Nuclear Technology Apment and Ec ics 2021

ARt PR PR
ey 3%

@) OECD £y wea

BETTER POLICIES FOR BETTER LIVES

NUCLEAR ENERGY AGENCY



Nuclear Technology Development and Economics

TRBCETFER PRI

© QOECD 2021+
NEA - 7560

NUCLEAR ENERGY AGENCY
ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT



FOREWORD

ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

BEERE - BRBGWHE 3T BAL MRS EA AL EFY S RAER . 2R ARG ORI 0L
S AATY 4 EfRfe FR AP REATOE B oML BlHe P B 4 ERrA v R a0 Ak
BET - BRAT N CRERES  SHFLPMNF S MIAFRB LY BP FAR e o F%a xR -

B EEER AR AREL: BT Bl AR, ek Ff BREL - EHAE LR
2%, EHARE -EF 2R KA -FWM-FTIH~kE ~-EFEF -NIF~RAJI~P* R -wmALl
s FHEF -EFR -FF -ATF I RF-§TF 9  MEBLERAMREIRAL ~FFLT - F

HL LE, i B IR fr ik MR 2 HMP LR E TR A & i 10F iR

BEER IR B4 B i BF 0 b BRh RP IR KR fr AL & SAen g fo R B
o TR NI TFE B AN ER frHBE BRI KE vE SR o

This work is published under the responsibility of the Secretary-General of the OECD. The opinions expressed and
arguments employed herein do not necessarily reflect the official views of the member countries of the OECD or its
Nuclear Energy Agency.

Pt
Féegyiii (NEA) $ 2+ 1058 # 2 * 1 p - PHe NEA #f #42 34 M FiE BL{IL
B W HIEE o Rt flT 0 4ed X0 T HAF EFR 2P T 2R AR FWH ST
G ~EEF XA PR - HBA g HEF-ETRFF-IT s BAF TEF > RERL  BRH
FRBALEFR - PEIRALT - FFT e WL 23 H . FERCER-FELE §TRERT SR
£ WA B 1 TE i e
EREhE RNERE E:
— Pl et v E AR RRh A o (i FE o i R £ % > s BRRICEHRTE o
g e A 7 b B4 50 THEg P
- BREEIITEIRMEFMESLE > TR SRR AR O LB RN AR AR D
LREAY fr i& PR Yoo FB o M G-
NEA thE RBEFF & 2B E X 2f0E §F > s gy FIf TR sl #3k - 25 > gREs
1 PR R EfeFE: 2834 - NEA S AR Edy - R% &8 FRIB 527 4 RlRee

R B HY & FeniE PR RS BPEFEI N R AW FIF 0 B R fo B fo Tl & Bk ER
AF 0 B BE BB

L& 3 Féey MRy i & F2 &M & www oecd. org/about/publishing/corrigenda. htm -

© miEk 20215

i A T &F B LER AP FT KM L R o i N FIE PE R REER RE . KRBE o 5 HAE
AR b e prin v, FFCfH HE RE fo KE HH Bide T8 L RPF 0 NEEK TR K o K Y
H A %A 2 BR Z AR L PR T fo ¥ B R¥ £ &2 T neapubloecd-nea.org o R A% P ET RBE A
HALIRA P F R E RE ¥ 3 g ¢~ (CCC) & infolcopyright.com % & ¥ &3 ¥ £ 5 # # Y L &8 A
&= st@cfeopies. com -

BE ##: i B4 (HEFA7) ; A" (O H#mRT) [ B FFEA 1 4 E Tl (HBRMFREFEDF) -

SMALL MODULAR REACTORS: CHALLENGES AND OPPORTUNITIES, NEA No. 7560, © OECD 2021 3


http://www.oecd.org/about/publishing/corrigenda.htm
http://www.oecd.org/about/publishing/corrigenda.htm
http://www.oecd.org/about/publishing/corrigenda.htm
mailto:neapub@oecd-nea.org
mailto:neapub@oecd-nea.org
mailto:info@copyright.com
mailto:info@copyright.com
mailto:info@copyright.com
mailto:contact@cfcopies.com
mailto:contact@cfcopies.com
mailto:contact@cfcopies.com
mailto:contact@cfcopies.com

ACKNOWLEDGEMENTS

w3
B EP R LT - RTINS SAP A P
A E T F R (SMR) i A% hAXR BB foit & oh > MR e
FAHARBE R A A Pl AF BRERF AT L 2P -G
LR RE PR MEF (A SR XY B £
BRE -BFEARLNFFACGEFILEARE BN L AF R
B E 7 Ao hE R B AL FeR e o
2011 & » g & ey (NEAF# 37 Feasibility and
Fconomics of Small Nuclear Reactors (NEA, 2011)” - i & B 3F
SMR g dvdat enFl & « s IR L ERBHR N R J JHEAIFREFE
Yi BT BT H RS 25 (NEA - 2016 &) - f#5- AL F X w31 2
3] 2035 £ SMR # H-> ¥ F I WM E A KD B F L § FleagF
FHIRFrE RS RABERFZ A $7 « LA FF BE DRI E
M- AHFnEELFFoRmMAR -5 42 MRS 1 MR BT
g RTHIG o et > 3T E RN L ERFRINR I P B OFIEL 0 AN
RS- Rt PR - B R B BT R

P Epeinibh Y -

2017 # 6 % > MpA AmAh2E4 A ¢ (NO) zR 12 EL3¢
WG SRR RMT - LRME TR LB @
B itk EHIR RS/ ER LU RE (BRI
RE I FES 3 R AR P AE oo L &

“BIERT ) o T ARG R EW (R T HE EEH 2
h E¥h RHEALT & SR FARFPE L2 6 chpr® > (WPLAN)
s > hiENRAER § AP EFES (CNRA) RINchEH s ¥
2019, et d TS LREH T M [ AF BELR o

Adp 2L B NEA fit™ & chBATE L > B3 SR Hirih2 6 =
oo T4 PR T SMRAFHM ~ LAfeD B2 G AR IR 0 BT
SAFFOIHET 0 EF AR R £ ¥, SRR HF T -
RFRYL SREANEEE (Tforcfht 3, P RS IS o F I

TS T Y g

o

SMALL MODULAR REACTORS: CHALLENGES AND OPPORTUNITIES, NEA No. 7560, © OECD 2021



TABLE OF CONTENTS

B i e i et e et et e
L A% Pl B R R Ao e
I R

s A A PP
F R BRI Il P B i e

3. BAEEANEC L AF E
BAER 33 L AIF BB oo
S - O
BAE AT
B P R B
BHASE L AE BB

A FFARE T B e

R -0 N A
R AL I 3 D RO A
0 = At

LT =3
AReh R o B Rlih S FY P AUFBRE .
R E Pl Al B i e et

B BT B it e e e e e e e
FEE BT MR R o BT SFTE TR o ot e ettt e e e
e I £ o L o

7. A R R A AR E R LA B . e e e e

B . O AP
P RICARFFET ’f#_# foH ¢

BT B L
EREABTCFE TR P AR . e
R T = o o N

B
R
i
g
p:.

SMALL MODULAR REACTORS: CHALLENGES AND OPPORTUNITIES, NEA No. 7560, © OECD 2021 5



TABLE OF CONTENTS

|4
1: &3 B & Bhaa 3 57 ¢ ANFRE

514 ¢h F
1: B9 FRE KE A #i %E"ﬁ'!ﬁ?]:".’ & dic
B AT TF BEE e
2 BASEE G T ATFE B0 B A e
3: Ry Fhmiik FE SE H % A 2035
4: §*pen 9L AF BE

S|4 ch 4 #

1: "4 $#2 o BRmiiE Tome #8 2%
20 Yop R Bk ¢ E# ¢ AF RER

SMALL MODULAR REACTORS: CHALLENGES AND OPPORTUNITIES, NEA No. 7560, © OECD 2021



LIST OF ABBREVIATIONS AND ACRONYMS

CNL
CNSC

CORDEL

COTS (components)
FOAK
Gen IV
GIF
GWe
DOE
EPZ
HALEU
HEU
HTGR
IAEA
IEA
INL
kWh
LCOE
LOCA
LRL
LWR
MDEP
MMR
MOX
MWe
NEA

NNL

FlE th HRE I HRE
Canadian National Laboratories

Canadian Nuclear Safety Commission

Cooperation in Reactor Design Evaluation and Licensing
(WNA working group)

commercial, off-the-shelf

first of a kind

Generation IV

Generation IV International Forum
Gigawatt electric

United States Department of Energy
emergency planning zone

high-assay low-enriched uranium
high enriched uranium
High-Temperature Gas-Cooled Reactor
International Atomic Energy Agency
International Energy Agency

Idaho National Laboratory (United States)
kilowatt hour

levelised cost of electricity
loss-of-coolant accident

licensing readiness level

light water reactor

Multinational Design Evaluation Programme
micro modular reactor

mixed oxide fuel

megawatt electric

Nuclear Energy Agency

National Nuclear Laboratory (United Kingdom)

SMALL MODULAR REACTORS: CHALLENGES AND OPPORTUNITIES, NEA No. 7560, © OECD 2021 7






INTRODUCTION: SMRS IN FUTURE ENERGY SYSTEMS
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1. As highlighted in this paper on several occasions, the series effect - among other conditions -
plays a central role in the economic competitiveness of SMRs. The series effect has two
components: i) the benefits of serial production of equipment, reducing the unit costs with an
increased number of units; and ii) increased efficiency and cost-effectiveness through learning
curves and feedback of experience. In the case of SMRs with smaller modules, the prospect of in-
factory construction of reactor units is an important benefit.

2. Note that more than one category may apply to a particular SMR design.
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TECHNO-ECONOMIC CHARACTERISTICS OF SMRS

Table 1: Representative sample of SMR designs under development

Globally
Net output per LT S
Design module I;MVI\;e) modules Type Designer Country Status
(if applicable)
Single unit LWR-SMRs
CAREM 30 1 PWR CNEA Argentina Under construction
SMART 100 1 PWR KAERI Korea Certified design
ACP100 125 1 PWR CNNC China Construction began in 2019
SMR-160 160 1 PWR Holtec United States Conceptual design
International
BWRX-300 300 1 BWR GE Hitachi United States- First topical reports submitted to
Japan the US NRC and to the CNSC as
part of the licensing process
CANDU SMR 300 1 PHWR SNC-Lavalin Canada Conceptual design
UK SMR 450 1 PWR Rolls Royce United Kingdom | Conceptual design
Multi-module LWR-SMRs
NuScale 50 12 PWR NuScale Power United States Certified design. US NRC design
approval received in August 2020
RITM-200 50 2 PWR OKBM Afrikantov | Russia Land-based nuclear power plant -
conceptual design
Nuward 170 2to4 PWR CEA/EDF/Naval |France Conceptual design
Group/
TechnicAtome
Mobile SMRs
ACPR50S 60 1 Floating PWR | CGN China Under construction
KLT-40S 35 2 Floating PWR | OKBM Afrikantov | Russia Commercial operation
Gen IV SMRs
Xe-100 80 1to4 HTGR X-energy LLC United States Conceptual design
ARC-100 100 1 LMFR Advanced Reactor | Canada Conceptual design
Concepts LLC
KP-FHR 140 1 MSR Kairos Power United States Pre-conceptual design
IMSR 190 1 MSR Terrestrial Energy | Canada Basic design
HTR-PM 210 2 HTGR China China Under construction
Huaneng/CNEC/
Tsinghua
University
EM2 265 1 GMFR General Atomics | United States Conceptual design
Stable Salt 300 1 MSR Moltex Energy United Kingdom | Pre-conceptual design
Reactor
Natrium 345 1 SFR Terrapower/GE United States Conceptual design
Hitachi
Westing-house 450 1 LMFR Westinghouse United States Conceptual design
Lead Fast
Reactor
MMRs
eVinci 0.2-5 1 Heat pipe Westinghouse United States Basic design
reactor
Aurora 2 1 LMFR Oklo United States Licence application submitted to
the USNRC
U-Battery 4 1 HTGR Urenco and United Kingdom | Basic design
partners
MMR 5-10 1 HTGR USNC United States Basic design
18 SMALL MODULAR REACTORS: CHALLENGES AND OPPORTUNITIES, NEA No. 7560, © OECD 2021
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Table 2: Fuel cycle features of selected SMR designs

Design Fuel type/assembly array ) Fuel T_hermal Core discharge Refuelling
enrichment (%) | efficiency (%) | burnup (GWd/ton) | cycle (months)
LWR land-based SMR
NuScale ;’gﬁg‘;ﬂ"&’;‘f;gﬁ” 30% >30 24
SMART UO; pellet/17x17 array 30% <54 30
SMR-160 UO; pellet/square array <5% 30% 45 24
Nuward U02/17x17 array 31% - 24
BWRX-300 U0,/10x10 array 32% 49.5 12-24
UK SMR U0,/17x17 array 35% 55-60 18-24
Mobile SMRs
KLT-40S UO; pellet in silumin matrix 18.6% 23% 45.4 30-36
RITM-200 UO; pellet/ hexagonal array <20% 29% - 72-84
Gen IV and MMRs
Aurora Esggcéfedl)HALEU fuel (EBR-II 38% i 240
eVinci HALEU fuel 5-19.75% 29% - >36
Natrium HALEU fuel
ARC-100 U-Zr alloy 13.1% 35% 77 20
'ar;zrféhz\gﬁlther ;J:?:;Ium carbide/hexagonal 145% 539% 130 360
Westinghouse Uranium oxide, before
Lead Fast transitioning to uranium <19.7% 47% >100 >24
Reactor nitrides
S Reactor | Clcating molten st uel | gy aax "
(IMSR)
SRt::ﬁ:flt ?Eﬁlt:)iig]:)ltvsir;; ?:ls fuel Reactor grade Pu 40% 120 - 200 Ontine
KP-FHR TRISO fuel 19.75% 44% refuelling
U-Battery TRISO fuel <20% 40% 80
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Modularization &
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3. B4 NuScale 7- BIRX-300 SHR # 7+ 7 14§ 2 lGHRET /7 o
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2 1
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W EERAAF BB Ay o2 > FE U R SRS S
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F) o, 2016). B IFAELA TUIFE BBRI 0 FETUPET UFE
E'J#M#ﬁﬂﬁa]iifiﬁﬁo

RELE > rheod FiEi € (WNA) 3§ E F BRERITRfoiFv &
i* (CORDEL) 1 i*i 3 7Rk » “HE L F REBRI- AT 2 &
ﬁﬁ AR IR o ARF T R F ARE RPN E 2T 0

XX AR A RREREIBE O FTER AR fr2E R > 2
#M&m—e >,53” (WNA- 2015 #) -

HAEM SMR X3 F BREBEfri % 2 A v B 3 & -
FHK o e T IEIER LR ’}#_m’]:;‘}-iﬁlu'- o Bide o Bk TiEid
SMR % i fEfoi@ * 3 BIFS A AR P RBEH B R iFEE R FR
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HRIBL B REL KT o
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R L iEAR Y B TR o
it foa grit 2k

Bl & - BAEHRL RS F TR RUEE ~ ERRE e REE
Kene (o) ki1 en? 2 o Gt e » 301 34
T2 SMR #3272 HHI* ficle it B g o FRE
BRRER I PR LR ER/ATFEEN T UIRHEER
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TECHNO-ECONOMIC CHARACTERISTICS OF SMRS

Lo WELCRRT M FIRIEA R o bldc o KIS
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WRFMERIGET T £ L riftedd o 3] LR 2S5 A 2 ahdh
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T A i BT R iE T U~ RS 2 ‘p" > ¥+ SMRE
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3. 4. WRﬁﬂ””"
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PR F o E
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SMR B+ 12 2 3F H & LRIV sl > Gldo BB RET 2 Z 2 80
o 200°C 22 Ferd B R » 3 F ¥ 04 {%E 5 83 LWR-SMR o &4 »
SR SMR * 0Tl BB TR R IC S — BT AR > % SMR EhL
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FRAPEFHMREGILE MODF-F £ 2 itk (KA-CARE) =Rz s B
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VRE (B it > * Bt bk [PV]) ehx £/%3%5 o L 34F VRE ¥30F ¥ 24 ¥ 12
KRS “RE” RRiMNPiR I E > 2R EF% SR #2233 &*
(& ~ &P Rk ") ARSETER LR A frt B bik- M1
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RS ART URFENT Ao R A RaEEl - B H 3 LB SR
514 FuEE o

Box 1: Recent estimates on the potential market for SMRs

In 2016, the NEA investigated the near-term (2035) market potential for SMRs (NEA, 2016) and
developed two scenarios that reflected uncertainty in terms of market development:

An optimistic high-deployment scenario that assumed successful licensing of SMRs and the
establishment of the factory production and associated supply chain that would lead to cost
competitiveness;

A conservative low-deployment scenario in which SMRs would be considered expensive to build
and operate, and thus only a limited number of projects would be completed, including prototypes
and plants in remote/isolated areas.

These two scenarios take into account a number of market drivers, such as grid development,
expected penetration of intermittent generation, development of new nuclear build in
International Energy Agency (IEA) scenarios, and national nuclear policies.

In the high-deployment scenario, up to 21 GWe of SMRs would be deployed by 2035 in several
regions of the world, representing about 3% of the total installed nuclear capacity in the world (see
Figure 3). Thus, about 9% of the total nuclear new build in 2020-2035 could be SMRs. Conversely,
the low-deployment scenario sees a limited deployment of less than 1 GWe, essentially with
prototypes in countries with ongoing national SMR programmes.

It could be expected that after 2035 the SMR market will further develop, in line with
decarbonisation objectives that will foster the need for low-carbon dispatchable electricity.
Understanding the different market opportunities of SMRs is thus important in estimating their
long-term market potential.
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Figure 3: Estimated SMR capacity by region in 2035
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scenario scenario scenario
Source: NEA (2016)
Note: This market outlook is in line with estimates from UxC (2013), which also foresee up to 20 GWe
of installed capacity globally by 2035. The National Nuclear Laboratory (NNL, 2014) in the United
Kingdom anticipates a larger market potential, with up to 65 GWe of installed capacity by 2035.

Hen | W

RIEATRS fr/ & 5 5 Wi

i o CARTHIELRRETUATRER S ST ROT S p 0
ma ’ﬁuas‘;ﬁ*‘ﬁﬁfr/z\fzm&-ﬁ Mot 2 L AP T BT 4 T

SMR at 5938 % A ABRITROBHRY ¥ AT PR PP FALIRT
ﬁb BL "imi« FTETR o b 2018 £ £ L SMR B (e £ 4 Fhro 2018
S ol R - LR REAFHRBEEL? SMR——AHE N
FE-BEIRTANL] AFAELABALEBETH - MR et ~ FiEpion
e T LA N LY L ESUE CF S M RS (13- 3
7\(4\:5_1 AR E F) AP REb)h) o

Flpo + 2D Fnif BT UL f b FREATREF R B @ i @ R SR
'i’é_l""*m%i?iﬂ Y X DEEITER S RO ST R P SR
kP EETAAMER R L P A#RW o

26 SMALL MODULAR REACTORS: CHALLENGES AND OPPORTUNITIES, NEA No. 7560, © OECD 2021

o

p—g

4



TECHNO-ECONOMIC CHARACTERISTICS OF SMRS

: Applicability of SMRs
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LEGAL FRAMEWORK
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5. See Euratom Work Programme 2018, “NFRP-2018-3: Research on the safety of Light Water Small Modular Reactors”, p. 9.

6. Convention on Environmental Impact Assessment in a Transboundary Context (1991), 1989 UNTS 310, entered into force 10
September 1997 (Espoo Convention).

7. Convention on Access to Information, Public Participation in Decision-Making and Access to Justice in Environmental Matters (1998),
2161 UNTS 450, entered into force 30 October 2001 (Aarhus Convention).

8. Directive 2014/52/EU of the European Parliament and of the Council of 16 April 2014 amending Directive 2011/92/EU on the
assessment of the effects of certain public and private projects on the environment, Official Journal of the European Union (OJ) L 124
(25 Apr. 2014).

9. Directive 2003/4/EC of the European Parliament and of the Council of 28 January 2003 on public access to environmental information
and repealing Council Directive 90/313/EEC, OJ L 41, pp. 26-32 (14 Feb. 2003); Directive 2003/35/EC of the European Parliament and
of the Council of 26 May 2003 providing for public participation in respect of the drawing up of certain plans and programmes relating
to the environment and amending with regard to public participation and access to justice Council Directives 85/337/EEC and 96/61/EC,
OJ L 156, pp. 17-25 (26 June 2003).

10. Article 1(iii) of the Espoo Convention defines “party of origin” as “the Contracting Party or Parties to [the] Convention under whose
jurisdiction a proposed activity is envisaged to take place” and “affected party” as “the Contracting Party or Parties to [the] Convention
likely to be affected by the transboundary impact of a proposed activity”.
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11. Convention on Third Party Liability in the Field of Nuclear Energy of 29 July 1960, as amended by the Additional Protocol of 28
January 1964 and by the Protocol of 16 November 1982 (1960), available at: www.oecd-nea.org/law/paris-convention.html.

12. Protocol to Amend the Convention on Third Party Liability in the Field of Nuclear Energy of 29 July 1960, as amended by the
Additional Protocol of 28 January 1964 and by the Protocol of 16 November 1982 (2004) (not yet in force), available at: www.oecd-
nea.org/law/paris-convention-protocol.html. 13. Vienna Convention on Civil Liability for Nuclear Damage (1963), IAEA Doc.
INFCIRC/500, 1063 UNTS 266.

14 Protocol to Amend the 1963 Vienna Convention on Civil Liability for Nuclear Damage (1997), IAEA Doc. INFCIRC/566, 2241
UNTS 302.

15 Convention on Supplementary Compensation for Nuclear Damage (1997), IAEA Doc. INFCIRC/567,36 ILM 1473.

16 Extract of the definition of “nuclear installation” under the Paris Convention, which is similar to the one provided under other nuclear
third party liability conventions. The Revised Explanatory Texts of the Vienna Convention and the CSC stated in the past that the Vienna
Convention relates exclusively to land-based nuclear installations; however, this has been rectified in its 2020 version [IAEA
International Law Series No. 3 (Rev. 2)].

17 For more information on low-risk installations under the nuclear liability conventions, see paragraph 43 of the Exposé des Motifs of
the Paris Convention, paragraphs 68 and 69 of the Exposé des Motifs of the revised Paris Convention [NEA/NLC/DOC(2020)1/FINAL]
and pages 43 and 46 of the Explanatory Texts of the revised Vienna Convention and the CSC [IAEA International Law

Series No. 3 (Rev. 2)].

18 The NEA has made a table publicly available that aims to gather information on the amounts available to compensate potential
victims of a nuclear incident in countries and economies having nuclear power plants and/or having ratified at least one of the
international conventions on nuclear third party liability. The table is available at: www.oecd-nea.org/law/tableliability-
coverage-limits.pdf; www.oecd-nea.org/upload/docs/application/ pdf/2020-
/2020.10_operators_liability_amount_table_general_final_clean_v2_2020-11-10_09-
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