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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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Source:World Nuclear Industry Status Report, 2021, Mycle Schneider Consulting.



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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|AEA Projections
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Nuclear Power Estimates for the Period up to 2050.Vienna, International Atomic Energy Agency.
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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
LCOE values in USS/MWh *
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* Reflects tatal decrease in mean LCOE since Lazard’s LCOE VERSION 3.0 in 2009,

Source: data from Lazard, as plotted in World Nuclear Industry Status Report 2021

Source: Lazard.“Levelized Cost of Energy vI5,” October 202 |



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.

[

LET'S BROADEN
THE WORLD'S
ENERGY MIX.
LET'S GO.

O 1id ot how wae Lk.i e

henasinn they world's meae gy mic

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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Source: My calculations, based on IAEA PRIS data
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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




Nuclear Renaissance - UK

Supl)ort tl]e Guardiall Print subscriptions | Search jobs @ Sigain O, t':'hc E(’l(’gfﬂpb

Available Tar everyone, Tunded Dy readers

Shov p -
News Business Sport Opinion Poltics World M

Sport

Culture

News Opinion Lifestyle More ».Business and Industry Secretary John Hutton speaks to :

Environment p Chmate crisis 'Witdlite Energy Pallution Sizewell B
Nuclear power Brown calls for eight new nuclear plants Ten UK nuclear power stations by 2020

- New stations to be part of ‘nuclear renaissance'
» 0il price fears and climate change push agenda
By Andrew Porter and Charles Clover
Michael Whit itain mus d at U it new nucle: jer slat e the )
chael White Britain must build "at leas Cl,-_Jl new nuclear pove stations during th 10 January 2008 - 200pm
next 15 vears ta replace it ageing plants and contribute ta a "pest-oil
ecanomy ' that is cleaner and much more afl
energy and careless pollution", Gordon Brov Proponent Site Type Capacity (MWe gross) Start-up
Lnd 2017 & mid-

FNIr Fnerqgy" Hinklsy FPainl C, Someisel  FPR « 2 3340 2014

Hinkl PO C FNI Frisrgy" Sizewsll C, Sullolk LPR x 2 3340 2020 & 2022
Inkley Point Horiznn (RWF 1 F ON) i L X7 erATION0X 32403750 2077
COSt haS gone Hatizun (RWF 1+ F ON) Viylla R, Walss sr-n x3arAP1000x i 5000 2020

up from 16 to 22 Nuteneration {Iberdrola, GDF

~

Sucz, Scllaficld, Cumbnria 2 Jo to 3600 202

billion pounds Scolish & Southsrn)

Totel plannad & proposed

According to World Nuclear Association, April 2011

Up to approx 19,000
MWae

The WNA Reaclor Dalabase has 4 LFEs as planaed” (G6U0 LIVYe) and Y wals [12,000 MWVe) proposed”

“EDF will turn on its first nuclear plant in Britain before Christmas 2017
because it will be the right time...lt is the moment of the power crunch.
Without it the lights will go out.” Vincent de Rivaz, EDF 2007.
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Will Small Modular
(Nuclear) Reactors

solve the problems of
nuclear power?

IEEE Access

2ecored Fabruary 20, 202, accopted March 5 IC21, dats of publestos Mach 3, 2021, dite of cunent vesica Maezh 22, 2021
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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

M. V. RAMANA
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What are Small Modular Reactors?
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FEIm Michel Ruggieri
Commissaniat a F'énergic atomique et aux encrgies alternatives (CEA)

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

10000

US$1994 / kW

“Learning” might make
plants more expensive

FF98 1 kW

-
PRETT AL 24
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year of entry into service (construction year in France)

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]e%y Technology Distillate. Princeton, N.J.:Andlinger Center for Energy and the Environment at Princeton
University. http://acee.princeton.edu/distillates/distillates/small-modular-reactors/.



Schematic comparison of cost of electricity
generation from SMRs, large reactors, and
modern renewables

Number of SMRs deployed




The Jobs Dilemma



https://s3.amazonaws.com/lowres.cartoonstock.com/food-drink-vending-snack_machine-staff_room-canteen-cake-bwhn1538_low.jpg

Will investing in SMRs

create jobs? Wil
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Yes - but that is the wrong question sk

| —

Will the number of jobs created by investing
a certain amount of money in SMRs

exceeds the number of jobs created by
investing the same amount of money in a
different low-carbon energy technology?
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The Oklo Example

“expected to be installed as part of the clean
energy grid in remote and off-grid communities,
of populations around |,000 or more”

“approximately |5 full-time jobs...available to
local residents with a high school education...
up to 40 temporary construction employees”

y
3 OKLO

Source: Oklo. “Aurora Environmental Report—Combined License
Stage.” Rockville, MD: Nuclear Regulatory Commission, 2020.

Aurora Environmental Report
Combined License Stage
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https://www.nrc.gov/docs/ML2007/ML20075A004.pdf
https://www.nrc.gov/docs/ML2007/ML20075A004.pdf

Economic Implications

1.5 MW plant => | 826 MWVh at 90 percent CF

Annual pay for US nuclear power plant operators,
distributors, and dispatchers = $111,220 (in 2021)

Operating labour expenses = |5 X annual pay/
energy = $141/MWh (cost of electricity assuming
zero cost for building reactor and buying fuel and

dealing with waste and...), which is roughly four
times solar and wind
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Efforts to reduce requirements
for operators

UCRL-JC-122708
PREPRINT

ConkF.qgmas 3.4

Completely Automated Nuclear Reactors for Lung-Term Opcration

Edward Teller

Muriel Ishikawa |

Lowell Wood byP OWER

ALSO IN THIS ISSUE

This paper was prepared far submitizl 1o the
“Frontiers in Physics Svimposiom™
Joiil Amencan Physical Society and the
Ameriam Asscciagon of Physics Teachers Texis Meeting
Lihbock, Texas
2625 Oclober 1995

Nuclear

Small Modular Reactors
Provide Opportunity to
Rethink Automation for
Nuclear Generation

“in the area of operators...our (StarCore)plant will be fully automatic, and will not need
any onsite. However, we are planning to have operators on the first plant, and they will be
trained and certified in accordance with CNSC requirements.We will keep them at the
plant until we are convinced that our automatic controls meet all of the requirements, and
we can make the safety case to CNSC to take the on-site operators off.”

https://www.nuclearsafety.gc.ca/eng/pdfs/Discussion-Papers/ | 6-04/DIS- | 6-04-comment-received-StarCore.pdf
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Lowering construction
costs

The more labor which can be performed in a factory, the lower the over all costs...Factory
manufacture lowers labor costs in several ways. First serial production leads to the division
of labor, which in turn typically increases labor productivity. The division of labor
decreases the skill set required from individual workers. Decreased labor skill sets decrease
labor wage expectations. Factory work settings, as opposed to field work settings also

decrease wage expectations.

Thus serial production of small reactors in factories would tend to lower labor costs of
nuclear manufacture.

central.com/c/ec/sources-nuclear-cost-saving-small-and-advanced-reactors
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More jobs => more
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- Academic Studies
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Wei, Max, Shana Patadia, and Daniel M. Kammen.“Putting Renewables and Energy Off-Wind I
Efficiency to Work: How Many Jobs Can the Clean Energy Industry Generate in the On-Wind  ——
US?” Energy Policy 38, no.2 (February 1,2010):919-31. https://doi.org/10.1016/ Geo-EGS I
j-enpol.2009.10.044. Geo-HT |

Hyd-Dam
Hyd-RoR

Kis, Zoltan, Nikul Pandya, and Rembrandt H. E. M. Koppelaar. “Electricity Generation
Technologies: Comparison of Materials Use, Energy Return on Investment, Jobs Creation
and CO2 Emissions Reduction.” Energy Policy 120 (September |,2018): 144-57. https://

doi.org/10.1016/j.enpol.2018.05.033.
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Bio-MSW
Bio-WP

EPRII-nuclear

HFO-peak

LNG+SC-peak
LNG+CCGT-If
LNG+CCGT-bl
SC-peak
CCGT-If
CCGT-bl

L-coal
IGCC-coal
PH-coal

100 150 200

Life-cycle jobs per electricity output [jobs/P)/year]

o Materials extr. & beneficlation

B Construction/Installation

B Maintenance

B Transport raw materlals

Fuel extraction

W Transport maintenance
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A sunset industry?
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Conclusion

Nuclear energy facing severe economic
challenges

Priority for industry is reducing jobs




