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Nuclear energy -Present Status

Nuclear energy - generated by large nuclear fission power plants - has been a significant source of electricity
generation for decades, contributing to global energy supplies while producing low greenhouse gas emissions. As
of the current state, several countries heavily rely on nuclear power, while others are re-evaluating their nuclear

energy strategies due to safety concerns and the rise of alternative energy sources. Fusion has been the source of
studies for decades and several countries are investing on fusion projects
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Source: Generation IV International Forum, www.gen-4.org
Slide from Varenna2023 -S. Leray

Generations of Nuclear Fission Power Plants
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Big Rock Point. GE BWR

Early
prototypes

Calder Hall (GCR)

Douglas Point
(PHWR/CANDU)

Dresden-1 (BWR)
Fermi-1 (SFR)

Kola 1-2 (PWR/VVER)
Peach Bottom 1 (HTGR)
Shippingport (PWR)

fi=

Diablo Canyon, Westinghouse PWR

Large-scale
power stations

Bruce (PHWR/CANDU)
Calvert Clitfs (PWR)
Flamanville 1-2 (PWR)
Fukushima Il 1-4 (BWR)
Grand Gult (BWR)
Kalinin (PWR/VVER)
Kursk 1-4 (LWGR/RBMK)
Palo Verde (PWR)

present

Kashiwazaki, GE ABWR

R, NS

Oikiluoto 3 AREVA PWR

Evolutionary

ABWR (GE-Hitachi; Toshiba

BWR)
ACR 1000
(AECL CANDU PHWR)

AP1000 (Westinghouse-

Toshiba PWR)
APR-1400 (KHNP PWR)
APWR (Mitsubishi PWR)

Atmea-1 (Areva NP
-Mitsubishi PWR)

CANDU 6 (AECL PHWR)

designs

EPR (AREVA NP PWR)
ESBWR (GE-Hitachi BWR)
Small Modular Reactors
- B&W mPower PWR
CNEA CAREM PWR
India DAE AHWR
KAERI SMART PWR
- NuScale PWR
- OKBM KLT-405 PWR
VVER-1200 (Gidropress PWR)

preparing

Safe
Secure
Sustainable
Competitive
Versatile

Arciving ~ 2030
Innovative
designs

GFR gas-cooled fast
reactor

LFR |ead-cooled fast
reactor

MSR molten sait reactor

SFR sodium-cooled fast
reactor

SCWR supercritical water
cooled reactor

VHTR very high
temperature reactor



http://www.gen-4.org/
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Key Features of Present Nuclear Energy I

Electricity Generation:
Nuclear power plants use
controlled nuclear reactions
to produce heat, which is
then converted into
electricity. These plants
provide a consistent and
reliable source of baseload
power, often operating at
high capacity factors.

Low Carbon Emissions:
Nuclear energy emits
minimal greenhouse gases
during electricity
generation, making it an
important option for
reducing carbon emissions
and combating climate
change.

Coal produces more than 1 million times the waste (by weight of final product).

'Nuclear Electricity

JKg-70Ka  230g uranium oxide
uranium ore concentrate (U0}

8000 KWh elecincity
30g ennched
uranium

30g 20ml fig
spentfuel high level waste  glass
200g of depleted 'fails'

((CoakFired Electicity |

8000 K'Wh electricity

%»iﬂ‘»fam I

3 tonnes black power stat
[dfh\l ch

J00Kg fly ash (4seous emissior
plus particles

High level spent fuel product
from the electricity
consumption of one person’s
lifetime would be
encapsulated in a vitrified
glass disc of this size.
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Key Features of Present Nuclear Energy II

*‘Resource Availability:

Uranium, the primary fuel for nuclear
reactors, is relatively abundant and can
provide a stable source of energy for
decades, if not longer.

‘Quantities of mineral resources are
greater than commonly perceived, and are
relative to both market prices and cost of
extraction.

*The world's known uranium resources

increased by at least one-quarter in the
last decade due to increased mineral
exploration.

‘Uranium should last at least until
the end of the century

Reasonably assured resources
<Us$130 / kg U
January 2011

= USD 130-260/kgU USD 80-130/kgU = USD 40-80/kgU = <USD40/kgU

VC A [ B[ T CRI G (L ELEY IIo A U 200,000 ppm U

High-grade ore — 2% U 20,000 ppm U

Low-grade ore — 0.1% U 1000 ppm U

Very low-grade ore* (Namibia) — 0.01% U

Granite

Sedimentary rock

Earth's continental crust (av)

Seawater 0.003 ppm U




Challenges I

Safety Concerns: Nuclear accidents like Chernobyl and Fukushima have raised serious safety concerns
prompted re-evaluations of nuclear plant design, disaster preparedness, and reactor decommissioning.
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Nuclear Accidents Worldwide

Location and year us, 1979 USSR, 1986

Reactor type PWR RBMK

Physical cause Valve stuck open caused

extended coolant leakage

Core instability at low power

Human error Failed to recognize stuck

valve, turned off pumps

Intentionally disabled safety
systems to run ‘experiment’

Damage Partial core meltdown Complete core and
superstructure destruction +

cladding material fire

Containment worked as
designed

Mitigation This reactor design does not

have a robust containment
Minimal

Release Massive and unmitigated,

fueled by fire

Public health
impact

Radiation-induced
casualties among first
responders, increased
incidence of thyroid cancer
in locals

None from radiation
exposure, but lots of
anxiety

Debris contained within
‘sarcophagus’

Current status Fuel removed

Japan, 2011
BWR (3 units)

Station blackout caused by
earthquake and tsunami

None major

Analysis suggests 3 core
meltdowns

Containments partially failed

Substantial, mostly into
atmosphere and ocean

Minimal from radiation
exposure, but much distress
and several casualties from
forced evacuation

Safe shutdown

Each accident has been a learning experience = NPPs worldwide have gotten safer and safer

100,000 deaths per trillion kilowatt-hours

Mortality by Energy Source

Mortality by Energy Source

T
280,000

Coal
(China)

170,000

Coal
(Global)

T T T T T T T

~13,000 premature deaths annually in the U.S. from
coal production and combustion

(includes Chernobyl,
Fukushima)

1,400 440 150 90
L 1 | 1

oil Biofuel Coal Gas
/biomass (U.S.)

Hydro Solar Wind Nuclear




https,ywww.compoundchem.com/2020/04/28/nuclear-waste/

Challenges 11

Nuclear Waste: Radioactive waste disposal remains a complex challenge, requiring secure long-
term storage solutions to prevent environmental contamination.

Types of Waste Waste Disposal

@&————— Cover
®——————— Concrete vault
@———————— Waste packages

SPENT FUEL COMPOSITION

Spent Fuel . Uranium-238 (95%) Uranium-235 (1%)
Compos|t|on Plutonium (1%) Fission Products (3%)

Surface facility

Access shaft

Cm-243

@———— [isposal vaults

Am-241

Tc-99 Np-237
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Nuclear Energy: The Rise of a New Era

This new era is characterized by the following key developments:

1.Advanced Reactor Designs: Next-generation nuclear reactors are being developed with
enhanced safety features, improved efficiency, and reduced waste production. Small modular
reactors (SMRs) and advanced fast reactors are among the innovative designs gaining attention.

2.Use of nuclear energy beyond electricity: heat generation, H production, water desalinisation,
energy storage...

3.Nuclear Fusion: nuclear fusion holds the promise of virtually limitless and clean energy.
Projects like ITER (International Thermonuclear Experimental Reactor) aim to achieve
controlled fusion reactions. Industry is booming with small fusion reactors. New concepts are
being proposed

4.Innovation in Waste Management: Research is ongoing to develop more effective and secure

methods for managing and disposing of nuclear waste, including advanced reprocessing
techniques.

5.Public Engagement: Public understanding and acceptance of nuclear energy are being
addressed through education, transparency, and open dialogue.
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8. Sarrade ANIMMA 2083

Reinventing nuclear power with SMR Source - Generation 4 Forusm

SMR, AMR and MMR
e from GW to MW more than 70 concepts under study worldwide

Land Based Water Cooled Reactors Micro Reactors [ Fast Reactors

CAREM SMART RUTA-70 DHR400 IHTR MMR-5 [ 4s W-LFR SSTAR LFR
ACP100 UNITHERM NuScale RITM-200 IMSBR MMR-10 | BREST-OD-300 SEALER | URANUS
CAP200 VK-300 mPOWER NUWARD eVinci AURORA | SVBR-100 | LFR-AS-200 | ARC100

LARGE, CONVENTIONAL REACTOR SMALL MODULAR REACTOR MICROREACTOR IRIS KARAT-45 == W-SMR | BWRX-300 U-Battery MoveluX EM? LFR-TL-X
700+ MW(e) Up to 300 MW(e) Up to ~10 MW(e) DMS KARAT-100 SMR-160 | HAPPY200
IMR ELENA UK-SMR |CANDU SMR

High Temperature Gas-cooled Reactors Marine Based Water Cooled Reactors Molten Salt Reactor

HTR-PM | MHR-100 | XE-100 HTTR-30 ACPRS05 VBER-300 IMSR SSR-WB CAWB
DPP-200 | PBMR-400 | A-HTR 100 | HTR-10 RI;(S';&SM “Si";f:[ CMSR SSR-TS KP-FHR
GT-MHR | HTMR-100 | MMR RDE : ‘ THORCON  LFTR REACTOR MCSFR

MHR-T SCHTGR | GTHTR300 | StarCore FUJI ITMSF MK1 PB-FHR

Source : IAEA

A large number of concepts
Light water reactors of the 3rd generation (PWR
& BWR) P=pressurized, B=boiling

4th generation reactors (AMR) A=Advanced SFR R

Sodium-cooled fast reactor Very high temperature reactor Lead-cooled fast reactor Molten salt reactor

Intrinsically VERY SAFE!!! Sodium Cooled  Very High Temp Lead Cooled Molten Salt
Fast Reactor Reactor Reactor Reactor
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FromXinL. Yang, JAEA,
https://nucleus.iaea.org/sites/INPRO/df16/Day-
1/Keynote_YAN.pdf

Use of nuclear energy beyond electricity

Opportunities for nuclear non-electric applications (@

Nuclear reactors and their heat supply temperature range

Very high temperature reactors ]

Gas-cooled fast reactors |

Molten Salt reactors

Generation IV
Reactors

{

l

[

I Supercritical water-cooled reactors
[

[

[ Water cooled reactors

Sodium-cooled fast reactors E =\ e -
Liquid metal cooled reactors 1 S
600 700 500! G0 OGO ENCON

il Oistrict heating Industrial process temperature range )
- Seawater desalination
- Pulp & paper manufacture
. Methanol production
Heavy oil desulfurization

Petroleum refining

I V'<thane reforming hydrogen production
Thermochemical hydrogen production _
_ Coal gasification
Blast furnace steel making ||| | |
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DrS. Sarrade CEA, ANIMMAZS

Reinventing nuclear power with SMR

‘New approach to nuclear reactor
design

= Simplicity

= Pasgsive safety and absence/reduction of
off-site countermeasures

Prefabrication - modularity
Production in series

LCOE cost

New use cases for nuclear power

Modularization &
factory build

Network integration and balancing

Energy hub and remote sites

Standardisation

Replacement of coal plants

SMR Economic drivers

Heating and industrial heating
networks

Hydrogen & e-fuel

large nuclear reactor

Desalinization
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Wasste: Cycle Options

» Two options:

- Open cycle: direct disposal of
spent fuel (US, Sweden,
Finland...)

Partially closed cycle:
reprocessing to extract Pu and
make MOX fuels (France,
Japan, Russia, China...)

- RERRR] .

From: Varennal0RB3 -S. Leray

s
Fuel Fabrication f i d.! o Y, :

Nuclear reactors

Uepleted
Uranium

(U= P
Depleted V

storage m
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Processing

4

h

dmmagde o e
Intanm fued

storage

PRSI
Regrocessing
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" *» Open Cycle

A Closed Cycle

Mining

Waste Spent fuel
conditioning condiboning

*
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Final Dsposal

Nuclear Fuel Cycle




Ch. Poinssotet al. / Energy 69 (2014)

Nuclear Waste Disposal: Environmental Impact

*Green-House-Eases emissions (GHG,
gC02eq/kWhe) ® Coal

«Atmospheric Pollution (mg/kWhe) ® Oil/Gas
-S0Ox u PV
—NOX Hydro

Water Pollution (mg/kWhe),

—Acidification
-Eutrophisation
-POCP (photochemical ozone creation
| | ~

Wind

Nuclear TTC
potential) |
*Land-Use (m&2/GWhe) l
Water Consumption (I/MWhe) ‘ I # | I
Water Withdrawal (1/MWhe) I

L]
’PPOdU.CtiOIl Of Technologj_oal ‘Na‘ste 2C02eq/KWhe  gSD2eq/KWhe gNO2eq/KWhe mgSO2eq/kWhe mgPOdeq/kWhe meC2Hdeq/kWhe  m?/GWhe withdrawal consumption waste
L/MWhe L/MWhe &/ MWhe
(g&/MWhe)

|
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Transmutation of Nuclear Waste

symmetry [ volume 9 [ issue 1 [ february 2012

Use of Accelerator Driven Systems (ADS) to generate a beam of particles to help transform spent nuclear fuel into a re-

useable form

It could reduce the time required for long-term geological storage from 300,000 years to 500 years.

Uses the abundant thorium, as a safer, cleaner, more proliferation-resistant fuel for energy production in nuclear reactors.
EUROTRANS Project—> MYRRHA, the Multipurpose hYbrid Research Reactor for High-end Applications , Belgium
Prototype projects GUINEVERE and Venus, (TRANSNMUTEX (CERN startup)

Project X at Fermilab could be used as a demonstrator

PR 0 165 [N D AT

Z Nuclear reactor
N

Spent fuel Uranium, plu-

is separated _) tonium and

chemically. neptunium
MAJOR ACTINIDES Americium are sent back
B Uranium (94.5%) and curium to the reactor

Plutonium (1%) \L are removed. as fuel.

MINOR ACTINIDES

Neptunium }
By — > Vi

Curium
B Americium Americium Americium and

and curium transmutes curium become

are sent americium safer isotopes,

to an ADS and curium, with storage

reactor. time reduced
from 10,000 to
500 years.

protons

N G B e
LA A 48 4 _§] - w esna -

heavy
nucleus

long-lived
radioactive
nucleus

energy

lighter, short-lived nuclei

Accelerator
An accelerator provides an intense, continuous beam of
protons.

Spallation target
The protons hit heavy nuclei and “shake loose” neutrons,
which enter the reactor vessel.

Transmutation

The neutrons hit and split long-lived nuclei, such as
americium and curium, creating energy and short-lived
nuclei that are easier to process and store.

Subcritical operation

When the accelerator is switched off or loses power,

the reactor no longer has enough neutrons to sustain
the transmutation process and the nuclear reactions

automatically slow down.




Thorium Cycle and Energy Amplifier

Thorium: 232Th is not itself fissile but is
‘fertile’

neutron absorption leads to 235U, which is
fissile *3*Th (n,y) — 233Th (R2min) —=*%3Pa,
(23d) —*33U(1.6x105y)

Accelerator-driven transmutation of waste
(ATW) and Energy Amplifier

The system generates electricity from thorium
whilst continuing to burn radioactive waste

Proposed by Nobel Prize Winner and CERN
former director general Carlo Rubbia in
1995

Thorium is an abundant resource (much
more than uranium) and supplies could
last thousands of centuries
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Current Fusion Technologies

Magnetic Inertial
Confinement Confinement Magnetized Target

Fusion Fusion Fusion Field Reversed Configuration

Tokamak JET, ITER Powerful pulsed Hybrid approach Uses plasma guns to accelerate two plasmas
Powerful toroidal laser or ion beams Combining magnetic into each other and then heats them with
magnets and hot on pellets and inertial confinement particle beams.

plasma

Novel “Compact” Ideas

Stellarator

Spiralling ribbon shape produces
high-density plasma that's
symmetrical and more stable than
a tokamak's, allowing the reactor
to run for long periods of time.

ZAP FUzeQ Reactor = Z-pinched D plasma, Helion: D+He plasma, collision MIT SPARC-CFS Demonstrator =2-T coil

C(
The

Electrode End Wall

Inner Gas Valve ————3)

 €—— Outer Gas Valve

Observation Side-Window

Acceleration Region Assembly Region
(100 cm) (50 cm)




Nuclear Fusion and Private Industry

Private Fusion Industry has experience staggering growth

Commonwealth Fusion Systems

SPARC-MIT Spinoff from Boeing

5.5 BS raised

$C8 AVALANCHE ; S France Germany Sl cROSSFED

SHEHs Focused
Wi* ENERGY
ELECTRIC RENAISSANCE o O
WA FUSION FUSION

S? sYSTEMS first light Industry aSSOCiation

Over 30 companies

A\ MarvelFusion
N HYPERJET FUSION

Spain Ofiion Wider geographic spread

”7 FrncenanFLISION Princeton Stellarators gz';'g.fa’/’;' _ ——
- o e e e (S D Wide array of technical
R e ' e Samer i approaches
Is this competition for
Australia China India Japan Israel CFS = .yes 5
- _ . |
& ey o <()> 3< Ex-Fusion r.wgib““m é\IT ok PoesenEasity IS that gOOd- YES.

- ALBO Helical Fusi om0
ENNGRig elical Fusion ro FUSIONEERING
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Public Perception of Nuclear Technology

BREAI(THROUGH—

INSTITUTE

NUCLEAR COGNITION

Public attitudes, elite opinion, and the next generation
of nuclear energy communications

KENTON DE KIRBY &
TED NORDHAUS

Do you favor using more nuclear power as a
source of energy?

Sweden 1 54%j
Czech Republic 1 %
India 1 49%j

&

South Korea 1

N

Taiwan 1
Russia 1
United States 1

Australia ]

(953

Netherlands 1
Poland 1
United Kingdom 1
Canada 1
Brazil 4
France 1
Singapore 1
Malaysia 1
Japan 1

Italy 1
Germany 1

Spain 1

I!N
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40%
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PEW Research Center, International Science Survey 2019-2020

Public Support

2006

Risks far

outweigh benefits balanced

Kuhika Gupta

Associate Director

Institute for Public Policy Research and Analysis
University of Oklahoma

-8~ New Reactors
New Plants
-~ New SMRs

Y

2008 2010 2012 2014 2016 2018 2020 2022

Data: 2006-2022

[ Fusion Energy (mean = 4.40)
Nuclear Energy (mean = 4.17)

2 Equally Benefits far
outweigh risks

The distribution of respondent perceptions about the risks and benefits of fusion energy and nuclear

energy.




sity of Manchester , UK and Stony Brook University USA. 2023

zia DaVia The Univer:

Cin

Conclusions

Nuclear energy stands at a critical juncture.

The challenges of safety, waste management, and cost must be addressed
for the industry to flourish in the future.

The rise of advanced reactor designs, fusion research, renewed focus on
decarbonization and public perception signal a potential new era for
nuclear energy, where it could play a vital role in providing clean and
reliable power as part of a diversified energy mix




