPV weight (metric tonnes)
Seismic Design (SSE)

Distinguishing features

Design status

Value

EDF-led consortium with
CEA, Naval Group, and
TechnicAtome, France
Integral PWR

Light water / light water
2x540/2x170

Forced circulation
15/4.5

280/307

UO2/ 17x17 square pitch
arrangement
76

<5
24

Control rod drive
mechanism (CRDM), solid
burnable poisons

Passive

60

3500, nuclear island
including fuel storage pool
13/4

310

0.25g

Highly compact NSSS and
containment, boron-free
design, load follow
Conceptual Design

NUWARD™ is being developed as a Generation III+ SMR NPP to generate a total net electrical power
of 340 MW(e) from two independent reactor modules to offer flexible operation. It is an integral-PWR that
fully integrates the main components of the Nuclear Steam Supply System (NSSS) including control rod drive
mechanism, steam generators and pressurizer within the Reactor Pressure Vessel (RPV). Adopting shortened
RPV, the NSSS is installed in a steel containment submerged in the underground water wall allowing for
enhanced in-factory manufacturing. NUWARD™ specific design includes the management of all Design Basis
Conditions (DBC) through passive systems without the need for any external classified electrical power supply
and is self-reliant on an internal ultimate heat sink (the water wall) for a coping time of more than 3 days.

2. Target Application

The design enables easy integration in any electrical grid, as replacement of fossil-fuel fired power plant or as
a complement to renewable capacities. NUWARD™ offers baseload or load-following capacities. To account
for seasonal variations, the concept of a set of reactors inside the same plant provides the operator with a range
of solutions to adapt the maintenance schedule with priority given to the grid supply needs. There is always at
least one reactor of the plant in-operation and supplying the grid, whereas the other one may be in outage.
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3. Main Design Features

(a) Design Philosophy
The NUWARD™ realizes design simplification by integrating the primary cooling system and enhanced safety
by means of passive safety systems.

(b) Nuclear Steam Supply System

The NUWARD™ reactor is a fully integrated PWR reactor,
housing in one unique vessel all the main reactor coolant
system components, including the Steam Generators, the
Pressurizer and the Control Rod Drive Mechanisms (CRDM).

Internal pressurizer

Internal CRDMs

Compact Steam
Generators

(¢) Reactor Core

The reference core is based on proven 17x17 fuel assemblies
used in the operating PWR with a shortened core height and
UO2 rods (enrichment < 5wt% Upss). Due to the boron-free
design, various Uss enrichments and burnable poisons are
used. The reference refuelling interval is 24 months.

(d) Reactivity Control

The reactivity is controlled by means of control rods and solid
burnable poison. The reactor boron-free reactivity control
allows for simplification of auxiliary systems design and
operations in both normal and accident situations (Design
Basis Conditions) as well as a drastic reduction in effluents
production from operation.

Independent Safety
Steam Generators

Primary pumps

Core

(e) Reactor Pressure Vessel and Internals

The RPV and equipment layout are designed to facilitate enhanced in-factory 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 LOCA size to a 30 mm in diameter.

(f) Reactor Coolant System and Steam Generator

NUWARD™ reactor coolant system is based upon the use of an innovative once-through steam generator
technology derived from the plate heat exchanger concept for which specific developments made in terms of
design and manufacturing process allow for a nuclear application. This technology offers a Compact Steam
Generator (CSG) with a direct connection to the reactor. The overall size, and particularly the height of the
reactor coolant system is therefore significantly reduced given the reactor thermal power.

There are six (6) compact steam generators (CSG).

(g) Pressuriser

The pressurizer of NUWARD™ is also integrated within the RPV. The large volume of the pressurizer
provides margins for the operational transients as well as for the normal operation of the reactor.

(h) Primary Pumps
Six (6) canned pumps are horizontally mounted onto the RPV, positioned under the SGs in the cold leg for
efficient hydraulic conditions.

4. Safety Features

(a) Engineered Safety System Approach and Configuration

The NUWARD™ reactor and associated safety systems are designed for:

- Passive management of all DBC scenarios with no need of any operator’s action, any external ultimate heat
sink source, any boron injection or any external electrical power supply (normal and emergency) for more
than 3 days.

- Active management of DEC-A accidents, with simple diagnosis and implementation of diversified systems.
Passive management of DEC-B accidents with in-vessel retention of the corium (IVR concept).

The safety approach for NUWARD™ benefits from the following inherent features of the design to satisfy and

maintain a safe state that requires minimum intervention from the operating team:

- Large reactor coolant inventory in kg/MW(t), providing inertia versus power transients.

- Boron-free operation providing large and constant moderator counter-reaction and preventing boron
dilution.

- Integrated RCS architecture reducing the maximum LOCA break size thus providing more time for coping
with the design basis LOCA. Internal CRDMs preventing rod-ejection accidents.

- A metallic submerged containment providing passive cooling for several days.

- A small core in a large vessel enabling the success of the in-vessel retention strategy for DEC-B accidents.
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(b) Safety Approach and Configuration to Manage DBC

With regard to Decay Heat Removal: NUWARD™ incorporates 2 trains of passive heat removal system
transferring by natural circulation the decay heat from the core to the water wall surrounding the containment
through two safety compact steam generators (S-CSG) independent from the 6 normal Steam generators
(CSQ). Each train is actuated by 2 diversified channels (diversified sensors, diversified I&C and diversified
actuators). The water-wall surrounding the containment ensures the heat removal function for more than 3
days without the need for an external ultimate heat sink. The passive vessel heat removal system shall be
considered as a D-passive system according to IAEA classification. The minimized break size in a LOCA and
the efficient passive heat removal system result in a minimized coolant loss during LOCA. A set of 2 redundant
low-pressure safety injection accumulators provides the make-up of reactor coolant water inventory in case of
LOCA.

With regard to criticality and reactivity control: NUWARD™ includes safety features to prevent criticality
risks. The core is sub-critical with clear water at 20°C even if the most efficient absorber is stuck in upper
position. This option prevents the occurrence of criticality accidents even in post-accident conditions.
Moreover, the use of internal CRDM eliminates the occurrence of a rod ejection accident. The reactivity
control management system (passive absorber drop) shall be considered as a D-passive system according to
IAEA classification.

Safety systems used to manage DBC are not shared between the different reactors in the same plant.

(c) Safety Approach and Configuration to Manage DEC

DEC-A systems are:

- Low flowrate depressurization system and active primary/secondary 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 borated water injection to cope with ATWS accidents.

DEC-B systems are:

- Low flowrate depressurization system to reach a primary pressure less than 2 MPa before corium relocation,

- Passive flooding of vessel pit in order to provide in-vessel retention of corium,

- Nitrogen injection to manage the risk of hydrogen combustion.

(d) Containment System

In order to fulfil the containment function, NUWARD™ adopts a steel containment as the 3rd barrier
submerged in a water wall. The minimized LOCA break size and the efficient passive heat removal system
result in a limited peak pressure inside the steel containment which is passively cooled by the surrounding
water wall. The containment is protected against hydrogen burning risk in DBC by passive recombiners. The
containment valves are parts of the D-passive system. The passive containment heat removal system is
considered as an A-passive system according to IAEA classification.

5. Plant Safety and Operational Performances

The design target values for the lifetime capacity factor is 90% with the major planned refuelling outages
scheduled for 15 days every 24 months. The reference refuelling strategy is to replace half of a core every 2
years. The plant provides a storage capacity of spent fuel assemblies for 10 years of operation (20 operation
years as an option).

6. Instrumentation and Control Systems

The Instrumentation and Control (I&C) system designed for NUWARD™ is based on defence in depth
concept, compliance with the single failure criterion and diversity.

7. Plant Layout Arrangement

The nuclear island (NI) houses 2 independent
modules and an associated fuel storage pool. No oy e mm————
system/resource (including heat sink) outside _ oSta L ik
the NI is required to ensure the safe-state for at S
least 3 days; the NI is self-reliant for at least this 5
period due to the adoption of water-wall in ' e 3 i

-
which each containment vessel is immersed. Y02 ; »r X
As for site requirements during construction, ol X - | 3 e S—
NUWARD™ plants are suitable for sea- Rttt o ol b o
onshore and/or river-side sites, with open-loop e 1§ Al
conventional condenser cooling. Nevertheless, ey i ' PRy

inland site with dry aero condensers is a :
possible option. S e S S

As for site considerations during operation,

water is needed for filling-in and making-up of various onsite tanks, water circuits, and the water wall; for the
balance of plant, water is required for providing continuous flow of cooling water for conventional condenser
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cooling, in case the open-loop design is used;

NUWARD™ is also designed to satisfy grid interface/code requirements: basic grid interface compliant with
ENTSO-E and EUR requirements (typically 225 kV/400 kV and 50 Hz). Possible adaptation to specific user
requirements such as 60 Hz is possible.

NUWARD™ plant layout.

8. Design and Licensing Status

NUWARD™ is in conceptual design stage and internal evaluation for future licensing activities are taking
place.

9. Fuel Cycle Approach

The reference core of NUWARD™ is directly derived from the proven 17x17 UO; fuel assembly in use in
most operating PWRs worldwide. The reference refueling strategy is by half a core every 2 years. The plant
provides a storage capacity of spent fuel assembly for 10 years after operation before the decommissioning.
An option of 20 years of storage could also be proposed. Other options regarding the fuel cycle are currently
under assessment relying on then best practices observed in the industry

10. Waste Management and Disposal Plan

Options regarding waste disposal are currently under assessment relying on then best practices observed in the
industry.

11. Development Milestones

2012-2016 Preliminary studies and technological innovation (using previously developed patents).
2017-2019 Pre-conceptual design p