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Juclear energy today



The best days of nuclear construction are over three decades ago

Reactor Startups and Closures in the World
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Share of Electricity

About 40 percent below historical maximum of 17.5 percent in 1996

Shares of Global Electricity Generated

Source: Calculations using data from BP’s Statistical Review of World Energy 2021
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Why this trend?

2r is not economically competitive:
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Other sources of electricity are cheaper...
and becoming cheaper

Selected Historical Mean Costs by Technology
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Several reactors shutting down because of high
operational costs and cheap alternatives

Another Reactor Closes, Punctuating mm['l]
NCW Rcality for U.S. Nuclcar POWCI_ world nuclear news

Ercrpy & Erviranment  New Kodear  Regdabion & Safety - Muckear Policles  Cormporate  Uranium B

As Ver=onl Yankee shuls down , the WS, has yel Lo aderess indusly issues hal span decades. Sweden's Oskarshamn 1 and 2 reactor ounits to close

h"f Christina Nunez. National Geo .L"ﬂ_\]l.‘ Curman utility Eon haa decided thet unites 1 und 2 of the . duted Stoc

Dwxhmrahamn nucimesr powsr plent in Swesden will be xhut down
permanuently. Unit J Is unattected by the decision, which was
announced today by OKG AB, of which the EOn group 5 the majyor
sharcholder.
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http://news.nationalgeographic.com/news/energy/2015/01/150101 -vermont-yankee-shutdown-us-nuclear-issues/
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http://news.nationalgeographic.com/news/energy/2015/01/150101-vermont-yankee-shutdown-us-nuclear-issues/

Nuclear Renalissance

Reactors Under Construction
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Nuclear Renaissance - USA

What was expected What Materialized
Around 30 reactors Only 4 reactors began
ordered construction

Nearly 15 GW of new 2 reactors abandoned
capacity before 202 | after $9 billion spent

What’s left!?

Cavic Schlissel, Director of Resource #anning Aralysis L~ Institute for Encegy Ecoromlcs
I8y X122 WAL aned Fosancial Anabysis
Ry IFFFA g

Southern Company’s Troubled

Vogtle Nuclear Project

Units 3 and 4 Now Expected to Cost More
Than 530 Biilion und Are ot Least Six Yeors
Behind Schedule




Will Small Modular
(Nuclear) Reactors

solve the problems of
nuclear power?

IEEE Access
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Can small modular reactors help mitigate climate change? Small Modular and Advanced Nuclear

Arjun Makhijani and M. V. Ramana

Reactors: A Reality Check
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What are Small Modular Reactors?
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Assembled from factory-
fabricated modules

Capacity

Small < 300 MWe

Medium 300 to 700
MWe

Each module represents
a portion of finished plant
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All properties will not be realizable
in a single design

Energy Xesearch & social soence 2 (2014) 115-12%

Conlenls lisls availablo al ScionceDireal

Energy Research & Social Science

jeurnal homapage: www.elsevier.com/iccate/arss

Uriginal research article

One size doesn’t fit all: Social priorities and technical @Cm‘ﬂm
conflicts for small modular reactors

M.V. Ramana*, Zia Mian

Nuclear Futures Laborcrery and Program on Science and Clobal Security, Princeton University, United States




Small also means...

More cost

RESOURCE REQUIREMENTS AND

Mor nt fuel PROLIFERATION RISKS ASSOCIATED
it SR /waste/ WITH SMALL MODULAR REACTORS

P ro I Ife ratl O n rl S k ALEXANDER GLASER,* LAURA BERZAK HOPKINS, and M. V. RAMANA

NUCLEAR TECHNOLOGY VOL. 184 OCT. 2013




US and France average reactor contruction costs by year with interest

| USsingle reactor ® USaverage ~———H-W-index1973#1000 + France-best-quess avg
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“Learning” might make
plants more expensive
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Grubler, Arnulf.2010.“The Costs of the French Nuclear Scale-up: A Case of Negative Learning
by Doing.” Energy Policy 38 (9): 5174-88.

Diseconomies of Scale Exponent

Even if there was
learning, too many “loss
leaders’’ have to be built
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Glaser, Alexander, M.V. Ramana, Ali Ahmad, and Robert Socolow. 2015.“Small Modular Reactors: A Window on Nuclear
Energy”” An Er]esgy Technology Distillate. Princeton, N.J.:Andlinger Center for Energy and the Environment at Princeton
University. http://acee.princeton.edu/distillates/distillates/small-modular-reactors/.



The Experience so far:
More of the same



Actual projects are delayed or
performing poorly

Argentina: Carem-25 construction start 2014; November 2020
report:“physical completion of Carem 25 is at 70%"’; No
completion date

China: HTR-PM construction start 201 2; projected to generate
electricity in 2017; recently became critical (four years late)

Russia: KLT-40S construction start 2007; projected to start
operations in October 201|0; commissioned in May 2020; 2020

load factors for twin units just 29 and |16 percent according to
|AEA PRIS database
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NuScale

Potential Advanced Reactor Licensing Applications
An estimated schedule by Fiscal Year (October through September)

NUSCALE’S INCREASING COST PROJECTIONS

COMPARED TO ACTUAL SMR COSTS
Source:

Edward
Baker,
" WGP Combined License Revew T TVIES “NRC's PURCIEE Sy O $1,700/KW
Advanced o
Reactor
Program,”
— — 16 October
P 2008, http://
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/ans/www/ E—
documents/ pating SMI Actual Cas! Il Bl
seminar/F08/
baker.pdf,
accessed 19
May 2015
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“Without clarity on the steam Ramana, M. V. “Eyes Wide Shut: Problems with the Utah Associated Municipal Power
generator integrity, it would Systems Proposal to Construct NuScale Small Modular Nuclear Reactors.” Portland,
E)he ;t)r::‘maNtu;e t:) (;OI"It;lude We identified a OR: Oregon Physicijns fﬁr Soc;ilalI Responsibility, September 2020. https://
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ensures adequate protection h .
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Douglas O. Hunter: Why the world is watching Utah’s
Carbon Free Power Project
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a potential reactivity
insertion accident

and core damage.’ $5.32 billion for 462 MWe =>
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Molten Salt Reactors

I'D GIVE YOU
AN ATTABOY
CERTIFICATE
BUT MY PRINTER
IS OUT OF PAPER.

I BUILT A WORKING
MODEL TO TEST MY
NUCLEAR POUWIER
PLANT DESIGN.

g‘gg’ ABOUT HALF
THIS SIZE.
WILL THE  AND IT WILL

REAL
ONE BE? COST $23 TO

scottadams @aolcom
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Thorcon

Thorcon, Defense Ministry to cooperate on
thorium nuclear reactor

JP thejakartapost.com/news/2020/07/28/thorcon-defense-ministry-to-cooperate-on-thorium-nuclear-
reactor.htm

Jakarta / Tuc,Julv 28, 2020 / 10:05am

Source: https://thorconpower.com/fuel/

Variant of molten salt reactor design

No experience with such a “reactor’” anywhere

Presfission  Prafission  ThorConlsle

construction testing construction Power up Stress tests Production

Milestones Bidsin Prefission TharCanlsle Power  Type

hand tests delivered to  to grid  license
completa  site, fueled approval

27.6 billion
kKWhiyear

Source: https://thorconpower.com/project/
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Source: https://thorconpower.com/fuel/



MSRE Experience

Operated intermittently from 1965 to 1969

Interrupted 225 times (scrams and fuel
draining through the so-called freeze valve)

Fluoride salt wastes have been difficult to
manage ($10 million/year for 8 MW)
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Radioactive Vaste

Multiple types of waste

High fissile content => implications for
repository (concerns about criticality)

Chemical forms that are difficult to deal
with: Uranium tetrafluoride unsuitable for

geological disposal (DOE 1999)

Source: Krall, Lindsay. “A Critical Analysis Of The Nuclear Waste Management Consequences For Small Modular Reactors.” Presented at the Center for
International Security and Cooperation Seminar, Stanford University, Palo Alto, CA, June 4, 2020. https://cisac.fsi.stanford.edu/events/critical-analysis-nuclear-
waste-management-consequences-small-modular-reactors. Also see Krall, Lindsay, and Allison MacFarlane. “Burning Waste or Playing with Fire? Waste
Management Considerations for Non-Traditional Reactors.” Bulletin of the Atomic Scientists, August 31, 2018. https://thebulletin.org/2018/08/burning-waste-or-

playing-with-fire-waste-management-considerations-for-non-traditional-re}&tors/.
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What looks good on paper
might not be so good in practice

Fort St. Vrain (1974-1988)
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The checkered operaticnal history of high-temperature gas<ooled reactors
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Theoretical Concerns

Nuclear reactors are complex - lots of things that can go
wrong

Contain large quantities of radioactive materials

~ Operate at high temperatures and/or pressures
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Beyond our imagination: Fukushima and the problem of

assessing risk
BY M. V. RAMANA | 19 APRIL 2011



Jowrnal of Risk Research, 2013 E Routledge

hip:fdx.do.arg/ 10,1080/ 13669877.201 3.822920 Taylor & Francis Group

‘One in infinity’: failing to learn from accidents and implications
- b
for nuclear salety in India

M.V. Ramana® and Ashwin Kumar®

“Program on Science and Global Security, Princeron University, Princeton, NJ, (/SA;
Department of Engineering and Public Policy, Carnegie Mellon University, Pitishurgh, PA,
(/SA

Overconfidence by nuclear authorities

Regulatory failures

Journal of Risk Research, 2015 Routled ge
hitp://dx.doi.org/1 0. 1080/13669877.2014. 1003958

laylor & Francis Group

Negligence, capture, and dependence: salety regulation of the
design of India’s Prototype Fast Breeder Reactor

M.V, Ramana™ and Ashwin K. Seshadri”
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fﬁ’ DANGER
°1; 7 POISONOUS RADIOACTIVE “* WASTE BURIED HERE s( =G

5

DO NOT DIG OR DRILL HERE BEFORE A.D. 12,000  \/@!/

Nuclear power produces radioactive wastes that remain
hazardous for millennia

29



1= Total, all fractions in the
nuclear fuel cycle

2— Spent fuel, 1 tonne

3— Uranium daughters,
equivalent to 8 tonnes

4 Depleted uranium, 7 tonnes

5= Natural uranium with
daughters, 8 tonnes
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Source: Feiveson, Harold, Zia Mian, M.V. Ramana, and Frank Von Hippel. 201 |.“Managing Spent Fuel from Nuclear Power Reactors:
Experience and Lessons from Around the World.” Princeton: International Panel on Fissile Materials.
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Technical challenges
coupled with social
concerns => no operating
nuclear waste repositories

No demonstrated solution

Revised: 6 January 2

DOL: 101002/ ¢enc.2
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M. V. Ramana
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social problems of nuclear waste

An Enduring Problem:
Radioactive Waste From

Nuclear Energy

BY M. V. RAMANA
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30f16 Anempty shopping street, under a sign reading "Nuclear Power - The Energy for a Better Future”, is
seen at the entrance of Futaba town, inside the exclusion zone around the crippled Fukushima Daiichi
nuclear power plant January 15, 2012. REUTERS/Stringer less




Not Desirable

JOINED AT THE HIP

Nuclear power| Nuclear weapons
industry industry
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https://antinuclearinfo.files.wordpress.com/2017/11/joined-at-hip-weapons.gif?w=300
https://antinuclearinfo.files.wordpress.com/2017/11/joined-at-hip-weapons.gif?w=300
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https://antinuclearinfo.files.wordpress.com/2017/11/joined-at-hip-weapons.gif?w=300
https://liber.post-gazette.com/image/2017/06/15/hanford-nuclear-waste.jpg
https://liber.post-gazette.com/image/2017/06/15/hanford-nuclear-waste.jpg
https://liber.post-gazette.com/image/2017/06/15/hanford-nuclear-waste.jpg
https://www.youtube.com/watch?v=B3_ZRO5oATk
https://www.youtube.com/watch?v=B3_ZRO5oATk

Infeasible

BRI

Source: IPCC SR1.5 report, 2018
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