NUCLEAR AND NON-NUCLEAR
ENERGY TRENDS

A presentation by
Henry Sokolski
Executive Director
Nonproliferation Policy Education Center
www.npolicy.org

© Nonproliferation Policy Education Center



QUESTIONS TO BE ANSWERED

.  Why bother with energy economics?

II. What are the basics of electricity production,
consumption, distribution, and storage that help

determine the costs of different electrical
options?

Ill. How do nuclear and non-nuclear forms of energy
perform economically at home and abroad?



SHORT ANSWER TO QUESTION |

A. Assessing the quality of a country’s energy policies is
a way to assess how sound its government is.

B. If an energy activity is uneconomic (e.g. reprocessing
nuclear fuel), countries ought to be less insistent they
have an inalienable right to pursue it. In this way,
energy market signals might fortify nuclear
nonproliferation (or not).

C. Assessing the costs of electrical power, distribution,
and storage systems helps discern likely energy futures.



SHORT ANSWER TO QUESTION I

A. They’re complicated



SHORT ANSWER TO QUESTION Il

. Natural gas is still replacing coal much more than nuclear
power is.

Renewables likely will be competing against future
investments in natural gas over the next two decades

Nuclear power’s economic future depends on making a design
breakthrough that makes it far less costly

. Distribution and storage innovations could reduce demand for
any type of large electrical generator

Demand to reduce greenhouse gases, even if it’s taxed, is
unlikely to change the above; more energy subsidies might



Il. ELECTRIC POWER BASICS
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ALTERNATING AND DIRECT CURRENT
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DC VOLTAGE LINES ARE BECOMING MORE
POPULAR IN ADVANCED ECONOMIES
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renewable sources such as hydro and wind




BASE AND PEAK LOAD POWER DEMAND
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POPULAR BASE LOAD ELECTRICAL
GENERATORS
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POPULAR PEAK LOAD GENERATORS
SMALL NATURAL GAS, DIESEL, PROPANE-FUELED PLANTS




ELECTRICAL DISTRIBUTION
SYSTEMS



N. AMERICAN TRANSMISSION SYSTEM IS
MATURE, COMPLEX, AND INTERNATIONAL
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EUROPEAN ELECTRICAL GRIDS ARE ALSO
ROBUST
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L. AMERICA, AFRICA, MIDDLE EAST
ELECTRICAL TRANSMISSION LAGS
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E. ASIA'S CURRENT NATIONAL GRIDS

ARE SUBOPTIMAL
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MICROGRIDS: AN ALTERNATIVE TO
CENTRALIZED GENERATION

Clean & Smart Community Microgrid
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ISLANDING ALLOWS CONNECTION TO THE GRID
AND THE ABILITY TO WORK INDEPENDENTLY OF IT
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lIl. ECONOMICS OF NUCLEAR VS. NON-
NUCLEAR POWER: NATURAL GAS
SUBSTITUTION FOR COAL AND NUCLEAR




US NATURAL GAS: FIRING MORE
ELECTRICAL GENERATION

EIA expects U.S. electricity generation from renewables to Renewable
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US NATURAL GAS RESOURCES, 2016

Lower 48 states shale plays
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HENRY HUB NATURAL GAS SPOT PRICE

Henry Hub Natural Gas Spot Price

Dollars per Million Btu
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SPOT PRICE OF EUROPEAN NATURAL GAS

European Union Natural Gas Import Price (I:EUNGIP)
11.55 USD/MMBtu for Sep 2023
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GLOBAL SHALE GAS BASINS, TOP
RESERVE HOLDERS
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LEVANTINE AND ZOHR: MASSIVE

NATGAS DISCOVERIES

in the Levantine Basin Province.
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RECENT UAE GULF AND TURKISH BLACK
SEA GAS DISCOVERIES

THE UAE’S MAIN OIL AND GAS FIELDS
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The biggest gas find in 15 years, UAE
now self sufficient
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IRANIAN GAS

Figure 3. Iran’s Major Natural Gas Fields
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ECONOMICS OF NUCLEAR VS.
NON-NUCLEAR POWER



ABATING CARBON SHOULD START WITH
THE CHEAPEST, QUICKEST METHODS 1ST

Cost Per Avoided Ton of CO2 of Clean Energy Options in PJM
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BREAK EVEN #s FOR BUILDING NEW NUCLEAR
MAKES GOVERNMENT SUBSIDIES ESSENTIAL

To build a reactor in 2011 cost $9.8 billion. In 2023 dollars, that reactor would cost
$17.5 billion to build — 78% more. This increases the natural gas break even
price to $19.58 per MBTU and the CO2 tax number to $44.50 per ton.

Spot natural gas prices: CO2 Gas Number:
US: $2.85 MBTU No national market
EU: $11.55 MBTU $130 per ton
East Asia: $13.35 MBTU No market

Bottom Line: Nuclear construction today only makes sense where government
weighs in heavily — Europe and China.



SO FAR, OVERNIGHT REACTOR COSTS

HAVE ONLY CLIMBED

Dollars/installed KW (2008%)
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LEVELIZED COSTS ARE RISING AS WELL
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TODAY, LARGE REACTOR BUILDS CAN’T COMPETE
ECONOMICALLY WITH NONNUCLEAR ALTERNATIVES - 2023

Levelized Cost of Energy Comparison—Unsubsidized Analysis

Selected renewable energy generation technologies are cost-competitive with conventional generation technologies under certain circumstances
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Renewable Energy
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THIS HAS DISCOURAGED NEW LARGE
REACTOR BUILDS

B Total in operation M Capacity additions Closures
400

300

.|||||‘|H‘|I|HIJJ |||ll||l|l|||||.|l.. .||§||I .

100 1979 1986 2011
Three Mile Island Chernobyl Fukushima

Gigawatts
)
S
S

0
\9‘3‘) \9‘3% \96\ \9@‘ \96\ \9'\0 \9(\0) \9(\6 \940) \9@ \9%6 \9%% \90’\ \99& \‘)q\ @QQQ @065 @QQQ) qug 10\% 10\5

20

0

Do
)

40

Gigawatts



THE ECONOMIC CASE FOR SMALL
REACTORS, ADVANCED AND MODULAR

Cost less (individually projected to cost $1 - $3 billion,
not $14 billion)

Should fit more readily on the grid and can be sited
nearer customers to afford district or commercial
heating

Many may not need to be refueled frequently
Don’t emit carbon



WITH BIGGER REACTORS, CAPITAL COSTS OF PRODUCING
ELECTRICITY SHOULD DECLINE. WITH SMALL REACTORS,
ELECTRICITY PRICES DECLINE IF REACTORS ARE CHEAP
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THE ECONOMIC CASE AGAINST SMALL AND
ADVANCED MODULAR REACTORS

Small reactors may have difficulty achieving scale of economies
(promoters presume mass production will overcome high
capital cost/installed KW). History suggests otherwise.

Most proposed small reactors rely on new fuels that require
significant government development and support

Most “advanced” small reactors toy with historically costly fast
reactor technologies—use plutonium or HEU or at least 20%

There are cheaper, quicker ways to reduce greenhouse gases
Some of the proposed designs are not so small



UNKIND HISTORY: EARLIER SMALL REACTORS
WERE TOO SMALL AND UNRELIABLE TO COMPETE

Fort St. Vrain, 185 MWe

Piqua, Ohio, 12 MWe Punta Higuera, Puerto
Rico, 17 MWe



MORE UNKIND HISTORY: GEN Ill REACTORS
ALSO WERE MODULAR

Two ACP100 modular reactors have been given
construction go ahead
(projected to come online 2013 but didn’t)

ACP100-a Generation Il Approach
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https://www.nextbigfuture.com/2011/11/two-acp100-modular-reactors-have-been.html
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DOE NOW WANTS SMALL REACTORS TO BE
“ADVANCED”-- FAST
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YET, HISTORICALLY FAST REACTORS HAVE
PROVED THE MOST COSTLY TO BUILD

Construction cost of reactors by type
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Source: Lovering. J. B, Yip, A., & Nordhaus, T. 2016. Historical construction costs of global nuclear power reactors. Energy Policy. 91,
;;‘;(‘B"&EIS‘S 371-382. Accessed March 7, 2017. hitp://www.scienceditect com/science/aricle/pi¥S0301421516300106



TO HELP OUT, DOE PLANS TO SPEND BILLIONS ON
ADVANCED NUCLEAR FUELS IN SUPPORT OF SMRS

American

Centrifuge Plant,
Pinkerton, OH or
DOE alternative,
S10 B?

Versatile Test
Reactor, S3-6 B



NONNUCLEAR ECONOMIC COMPETITION IS
PROJECTED TO GET STIFFER

2015: Store <1 Minute of

World Electricity Demand How Cheap Can Energy Storage Get?

per kwh round-tripped

Price of Battery Storage
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2021 there were 56 gigawatt hours of grid battery
storage deployed worldwide
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https://about.bnef.com/blog/global-energy-storage-market-to-grow-15-fold-by-2030/
https://about.bnef.com/blog/global-energy-storage-market-to-grow-15-fold-by-2030/

GRID BATTERY STORAGE IS COMING DOWN AS

WELL

60-MW Utility-Scale BESS Cost Projections for SFS
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NEW ENERGY TECHNOLOGY
DEVELOPMENTS REINFORCE MOVE
AWAY FROM NUCLEAR AND COAL




SMART GRIDS BALANCE A WIDE # OF
ELECTRICAL SOURCES & REDUCE BASE
LOAD REQUIREMENTS
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TECHNOLOGIES FOR SMART GRIDS

Super Capacitors, Switches, Batteries, Direct Current

Systems
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TECHNOLOGIES FOR SMART GRIDS ALSO
CAN BE USED IN DISTRIBUTED SYSTEMS

CENTRAL vs. DISTRIBUTED GENERATION

Central Generation Distributed Generation

| Fuel Cell

Central si==—

Plant | |

Central pre

Plant |-| -

Central pre

Plant |'|J_ Building
Wind T w\@

Micro-Turbine
Generator




DISTRIBUTED ELECTRICAL SYSTEMS WOULD
MAKE THE GRID A BACKUP SYSTEM

Conventional Model Bloom Model
Primary
Bloom Energy Server
(non-interruptible power supply)
Backup
Backup Generator ~ Batteries Grid
Sunk Capital in equipment Realize a Stable Power
Also use of backup power supply is Supp|y
limited even if blackout lasts long Grid and gas pipe are independent 35




SMART GRIDS: GROWING MARKETS

usp~52
Eillion

hﬁﬁ Fgﬁ% I I I

2016 2017 2018 2019 2020 2021

Market Size (USD Blion)

RLtRSIWwWw.marketresearchfuture.com/reports/smart-grid-market-1110



https://www.marketresearchfuture.com/reports/smart-grid-market-1110

THE GRID MANAGEMENT CHALLENGE
RENEWABLES PRESENT

28 thousand megawatts

26 California's electrical grid throughout the day

24

22

20

18

16

14 The net load on
March 31 of
12 each year _
2020
10

12a.m. 3 9 Y 12 p.m. 3 6 g




LITHIUM-ION GIGA-BATTERY FACTORIES

Nevada

China is building up a massive battery manufacturing capacity (@
The local production base clearly is in Chinese hands 2

Number of operational
battery production sites

E l Chinese companies
Beijing Foreign companies
& Examples of
ﬂ“ gigafactories planned/
under construction
1

1 1
g
3
Zhenjiang, Jiangsu Province
1 i, Funeng Technology*
.l d“ China

il

Xi'an, Shaanxi Province

i Build Your Dreams (BYD),
E‘“ (hina

1 s

ad

Ningde, Fujian Province H /. Nanjing, Jiangsu Province
i, Contempe Amperex LG Chem, Korea

a Technology lina


https://merics.org/en/analysis/chinas-battery-industry-powering-global-competition
https://merics.org/en/analysis/chinas-battery-industry-powering-global-competition

OTHER KINDS OF BATTERIES

Flow battery, California, 2 megawatt 8
megawatt hours

Storing energy underground

€@ Clean energy powers
pumps that compress air

g |11 | @and later pulled £
into a cavern in ® out to generate
a salt deposit electricity

v
©where it is stored

~ deep underground

Source: Times Reporting Jon Schleuss / Los Angeles Times

Utah plans 1 gigawatt



MORE BATTERIES

Flow of water to
generate electrici

(high demand)

Flow of water

ing

during pump

(low demand)

Pumped storage

S tweev iy

\\
Yo v’ {

¢

\\\
'y

\\
A 4

]

Concentrated solar plant, Spain

\.:_\:\ 'Yy

Yiiii iy

\,\.



BATTERY STORAGE IS INCREASING
NATURAL GAS’S COMPETITIVE
EDGE

7 m'ier:tegratimﬂ, l!;;i:
e / e il

138 kV—-480V
transformers (step up or
step down)

2. Center Peaker facility’s battery dispatches power immediately upon receiv-
ing the CAISO dispatch signal and continues to provide power while the gas
turbine/generator starts up




RENEWABLES ARE BECOMING MORE
ATTRACTIVE IN THE MIDDLE EAST



THE MIDDLE EAST IS RICH IN
RENEWABLE ENERGY POTENTIAL

J P a3 , ‘ e B A
\\ | -

§|';dan

* Total solar radiation (PV) * Direct solar radiation (CSP)
* GCC focuses on Solar PV because it is
) ‘ cheaper
B * Advantage of CSP is its thermal storage
. * Possibility of PV power with storage
-
S0 Wit Speed Average (m's)
F i
SO
*  Wind speeds — i{
. s-oe :

sob
QAMAR ENERGY




CONCENTRATED SOLAR POWER
COSTS:
NOW WELL BELOW NUCLEAR

Falling Prices for CSP Plants with Molten Salt

The prices for electricity from concentrated solar power (CSP) plants with
molten salt energy storage have dropped by more than half since
SolarReserve started developing its Crescent Dunes plant in 2009, Some
recent bids to build new plants show the price trajectory.

CSP MOLTEN SALT TOWER PROJECTS

CAPACITY/ DATE
PROJECT/LOCATION DEVELOPER(S) STATUS POWER PRICE PRICED
Crescent Dunes SolarReserve 110 MW 13.5¢/ 2009
Tonopah, Nevada {operating) k';'ﬂ'l
Noorlll ACWA Power, 150 MW 15¢ 2014
Ouarzazate, Sener {under /
Maracco construction) kWh
Redstone SolarReserve, 100 MW 12.4¢/ 2015
Postmasburg, ACWA Power (preferred kWh
South Africa bidder) w
MER Solar ACWA Power, 100 MW= 7.3¢/ 207
Park Phase 4 Shanghai {construction 9
Dubai, UAE Electric to begin 2018) kWh
Aurora SolarReserve 150 MW 6¢/ 2m7
Port Augusta, {construction kWh
South Australia to begin 2018)
Copiapo SolarReserve 260 MW 2m7
Copiapa, Chile {pending bid) ﬁm

Power price is based on the power purchase ogreement (PPA) s;?ned by the developer for power from the project;

it may not reflect other sources of project incame such as the s

"PPA for this project covers a mix of trough and CSP tower facilities.

e af environmental credits or excess power,

ol i-{Lf’_._‘.,__,}”' ek ‘MM‘thld'lllu'jwl,‘!ﬁu!b'lahyk.

SOURCES: SolarReserve; Mational Renewable Energy Laboratory

PAUL HORN / InsideClimate News




SAUDI ARABIA’S BEST BET IS NOT NUCLEAR

B TRANSMISSION & DISTRIBUTION LOW CASE

SOLAR PV
GAS CCGT, $1/MMBTU
CONVENTIONAL COAL
GAS CCS, $6/MMBTU
COAL CCS

SOLAR ROOFTOP
SOLAR CSP

GAS CCGT, $6/MMBTU
ONSHORE WIND

NUCLEAR

DIESEL TURBINE, $50/BBL

GAS CCGT, $12/MMBTU

0 2 4 6 8 10 12 14 16
ELECTRICITY PRICE (C/KWH)

Source: Qamar research



URANIUM: PLENTIFUL AND CHEAP
~$53.20/POUND, 11/2023

‘-4
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

w Uranium spot price (S/lb U.0.) = |_ONg-term uranium price ($/1b U.0,)

https://world-nuclear.org/information-library/nuclear-fuel-cycle/uranium-resources/uranium-markets.aspx

https://ycharts.com/indicators/uranium_spot_price#:~:text=Uranium%20Spot%20Price
%20is%20at,9.16%25%20from%200ne%20year%20ago.



ENRICHMENT SERVICES: CLIMBING
ON SPECULATION ($130/SWU 4/23)

Monthly SWU Prices
$160

5140 06/30/22,
5120 e
0 06,/30/22,
580 £87
$60
$40
$20
$0

Long-Term SWU

Spot SWU
©2022 TradeTech

S & > P &
o L

&

& ¢ ¢ & ¢ ¢E E & & &

https://seekingalpha.com/article/4556160-centrus-energy-
reiterating-bullish-thesis



FUTURE NON-ECONOMIC VARIABLES
OF INTEREST



ENERGY INTENSITY OF GDP IS DECLINING

Energy intensity

Toe per thousand $2012 GDP
0.4

0.1

0.0
1965 2000 2035

Energy Outlook 2035 82




CURRENT GLOBAL WARMING MODELS

ASSUME MEDIAN POPULATION GROWTH
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IT’S UNCLEAR IF POPULATION WILL
DECLINE OR RISE AFTER 2040

GRAPH A Estimated and Projected World Population According to Different Variants

25 | » Constant fertility variant
High fertility variant
e Medium fertility variant

20 = Low fertility variant

Population (in billions)

- - - -~ - ~ — — - — — — — —~ - o~ o~

- - - - ) - - - - - - (- - - - J - -

o - — ™~ 4, T v D L oC an o r—~ ~N v < s

o - O o ) - - — ) b = ph=- —~— : —

hd- — ~ T~ —~ S ~ ~ N ™ ~ ~ ~
™~ ™ ™~ ™~ ~ ~N ~ N ~ ~ v . v ‘.

Year



FERTILITY HAS DECLINED WITH EDUCATION

Women's educational attainment vs. number of children per woman, 1950 to 2t
In ata
2010

Shown on the x-axis is the average number of years of schooling of women in the reproductive age (15 to 49 years). On the y-axis
you find the 'total fertility rate' - the number of live births per woman in reproductive age.

8 , = Africa
: _ Niger ® Asia
7 e . . = Europe
- \\,Mall Democratic Republic of Congo 2 North Ametica
6 Burundi < - Uganda ® Oceania
(\_ Af\bamslan N —— ‘ . » South America

5 \“\39‘_‘"‘ Cote ditvoire —onzania- Zambia

< = S:r:‘zgals_u — Togo— Congo \ 1950 «=—» 2010
imbabwe
s —— , Tonga
g PaklsHt:;?GuatemaTa =3 Namlbla S Jordan- Tajlknstang
[ =
g 3 SynaAg%ﬁ)at === Phlllpplnes Kyrgyzstan ~ Israel
= ~Nepal e lndon\esm = South Afnca
Qi 9 Maldives = - S~ M : =
~Vietnam - : Chils — United States
“China " Thailand ltaly =~ ussia
1 Macao South Korea
0]
) 2 4 6 8 10 12

Average years of schooling of women in reproductive age

Source: Our World In Data (2017), UN Population Division (2017 Revision), Population (Gapminder, HYDE(2016) & UN (2019))
OurWorldInData.org/fertility-rate e CCBY

P 1950 - Wlekle

Q Search () Average annual change CHART DATA SOURCES £ <

https://ourworldindata.org/grapher/womens-educational-attainment-vs-fertility



WE STILL WASTE MORE THAN HALF THE
ENERGY WE PRODUCE

Estimated U.S. Energy Consumption in 2015: 97.5 Quads L hg%%?%&eg&ur;e




ADDITIONAL SLIDES



More than one-third of global electricity comes from m
low-carbon sources; but a lot less of total energy does
Qil Wind

3.1% y
Electricity
only
‘ Fossil fuels: 63.3%. . Low-carbon: 36.7% ;
Fossil fuels: 213‘43‘7 Low-carbon: 15 7%,

Total energy

{edectricity, tranport & heat)

Wiudes geothermal, Domass, wave and Udal It does not inckade tradaional Diomass wihinth can De a Koy cnergy source n lower income seltings
OurWoeldinDataorg - rch and da



The share of nuclear and renewables in total electricity production,
World in Da

'Renewables' includes hydropower, biomass, wind, solar, geothermal and marine production; it does not include nuclear
or traditional biomass.

= Change country
Renewables

25%
20%
10% Muclear

5%

G% ] 1 I ] I 1

1985 1990 1995 2000 2005 2010 2015 2020
Source: BP Statistical Review of World Energy & Ember CCBY

.n 1985 C—C) 2020

CHART TABLE SOURCES 2 DOWNLOAD L




THEORETICALLY, AS REACTORS GET BIGGER, THE CAPITAL
COSTS OF PRODUCING ELECTRICITY SHOULD DECLINE

The larger the reactor, the more electricity it produces. Making them bigger was
supposed to reduce the cost of an installed kilowatt hour

\
- \  Minimum Efficient Scale




Today, Large Reactor Builds Can’t Compete
Economically with Nonnuclear Alternatives

evelized Cost of Energy Comparison—Unsubsi

Selected renewable energy generation technologies are cost-competitive with conventional generation technologies under certain circumstances

Solar PV—Rooftop Residential

Solar PVV—Rooftop C&l
Renewable

Energy o]
Solar PV—Thin Film Utility Scale

Wind

/]

3
Gas Peaking

)
Nuclear

Conventional

(6
Coal

]
Gas Combined Cycle

$0

Source: Lazard estimales

o I+~

$1 $199
$11 192
566 2
sis [ sc
$25 $50 375 $100 $125 5150 $175 $200 $225 $250 $275

Levelized Cost ($/MWh)

Note:  Here and throughout this presentation, unless otherwise indicated, the analysis assumes 60% debt at 8% interest rate and 40% equity at 12% cost. Please see page fitled "Levelized Cost of I'_nerg{rcomparlson—ﬁensi!wn3,'
-

to Cost of Capital® for cost of capital sensifivities. These results are not intended to represent any particular geography. Please see page titled "Solar PV versus Gas Peaking and Wind versus CCl

ional sensitives o selected technologies.

—Global Markets” for

(1) Unless otherwise indicated herein, the low end represents a single-axis tracking system and the high end represents a fixed-tilt system

2 Represents the estimated ||r-?l|ed midpoint of the LCOE of offshore wind, assuming a capital cost range of apylumrnately $2.33 - $3.53 per watt.

3 The fuel cost assumption for Lazard’s global, unsubsidized analysis for gas-fired generation resources is 53 45/MMBTU

4 Unless otherwise indicated the analysis herain does not reflect decommissioning costs, ongong maintenance-related capital expenditures or the potential economic impacts of federal loan guarantees or other subsidies.
{5 Represents the midpaint of the marginal cost of operating coal and nudlear facilifies, inclusive of decommissioning costs for nuclear faciliies. Analysis assumes that the salvage value for a decommissioned coal plant 15

equivalent to its {Eecomnnssuonmﬁ and site restoration costs. Inputs are denved from a benchmark of operating coal and nuclear assets across the U.S. Capacity factors, fuel and vanable and fixed operating expenses are
based on upper and lower quartile estimates derived from Lazard's research. Please see page titled "Levelized Cost of Energy Companson—Renewable Energy versus Marginal Cost of Selected Exasting Conventional
Generation” for additional details

(5] High end incorporates 90% carbon caplure and compression. Does not include cost of ransportation and storage.




THIS HAS DISCOURAGED NEW REACTOR
BUILDS

B Total in operation M Capacity additions Closures
400

300 20
: il |‘||JJ | :
§200 .....|||| | |§ | ||Il||l|l|||||.|l.. MENEEE Py §
2 20
C | | C

100 1979 1986 2011 20

Three Mile Island Chernobyl Fukushima
0 40
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AO REAULITURO UREVY LARUER, ECUNUIVIILO
RECOMMENDED THAT CONTAINMENT

REQUIREMENTS BE LOOSENED
FUEL FAILURES AND CORE MELTDOWNS WERE PRESUMED UNLIKELY

; SHELDON STATION, Hallam. Nebraska
.t. NUCLEAR POWER FOR A GROWING NEBRASKA
5%

Hallam Nuclear Power Plant,
240 MWe, 1962

Three Mlle IsIand 2x 812 MWe



AND EVEN WITH MORE LAX CONTAINMENT
REQUIREMENTS, REACTOR COMPLEXITY, CONSTRUCTION
COSTS STILL GREW

16,000
N A US, <32GW
R ° e US >32GW
.~ 8,000 '.%o AR
. ..\\ N : ° ® CA >64GW
A
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. 2l .
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INCREASED COSTS HAVE HARDLY ENCOURAGED
NUCLEAR INDUSTRY TO COVER FULL LIABILITIES,
WHICH, IN TURN, DISCOURAGES INDUSTRY FROM
MAKING SAFETY INVESTMENTS

Nuclear Insurance Under .
The Price-Anderson Act Fukushima: SZOO b

$618.4M to >S7OO b.

Chernobyl: >5200 b

Three Mile Island
Total Pool: $13,436 million ~S1.78 b

® Private Insurance (First Tier)

® Industry Self-Insurance (Second Tier)
5 Percent Surcharge

Owners of nuclear power plants pay for $450 million in
private insurance. If a nuclear accident surpasses this
amount, each plant pays up to $121.255 million into a
second tier insurance pool plus a 5 percent surcharge.




THE SAFETY CASE FOR SMALL REACTORS,
ADVANCED AND MODULAR

Small reactors produce less
radiation and waste per reactor

Some designs can be passively |
cooled (without pumps), “self-
regulating” am

Can incorporate most nuclear
components within a single
pressurized vessel

=7

Can be built underground B




UNKIND HISTORY: PREVIOUS SMALL REACTORS
PROVED TOO SMALL TO COMPETE
ECONOMICALLY

g G
) -

Fort St. Vrain, 185 MWe

Piqua, Ohio, 12 MWe Punta Higuera, Puerto
Rico, 17 MWe



DOE Now Wants Small Reactors to Go Fast

LR L

Traveling Wave Toshiba 4s Reactor
Reactor

Molten Chloride

Energy Multiplier Fast Reactor PRISM reactor
Module



YET, HISTORICALLY FAST REACTORS HAVE
PROVED THE MOST COSTLY TO BUILD

Construction cost of reactors by type

11000
8250

5500

Overnight Capital Cost ($/kW)

2750

0
B Sodium-cooled M Sodium-cooled w/o Monju & Gas-cooled M Boiling water
B Heavy water B Pressurized water

Source: Lovering. J. B, Yip, A., & Nordhaus, T. 2016. Historical construction costs of global nuclear power reactors. Energy Policy. 91,
;;‘;(‘B"&EIS‘S 371-382. Accessed March 7, 2017. hitp://www.scienceditect com/science/aricle/pi¥S0301421516300106



TO HELP OUT, DOE PLANS TO SPEND BILLIONS ON
ADVANCED NUCLEAR FUELS IN SUPPORT OF SMRS

American

Centrifuge Plant,
Pinkerton, OH or
DOE alternative,
S10 B?

Versatile Test
Reactor, S3-6 B



THE ECONOMIC COMPETITION IS PROJECTED

TO GET STIFFER

2015: Store <1 Minute of

World Electricity Demand How Cheap Can Energy Storage Get?
¥
0.26
. This is a future mode! of energy storage prices.

T 4 Storage for 3 minutes of 2015 ; "
é 0.24 y global electricity demand /ézz&tjsrrﬁsl g;?i(]g&egost reduction of new battery storage per doubling of scale.
§ 0.2 o Costs do not include the cost of generating the eleciricity to store
2 020 '
0
=018 4
3 3min
= 0.16
2 (.14 , 7
ic ) Y 9 I‘lo
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Ramez Naam (2015) http://rameznaam.com/ eoleed) $0000000 000000
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Cumulative Worldwide MWh of Batteries Deployed

o oBattery LCOE per Kwh - 15% Learning Rate Battery LCOE per Kwh - 21% Learning Rate ® ® ®Hypothetical Flow or CAES Storage

2018 there were 12 gigawatt hours of grid battery
storage deployed worldwide

LCOE in $ /MWHr, in 2017%

3601
3401
3201
3001
2801
2601
2401
2201
2007
1801
1601
1401
1201
1001

807

60T

4071

207

Levelized Cost of Energy - Alternative Sources of Power
2009 to 2018, with Projections 2019 to 2023, Unsubsidized Costs

Source: Calculated from estimates in Lazard
Levelized Cost of Energy Analysis
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INDUSTRY COUNTING ON EXPORTING SMALL

REACTORS TO THE MIDDLE EAST

Passive Residual Heat Removal System

days grace perod aganst Fukushima-type acodent

SMART Reactor,
Saudi Arabia

Inside a NuScale Small Modular Reactor Building

Reactor Building Crane

Spent Fuel Poo|

Reactor Pool  yScale Power Module

Reactor Vessel Flange Tool Container Vessel Flange Tool
(Holds reactor vessel during refucling) (Holds containment vessel during refucling)

Source: NuScale Power LLC

NuScale Reactor, Jordan

The Xe-100 Reactor Cannot Melt Down Jordan

Control rods

Pressure vessel

Graphite reflector —

Pebble bed

Hebum Flow Path
= -»

© 2015 X ey, UC

Xe-100 Reactor Benefits

» Helium transports heat from the
reactor to the steam generator; no
cooling fluid required

» Reactor core design eliminates the
possibility of meltdown

» On-line refueling allows for
continuous operations

> Able to quickly respond to energy
demands

» Used fuel is proliferation resistant

Steam Generator




WHAT NUCLEAR ACTIVITIES MAKE
MONEY

« Existing Uranium enrichment

 Nuclear fuel fabrication ~ $23 billion

 Production of industrial, agricultural, and
medical isotopes ~ $30 billion



SAFETY IS A MUCH BIGGER ISSUE
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SOUND NUCLEAR SAFETY METHODOLOGY:
WHAT'S CURRENTLY LACKING
INTERNATIONALLY

NRC argues
Risk = Probability x Consequence

(focuses on prompt deaths, exposure

calculations, assumes evacuation success,
manipulates calculations for "reactor years"
between accidents).

Concludes probability is too low to question safety

Nuclear industry refuses to assume any risk whatsoever for off-
site damage in the case of nuclear accidents



UNCERTAIN ENERGY FUTURES:
LAST HALF OF THE 19™ CENTURY

 Lighting: Whale olil, gas, candle, electricity

 Heating: QOil, coal, gas, wood, electricity

« Locomotion: Steam, electricity, gasoline, diesel

 Electricity: AC, DC




UNCERTAIN ENERGY FUTURES: 1950

Lighting: Electricity (centrally generated, grid
distributed)

Heating: Gas, electric, fuel oil

Locomotion: Gasoline, diesel

Electricity: AC, Coal, oil fueled, hydro




UNCERTAIN ENERGY FUTURES: NEXT
IALF CENTURY

Lighting: Incandescent, fluorescent, LED

Heating: Electricity, gas, biomass, solar, geothermal

Locomotion: Electric vehicles, gasoline, fuel cell, diesel

Electricity: AC, DC, distributed, central, flow batteries,
fuel cells, smart switching, photovoltaics, small
reactors




ELECTRICAL GRID RESILIENCE BASICS



DISTRIBUTION OF ENERGY

INTERRUPTIONS

Bulk power system (~10%)

High voltage
transmission lines

Power

Local distribution system (90%)

Transmission
substation

% il

Fuel supply
line (>1%)




US ENERGY INTERRUPTIONS: 2012-2016

Cause of major electricity outages by customer-hours disrupted in the U.5., 2012-2016
Source: Marsters et al. (2017)

Generation Inadeguacy | 0.00858%

Hurricane Sandy

Fuel Supply Emergencies | 0.00007%

Qthar l 3.8%




CAUSES OF ENERGY INTERRUPTIONS

iz g pazahs

Ice Storms Equipment Failure



SQUIRRELS, OTHER ANIMALS ARE

A PROBLEM

Confirmed power outages caused by Squirrels in 2017

ALSO

Agent Success
Squirrel 1182
Bird 620
Snake 13
Raccoon 106
Rat 51
Cat 26
Marten 25
Jellyfish 13
Monkey 12

Source:

Human

3*

Power outages caused by
animals since 1987


https://cybersquirrel1.com/

WHAT CAN BE DONE TO REDUCE
OUTAGES?

Clear trees and vegetation Sl et i DA :

FIGURE 6.3 Three ABB single-phase 345 kV compact replacement transformers being moved from St. Louis, Missouri, to a substation in
Houston, Texas, under a Department of Homeland Security demonstration project.
SOURCE: DHS (2012).

Create a transformer reserve for quick replacement



WHAT INTERRUPTIONS GOVERNMENT
OFFICIALS FOCUS ON IS A FUNCTION OF
THEIR AUTHORITY

Bulk Power

System [FERC) Local Distribution

~10% System [State,
muncipalities, and local
utilities) 905

Interuptions, etc.

DOE and DHS) = 1%
(DOE and DH) » Q-

Power Inefficiency, l
Cyber Attacks, Fuel |
k
-l L) ».

i‘p i




GAS DISTRIBUTION IS GROWING
BUT STILL DISCONNECTED

Sabected Ol and Gas Plpaling Infrastnacture Inthe Middles East
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LEVELIZED ENERGY COST
COMPARISONS AFTER FUKUSHIMA

. g . .
Unsubsidized Levelized Cost of Energy Comparison
v

Certain Alternative Energy generation technologies are cost-competitive with conventional generation technologies under some scenarios;
such observation does not take into account potential social and environmental externalities (e.g., social costs of distnbuted generation,
covironmental consequences of certain conventional gencration technologics, ete.), reliability or intermittency-related considerations (c.g..
transmission and back-up generation costs associated with certain Alternative Encrgy technologics)
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Source: Lazard “Levelized Cost of Energy Analysis - Version 10.0”
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IRENA & @IRENA - 9h

Latest @IRENA #Renewables Costs report shows onshore & offshore
#wind both fell about 9% year-on-year, reaching USD 0.053/kWh & USD
0.115/kWh, respectively, for newly commissioned projects.

See why #renewableenergy is a cost-competitive investment
bit.ly/2MpKAna

Costs continue to fall
for wind power technologies

® Onshore Wind
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X/ Latest @IRENA #Renewables Costs report shows onshore & offshore

#wind both fell about 9% year-on-year, reaching USD 0.053/kWh & USD
0.115/kWh, respectively, for newly commissioned projects.

See why #renewableenergy is a cost-competitive investment
bit.ly/2MpKAna

Costs continue to fall
for wind power technologies

® Offshore Wind
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AN ALTERNATIVE: AN ELECTRIC
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US CARBON ABATEMENT: COAL
RETIREMENTS AND GAS SUBSTITUTES

Reported Coal-Fired Generator Retirements
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https://www.eia.gov/todayinenergy/detail.php?id=7290
https://www.eia.gov/todayinenergy/images/2016.05.19/main.png

US CARBON EMISSIONS FLAT TO DECLINING

U.5. annual carbon emissions by source
million metric tons
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Source: Short-Term Energy Outlook, April 2020

https://www.mprnews.org/amp/story/2020/04/08/us-
greenhouse-gas-emissions-may-fall-75percent-in-2020



“Beijing to shut all major coal power plants to cut

pollution”-Bloomberg News, March 23, 2015

China aims to shut 8.7 GW of coal power by year-end

— regulator — Reuters, September 29, 2019 (1,000
GWe of coal power still operating today)

Beijing to Shut All Major

Coal Power Plants to Cut
Pollution

March 23, 2015 — 1152 PM EDT tjpdated on March 24, 2015 — 4:28 AM EDT f ad

Beijing, where pollution averaged more than twice China's natio

will close the last of its four major coal-fired power plant

The capital city will shutter China Huaneng Group Corp.’s 845-megawatt p

2016, after last week closing plants owned by Guohua Electric Po

Energy Inv nent Holding Co., according to a statement Monday on the website of the
1 ing agency. A fourth major power plant, owned by China Datang

Corp., was shut last year.

9S00 thousand metric tons per day

Coal use dips every winter
as businesses close down
for the Mew Year haliday.

600

300  Coal Consumption in China

Is Down Due to Coronavirus

This year, coal use didn't
rebound following the
holiday because of the
coronavirus outhreak.

Daily coal use by six power companies
before and after the Chinese New Year
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Days from Chinese New Year

Source: Centre for

York Times

Research on Energy and Clean Air, based on data from WIND By The New


https://mobile.reuters.com/article/amp/idUSKBN1WF05O
https://mobile.reuters.com/article/amp/idUSKBN1WF05O

AFTER COVID, BEJING IS BURNING LOTS OF COAL

Energy consumption by source, China
Coal consumption in China from 1998 to 2021 (in exajoules) Primary energy consumption is measured in terawatt-hours (TWh). Here an inefficiency factor (the 'substitution’

method) has been applied for fossil fuels, meaning the shares by each energy source give a better approximation
of final energy consumption.
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Source: BP Statistical Review of World Energy
Note: 'Other renewablses' includes geothermal, biomass and waste energy
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CHINA PROJECTED TO BUILD 270 GW OF NEW
COAL - BURNING GENERATORS BY 2025

Wednesday, November 2, 2022 11:14 PM Daily Newspaper published by GPPC Doha, Qatar. 5 O v f & Login

GULF e TIMES

HOME QATAR INTERNATIONAL REGION SPORT OPINION COMMUNITY MEDIQ PDF CLASSIFIEDS SPOTLIGHT NEWSWALL MY NEWS

China is doubling down on coal despite its green ambitions
October 31 2022 10:32 PM
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PROFITABILITY OUTLOOK FOR ALL
US NUCLEAR PLANTS, 2017-2019
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US LARGE REACTOR GROWTH

LIKELY TO BE NEGATIVE

MNuclear power in March 2018

through 2025



https://www.nytimes.com/interactive/2018/06/13/climate/coal-nuclear-bailout.html
https://www.nytimes.com/interactive/2018/06/13/climate/coal-nuclear-bailout.html

NUCLEAR RETIREMENTS UNTIL RECENTLY,
WERE CLEARLY OUTSTRIPPING

CONSTRUCTION IN E

Net nuclear capacity in the EU

Reactors in operation M Operable capacity
GWe

1 1l Chernobyl Fukushima FTX
b o)

o O

Nuclear reactors startups and shutdowns in the EU28

UROPE

Reactor Startups and Shutdowns in the EU28
in Units, from 1956 to 1 July 2017
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THIS WAS ALSO HAPPENING IN
JAPAN AND SOUTH KOREA

Japan’s Nuclear Power Plants Tomari (Hokkaidé)
(As of June 2022)

Oma (J-Power)
Kashiwazaki-Kariwa (TEPCO)

[1ll2]3]as5lellzl
Shika (Hokuriku)

2]

Tsuruga (JAPC)

=71

N

Shimane (Chugoku)

el

Takahama (Kansai)
DD A

Higashidori "\
(TEPCO)

Genkai (Kylsha)

\\\@m@ﬁ@

Higashidori
" (Tohoku)

Onagawa

Fukushima Daiichi

Fukushima Daini
(TEPCO)
AN

Tokai / Tokai Daini
(JAPC)

Hamaoka (Chubu)

Sendai (Kyushu)

Mihama (Kansai)

30
25
20 -
15 -
10 -

W 2022
2034

0 - |
24 17

lkata (Shikoku)

Created by Nippon.com based on power company reference materials.
Tokai and reactors 1 and 2 of Hamaoka, which were all set to be
decommissioned prior to the 2011 Great East Japan Earthquake, are
included in the map.

nippon.com

Output
(] Under 500,000 kW

@ Under 1 million kW

@ Over 1 million kW

Resumed operation
ﬁ (incl. reactors offline for
routine inspections)

Meets new standards

@ Under construction

X To be decommissioned

Japan ~ 20% by 2030

Number of Nuclear Reactors in
South Korea, Current and
Projected

In 2021, ROK nuclear = 27.4%
New plan for 2030 ~ 30%



https://en.yna.co.kr/view/AEN20220310003900320#:~:text=South%20Korea%20now%20has%20a,total%20power%20generation%20by%202030
https://en.yna.co.kr/view/AEN20220310003900320#:~:text=South%20Korea%20now%20has%20a,total%20power%20generation%20by%202030
https://en.yna.co.kr/view/AEN20220310003900320#:~:text=South%20Korea%20now%20has%20a,total%20power%20generation%20by%202030

NUCLEAR GROWTH IN CHINA,
SLOWING DOWN
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https://asia.nikkei.com/Business/Energy/China-greenlights-6-new-nuclear-reactors-in-shift-away-from-coal
https://asia.nikkei.com/Business/Energy/China-greenlights-6-new-nuclear-reactors-in-shift-away-from-coal

ALLAM CYCLE GENERATOR: ECONOMIC, ZERO EMISSIONS
AT 4-5 CENTS/KWH?
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