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Nuclear energy
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What is nuclear energy ?

1
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Total Final Consumption – 2024
+ 2,0% vs 2023
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Uranium

1-1
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U in the Periodic Table of Elements
Nuclear Industry elements are part of Actinides
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U History (1)

Source: B.Estève
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U History (2)

Source: B.Estève
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U Uses

Source: B.Estève
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U238 & U235 & P239

➢ Uranium238 and Uranium235 are chemically identical. 

➢ The nucleus of U238 & U235 do not contain the same number of neutrons:

❖ U238: 92 protons & 146 neutrons – Atomic mass: 238

❖ U235: 92 protons & 143 neutrons – Atomic mass: 235

➢ U235 is the main isotope of Uranium which is fissile and used in nuclear 

plants.

➢ The difference in mass allows the isotopes to be separated and makes it 

possible to increase, to enrich the percentage of U235 

➢ All present and historical processes, directly or indirectly, make use of 

this small mass difference, through gas diffusion or centrifugation.

➢ Other fissile actinide: Plutonium239

❖ P239: 94 protons & 145 neutrons – Atomic mass: 239 
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Plutonium Generation
To be used in Fast Breeder Reactors

Plutonium-239 is a good

nuclear fuel: split by fast

neutrons, it releases an

average of 2,30

secondary neutrons per

neutron captured.

Of these secondary

neutrons, one is required

to maintain the chain

reaction. Then 1,30

remains available.

Source: Radioactivity.EU.com
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The Chain Reaction

1-2
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Nuclear Fission

Source: B.Estève
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A Typical Fission Reaction 

➢ A nuclear chain reaction needs a critical mass of fissile material.

➢ The critical mass is the smallest amount of fissile material needed for a sustained nuclear 

chain reaction. It depends upon material properties : density, shape, enrichment, purity, 

temperature, and surroundings. Critical mass is dependent on the effective neutron 

multiplication factor k, the average number of neutrons released per fission event that go 

on to cause another fission event rather than being absorbed or leaving the material. When 

k = 1, the mass is critical, and the chain reaction is self-sustaining. 

➢ When a chain reaction is self-sustaining, the mass is said to be in a critical state in which 

there is no increase or decrease in power, temperature, or neutron population.

➢ Startup neutron source: Californium-252 or Plutonium-238 :  metallic elements  inserted 

into the reactor with new nuclear fuel to initiate the reaction. Due to spontaneous fission a 

supercritical mass will generate a chain reaction. For example, a spherical critical mass of 

pure U235 with a mass of about 52 kilograms would experience around 15 spontaneous 

fission events per second. 
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A Typical Fission Reaction 

1 A neutron hits the nucleus of a uranium  atom (U235)

2    The uranium nucleus splits (fission) into several smaller atoms, releasing heat and several more neutrons

3 The chain reaction begins: the neutrons hit other nuclei, causing them  to fission, and so on….

4 The total mass of the products of the reaction is less than the original mass of the nucleus and impacting   

neutron. The difference has been converted into energy according to Einstein formula ΔE=-Δmc2

5    Fission products kinetic energy is immediately converted into heat

1

2

3

4

4

5
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Basic Components of a Nuclear Reactor 
Pressurized Water Reactor (PWR)

1  Reactor: fuel heats up water. Control rods absorb neutrons to control or halt the fission process

2  Coolant and moderator: fuel and control rods are surrounded by water (serves as coolant and moderator)

3  Steam generator/secondary circuit: water heated by the nuclear reactor

4  Turbo-generator set: drives the turbine and alternator to produce electricity

5  Condenser: removes heat to convert steam back to water

6  Cooling tower: removes heat from the cooling water

Source: OECD NEA 2012
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Energy Equivalence Natural Uranium vs toe

• In current Pressurized Water Reactors (PWR), 

without recycling of plutonium, 1 tonne of Natural 

U generates 420 000 GJ:

     1 t Natural U # 10 000 toe

• With a Fast Breeder Reactor (FBR), and complete 

recycling:

     1 t Natural U # 500 000 toe

Nota: A Fast Breeder Reactor generates 50 times more energy, 

potential transmutation process, possibility to reduce High 

Level Waste (HLW)  by a factor 10 .…….Currently, at the level 

of R&D or demonstration…….
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Natural and Artificial Radiation

1-3
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Radioactivity or radioactive decay :

Process in which an unstable atomic nucleus 
loses energy by emitting radiation
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Reminder: The Electromagnetic Spectrum

From Radio Waves to Gamma Rays……

FFrequency
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Isotopes of Uranium

0,005% 0,72% 99,27%

Source: IAEA A.Vargas
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Key Uranium isotopes radioactive properties

➢ Natural uranium is

constituted primarily of

uranium-238 with 0.7%

uranium-235 and a small

amount of isotope 234.

➢ Three isotopes, uranium 236,

233 and 232, are also

produced by reactors from

uranium-235 and thorium.

➢ These three natural isotopes

and these three artificial

isotopes are alpha emitters.

Source: Radioactivity.EU.com

Ci/g: Curie/gramme

MeV: MegaelectronVolt
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Radioactive Decay (1)

Atomic nuclei that are not stable tend to approach stable configuration via radioactivity. 

Atoms are radioactive because the ratio proton/neutron is not ideal. 

Through radioactive decay, the nucleus approaches a better balance proton/neutron.

Alpha decay occurs when the neutron to proton ratio is 

too low.

Alpha decay emits an Alpha particle made of 2 protons 

and 2 neutrons, the same as a helium nucleus.

Example:

240Pu94                   236U92 + 42α
++ (4He2)

Pu: Plutonium, U: Uranium, He: Helium 

Beta decay occurs when the neutron to proton ratio is 

too high.

Beta decay emits a Beta particle made of 1 electron to 

reach a better balance.

Example:

228Ra88                   228Ac89 + 0-1 𝛃
- (0e-1)

Ra: Radium, Ac: Actinium

Source: Nuclear Engineering
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Radioactive Decay (2)

Atomic nuclei that are not stable tend to approach stable configuration via radioactivity. 

Atoms are radioactive because the ratio proton/neutron is not ideal. 

Through radioactive decay, the nucleus approaches a better balance proton/neutron.

Gamma rays form a high electromagnetic radiation., 

higher than X rays.

Gamma rays are released when an atomic nucleus 

releases its excess energy.

Atomic mass and Atomic number remain the same.

Example:

240Pu94                   240Pu94 + 00γ       

Pu: Plutonium

After α or β decay, the resulting nucleus is in a 

unstable state. 

It reaches a stable state after  γ emission.

Source: Nuclear Engineering
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Penetrating distances for different Radiation types

Source: OECD  NEA 2012

Alpha (particle/2 prot., 2 neutr.)

Beta (particle/electron)

Gamma and X-rays (High energy elec-magnet. wave)

Neutron (neutral particle)

42α
++

0-1β
-

00γ

10η

Paper      Plastic     Lead      Concrete
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➢ Units:

➢ Becquerel: Raw physical unit measuring actual radioactivity in 

material

      1 Becquerel (Bq) = 1 disintegration/s 
       (Human body 75kg = 8 000 Becquerels)

➢ Gray: Radiation energy absorbed by a mass of material

      1 Gray (Gy) = 1J/kg of tissues (m2s-2)

      1 Gy = 100 Rad (Old unit) 

➢ Sievert : International unit indicating

       the biological damage in the human body 

       caused by an exposure to radiation

      1 Sievert (Sv) (m2s-2) = 100 Rem (Old unit)

       (Sleeping next to someone = 0,05 μSv)

 

Effects caused by an exposure to radiation
Sievert, Rem, Gray, Rad: Energy/Mass = Velocity2

Note: Rad: Radiation absorbed dose

          Rem: Roentgen equivalent man or Radiation equivalent man
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Comparative effects:

❖ β and γ radiation :   1 Sv

❖ Neutron radiation: 5 to 20 Sv

❖ α radiation            : 20 Sv

❖  For X-rays, γ rays: 

     1 rad       1 rem = 10 mSv

❖  For neutron (linked to energy level):

     1 rad       5 to 20 rem = 50 to 200 mSv

❖  For α radiation:

     1 rad        20 rem = 200 mSv      

Effects caused by an exposure to radiation
Sievert, Rem, Gray, Rad: Energy/Mass = Velocity2
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Average Human Radioactivity exposure 
(3 mSv/year) 

Radon inhalation 
41,6%

Terrestrial 
radiation

15,8%

Radiation in food 
9,6%

Cosmic radiation 
12,9%

Medical diagnosis 
19,8%

Other (Nuclear 
tests, nuclear 

industry)
0,4%

Natural

Artificial

Percentages are expressed in millisieverts (mSv)

Radon is a natural radioactive element (earth crust uranium & radium)

Source: Data from  UNSCEAR, United Nations 2015

United Nations Scientific Committee on the Effects of Atomic Radiation 
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The Uranium Cycle

1-4
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Common Units and Conversion Table 

for Uranium Compounds

Source: CEA Memento sur l’énergie 
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Billion of years ago, natural reactors 
existed in Africa

Source: B.Estève



42 TPA Toolbox Energy Book 10 – Nuclear 

Simplified scheme of Uranium Cycle

MOx: Mixed Oxide (8,5% PuO2, 91,5% UO2)
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Simplified scheme of Uranium Cycle

MOx: Mixed Oxide (8,5% PuO2, 91,5% UO2)
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Simplified scheme of Uranium Cycle

Source: WNA The Nuclear Fuel Report, Expanded Summary

April 2022
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The cycle of Nuclear Fuel

• Extraction of uranium ore  ( example: pitchblende,  the ore may  

contain less than 1% of uranium) → 

• Concentration of ore on the site  (up to 90% - 75% uranium : 

yellow cake/U3O8) → 

• Conversion of  natural uranium  (99,3% U238 + 0,7% U235) into 

UF6 (Uranium Hexafluoride) by fluorination → 

• Isotopic enrichment of UF6 (U238 into U235) → 

• Fabrication of fissible fuel (UF6 into UO2, U235 concentration  = 

3,5 %) → 

• Loading of fuel into the reactor (UO2 in fuel rods) → 

• Chain reaction (Production of plutonium), Generation of 

electricity → 

• Downloading of used fuel → 

• Management and recycling of used nuclear fuel

              1kg U (U238) = 1,18 kg U3O8 = 2,60 lb U3O8
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Uranium Mine 

Source: Ranger Uranium Mine – Australia 

Photo: Alberto Otero Garcia, Creative Commons
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Pitchblende: Uranium Oxyde U3O8 

Source: B.Estève
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Production of Uranium Ore

Source: NEA
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Yellow Cake
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Major Uranium Hexafluoride Conversion Plants
Uranium Oxyde         UF6

Source: WNA – Updated November 2024

U3O8 + 2H2       3UO2 + 2H2O…….UO2 + 4 HF      UF4 + 2H2O…….UF4 + F2     UF6 
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Depleted Uranium and Deconversion Plants
Depleted Uranium         UF6      U3O8      UF4

UF6 + 2H2O       UO2F2 + 4 HF…….. 3UO2F2 + 2H2O + H2           U3O8 + 6HF 

Source: WNA – Updated November 2024
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Major Uranium Enrichment Plants
World Capacity: 61,5 MSWU in 2022 - 62,9 MSWU in 2025 - 70,3 MSWU forecasted in 2030 

CNCC China

Hanzhu & Lanzhou

2012:   2 200 kSWU

2015:   5 760 kSWU

2022:   8 900 kSWU

2025: 10 000 kSWU

2030: 17 000 kSWU

JNFL Japan

Rokkasho

Refurbishment

2013:      75 kSWU

2015:      75 kSWU

2022:      75 kSWU

ROSATOM/Tenex Russia

Angarsk, Novoulrask, 

Zelenogorsk, & Seversk

Capacity: 30 000 kSWU

2013: 26 000 kSWU

2015: 26 578 kSWU

2022: 27 100 kSWU

2025: 27 100 kSWU

2030: 27 100 kSWU

URENCO Germany, Gronau 

URENCO Netherlands, Almelo

URENCO UK, Capenhurst

Capacity: 14 200 kSWU

2013: 14 200 kSWU

2015: 14 400 kSWU

2020: 13 700 kSWU

2025: 13 700 kSWU

2030: 14 400 kSWU?

URENCO US

Eunice, New Mexico

2013: 3 500 kSWU

2015: 4 700 kSWU

2020: 4 900 kSWU

2025: 5 600 kSWU?

2030: 5 600 kSWU?

Centrifuge Plants

Gaseous Diffusion Plants

AREVA France

Georges Besse

Capacity: 10 800 kSWU

2010: 8 500 kSWU

2015: Closed

ORANO France

George Besse  I & II

Inaugur. Dec. 2010

2013: 5 500 kSWU

2015: 7 000 kSWU

2022: 7 500 kSWU

2025: 7 500 kSWU

2030: 7 500 kW=SWU

USEC US

Paducah, Kentucky

Closed  in 2013

2010: 6 000 kSWU

2015:        0 kSWU

USEC US

Piketon, Ohio

Project halted

2010:        0 kSWU

2015:        0 kSWU

2020:        0 kSWU

Plants in operation

Plants closed

Source: Data from CEA  Memento 2018/WNA Updated June 2025 

AREVA became ORANO

Nota: SWU : Separative Work Unit

Note: 100 000 SWU are needed to feed the fuel for a nuclear reactor 

of 1 000 MWe

US Projects: Areva Idaho Falls,

Global Laser Enrichment (2020+)
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Uranium Enrichment and Uses (4% Enrichment) 
1t U238           800 SWU/6,25           130 kg U235  

Source: WNA Updated November 2024
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A bank of centrifuges at Urenco plant

Source: WNA 2018
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Tricastin Enrichment Plant - France

George Besse I enrichment plant at Tricastin site (beyond cooling towers)

was shut down in 2012. Most of the output from the nuclear power plant was 

used to power the enrichment facility. Gaseous diffusion plants have been 

replaced by the much more energy-efficient centrifuge enrichment 

technology.
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Zero CO2 Emissions for Nuclear Plants

1-5
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0 500 1000 1500 2000

Lignite

Oil

CCS

PV

Wind

Min

Max

Coal

Gas

Wood

Hydro

PWR

Ranges reflect differences in assessment technology, conversion efficiency,

assessment boundary, etc.

Life Cycle GHG Emissions, g CO2eq per kWhe (View 1) 

D. Weisser IAEA May 2006
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Life Cycle GHG Emissions, g CO2eq per kWhe 

(View 2) 
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What are uranium resources ?

2
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Uranium Resources

2-1
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R/P (5) = 40/50 

R/P (5) = 100

     (˂ 130 $/kgU)

World Resources (Gtoe) – A Vision 01/01/2019

(Gtoe)
(1) Quantities which can be recovered for less than 80 $/kgU

(2) Quantities which can be recovered for less than 130 $/kgU

(3) Present technology (Pressurised Water Reactor) . 1tU # 10 000 toe

(4) 1 tce # 0,65 toe, 1tc # 0,5 toe  

(5) R/P : Reserves/Production ratio

(6) Non Conventional: Extra HO+Bitum.+Tight Oil+Oil shales

(7) Non Conventional: Shale & tight gas+CBM, excl. hydrates

140

Enhanced

Recovery
70 Well 

defined

200

Possible 

2600

500/

700

Natural Gas   Non Convent.

Conventional  Gas (7)     
Hard Coal 

 & Brown Coal (4)

Uranium (3)

20 (1)

Yet to

   discover

20
Well 

defined

70

190

Yet to

Discover

R/P (5) = 50/70

Well

defined

R/P (5) = 120/150

Source: Total, WCA, CEA, BP                Nota: Oil Proven Reserves BP end 2018= 1730 Gb # 240 Gt, R/P # 50 

Non Convent.

Oil (6)

Liquids Hydrocarbons

Conventional

 160

In place

80

140

?
60 (2)

R/P varies vs sources. Not at scale
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Some definitions, classifications, conversion factors

Source: OECD NEA/IAEA Uranium 2022

Resources, Production and Demand -  OECD 2023/NEA 7634

Nota: RAR = Reasonably Assured Resources

Inferred Resources = Additional expected Resources
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Global World Distribution of identified recoverable conventional Uranium Resources 
(<130 US$/kg U) as of 01/01/2023

Source: OECD NEA/IAEA Uranium 2024

Resources, Production and Demand -  OECD 2025/NEA 7683

Nota: RAR = Reasonably Assured Resources

Inferred Resources = Additional expected Resources
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Typical Natural Uranium Concentrations

Source: WNA Updated September 2025
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World Uranium Resources 
at 01/01/2021 and 01/01/2023 (tU)

Source: OECD NEA/IAEA Uranium 2024

Resources, Production and Demand -  OECD 2025/NEA 7683

Nota: RAR = Reasonably Assured Resources

Inferred Resources = Additional expected Resources
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World Uranium Identified Resources vs in situ & vs costs 
Estimated Recovery Factor at 01/01/2023 (tU)

Source: OECD NEA/IAEA Uranium 2024

Resources, Production and Demand -  OECD 2025/NEA 7683

Nota: RAR = Reasonably Assured Resources

Inferred Resources = Additional expected Resources
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Additional Expected 
Resources  (˂130$/kgU) 

Reasonably Assured 
Resources  (˂130$/kgU)

World Most Important Uranium Resources 
at 01/01/2023 (<130 $/kgU)

(ktU)

Total World 01/01/2023:

Reasonably Assured: 3,87 Mt

Additional Expected:  2,06 Mt

Total:                            5,93 Mt
Source: Data from OECD NEA/IAEA Uranium 2024

Resources, Production and Demand -  OECD 2025/NEA 7683

Nota: RAR = Reasonably Assured Resources

Inferred Resources = Additional expected Resources
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Distribution of RAR by countries & costs

Source: OECD NEA/IAEA Uranium 2024

Resources, Production and Demand -  OECD 2025/NEA 7683

Nota: RAR = Reasonably Assured Resources

Inferred Resources = Additional expected Resources
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Distribution of Additional Expected (Inferred) Resources 
by countries & costs

Source: OECD NEA/IAEA Uranium 2024

Resources, Production and Demand -  OECD 2025/NEA 7683

Nota: RAR = Reasonably Assured Resources

Inferred Resources = Additional expected Resources
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Cigar Lake: A « Monster » 
uranium deposit in Canada.

- Athabasca Canada

- 150 000 tons

- Uranium content: 10/50%

- Depth: 450 m
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Uranium Requirements and Production

2-2
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World Uranium Requirements and Production
Historical Evolution 1945 - 2022

Source: WNA Nuclear Fuel Cycle/Uranium markets -  Updated August 2024
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World Uranium Consumption and Production
Past and Present Requirements by OECD/NEA

Source: OECD NEA/IAEA Uranium 2024

Resources, Production and Demand -  OECD 2025/NEA 7683
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World Uranium Production - Historical Evolution 2015 – 2024 (tU)

Source: WNA Facts & figures -  Updated September 2025
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World Uranium Production in the recent years
In 2024: N°1 Kazakhstan, N°2 Canada, N°3 Namibia 

Source: ChG/Data from WNA Facts & figures - Updated September 2025
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World Uranium Consumption and Production
Past and Present Requirements by WNA/NEA/IAEA

tU 2000 2005 2010 2015 2017 2020 2021 2022 2023 2024 2025

Consumption 

In reactors

60 000 67 000 70 000 66 000 65000 60 000 61 000 60 000 65 000 67 000 69 000

Production 

from mining

35 000 45 000 54 000 60 000 59000 48 000 48 000 49 000 55 000 60 000 60 000

Secondary 

sources

25 000 22  000 16 000 6 000 6000 12 000 13 000 11 000 10 000 7 000 9 000

Secondary sources: Recycled Uranium & Plutonium, Re-enriched depleted uranium tails, ex-

military weapons-grade uranium, civil stockpiles, ex-military weapons-grade plutonium

Source: Requirements & Production past and projections WNA 

Facts & figures/NEA/IAEA Uranium 2024. Rounded numbers. 

2024 - 2025 assumptions: high requirements
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World Uranium Consumption and Production
Past and future Requirements by NEA/IAEA

Source: OECD NEA/IAEA Uranium 2024

Resources, Production and Demand -  OECD 2025/NEA 7683
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World Uranium projected Requirements and Production Scenarios by 
OECD/NEA 2025 – Production costs < 130$/kgU

Source: OECD NEA/IAEA Uranium 2024

Resources, Production and Demand -  OECD 2025/NEA 7683

     

Obviously, secondary sources supply are important to fill the gap

Figure a) illustrates the A-II case
(production capability of
existing, idled and committed
centres supported by RAR and
inferred resources recoverable at
<USD 130/kgU). Figure b)
illustrates the B-II case
(production capability of
existing, idled, committed,
planned and prospective centres
supported by RAR and inferred
resources recoverable at <USD
130/kgU). Both figures illustrate
two production capacities per
case: the light shaded area
represents 100% of production
capacity, the darker shade
represents 85% of the 
production capacity. Dark blue 
bars show the production values 
for 2020-2022.
Note that figures do not include 
the secondary supply forecast, 
which has in the past filled the 
gap between primary production 
and demand.
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Uranium Production Perspectives
A WNA Reference Scenario

Source: WNA Uranium Markets - Updated August 2024
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Uranium Production & Requirements Perspectives (tU)
WNA Scenarios

Reference Scenario Upper Scenario

Source: WNA The Nuclear Fuel Report, Expanded Summary April 2022
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Uranium Mines and Mining Companies

2-3
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Conventional Techniques: 
Open Pit & Underground

Source: B.Estève
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In Situ Leaching (ISL)

Source: B.Estève

The Uranium ore is dissolved in acid or alkaline reagents injected into the aquifer 

by means of well fields
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Mining Methods 2024

Source: WNA World Uranium Mining Production Updated¨September 2025
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Top Ten Uranium Mines 2024

Mine Country Main Owner Mine type Product. 

(ktU)

% of World 

Total

McCartur River/Key 

Lake

Canada Cameco Underground 7,81 13

Cigar Lake Canada Cameco/Orano Underground 6,50 11

Husab Namibia Swakop Uranium (CGN) Open Pit 4,44 7

Budenovskoye 2

Karatau

Kazakhstan Kazatomprom/

Uranium One

ISL 3,30 5

Inkai, sites 1-3 Kazakhstan Kazatomprom/

Cameco

ISL 2,99 5

Akdala & South 

Inkai 4

Kazakhstan Kazatomprom/

Cameco

ISL 2,80 5

Olympic Dam Australia BHP/Billiton By Product/Undergr. 2,69 6

Moinkum & Tortkuduk Kazakhstan Orano/Kazatomprom ISL 2,39 4

Rössing Namibia CNCC Open Pit 2,21 4

Khorassan 1 Kazakhstan Kazatomprom/Uranium One ISL 2,03 3

Total 10 37,16 62

Source: Data from WNA World Uranium  Mining Production 

Updated  September 2025
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➢ Katco is a Joint-Venture 

Orano/Kazatomprom 

(51%/49%) 

➢ Katco exploits 2 uranium 

mines: Muyunkum & 

Tortkuduk, 1000 km south 

of Astana. Technology 

used: ISL (In Situ Leach) – 

injection of acid solution 

to dissolve uranium.

➢ South Tortkuduk contains 

45000 t of reserves. 

New mine in Kazakhstan: South Tortkuduk 

Source: Challenges – November 2023
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Leading Uranium Mining Companies
2024 Production

Company Production (ktU) World Share (%)

Kazatomprom 12,46 21

Cameco 10,19 17

Orano (ex Areva) 6,82 11

CGN 5,76 10

Uranium One 5,83 10

Navoi Mining 4,00 7

CNNC 3,29 6

ARMZ 2,74 5

BHP 2,69 5

General Atomics/Quasar 1,81 3

Others 4,63 8

World Total 60,22 100

Source: Data from WNA World Uranium Mining Production 

Updated September 2025
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Trends in Capital Expenditures

2-4
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Trends in Exploration & Development Expenditures

Source: OECD NEA/IAEA Uranium 2024

Resources, Production and Demand -  OECD 2025/NEA 7683
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Global Investment Decisions Nuclear vs Renewables
Nuclear spendings remain limited

Source: Mycle Schneider

WNISR September 2025
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Global Investment Decisions Nuclear vs Renewables
Nuclear spendings remain limited

Source: Mycle Schneider

WNISR  September 2025
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Uranium Prices

2-5
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Uranium spot and long-term Prices evolution  
(1988 – 2025) (US$/lbU3O8)

Source: Cameco November 2025 

Spot price November 2025 # 76 $/lbU3O8



95 TPA Toolbox Energy Book 10 – Nuclear 

Uranium spot price (US$/lb U3O8)  
After a peak at 105 $/lb beginning 2024, 82 $/lb at 29/12/2025

81 $/lb U3O8 at 05/08/2024

Source: Trading Economics January 2026
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The world nuclear industry:
past and present

3
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Nuclear Reactors Types

3-1
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Nuclear Reactors phyllogenic tree since 1942

BWR: Boiling Water Reactor

PWR: Pressurized Water Reactor

RBMK: Moderator Graphite

EPR: Evolutionnary Power Reactor
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First Nuclear Power Plants

Source: OECD  NEA 2012
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Generation I

Generation II (PWRs, BWRs,CANDU)

1950 1970 1990 2010 2030 2050 2070 2090 

Generation III ( Advanced LWRs, EPR, AP1000,….)

Pionner

Facilities

Operating

Reactors
Advanced Reactors Future Nuclear Systems

Generation IV (Fast breeder….)

Nuclear reactors « Generations »
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Evolution of Nuclear reactors
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GENERATION I : early prototypes

1942 : Fermi Pile, Chicago USA: first critical chain reaction

Source : SCK CEN

1951 : EBR-I reactor USA : 

first breeder reactor (NaK) 

and first electricity 

generating reactor, 200 kWe

1956 : BR1 reactor Mol 

Belgium: first European 

research reactor

1957 : Shippingport Atomic 

Power Station, USA : first 

demonstration PWR, 60 MWe

1954 : Obninsk, Russia :  

first nuclear plant connected 

to the electricity grid, 

demonstration of RMBK,

5 MWe
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GENERATION II 

◆ Commercial reactors

◆ In use for up to 50 years

◆ Different types / different characteristics:

◼ Fuel : Uranium (enriched or not), Plutonium, MOx

(principle 1 : enough fissile fuel to reach critical mass)

◼ With or without moderator of neutrons (fast or thermal) 

(principle 2 : fission is easier with slow neutrons) 

⚫ Moderator : H2O, D2O, C, … 

◼ Coolant : Water (H2O, D2O), gas (air, CO2, He), liquid metal 

(Na, Pb, Lead Bismuth, NaK, Hg), molten salt… (principle 

3: need to extract the heat to produce steam for the 

turbine)

◼ Safety design: emergency stop, guaranteed cooling, 

control systems, protection against external ‘attacks’, ..
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GII : Graphite-moderated Reactor (RBMK)

Soviet-designed RBMK (Reaktor Bolshoy Moshchnosty Kanalny, high-power channel reactor)

LWGR:
Light

Water

Graphite

Reactor

Characteristics:
Fuel : UOx natural or slightly enriched

Fuel assembly in pressure tubes 69 bar

Refueling during operation

Graphite moderated

Water cooled

Max water temperature: 284 °c

Accident (level 7): 

Chernobyl 1986
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GII : Boiling Water Reactor (BWR)

Characteristics:
Fuel : 3 to 4% enriched

Water pressure : 75 bar

Max water temperature: 285 °c

Turbine in primary circuit in 

confinement building

Accident (level 7): 

• Fukushima 2011

(cooling system)
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Basic Components of a Nuclear Reactor 
Pressurized Water Reactor (PWR)

1  Reactor: fuel heats up water. Control rods absorb neutrons to control or halt the fission process

2  Coolant and moderator: fuel and control rods are surrounded by water (serves as coolant and moderator)

3  Steam generator/secondary circuit: water heated by the nuclear reactor

4  Turbo-generator set: drives the turbine and alternator to produce electricity

5  Condenser: removes heat to convert steam back to water

6  Cooling tower: removes heat from the cooling water

Source: OECD NEA 2012

Accidents (level 5): 

• 3 Mile Island 1979

(cooling system)

Fuel assembly
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GII : Pressurized Water Reactor (PWR)

Characteristics:
Fuel : 3 to 4% enriched

Water pressure : 150 bar

Max water temperature: 320 °c

Secondary circuit: not radioactive

Extra emergency stop: injection of 

boric acid
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GII : Fast Breeder Reactor (FBR)

Characteristics:
• Coolant : Na

• No moderator

• Fuel : MOx

• Temperature : 560 °c

• Na becomes radioactive (intermediate 

cooling circuit needed)

1973 : Marcoule, France: 

Phenix, 233 MWe+ re-use of ‘spent’ fuel of PWR reactors

+ reduction of waste (transmutation)

- Production of Pt

- Proliferation?



110 TPA Toolbox Energy Book 10 – Nuclear 

GENERATION II : status

• 437 reactors (2021)

• By reactor type:

• PWR 303 Pressurized Water Reactor

• BWR 61 Boiling Water Reactor

• PHWR 47 Pressurized Heavy Water Reactor

• LWGR      11 Light Water Graphite Reactor (RMBK)

• GCR         11 Gas Cooled Reactor

• FBR            3 Fast Breeder Reactor

• HTGR         1 High Temperature Gas cooled Reactor

Source : SCK CEN

1961 : Windscale, UK:

Advanced gas Cooled Reactor, 33 MWe
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Generation III : EPR

FRANCE : Flamanville

Updated Capex: 19,1 G€

Expected start-up: 2024

Source: EdF

CHINA :

Taishan 1 : 1750 MWe :start-up 2018

Taishan 2 : 1750 MWe  start-up 2019

Total cost : 12,2 G€

Image:  CGN – China General  Nuclear Power Corp.

FINLAND : Olkiluoto 3

1600 MWe : start-up 04/2023

Total Cost : ~ 8.8 G€ 

Source: Usine Nouvelle

Source: Wikipedia

UK : Hinkly Point C 1,2

2 x 1500 Mwe : expected start-up 2027

Total Cost : ~30 G€ 
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Generation III : AP1000 (Westinghouse)

◆ Same principles and power as PWR

◆ Simplification on safety

◆ Stand-by during 72 hrs without electricity

◆ Less expensive than EPR

◆ Also some costs overruns and delays

AP1000 : ~1000 MWe

Sanmen 1,2 (China : 2018)

Haiyang 1,2 (China, 2018-2019)

Vogtle (Georgia, USA)

• Vogtle3 : 07/2023, 6 yrs delays, x M$

overruns

• Vogtle 4 : 2023 ?

AP1400 : KEPCO ~1400 MWe

Korea: 3 in operations, 3 under construction

UAE: Barakah 1 (2020), Barakah 2 (2021),

Barakah 3 (2023) [less than 10 yrs]

Source : UDA Energucht
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Main characteristics of reactor types

Reactor type 

groups

Type Coolant Moderator Fuel

Gas – Graphite AGR CO2 -  Advanced gas cooled Graphite Enriched UO2

MGUNGG CO2 -  Magnox gas cooled Graphite Naturel U

HTRGCR (GT-

MHR, PBMR)

He -  High temperature Graphite UO2, UC2, ThO2,…

Heavy water PHWR Heavy water - Pressurized Heavy water Natural or enriched  UO2

Light water BWR (ABWR) Light water - Boiling Light water Enriched UO2 +/- Mox

PWR (APWR, 

EPR, WWER)

Light water - Pressurized Light water Enriched UO2 +/- Mox

Fast reactor Breeder Sodium UO2 Enriched, PuO2

Water Graphite RBMK 

(LWGR)

Light water - Boiling Graphite Enriched UO2

Light water – Heavy 

water

HWLWR 

(ATR)

Light water - Boiling Heavy water UO2 Enriched, PuO2

ABWR, APWR, AGR, GT-MHR, PBWR: Advanced reactor type,  EPR: Evolutionnary Pressurized 

Reactor

Source: CEA 2017 Energy Handbook/Elecnuc 2019
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A PWR Nuclear Plant
(Pressurized Water Reactor)
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Nuclear Materials & Process

Source: B.Estève

(360 days)
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Example of nuclear fuel management 
PWR 1300 MWe

• Net electric power :  1300 Mwe

• Net Thermal power : 3800 MWth

• Efficiency : 34-35%

• Number of fuel assemblies : 193

• Number of rods per assembly : 264

• Weight of uranium per assembly : 538 kg

• Initial loading:

• Weight of enriched uranium : 104 t

• Average initial enrichment : 2,3%

• Natural uranium requirements : 423 t (assuming 0,25% tail assay, no losses)

• Enrichment requirements : 294 000 SWU  (Separative Working Unit)

• Equilibrium reload (Reload by 1/3 core, annually):

• Number of assemblies per reload : 64

• Weight of heavy metal : 34,5 t

• Enrichment : 3,1%

• Natural uranium requirements : 235 t (assuming 0,3% tail assay, no losses)

• Enrichment requirements : 124 000 SWU

• Fuel residence time : 38 months

Source: CEA
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Typical PWR Fuel Assembly

Source: B.Barre, P.R.Bauquis  Ed. Hirle
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Other Typical PWR & BWR Fuel Assembly

Source: WNA 2018
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Typical Barriers Confining Radioactive Materials
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Fast Breeder Reactor (FBR)
General principles

➢ A Fast Breeder Reactor is a nuclear reactor that 

generates more fissile material than it consumes. 

➢ These reactors can be fueled with more-commonly 

available isotopes of uranium and thorium, such as 

U238 (fertile uranium) and Th232, as opposed to fissile 

U235 which is used in conventional reactors (only 0,7% 

of natural uranium before enrichment) 

➢ FBR create more fissile fuel than they use. They have 

no moderator and relies on fast neutrons to cause 

fission (instead of slow neutrons in a conventional 

reactor) using plutonium (Pu239) as its basic fuel.

➢ They offer a more efficient use of uranium resources 

and the ability to burn actinides which are otherwise 

the long-lived component of high-level nuclear waste. 
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Fast Breeder Reactors (FBR) – History & current status

Source: World Nuclear Association Updated August 2021
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Fast Breeder Reactor
ASTRID (Advanced Sodium Technological Reactor for 
Industrial Demonstration) – Marcoule (Gard – France)

➢ Astrid: prototype Fast Breeder 

Reactor (FBR), coolant: sodium (Na) – 

Generation IV

➢ Unlike in typical nuclear reactors 

where neutrons are slowed down by 

a moderator to optimize the fission 

reaction, in FBR  the neutrons are not 

slowed down and can provoke the 

fission of all heavy nuclei, U235, 

U238, Plutonium,…..

➢ Na has a great reactivity with oxygen 

and water, challenge to be solved.  

➢ Project developed by CEA in 

cooperation with Japan.

➢ Main characteristics: Power: 600 MW, 

Expected Start-up: 2040, cost: 5 G€

➢ Mid 2019, CEA announced that the 

project is abandoned…..until 2050…. 
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Small Modular Reactors

➢ Small Modular Reactors (SMR) are fission nuclear reactors 

characterized by a power betwween 10 and 400 MW, less 

than for conventional reactors.

➢ They can be manufactured in specific plants and be 

transported and installed on their operational site.

➢ Cost and construction delays are less than for conventional 

reactors due to standardisation.

➢ Many countries are studying SMR: France, Argentina, 

Canada, China, India, Russia, South Korea, UK, US. More 

than 150 different models under study.  
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Small Modular Reactors (SMR)

➢ Nuward, the French SMR

➢ Joint Venture CEA/EDF, Naval 

Group, TechnicAtom

➢ Technology PWR

➢ Nominal Power: 2x170 MW

➢ Small size/Compacity

➢ Safety standards # Generation III

➢ Demonstration unit construction 

scheduled for 2030

Source: EdF, Technicatome, Naval Group

Status of projects:

• Russia : fast breeder SMR for 2026

• USA : 6 PWR for 2028 (ARDP)

• Canada: Candu SMR in 2028 (300 MWe)

• Canada: 4th generation SMR in 2030

• China, UK, France, …
Source: EdF, Technicatome, Naval Group
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Recent reshaping of Nuward project
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SMR : EXAMPLES : LIGHT WATER REACTORS

Source : SCK CEN

BWRX-300

NUWARD

RITM-200

Rolls-Royce SMR

NuScale VOYGR

As of 2023, there are more than 8 modular 

reactor designs and yet unfinished 

demonstration projects, and the first SMR 

units are in operation in Russia and China.
Source : Nuclear Engineering International. Retrieved 

24 January 2023.
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The first floating nuclear plant
Pevek Harbor/Tchoukotka peninsula - Russia

Academic Lomonossov: 144 m length, 30 m width. Displacement: 21500 t.

2 PWR reactors, 35 MW each. Will feed a 200 000 inhabitants city. Operator Rosatom. 

Destination 2019: Tchoukotka peninsula eastern Siberia.
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Land-based SMR in Russia – 55 MW 

Nuclear regulator Rostekhnadzor has granted a licence to build the country's first land-based small 

modular reactor (SMR), in the Republic of Sakha (also known as Yakutia) in Russia's Arctic north.

April 2023 - Rosatom and the 

Corporation for the 

Development of the Far East 

and the Arctic signed a 

cooperation agreement relating 

to the construction of the plant, 

saying "the project will provide 

a clean, cost-effective and 

stable source of energy to the 

remote Arctic territories of 

Yakutia with a decentralised

energy supply. The electric 

power of the station will be at 

least 55 MW, the service life of 

non-replaceable equipment will 

be up to 60 years".

Source: World Nuclear News - Rosatom
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Four example of SMR start-up 

Here are some example of start-up developing SMR on different concept than PWR:

◆ Jimmy Energy : High Temperature  reactor of small power (10 MW) aimed at heat 

generation

◆ Naarea : Salt reactor of 40 MW with CO2 as a coolant

◆ Tansmutex : reactor using Subcritical Transmuting Accelerated Reactor Technology

◆ Renaissance fusion : based on nuclear fusion

A lot of innovation necessary 
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Small Modular Reactors
HTR : Heat only rather than Electricity

• A new conpany, JIMMY,  proposes a 10 

to 20 MW reactor to produce Heat to 

Heat intensive industries

• A project for a sugar company is 

planned in France in 2026

CHP: Combined Heat and Power
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Nuclear Energy
Atomic Mass, Mass Defect, Binding 

Energy, Aston Curve
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Nuclear Energy

➢ Atoms are constituted of protons, neutrons, and electrons which orbit around 

the nucleus.

➢ The nucleus of an atom is constituted of protons and neutrons, known 

collectively as nucleons.

➢ Protons carry a positive electric charge, electrons have a negative charge, 

neutrons have no electric charge. At rest, atoms are electrically neutral.

➢ Nucleons are attracted to each other by a strong nuclear force.

➢ Nuclear Binding Energy is the minimum Energy which is required to 

disassemble the nucleus of an atom into its constituents, protons and 

neutrons.

➢ The mass of an atomic nucleus is less than the mass of its constituents. The 

difference in mass (Mass Defect) corresponds to the Binding Energy (BE), 

calculated according to the Einstein formula: E = Δmc2.

➢ Elements can be ranked by Binding Energy per nucleon.  
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Nuclear Energy – Some key numbers
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Nuclear Energy – Table Mass Defect & Binding Energy

Atomic Name Symbol Atomic Atomic Number Number Mass Mass Mass Mass Mass Mass Mass Binding Binding Number BE/

Number of Element Mass Nb Mass Protons Neutrons Protons Neutrons Protons Neutrons Electrons Defect Defect Energy (BE) Energy Nucleons Nucleon

Z A u Z A-Z kg kg amu amu amu amu kg J MeV A MeV

0 Neutron n 1 1,008754 0 1 0,000000E+00 1,674929E-27 0,000000 1,008754 0,000000 0,000000 0,000000E+00 0,000000E+00 0,0 1 0,00

1 Hydrogen 1H 1 1,007825 1 0 1,672623E-27 0,000000E+00 1,007365 0,000000 0,000549 0,000089 1,473698E-31 1,324494E-14 0,1 1 0,08

1 Deuterium 2H 2 2,014102 1 1 1,672623E-27 1,674929E-27 1,007365 1,008754 0,000549 0,002566 4,260437E-30 3,829089E-13 2,4 2 1,19

1 Tritium 3H 3 3,016049 1 2 1,672623E-27 3,349858E-27 1,007365 2,017508 0,000549 0,009373 1,556364E-29 1,398790E-12 8,7 3 2,91

2 Helium 3He 3 3,016029 2 1 3,345246E-27 1,674929E-27 2,014730 1,008754 0,001097 0,008552 1,420167E-29 1,276382E-12 8,0 3 2,66

2 Helium 4He 4 4,002603 2 2 3,345246E-27 3,349858E-27 2,014730 2,017508 0,001097 0,030732 5,103234E-29 4,586558E-12 28,6 4 7,16

3 Lithium 6Li 6 6,015121 3 3 5,017869E-27 5,024787E-27 3,022095 3,026262 0,001646 0,034882 5,792307E-29 5,205866E-12 32,5 6 5,42

3 Lithium 7Li 7 7,013360 3 4 5,017869E-27 6,699716E-27 3,022095 4,035016 0,001646 0,045397 7,538355E-29 6,775136E-12 42,3 7 6,04

4 Berylium 9Be 9 9,012180 4 5 6,690492E-27 8,374645E-27 4,029460 5,043770 0,002195 0,063245 1,050203E-28 9,438758E-12 58,9 9 6,55

6 Carbon 11C 11 11,011434 6 5 1,003574E-26 8,374645E-27 6,044191 5,043770 0,003292 0,079818 1,325413E-28 1,191222E-11 74,4 11 6,76

6 Carbon 12C 12 12,000000 6 6 1,003574E-26 1,004957E-26 6,044191 6,052524 0,003292 0,100006 1,660642E-28 1,492510E-11 93,2 12 7,76

6 Carbon 13C 13 13,003355 6 7 1,003574E-26 1,172450E-26 6,044191 7,061278 0,003292 0,105405 1,750293E-28 1,573085E-11 98,2 13 7,55

7 Nitrogen 14N 14 14,006700 7 7 1,170836E-26 1,172450E-26 7,051556 7,061278 0,003840 0,109974 1,826159E-28 1,641270E-11 102,4 14 7,32

8 Oxygen 16O 16 15,999400 8 8 1,338098E-26 1,339943E-26 8,058921 8,070032 0,004389 0,133942 2,224152E-28 1,998968E-11 124,8 16 7,80

13 Aluminium 27Al 27 26,981540 13 14 2,174410E-26 2,344901E-26 13,095747 14,122555 0,007132 0,243894 4,049955E-28 3,639918E-11 227,2 27 8,41

16 Sulfur 32S 32 31,972071 16 16 2,676197E-26 2,679886E-26 16,117842 16,140063 0,008778 0,294612 4,892150E-28 4,396845E-11 274,4 32 8,58

16 Sulfur 34S 34 33,967867 16 18 2,676197E-26 3,014872E-26 16,117842 18,157571 0,008778 0,316324 5,252684E-28 4,720877E-11 294,7 34 8,67

20 Calcium 40Ca 40 39,962591 20 20 3,345246E-26 3,349858E-26 20,147302 20,175079 0,010973 0,370763 6,156663E-28 5,533333E-11 345,4 40 8,63

20 Calcium 43Ca 43 42,958767 20 23 3,345246E-26 3,852337E-26 20,147302 23,201341 0,010973 0,400849 6,656251E-28 5,982340E-11 373,4 43 8,68

22 Titanium 47Ti 47 46,951763 22 25 3,679771E-26 4,187323E-26 22,162033 25,218849 0,012070 0,441188 7,326102E-28 6,584372E-11 411,0 47 8,74

22 Titanium 48Ti 48 47,947946 22 26 3,679771E-26 4,354815E-26 22,162033 26,227603 0,012070 0,453759 7,534847E-28 6,771983E-11 422,7 48 8,81

Source: Ch.Guéritte/Data from 

various sources
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Atomic Name Symbol Atomic Atomic Number Number Mass Mass Mass Mass Mass Mass Mass Binding Binding Number BE/

Number of Element Mass Nb Mass Protons Neutrons Protons Neutrons Protons Neutrons Electrons Defect Defect Energy (BE) Energy Nucleons Nucleon

Z A u Z A-Z kg kg amu amu amu amu kg J MeV A MeV

24 Chromium 52Cr 52 51,940508 24 28 4,014295E-26 4,689801E-26 24,176763 28,245110 0,013167 0,494532 8,211906E-28 7,380493E-11 460,7 52 8,86

26 Iron 56Fe 56 55,934937 26 30 4,348820E-26 5,024787E-26 26,191493 30,262618 0,014264 0,533439 8,857962E-28 7,961139E-11 496,9 56 8,87

26 Iron 58 Fe 58 57,933276 26 32 4,348820E-26 5,359773E-26 26,191493 32,280126 0,014264 0,552608 9,176269E-28 8,247219E-11 514,8 58 8,88

27 Cobalt 59Co 59 58,933200 27 32 4,516082E-26 5,359773E-26 27,198858 32,280126 0,014813 0,560597 9,308941E-28 8,366459E-11 522,2 59 8,85

36 Krypton 80Kr 80 79,916379 36 44 6,021443E-26 7,369688E-26 36,265144 44,385174 0,019751 0,753690 1,251531E-27 1,124820E-10 702,1 80 8,78

36 Krypton 84Kr 84 83,911507 36 48 6,021443E-26 8,039659E-26 36,265144 48,420189 0,019751 0,793577 1,317766E-27 1,184349E-10 739,2 84 8,80

38 Strontium 94Sr 94 93,915362 38 56 6,35597E-26 9,3796E-26 38,279875 56,490221 0,020848 0,875582 1,453938E-27 1,306734E-10 815,6 94 8,68

47 Silver 107Ag 107 106,905097 47 60 7,861328E-26 1,004957E-25 47,346161 60,525237 0,025786 0,992086 1,647398E-27 1,480607E-10 924,1 107 8,64

47 Silver 108Ag 108 107,905956 47 61 7,861328E-26 1,021707E-25 47,346161 61,533991 0,025786 0,999981 1,660508E-27 1,492390E-10 931,5 108 8,62

50 Tin 115Sn 115 114,903342 50 65 8,363115E-26 1,088704E-25 50,368256 65,569007 0,027431 1,061352 1,762417E-27 1,583981E-10 988,6 115 8,60

50 Tin 116Sn 116 115,901751 50 66 8,363115E-26 1,105453E-25 50,368256 66,577760 0,027431 1,071697 1,779595E-27 1,599420E-10 998,3 116 8,61

50 Tin 119Sn 119 118,903308 50 69 8,363115E-26 1,155701E-25 50,368256 69,604022 0,027431 1,096402 1,820618E-27 1,636290E-10 1021,3 119 8,58

54 Xenon 140Xe 140 139,921647 54 86 9,03216E-26 1,44044E-25 54,397716 86,752839 0,029626 1,258535 2,089846E-27 1,878260E-10 1172,3 140 8,37

74 Tungstene 184W 184 183,950931 74 110 1,237741E-25 1,842422E-25 74,545019 110,962934 0,040599 1,597620 2,652912E-27 2,384318E-10 1488,2 184 8,09

74 Tungstene 186W 186 185,954364 74 112 1,237741E-25 1,875920E-25 74,545019 112,980442 0,040599 1,611695 2,676283E-27 2,405324E-10 1501,3 186 8,07

81 Thallium 205Tl 205 204,974428 81 124 1,354825E-25 2,076912E-25 81,596575 125,085489 0,044439 1,752075 2,909389E-27 2,614829E-10 1632,0 205 7,96

88 Radium 226Ra 226 226,025410 88 138 1,471908E-25 2,311402E-25 88,648131 139,208045 0,048279 1,879044 3,120227E-27 2,804320E-10 1750,3 226 7,74

92 Uranium 233U 233 233,039635 92 141 1,538813E-25 2,361650E-25 92,677591 142,234306 0,050474 1,922736 3,192779E-27 2,869527E-10 1791,0 233 7,69

92 Uranium 235U 235 235,043930 92 143 1,538813E-25 2,395148E-25 92,677591 144,251814 0,050474 1,935949 3,214720E-27 2,889246E-10 1803,3 235 7,67

92 Uranium 236U 236 236,04557 92 144 1,538813E-25 2,411898E-25 92,677591 145,260568 0,050474 1,943065 3,226536E-27 2,899866E-10 1810,0 236 7,67

92 Uranium 238U 238 238,050788 92 146 1,538813E-25 2,445396E-25 92,677591 147,278076 0,050474 1,955353 3,246940E-27 2,918205E-10 1821,4 238 7,65

92 Uranium 239U 239 239,05429 92 147 1,538813E-25 2,462146E-25 92,677591 148,286830 0,050474 1,960602 3,255657E-27 2,926038E-10 1826,3 239 7,64

112 Copernicium285Cn 285 285,177126 112 173 1,873338E-25 2,897627E-25 112,824893 174,514433 0,061446 2,223647 3,692452E-27 3,318611E-10 2071,3 285 7,27

Nuclear Energy – Table Mass Defect & Binding Energy

Source: Ch.Guéritte/Data from 

various sources
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Nuclear Energy – Aston Curve
Binding Energy (BE) per nucleon vs number of nucleons (A)

Source: Ch.Guéritte
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Nuclear Energy
Nuclear Fission, Nuclear Fusion

➢ Fusion: two atomic nuclei fuse together to produce a heavier nucleus.

➢ Fission: the breaking of a heavy nucleus into lighter nuclei. 

➢ The Aston curve represents the Binding Energy per nucleon as a function of the 

number of nucleons. High values correspond to the more stable nuclei, where the 

nucleons are more tighly bound. The maximum is reached for 56Fe/58Fe (8,88 MeV).

➢ BE/A is greater for medium-class nuclei than heavy nuclei and light nuclei.

➢ Energy is released if the products of a nuclear reaction have a greater binding 

energy per nucleon (BE/A) than the parent nuclei.

➢ In a Fusion elementary reaction, deuterium and tritium fuse together to produce 4He, 

a heavier component, generating an important quantity of energy: 

     2H + 3H          4He + 1n + 17,5 MeV

➢ In a Fission elementary reaction, 235U nuclei can be split into Xenon and Strontium 

nuclei, lighter components, generating an important quantity of energy:

     235U + 1n           140Xe + 94Sr + 21n + 184,6 MeV   
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The Future: Nuclear Fusion?
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Nuclear Fission & Nuclear Fusion

Note: Deuterium and Tritium  are two isotopes of hydrogen

Nuclear fusion consists in assembling two light atomic nuclei into a heavier nucleus.  Huge scientifical and technological 

challenge. Needs extreme temperature conditions: > 100 millions °C……..
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The Fusion Reaction: has been researched for decades

Note: Deuterium and Tritium  are two isotopes of hydrogen

Nuclear fusion consists in assembling two light atomic nuclei into a heavier nucleus.  Huge scientifical 

and technological challenge. Needs extreme temperature conditions: > 100 millions °C……..
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The Fusion Reaction

Note: Deuterium and Tritium  are two isotopes of hydrogen

Nuclear fusion consists in assembling two light atomic nuclei into a heavier nucleus.  

Huge scientifical and technological challenge. Needs extreme temperature conditions: > 

100 millions °C……..

STATUS

• R&D for decades (70 yrs)!

• Used in the H bomb (fusion 

initiated by fission)

• Coalition of most ‘nuclear’ 

countries to develop a fusion 

program together (ITER program)

• Slow progress due to political 

constraints

• Separate efforts before demo unit: 

China, Korea, …

• NEW : private companies are now 

interested (6 Bn $): 3 competing 

technologies

• SPARC (MIT + private)

• STEP (Oxford + private)

• Helion (for Microsoft)

• Timing could improve???

Available

in sea water

Radioactive.

Not available.

Fabricated 

from projection

of neutron 

on lithium

Sources : UDA Energucht + Fabrice Louche ERM
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Nuclear Fusion
International Thermonuclear Experimental Reactor 

ITER Project - Cadarache 

Source: Futura Science 2018
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Nuclear Fusion : ITER
International Thermonuclear Experimental Reactor

Source: Futura Science 2018

ITER:
• Russia, China, South Korea, USA, Japan, 

India, Kazakhstan, UE (45.5%)

• Objective: net production of energy

• Large Tokamak (diameter: 30 m): plasma
• >150 million °c

• High particle density

• Duration

• 500 MW

• No electricity production

• Cadarache (Aix en Provence) / France

Source : UDA Energucht

Timing:

• Dec 2025 : first plasma

• 2025-2026 : increase power

• 2035: operation in deuterium-tritium

• 2040? Demonstration unit (electricity prod.)

• 2050? Industrial prototype
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Nuclear Fusion
International Thermonuclear Experimental Reactor 

Iter Project 

➢ 1st experimental Tokamak: Tore Supra, CEA Cadarache, Iter 

predecessor.

➢ Iter: The matter must be in a plasma state.

➢ Fuel is confined thanks to supraconducting modules  in 

solenoid magnets. 

➢ Temperature # 110 million °C.

➢ Construction of the world’s largest Tokamak with ten times the 

plasma volume of the largest Tokamak operating today.

➢ Production of deuterium-tritium plasma scheduled for 2035.

➢ Power: 500 MW.

➢ Location: Cadarache, France.

➢ Partnership: EU, China, Switzerland, India, Korea, Russia, US.

➢ Original budget: 5 G€.

➢ Current budget: 19 G€.
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Tokamak
Russian origin:

« тороидальная камера с магнитными 
катушками »

« toroidalnaïa kamera s magnitnymi katouchkami »
Chambre toroïdale avec bobines magnétiques
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Nuclear Fusion
Tokamak basic principle 

Iter Project - Cadarache 

Source: CEA
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Nuclear Fusion - Tokamak basic principle 
 

➢ The donut-shaped chamber encircled 

by toroidal magnetic coils is the basic 

design of a tokamak.

➢ In the magnetic cage in a form of a 

torus, a combination of poloidal and 

toroidal magnetic fields enable the 

isolation of the hot plasma current from 

the vessel walls.

➢ The plasma current can be heated up to 

fusion temperature (> 100 millions °C) 

and can ignite thermonuclear fusion.

➢ The plasma is created by the 

introduction of hydrogen (D + T 

isotopes) Electric current is generated 

in gas and particles, electrons and ions 

collide together and temperature 

increases. 

➢ Heating efforts combined in the plasma 

current, the temperature can reached 

levels above 100 millions °C.  

Source: Energy Encyclopedia
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2021/2022 Significant technical problems appears on 
Iter Project 

Source: Iter.org
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2021/2022 Significant technical problems appears on 
Iter Project 

Source: Iter.org
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2021/2022 Significant technical problems appears on 
Iter Project 

Source: Iter.org
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China Nuclear Fusion device HL-2M Tokamak
« Artificial Sun »

1st plasma discharge at the Southwestern Institute of 
Physics – Chengdu/Sichuan – China - December 2020

Source: VCG Getty Images 
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Nuclear Fusion : EAST 
(Experimental Advanced Superconducting Tokamak) 

China

EAST:
• Mix fusion - fission

• Apr 2021
• 70 million ° C

• 17 sec continuous

• Plasma operation

• China

• Next objective: 
• 2028 : industrial reactor!

• 2035 : stable production

Source : UDA Energucht
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South Korea Nuclear Fusion KSTAR (Korea Superconducting 
Tokamak Advanced Research) Reactor « Artificial Sun »

Continuous operation of plasma for 20 seconds at temperature > 100 
millions degrees

 Korea Institute of Fusion Energy – Daejeon/Korea - December 2020

Source: National Research Council 

for Science and Technology
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Nuclear Fusion : KSTAR 
(Korea Superconducting Tokamak Advanced Research) 

Reactor « Artificial Sun »

Source: National Research Council for 

Science and Technology

KSTAR:
• Built in 2007

• Dec 2020
• >100 million ° C

• 20 sec continuous

• Plasma operation

• Daejeon / South Korea

• Next objective: 
• 200 million °C

• 300 seconds

• 2026

Source : UDA Energucht
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Nuclear Fusion : Spherical Tokamak

Source: Tokamak Energy

Tokamak Energy :
• Smaller

• More compact

• High Field Supraconducting Magnets (new)

• Oxford, UK

• Private company
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Nuclear Fusion : Stellarator

Source : Wikipedia

Proxima Fusion:
• Twisted Torus

• No need of a plasma current

• Stability of the plasma

• More difficult to design

• München, Germany

• Private Company (Max Planck Institut)

• Present
• 300 sec of plasma

• Next objectives: 
• 30 min of plasma

• 2031 : prototype

• 2040 : operational reactor

Source : Ian Hogarth
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Nuclear Fusion : Inertial Fusion (laser technology)

Source : Lawrence Livermore Laboratory with ABC News

Lawrence Livermore Laboratory:
• Laser technology

• High density / short confinement time

• California, US

• Present
• 192 lasers

• 3 MJ produced with 2 MJ injected

• Next objectives: 
• 200-300 lasers

• 10 times per second
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Nuclear Fusion: Conclusion

◆ Technically complex (very high T)

◆ Slow progress of international cooperation (ITER)

◆ Initiatives from some countries

◆ NEW : private initiatives (other technologies)

◆ Timing : 

◼ 2060 for industrial electricity production?

◼ Earlier due to private push in other technologies? 2050?

◼ If it works…

Objectives:

• Generate fusion

• Maintain fusion during time

• Produce more electricity than used

• Recover electricity
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Spent Fuel Management

3-2
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Composition and Reprocessing of Spent Fuel

RU:    Recycled Uranium

ERU: Enriched Recycled Uranium

1/8 RU        ERU (Usable in PWR, BWR)

7/8 RU        ERU (Usable in Fast Neutrons Reactors)
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Composition and Reprocessing of Spent Fuel
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Facilities for Spent Fuel Management

Source:NEA
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Major LWR* and other Spent Fuel Reprocessing 
Plants 2020 - Total Capacity : 3860 tU

Nota: LWR : Light Water Reactor  * Planned to start in 2022

Source: WNA Processing of Used Nuclear Fuel Updated August 2024
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The Thermal Oxyde Reprocessing Plant (THORP) at Sellafield - 
UK

Source: WNA 2018
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Worldwide Nuclear Industry

3-3
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Worldwide Nuclear Industry - Sources
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Nota: According to sources, number of nuclear reactors
can differ between Operable (connected to the grid) and 

Operational in use reactors.
The difference correspond to number of reactors under 

suspended operations
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In 2024, 70 Years of Nuclear Power

◆ 417 operational reactors (440 operable) in 31 countries as of 31/12/2024 (60% in 

OECD) - 23 reactors were in suspended operations.

◆  Net installed operable capacity of # 398 GWe (378 GWe operational + 20 GWe on 

suspended operations) as of 31/12/2024

◆ Average world fleet age : 32 years

◆  # 2 670 TWh/year

◆  ~ 57% Hydro-power

◆ 9% Electricity

◆ 5% Primary energy

◆ 62 reactors ( 78 GWe) under construction (42 in Asia, 28 in China) as of 

31/12/2024

◆ 15 countries are currently building new reactors

Source: WNA Facts and Figures – Updated November 2025
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Nuclear Power 2007/2024 – Capacities & Electricity Generation  
 Selected Countries - Operable Plants

Country GWe* TWh nets         Units*   %Elec

USA     99/97 807/782 104/94   19/18

France     63/63 420/364   59/57   77/67

Japan 48/32 267/85   55/33   28/8 

Russia 22/27 148/202   31/36   16/18

S. Korea     18/26 137/179   20/26   35/32

Germany 20/0  133/0   17/0   26/0

Canada 13/13   88/81   18/17   15/13

Ukraine* 13/13   87/50   15/15   48/52

Sweden      9/7   64/49   10/6   46/29

China      9/58   59/418   11/59   2/5

WORLD        372/398        2608/2620          439/440   15/9

Data from IAEA PRIS (International Atomic Energy Agency)/WNA Facts and Figures  - Updated 

September/November 2025. Capacities at year-end.

Operable: Connected to the grid. Ukraine *: Estimate
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Operable Reactors worldwide by types end 2024 
 

Source: WNA World Nuclear Performance Report 2025
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Operational Reactor types in use worldwide end 2024 
 

Source: IAEA PRIS: International Atomic Energy Agency/Power Reactors Information System

 2025 Edition – Nuclear Power Reactors in the World
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Number of Reactors by types & Net Power worldwide end 2024 
 

Source: IAEA PRIS: International Atomic Energy Agency/Power Reactors Information System

 2025 Edition – Nuclear Power Reactors in the World
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Reactor types in use worldwide end 2024: 417
Operational Plants

10,3%
0,5%

1,9%
0,2%

2,4%

10,8%

73,9%

BWR/Boiling Water Reactor

FBR/Fast Breeder Reactor

GCR/Gas Cooled Reactor

HTGR/High Temperature Gas-
Cooled Reactor

LWGR/Light Water Graphite
Reactor

PHWR/Pressurized Heavy
Water Reactor

Source: IAEA PRIS: International Atomic Energy Agency/Power Reactors Information System

 2025 Edition – Nuclear Power Reactors in the World
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Number of Reactors in operation worldwide end 2024 
 

Source: IAEA PRIS: International Atomic Energy Agency/Power Reactors Information System

 2025 Edition – Nuclear Power Reactors in the World
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Nuclear share of Electricity Generation end 2024 
 

Source: IAEA PRIS: International Atomic Energy Agency/Power Reactors Information System

 2025 Edition – Nuclear Power Reactors in the World
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Annual Construction starts & Grid connections- 1954 - 2024 
 

Source: IAEA PRIS: International Atomic Energy Agency/Power Reactors Information System

 2025 Edition – Nuclear Power Reactors in the World
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Number of Reactors under construction 
& Net Power worldwide end 2024 

 

Source: IAEA PRIS: International Atomic Energy Agency/Power Reactors Information System

 2025 Edition – Nuclear Power Reactors in the World
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Number of Reactors under construction worldwide end 2024 
 

Source: IAEA PRIS: International Atomic Energy Agency/Power Reactors Information System

 2025 Edition – Nuclear Power Reactors in the World
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Nuclear Industry – Reactors by age
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Number of operational Reactors by age end 2024 
 

Source: IAEA PRIS: International Atomic Energy Agency/Power Reactors Information System

 2025 Edition – Nuclear Power Reactors in the World
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Age of Nuclear Reactors as of 1st July 2025
Mean Age: 32 years

Source: Mycle Schneider

World Nuclear Industry Status Report (WNISR)  IAEA-PRIS September 2025
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Evolution of Mean Age of Nuclear Reactors

Source: Mycle Schneider

World Nuclear Industry Status Report (WNISR)  IAEA-PRIS September 2024
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Nuclear Industry - Capacity & Generation
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Historical evolution of worldwide Operable Nuclear Power Capacity 
 

Source: WNA World Nuclear Performance Report 2025
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Historical evolution of worldwide Operational Nuclear Power Capacity 

 

Source: IAEA PRIS: International Atomic Energy Agency/Power Reactors Information System

 2025 Edition – Nuclear Power Reactors in the World
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Nuclear Generation Capacity (Net) 1954 – July 2025  

Source: Mycle Schneider

WNISR, IAEA-PRIS September 2025
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Nuclear Generation Capacity (Net) 1954 – July 2025 vs WNISR assessment  

Source: Mycle Schneider

WNISR, IAEA-PRIS September 2025

Notes:
The IAEA data used for this graph
includes at least three reactors that
have been later withdrawn from the
PRIS statistics for operating reactors
(Niederaichbach, VAK-Kahl and HDR
Großwelzheim, in Germany, now only
appearing as “Decommissioning
Completed”). On the other hand, the
Swiss research reactor in Lucens is not
included.
Reactors classified as in “Suspended
Operation” by the IAEA are not
represented here.
Although the total number of reactors
in operation according to WNISR
statistics has always remained, albeit
slightly, inferior to IAEA-PRIS data, it
contains several Chinese reactors not
accounted for in PRIS.
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Historical evolution of worldwide Electricity Generation 
 

Source: WNA World Nuclear Performance Report 2025
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Evolution of worldwide Electricity Generation by Regions 
 

Source: WNA World Nuclear Performance Report 2025
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Evolution of worldwide Electricity Generation by age of reactors  
 

Source: WNA World Nuclear Performance Report 2025
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Nuclear Electricity vs Non-hydro Electricity Production in the World
2014 – 2023 -  # 2600 TWh in 2023 # Stability

Source: Mycle Schneider

WNISR, IAEA-PRIS September 2024
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Nuclear Electricity Production in the World
1985 – 2024 -  # 2680 TWh in 2024

Source: Mycle Schneider

WNISR, IAEA-PRIS September 2025
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Nuclear Electricity Production in the World
2023 – 2024 and historic maximum (TWh)

Source: Mycle Schneider

WNISR, IAEA-PRIS September 2025
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Nuclear Electricity Generation by Regions in the World
1972 – 2026 -  # 3000 TWh in 2026

Source: IEA Electricity 2024
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Capacity factors
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Capacity Factors by Reactor type - Mean # 80 % in 2024

Source: WNA World Nuclear Performance Report 2025
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Capacity Factors by Regions - Mean # 80 % in 2024

Source: WNA World Nuclear Performance Report 2025
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Capacity Factors: > 80%

Evolution 1970 – 2025

# 80% in 2024

By age of reactors

Mean 2019 - 2024

Source: WNA  World Nuclear Performance Report 2025
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Long Term Trends in Capacity Factors

Source: WNA World Nuclear Performance Report 2025
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Nuclear Industry – Reactors Constructions
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Nuclear Reactors Constructions1951 – July 2025
Dynamic Activity 1970-1985 - Rebound after 2006

Source: Mycle Schneider

WNISR, IAEA-PRIS September 2025
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Nuclear Reactors Constructions1951 – July 2024
The role of China

Source: Mycle Schneider

WNISR, IAEA-PRIS September 2025
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Nuclear Reactors under Construction as of July 2025

Source: Mycle Schneider

WNISR, IAEA-PRIS September 2025
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Nuclear Reactors under Construction by Technology – Supplier Country

Source: Mycle Schneider

WNISR with IAEA-PRIS September 2025
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Nuclear Industry – Starts-up & Closures
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Nuclear Reactors Construction Starts

Source: Mycle Schneider

WNISR with IAEA-PRIS September 2025
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Nuclear Reactors Construction Starts – The role of China

Source: Mycle Schneider

WNISR with IAEA-PRIS September 2025
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Nuclear Reactors Start-ups & Closures -  2011: Fukushima (1)

Source: Mycle Schneider

WNISR with IAEA-PRIS September 2025
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Nuclear Reactors Start-ups & Closures - 2011: Fukushima (2)
The role of China

Source: Mycle Schneider

WNISR with IAEA-PRIS September 2025
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Reactors Grid connections & permanent Shut-downs

Source: WNA World Nuclear Performance Report 2025
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Nuclear Industry – Construction Times
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Nuclear Reactors median Construction Times
1981 - 2022

Source: WNA 2023
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Nuclear Reactors Construction Times of New Units grid connected in 2024 
Between 5 & 17 years

Source: WNA World Nuclear Performance Report 2025



214 TPA Toolbox Energy Book 10 – Nuclear 

Median construction time in months by 5 years period 
 

Source: IAEA PRIS: International Atomic Energy Agency/Power Reactors Information System

 2025 Edition – Nuclear Power Reactors in the World
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Nuclear Reactors Construction Times 1954 – 2025
Large scale – From 4 to 16 years

Source: Mycle Schneider

WNISR with IAEA-PRIS September 2025
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Nuclear Reactors Expected Construction Time vs Real Construction 
Time Period 2021/2024 - Mean Construction Time: 9 years

Source: Mycle Schneider

WNISR with IAEA-PRIS September 2025

Notes:
Expected construction time is based
on grid connection data provided at
construction start when available;
alternatively, best estimates are
used, based on commercial
operation, completion, or
commissioning targets.
At Shidao Bay, the HTR plant, where
construction started in 2012, has two
reactor modules onsite and is
therefore counted as two units as of
WNISR2020. Grid connection of the
first unit of the twin reactors
officially took place on 20 December
2021. No date was provided for
startup of the second reactor, which
WNISR considers operating by the of
end-2022 with total construction
time set at 10 years.
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Nuclear Industry – Abandoned/suspended Constructions
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Abandoned/Suspended Constructions 1970 – 2025

Source: Mycle Schneider

WNISR with IAEA-PRIS September 2025
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Shut-downs Scenarios
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Shut-Downs scenario for the next 30 years for the world nuclear park 

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2025

Notes:
Restarts or closures amongst the 33
reactors in LTO as of 1 July 2025 are
not represented; however, at least
some are expected to be restarted
(and later closed, after 2050 in some
cases).
In the case of reactors that have
reached 40 years of operation prior to
2025, the projection uses the end of
their licensed lifetime, including 80
years for 13 reactors
in the U.S, where the Subsequent
License Renewal Applications have
been approved for a further 20 years
of operation.
In the case of the French 900 MW-fleet
the projection uses the scheduled date
of their 4th periodic safety review. In
case this deadline is or will be passed
by the end of 2025, we apply a “de
facto” 10-year extension (operation to
50 years) or the deadline for the fifth
review when available.
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Reminder: Mycle Schneider Scenarios for the next 30 
years: Decline of the World Nuclear Fleet

Source: Mycle Schneider WNISR September 2024

LTO: Long Term Outage
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Nuclear Industry – Costs & Investments
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Regional Breakdown of Nuclear Plants Investments 

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2025
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The Competition
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AREVA France: Olkiluoto 3-Finland, Flamanville 3-France, Taishan 1 & 2-China

China develops its own 3rd generation reactor 1100 MW: Hualong 1

 
Source: NEA IEA 2015

The Competition – Situation 2015
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EPR aircraft hazard protection
in the post 9-11 World

◆ EPR Designed to withstand impact of:

The EPR resists to commercial and military aircraft crashes

Large Commercial Jet & Military Aircraft

At various Elevations & From different Sides
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EPR
Redundancy # 4

(The safer nuclear power plant is the one which 
is not going to be built…..) 
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Olkiluoto EPR (Connected to network beginnig 2022?)
Olkiluito 2007

Olkiluito 2013

Source: B.Barré
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Flamanville EPR 2020 (1650 MW)

Updated Capex: 19,1 G€, including capitalized interests

Expected start-up: end 2024

Source: eDF

Updated Capex by french Cour des Comptes 
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Taishan (2 EPR) 2013
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Taishan (2 EPR 1750 MW)
Taishan 1: Start-up on 14 december 2018

Image CGN – China General  Nuclear Power Corp.

Taishan 1 :start-up 14 december 2018

Taishan 2: start-up september 2019

Total cost : 12,2 G€
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EPR in the world: status July 2023

◆Operational : 3

◼ Olkiluoto (Finland) : connected to network march 2023 at full power

◼ Taishan (China) : two started in 2018 and 2019. problems of fuel assembly, one stopped in 

march 2023, one operational

◆Under construction : 3

◼ Flamanville ( France ) : after long delays, it is expected to start in 2024

◼ Hinkley Point (UK) : two under construction

◆Planned : 6

◼ 6 EPR 2 ( an updated version) planned in France on three different sites. Planned start up 2035
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Economic Cycle of a Nuclear Plant

Source: OECD NEA 2012
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Typical Nuclear Plant Cost Breakdown:
Capital Expenditures represent # 60%, Fuel Cost # 15% including Waste management

Source: OECD NEA 2012

Discounted @ 5%

Cost of Fuel cycle # 3xCost of Uranium 
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Split of Fuel cycle costs excluding Waste management

Source: WNA September 2023
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The Cost/MWh: Sensivity to variations of parameters
An illustrative case for an old generation Nuclear plant
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The Dismantlement

3-5
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Twice more time to dismantle than to produce electricity – 
Three examples

➢ In certain cases, 100 years will be necessary to dismantle nuclear 

plants of 1st generation.

➢ Garigliano plant in Italy: Start-up in 1964. Idle since 1978. Decree to 

dismantle in 2012. 60 years will be necessary to complete the 

dismantlment project.

➢ Greifswald plant in Germany: 5 reactors supplied by ex-USSR. 15000 

personnes worked on the site during the exploitation till the end of the 

80’s. Dismantlment started thereafter, deconstruction of equipments, 

storage and management of waste, completion scheduled for 2029. 

Germany must select a dedicated site to store HLW in a deep 

geological storage. 40 years of dismantlment operations.

➢ Chooz reactor in France: Start-up in 1967, idle since 1991. Decree to 

dismantle in 2007. Works completion scheduled for 2022. Additional 

works to restore the site till 2047.
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Dismantlement costs are taken into account in the LCOE – But 
estimates vary

➢ EDF estimate of the french nuclear park 

dismantlement (58 reactors) = 27 G€, 61 G€ if waste 

management and ultimate waste treatment are 

included.

➢ EDF estimate for the dismantlement of one typical 

nuclear reactor = 350 to 500 M€.

    EON estimate = 1 000 M€.

➢ Underestimate of the corresponding provisions in 

the Company’s account?

➢ Dismantlement taking place very late in time, its 

discounted cost remains very limited in the LCOE.
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Some definitions

➢The warm-up stage comprises the post-operational stage and the dismantling
of systems that are not needed for the decommissioning process. In addition,
the dismantling of system parts with higher contamination begins, including
the defueling of the reactor, which is crucial for any further undertakings and
means removing the spent fuel from the reactor core and the spent-fuel
pools.

➢The hot-zone stage comprises the dismantling activities in the hot zone, i.e.,
the dismantling of highly contaminated or activated parts, e.g., the reactor
pressure vessel (RPV) and its internals (RVI) and the biological shield.

➢The ease-off stage comprises the removal of operating systems as well as the
decontamination of the buildings. This stage concludes with the end of
physical demolition work.
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Completed Reactor Decommissioning
1954 – 2024 US, Germany, Japan, Spain at 1s July 2025

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2025
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Progress of Reactor Decommissioning in Selected Countries

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2024
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Progress of Reactor Decommissioning in Selected Countries

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2025

Notes:
LTE: Longt-Term Enclosure.
(a) As of WNISR2024, the “released” category
only contains “greenfield released” reactors,
whereas it also contained “brownfield released”
reactors in previous editions (see definitions in
the introduction of the chapter).
(b) Three reactors in the U.S. are currently
undergoing preparations or are being
considered for a restart. These are Palisades,
Three Mile Island-1 (now called Christopher M.
Crane Clean Energy Center or CCEC), and Duane-
Arnold-1. Until the reactors are restarted and
this is officially confirmed, WNISR classifies
them in their respective last known
decommissioning phases (warm-up for Palisades
and LTE for the others).
(c) In WNISR2024, the Trino reactor in Italy was
erroneously placed into the hot-zone stage and
is therefore listed in the warm-up stage in this
edition.
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Risk Management

3-6
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The International Nuclear Event Scale (INES)

Source: OECD NEA 2012
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Nuclear Reactor Safety

Source IAEA
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Chernobyl and Fukushima Daichi

Source: OECD NAE 2012
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The major accidents
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Major Accident : Three Mile Island US (level 5)

March 28, 1979 (TMI #2, Pennsylvania)

◆ Malfunction of the cooling system 

(pressurizer valve failure)

◆ Wrong reaction from the personnel in charge 

(not aware that the valve remains open)

◆ The water leaves the reactor, the temperature 

increases

◆ Partial meltdown of the reactor core. 

◆ Release of radioactive water In auxiliary 

building → Release of a significant amount of 

radioactivity in the air.

◆ Release of hydrogen (explosion contained 

inside)

Main causes :

◆ Lack of training of operators

◆ Poor operating instructions

Source: Britannica

Source: Science photo library

PWR
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Impact of Three Mile Island Accident

◆ No death

◆ No radioactive sickness

◆ Limited release of radioactive

elements in the air (low level)

◆ Unjustified evacuation of people

◆ Mental stress!

Source: Stanford University
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April 26, 1986 – 1:24 a.m.: Reactor No. 4 
explodes in Chernobyl …

Major Accident : Chernobyl Ukraine (level 7)

April 26, 1986 

• Redundency test :

• Reduce power to 1/3

• Emergency Core Cooling System Disconnected

• Instruction : do not “operate” the core

• Shortage of power in the region → request to operate

the plant at 50% without further decrease of power

(duration of test extended → nuclear core impacted)

• New (night) shift: not prepared for the test

• Operators’ wrong decisions and mistakes

→ Melting of the reactor core

→ Pressure build-up → ‘Steam’ explosion (not a

‘nuclear’ explosion)

→ Several other explosions

→ Fire of the building

→ Release of radioactive contaminants

Main cause : several violations of the proceduresRBMK
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Source: JLE

Impact of Chernobyl Accident : Geographical

• Burning of the graphite tips 

of the rods

• Radioactive ashes in the 

air

• All over Europe…
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Impact of Chernobyl Accident : Short Term

• 31 rescue team members died

within days of the accident.

• 200,000 workers ("liquidators")

irradiated in the following

months.

• 350,000 people evacuated from

contaminated areas

• 200,000 km2 contaminated in

Europe.

• 784,320 ha of agricultural land

and 694,200 ha of no-production

forests.

Source: Actu.fr

Source: Science et Avenir
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Impact of Chernobyl Accident : Long Term

Mid-term effects → 2005 (OMS)

• Less than 50 deaths in total.

• 4000 cases of thyroid cancer (children 

irradiated at the time of the accident)

• Nine young people died.

• No indication of increased birth defects, 

leukemia or other cancer.

Long term consequences

• 4000 people could die of cancer … 

• of which 2200 among the 200,000 

liquidators.

Source: UN News

Source: Trust my 

science
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Major Accident : Fukushima Daiichi Japan  (level 7)

Friday March 11, 2011

◆ Earthquake : reactors 1, 2 & 3 automatically

shut down (others not in operations)

◆ Tsunami (40 min later): 2 waves (~10 m & ~14

m high)

◆ Flooding : cooling systems & backup systems

(diesel generators & some DC batteries)

damaged (flooding).

◆ Residual heat → vaporization of water in the

reactor vessel

◆ Decrease in the water level until part of the

fuel is uncovered.

◆ Fusion of the cores (melted) & release of

hydrogen.

◆ Explosion of hydrogen

Main cause : underestimation of the wave high

during a tsunami (human error at the design

phase)

Source: Bund.de

Source: CNET

BWR
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Impact of Fukushima Accident

◆ No death

◆ No radioactive sickness

◆ 160 000 people evacuated

◆ Volatile fission products released in

the air (due to explosions)

◆ Water contaminated : removal of

radioactive elements & progressive

release into the sea

(The earthquake and the tsunami

caused directly the death of more than

15 000 people!)

Source: 

Washington post

Source: 

Financial Times
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Waste Management

3-7



258 TPA Toolbox Energy Book 10 – Nuclear 

Composition and Reprocessing of Spent Fuel
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HLW Half-life

HLW: High Level Waste

Pure Uranium is weakly radioactive. It decays slowly by emitting 

an alpha particle. 

 

            Uranium238                                     4,47 billion years

            Uranium235                                     704 million years
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Volumes (m3) of Radioactive Waste Produced Annually by a 
Typical 1 000 MW Plant 

Source: OECD NEA 2012

LLW: Low Level 

Waste

ILW: Intermediate 

Level Waste

HLW: High Level 

Waste

SNF: Spent Nuclear 

Fuel

Waste type Once-through 

fuel cycle

Recycling fuel 

cycle

LLW/ILW 50 - 100 70 – 190

HLW 0 15 – 35

SNF 45 - 55 0

Source: European Commission , Radioactive Waste Management in the European Union (1998)
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Yearly Waste Production in EU



262 TPA Toolbox Energy Book 10 – Nuclear 

A Typical HLW Transport Cask
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Nuclear Waste Repository planning and countries

Source: Mycle Schneider WNISR December 2023
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LLW and ILW Management 
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Geological Disposal

Argillaceous formation: Boom Clay (Mol, Belgium) Hades Underground Laboratory

The HADES underground research laboratory :

The name “EURIDICE” stands for “European Underground Research 

Infrastructure for Disposal of nuclear waste in a Clay Environment”.

EURIDICE manages and operates the underground research laboratory 

known as HADES (High Activity Disposal Experimental Site), where experts 

develop and test industrial technologies for building, operating and sealing 

a waste repository in deep clay.
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Multiple-Barrier System for Geological Disposal

Note: One project  in France:

CIGEO/Bure
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Funding mechanisms for Decommissioning and 
Waste Management

Source: Mycle Schneider WNISR December 2023
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Advance Recycling of Nuclear Waste

P&T : partitioning 

& transmutation
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Reducing the duration of radiotoxicity of minor actinides?

◆ Radiotoxicity of minor actinides (half-life)

◼ Once through / no reprocessing : 300 000 yr

◼ Todays Recycling Purex 10 000 yr

◼ Advance recycling (partitioning & transmutation) 300 yr

Linear accelerator (600 MeV) proton

Reactor

Sub-critical

100 MWth

Lead-Bismuth

Source : SCK CEN

First phase of demonstration 

project under construction

(Multi-purpose hYbrid Research 

Reactor for High-tech 

Applications)
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Future evolution
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Past Evolution and Perspectives
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The situation post-Fukushima (11 March 2011)
➢ EU announced plans to « stress test » all nuclear plants in its 27 countries

➢ France continues to support nuclear power. Safety as priority. Fessenheim closed in 2020. 

➢ USA continues to support nuclear power. Safety as priority.

➢ Japan announced a review of the existing plans, massive investments in gas supply.

➢ Russia continues to support nuclear power. Comprehensive safety review  

➢ Germany decided to close nuclear reactors by 2022

➢ Belgium (7 nuclear reactors)  decided to phase out nuclear energy by 2025.

➢ Switzerland plans to close its 5 reactors by 2034.

➢ Italy, Austria, Spain: ban on the reintroduction of a nuclear programme.

➢ The new president in South Korea put on hold some nuclear plants projects.

➢ China had new construction going on for an additional 40 GW (closed to shore, 3rd generat.) but 

recently, there has been a slowdown in the construction program.

➢ UK has plans to build 8 new reactors by 2025

➢ India plans to boost nuclear capacity to 63 GW by 2032. 

➢ Turkey started construction of Akkuyu nuclear plant in 2018. Other projects are under study.

➢ Belarus, Bengladesh, Poland, Saudi Arabia (17 projects announced, 18 GW, 80 G$ investments), 

UAE, Iran, Egypt, Jordan, Brazil, South Africa, Netherlands, Sweden, Chile, …… consider to pursue 

nuclear power plants programme (Plans, Commitments, Call for tenders, Constructions)
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In OECD, Nuclear Industry is facing difficulties 

➢ Nuclear industry remains important for decarbonized electricity generation.

➢ 62 reactors (78 GWe) under construction 

➢ 28 in China, 42 in all Asia, …..

BUT

➢ 2007 : 439 operable reactors → 2024 : 440 operable reactors 

➢ Fukushima accident in 2011 

➢ German decision - Energiewende

➢ The industry suffered suspensions of projects, construction delays & costs overruns:

➢ Flamanville 3 : 12 years delay, 23,7 G€ final vs 3,3 G€ initial estimate

➢ Olkiluito : 13 years delay, 8,8 G€ = 3x initial budget

➢ The sector suffered from bankrupty & bailout affecting some historical actors of the nuclear 

industry: 

➢ Toshiba/Westinghouse, 

➢ Areva (Now Orano), 

➢ Debt of EdF (64 G€ end 2022), …….  
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➢ Huge projects : Flamanville EPR (1650 MW): 

➢ 120 000t of steel, 70 000t of framework, 400 kms of pipes, 1 850 kms of cables, 460 000m3 

of concrete, double containment enclosure 

➢ Will supply 2 million people in electricity.

➢ Huge problems: Delays, Costs overruns.

➢ Why? 

➢ Multiple changes of regulations, 

➢ Loss of technical competence for all stakeholders…

➢ Inconsistency of political decisions by successive governments, 

➢ Lack of new investments in the sector, 

➢ Emphasis given to a program of existing nuclear reactors closure ,……

➢ Three conditions:   

➢ Best Available Technologies, 

➢ Skilled Staff, 

➢ Independent Control Authority (ASN – Autorité de Sûreté Nucléaire)

In France, Nuclear Industry is facing difficulties
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➢ Energy Independency remains vital (Russia-Ukraine war!).

➢ The Energy Mix needs to be decarbonated.

→ Nuclear Energy remains part of the solution

➢ In France, decision in 2023 to

➢ Construct 6 to 14 EPR2 (new generation). Production start-up in 2035. Cost for 6 EPR2 # 67 G€, current 

estimate.

➢ Develop Small Modular Reactors (SMR)

➢ Extend existing reactors duration life (50 G€ available by EdF)

➢ Foresee 30/40 EPR new generation for 2050.

➢ In Sweden, on November 2023, decisions to :

➢ re-activate the nuclear industry in the country.

➢ remove the limit of 10 reactors maximum in the country

➢ built 10 new reactors by 2045.

➢ promote the construction of Small Modular Reactors (SMR)

➢ In Belgium, between 2023 and 2025, decision to

➢ Extend the life of 2 reactors by 10 yrs

➢ Remove the lawful obligation to close all reactors

➢ Promote the construction of new reactors and/or SMRs

➢ In Japan, re-launch of some reactors stopped after Fukushima

➢ In a number of countries, new nuclear plants are under construction and/or are planned.

➢ Growing Electricity needs for AI & Data centers. Involvment of Big Tech companies: Meta, Microsoft, Amazon,….

➢ Large investments anticipated in US (New AP1000, reopening of Three Mile Island?) & elsewhere.

The situation in 2025
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A Zoom on the Middle East
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Nuclear Energy in Iran

Source: WNA World Nuclear Performance Report 2025
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Nuclear Energy in UAE

Source: WNA World Nuclear Performance Report 2025
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A Zoom on China
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Nuclear Energy in China

Source: WNA World Nuclear Performance Report 2025
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A boom forecasted in China for Nuclear Energy

➢ February 2018: merger between CNNC (China National Nuclear Corporation) and 

CNEC ( China Nuclear Engineering and Construction)

➢ China’s objective: to replace coal-fired plant by decarbonized sources of energy.

➢ As of end 2024, 58 operable reactors with 57 GWe generating capacity , 33 under 

construction for a capacity of # 35 GWe. A program to build additional reactors is 

ongoing.

➢ Third generation reactor Hualong One (made in China) is exportable.

➢ 10/12 new reactors per year over 10 years in China in the near future?

➢ But, more recently, uncertainty on the program.

➢ New Areva/CNNC contract for nuclear waste treatment plant – 10 G€. 
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Locations of Nuclear Plants Projects in China
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A boom forecasted in China for Nuclear Energy
A young nuclear Fleet today – Mean age: 11 years in 2025

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2024
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A Zoom on Japan
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Nuclear Energy in Japan

Source: WNA World Nuclear Performance Report 2025
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Japanese Nuclear Reactors 1963 - 2022

Source: Mycle Schneider

WNISR with IAEA-PRIS December 2023
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Fukushima Situation from March 2011 to 2019

11 March 2011: Explosion/fusion of the 

core of Fukushima nuclear reactors

24 March 2011: Shock wave in one control room. 

No corporal victims due to the accident, contrary 

to the consequences of the tsunami.

2019: Zone with prohibited access in 

Fukushima prefecture. 165000 persons 

evacuated, 36000 are still homeless.

Source: Challenges 11 mars 2021
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Fukushima Situation at beginning 2021 and further steps

➢   Works are going on onsite and offsite

➢ 7 000 workers are mobilized for decommissioning work onsite.

➢ Onsite: Spent Fuel Removal and Fuel Debris Removal are continuing together with Contaminated Water 

Management.

➢ 900 t of melted fuel has to be extracted.

➢ 965 tanks of contaminated water (tritium) are being used, but with limited level of Bq. Maximum capacity will be 

reached in 2022.

➢ Infrastructures devasted by the tsunami have been rebuilt.

➢ During the five past years, no traces of cesium in agricultural production.

➢ Other offsite issues are being followed-up: future of evacuees from affected municipalities, health consequences of 

the disaster, decontamination wastes management, and costs involved (# 170 G€ estimated today)

➢ A recent decision has been taken to evacuate low contaminated water in the sea 

➢    At least 3 decades will be necessary to restore the site. 
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Source: Challenges 11 mars 2021

Fukushima Situation at beginning 2021
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Japanese Nuclear Program 1963-2025
Consequence of Fukushima

Source: Mycle Schneider

WNISR IAEA-PRIS September 2025
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Japanese Nuclear Program 2005-2025
Consequence of Fukushima

Source: Mycle Schneider WNISR  IAEA-PRIS September 2025

LTO: Long Term Outage
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Age of Japanese Nuclear Reactors
Mean Age: 34 years

Source: Mycle Schneider

WNISR IAEA-PRIS September 2025
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Japan around Fukushima
Distribution of Radioactive Doses (μSv/h)

Source: Mycle Schneider Consulting

Status Report September 2017

Nota:

1 μSv/h # 9 mSv/year

Natural Radiation = 3 mSv/year
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Reminder: Japan Electricity Generation by Source
and CO2 intensity (p.m: IEA 2014 Central Scenario)

Source: IEA WEO 2014
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A Zoom on Germany
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Nuclear Energy in Germany

Source: WNA World Nuclear Performance Report 2024
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Reminder - Nuclear Phase-out: The German Schedule

Dr. Hans-Joachim Ziesing

The German « Energiewende
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The German « Energiewende » will cost 400/1000 G€. 
The cost of Renewables (subsidies) is huge 

As a consequence, Germany is obliged to re-open and 
build coal (lignite) power plants, generating additional 
CO2 emissions in the atmosphere (Klimakiller….) Two 
coal-fired power plants (1,6 and 0,9 GW) were recently 
put into operation.

Reminder: Electricity price for households in 2016 (All 
taxes incl.):
Germany: 290 €/MWh
France:     150 €/MWh

Extensive political debate in Germany on the issue.

Reminder - The German « Energiewende »
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Reminder -  Electricity Generation in Germany

Dr. Hans-Joachim Ziesing

The German « Energiewende
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Reminder - Primary Energy Mix in Germany and France
are quite different – Year 2016
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Electricity Generation in Germany

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2024
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Electricity Generation in Germany
Dreams or achievable perpectives?

Dr. Hans-Joachim Ziesing

The German « Energiewende
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In Germany, the programme to reduce nuclear 
capacity must be compensated by other means 

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2024
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Legal closure dates for Germany Nuclear Reactors 

Source: Mycle Schneider

WNISR  IAEA-PRIS October 2022
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A Zoom on France
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Nuclear Energy in France

Source: IEA 2024
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Nuclear Energy in France

Source: WNA World Nuclear Performance Report 2025
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A Zoom on France

Source: Challenges mars 2023/EDF
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➢ 1958: General de Gaulle has placed the nuclear industry development in the heart of France energy sovereignty.

➢ 1950: Under the supervision of CEA (Commissariat à l’Energie atomique), 6 reactors are built using the UNGG (Uranium 

Naturel Graphite Gaz) technology.

➢ 1973: After the 1st oil shock, massive investment programme for the construction of 58 reactors (PWR – Pressurized Water 

Reactor) during 20 years, for a cost of 93 G€ (2012 – Cour des Comptes)

➢ 1997: Decision to close Superphénix, Fast Breeder Reactor (FBR) developed by CEA.

➢ 2006: New research programme to build a FBR new generation: Astrid (Advanced Sodium Technological Reactor for 

Industrial Demonstration). 

➢ 2010: Under the pressure of Bruxelles (and notably of Germany), EDF (Electricité de France) is obliged to sell 25% of its 

production to third parties at a price of 42 €/MWh) – Arenh mechanism (Accès régulé à l’électricité nucléaire historique)  

➢ 2015: F.Hollande, french president, decides that the share of nuclear in the electricity mix should be downgraded from 70% to 

50% in 2025 and to close 2 reactors at Fessenheim.

➢ 2018: E.Macron, french president: Nuclear in the electricity mix from 70% to 50% delayed to 2035.

➢ 2019: Closure of Astrid project.

➢ 2022/2024: E.Macron, French president, launches a vast programme to reactivate the nuclear industry in France and 

promotes the development of SMR (Small Modular Reactors)

  

History of Nuclear Industry in France
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History of Nuclear Industry in France – Situation 2023

Source: Challenges mars 2023/EDF
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Nuclear Power Plants in France

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2025
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Nuclear Power Plants in France

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2025
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Nuclear Power Plants in France & Installed Capacity (1)

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2025
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Nuclear Power Plants in France & Nuclear Share(2)

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2025
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The Age of French Reactors
Mean Age: 39 years

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2025
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France – Reactors Offline 2024

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2025
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France – Reactors Offline 2024

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2025

Notes: 
This graph only compiles
outages at zero power, thus
excluding all other operational
periods with reduced capacity
>0 MW. Impact of
unavailabilities on power
production is therefore
significantly larger.
Flamanville-3, briefly
connected to the grid in
December 2024, is not
considered here.
“Planned” and “Forced” 
unavailabilities as declared by 
EDF.
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The Cost of Nuclear in France 
➢ 57 reactors on operations as of July 2025, 9 reactors are being deconstructed: 1 PWR (Chooz), 6 

UNGG (Uranium Naturel Graphite Gaz, Bugey, Chinon, St-Laurent), 1 HWR (Brennilis), 1 Fast 

Breeder Reactor (Creys-Malville) Dismantlement takes time.

➢ Depending upon various assumptions, Costs vary from 33 to 50 €/MWh.

➢ In the framework of the liberalization process, the Cost defined by Arenh (Accès réglementé à 

l’énergie nucléaire historique) is 42 €/MWh (Price at which potential competitors may purchase 

electrity to EDF, up to 25% of the production)

➢ This price will probably increase in the years to come.

➢ Production and Maintenance Costs have increased.  Maintenance is essential to preserve safety. 

Lessons learned from Three Mile Island, Tchernobyl, Fukushima.

➢ Maintenance costs for EDF were 800 M€/year between 2003 and 2008, will increase up to 3 500 

M€/year between 2011 and 2025. One year delay # 500 – 800 M€ , i.e. 2/3 M€/day.

➢ The disponibility rate is 82% (utilisation in semi-base) vs 90% for US nuclear park (utilisation in 

base) 

➢ New EPR: Flamanville cost # 23,9 G€ (Cour des comptes) vs 3,3 G€ initially expected (2006). 12 

years delay. Less difficulties for the 2 Taishan (China) EPR now operational. (More problems for 

the Olkiluoto project in Finland)

➢ Ultimate cost for the EPR (industrial maturity) could range from 70 to 90 €/MWh?

➢ Closure of Fessenheim.

➢ Current debate on increasing the exploitation life of reactors from 40 to 60 years.
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Reminder - French nuclear programme within the 
« Programmation Pluriannuelle de l’Energie – PPE »

November/December 2018
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France
Reminder - Programmation Pluriannuelle de l’Energie 2023 – 2028

Nuclear: 50% of the Electricity Mix in 2035
 

Source: Ministère de la Transition 

Ecologique et Solidaire
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Reminder - France – Plan Pluriannuel de l’Energie (PPE)
November/December 2018
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Reminder - France – Plan Pluriannuel de l’Energie (PPE)
November/December 2018
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The Dilemma of Nuclear in France 

◆ Energy transition Law in France: Nuclear contribution for Electricity 

generation from 75% to 50% in 2035.

◆ IMPOSSIBLE and IRRELEVANT! The 2018 PPE is no longer valid!

◆ Production cost of existing nuclear in France = 32 €/Mwh (Not LCOE) 

Generation 2 power plants, including actual depreciation of assets, ie. 

opex & maintenance for 22 €/Mwh including fuel cost at 5 €/Mwh + 10 

€/Mwh for plant life extension ) vs 130 €/MWh for wind offshore.

◆ 2029: anticipated date when the first 900 MW reactors will reach 50 years 

of operational exploitation.

◆ Alternative option: to prolong reactors life time by 10 years. EDF 

forecasts 48 G€ investments for maintenance and  revamping.

◆ In the meantime, development of new generation of EPR, more standard 

and less expensive.

◆ Fessenheim will be closed when Flamanville EPR will be connected to 

the network (2020?) Flamanville not yet operationnal in 2023!
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Reminder - AREVA (Now ORANO): Business Difficulties

Source: Mycle Schneider Consulting

Status Report September 2017
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France – PPE 2025 (Not yet promulgated in June 2025)

Source: Ministère chargé de l’Industrie et de l’Energie - June 2025 
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France – Programmation Pluriannuelle de l’Énergie
Published in February 2026 

 

Source: 
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France – Programmation Pluriannuelle de l’Énergie
Published in February 2026 – PPE3 

 

Source: 

Main trends:

➢ To pursue nuclear production 

with prolongation of reactors 

operational life to 50/60 years

➢ To develop 6 EPR2

➢ To promote SMR (Small 

Moduler Reactors)

➢ To develop Hydroelectricity by 

increasing pumping stations 

(STEP) and dam’s capacities

➢ To slow down Wind onshore, 

optimize existing sites

➢ To develop Wind offshore 

farms

➢ To pursue development of 

solar Energy 
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France – Programmation Pluriannuelle de l’Énergie: PPE 3
Published in in February 2026 

 

Source: 



330 TPA Toolbox Energy Book 10 – Nuclear 

France – Programmation Pluriannuelle de l’Énergie
Published in February 2026 

 

Source: 
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France – Programmation Pluriannuelle de l’Énergie
Published in February 2026 

 

Source: 
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France – Programmation Pluriannuelle de l’Énergie
Published in February 2026 

 

Source: 
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France – Programmation Pluriannuelle de l’Énergie
Published in February 2026 

 

Source: 
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France – Programmation Pluriannuelle de l’Énergie
Published in February 2026 

 

Source: 



335 TPA Toolbox Energy Book 10 – Nuclear 

France – Programmation Pluriannuelle de l’Énergie
Published in February 2026 

 

Source: 
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Reminder - France PPE March 2025 - Renewables Incentive Costs
Additional Commitments 2025-2035 to fulfill PPE3 objectives

Nota: PPE = Programmation Pluriannuelle de l’Énergie

Costs estimates vs various Energy prices scenarios 
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Zoom sur le PP3/Éolien Offshore – Qu’en penser?

Projets PPE3 AO10 – 10ème Appel d’offres pour le 

soutien de l’éolien en mer 

Nucléaire - Programme pour les 

EPR2

Date de lancement 12 Juin 2026 9 Novembre 2021

Programme Construction de 10 GW

5 GW éolien en mer + 5 GW éolien terrestre 

Construction de 6 EPR2, 1750 GW par 

unité 3 paires de 2 réacteurs

Sites Ensemble des façades maritimes 3 sites: Penly, Gravelines, Bugey

Attribution des 

contrats

Février 2027 Plusieurs contrats attribués

Démarrage travaux ? Entre été 2024 et Avril 2028 selon les sites

Mise en service prévue ? Entre 2037 et 2042 selon les sites

Durée 25 ans, à démanteler et renouveler tous les 

25 ans

60 ans+

Production attendue Intermittente – # 30 TWh/an pendant 25 ans

Tenant compte du facteur de charge

# 70 TWh/an pendant 60 ans+

Coût Prix d’achat moyen pondéré = 100 €/MWh

(p.m. Parc Yeu/Noirmoutier: 61 éoliennes x 

8MW = 488 MW - Invest. 2,5 G€ - 167 €/MWh)

73 G€ (Source EdF)
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A Zoom on UK

4-7
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Nuclear Energy in UK

Source: WNA World Nuclear Performance Report 2025
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Electricity by Source in the UK 2000 - 2024

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2025
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The Age of UK Reactors
Mean Age: 38 years

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2025
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◆ Agreement between EdF Energy and DECC on 21 October 2013 (Contract for Difference related to the 

price of electricity purchased)

◆ Electricity price: 92,5 £/MWh, 2012 money (109 €/MWh*), down to 89,5£/MWh (105 €/MWh*) if Sizewell 

decision is confirmed. 

◆ Consortium initially composed of EdF Energy/Areva/CGN (China General Nuclear Power 

Corporation)/CNNC (China National Nuclear Corporation). Areva participation questionned & left. 

Present participation end 2025: EdF Group (73%), CGN (27%)

◆ Construction of 2 EPR at Hinkley Point C (2x1600 MW)

◆ Supply of electricity to 6 million households. Start-up now scheduled between 2029 & 2031.

◆ Approbation by European Commission in October 2014. UK government approval on 15 september 

2016, contract signed on 29 september 2016. by EdF, CGN, UK gvnt.  EdF confirms FID. Operational 

start-up: initially scheduled for 2026.                 Technical difficulties, capex overuns, additional delays.

◆ Capex: initial budget = 16 G£ (present final estimate : 35 G£ # 40 G€*)

◆ Study of two additional units at Sizewell C.

◆ EdF new design studies for a « EPR New Model « to replace existing reactors.

Note: 9 reactors in operation in UK mid 2023 – 48 TWh in 2022.

Costs of EPR are expected to decrease down to 70/90 €/MWh when more units are built and sold. 

*Depends upon the exchange rate

New EPR’s in the UK – The History & present situation
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New EPR’s in UK

Illustration of Hinkley Point C – Photo EdF Energy
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New EPR’s in UK

Illustration of Hinkley Point C – Photo EdF Energy
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A Zoom on Russia

4-8
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Nuclear Energy in Russia

Source: WNA World Nuclear Performance Report 2025
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Nuclear Energy in Russia

Source: WNA World Nuclear Performance Report 2025
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The Age of Russian Reactors
Mean Age: 31 years in 2025

Source: Mycle Schneider

WNISR  IAEA-PRIS September 2025
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The first floating nuclear plant
Pevek Harbor/Tchoukotka peninsula - Russia

Academic Lomonossov: 144 m length, 30 m width. Displacement: 21500 t.

2 PWR reactors, 35 MW each. Will feed a 200 000 inhabitants city. Operator Rosatom. 

Destination 2019: Tchoukotka peninsula eastern Siberia.
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Land-based SMR in Russia – 55 MW 

Nuclear regulator Rostekhnadzor has granted a licence to build the country's first land-based small 

modular reactor (SMR), in the Republic of Sakha (also known as Yakutia) in Russia's Arctic north.

April 2023 - Rosatom and the 

Corporation for the 

Development of the Far East 

and the Arctic signed a 

cooperation agreement relating 

to the construction of the plant, 

saying "the project will provide 

a clean, cost-effective and 

stable source of energy to the 

remote Arctic territories of 

Yakutia with a decentralised

energy supply. The electric 

power of the station will be at 

least 55 MW, the service life of 

non-replaceable equipment will 

be up to 60 years".

Source: World Nuclear News - Rosatom
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Some Scenarios
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IAEA Scenarios – Low case & High case

Source: IAEA Energy, Electricity & Nuclear Power Estimates Edition 2024
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Competitivity of Nuclear Energy
The LCOE

See also Book 2 Energy, Chapter 17

4-10
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Levelized Cost of Electricity production (LCOE)
= Discounted Costs/Discounted Production

Nota: In the following, raw data from IEA, US DOE, UK DBEIS, IRENA, 

Lazard, Fraunhofer ISE, WNA,……

➢ Q : Production of Electricity                  
➢ C : Capital Expenditures                         
➢ O : Operating Expenses                           
➢ F : Fuel Expenses                                       
➢ n : Economic Plant Life
➢ i : Discount Rate

 

➢ Due to discounting, 
decommissioning costs have a 
negligeable effect (included in 
Capex)

➢ For Renewables, Intermittency Costs 
are not included
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LCOE is very dependant upon changes of the environment (Inflation, 
prices of fuels, cost of new nuclear, production costs of solar energy, 

access to mineral materials in particular)
For wind energy and solar energy, cost of intermittency has to be added.

LCOE is also very dependant upon the selected Discount Rate

The following graphs have been established taking into account the most 
recent data of the various components of the LCOE (Capex, Opex, Cost of 
Fuels) deriving from external pertinent sources. For reason of simplicity, 

they are illustrating the mean values for LCOE of all technologies 
generating Electricity. They refer to European/OECD sites, knowing that 

there exist large disparities according to the various sites and locations in 
the World   
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Levelized Cost of Electricity production - LCOE
Assumptions (2023/2024 Environment)

• Crude oil price : 75 $/b (Brent price 2024)

• Gas price          : 14 $/Mbtu (German Import price 2024)

• Coal price         : 140 $/t (NW Europe price 2024)

• Uranium price  : 80 $/lbU3O8 (Spot price 2024) 

• Exchange rate  : 1€ = 1,07 $

• Discount rate   : 5%

• Standard power ranges

• Reference         : European/OECD sites

• Mean values, ranges differ depending upon technologies

• For Renewables, costs of intermittency are not included and 

have to be added.                  

Nota: A large range of LCOE can be observed depending upon the publications and the location of the projects

Data below from IEA, NREL, EIA, Lazard, Fraunhofer, DBEIS UK…..
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Levelized cost of Electricity production
Assumptions: 2023/2024 Environment

CCGT: Combined-Cycle Gas Turbine

IGCC: Integrated Gasification Combined-Cycle

CCS: Carbon Capture & Storage 

Note: Gas CCGT & CCS and Coal IGCC & CCS includes 10€/MWh for CO2 transport  & storage

                 

Nuclear Nuclear Gas Gas Heavy Coal Coal Coal Wind Wind Solar PV Solar PV Solar Hydro Biomass Geother.

Gener. 2 EPR CCGT CCGT&CCS Fuel Sup. crit. IGCC IGCC&CCS Onshore Offshore Utility Rooftop CSP Large

Power reference Mwe 1000 1650 600 600 600 700 700 700 120 250 100 0 150 1000 50 50

Construction lead Years 7,0 8,0 3,0 3,0 3,0 5,0 5,0 5,0 1,5 2,5 2,0 0,3 2,0 6,0 3,0 3,0

Duration life Years 60 60 30 30 30 40 40 40 25 25 25 25 25 80 25 80

Availability % 90% 90% 80% 80% 80% 80% 80% 80% 33% 45% 17% 17% 45% 35% 80% 85%

Thermal Energy Efficiency % 33% 37% 60% 60% 42% 40% 40% 40%

Capex €/kW 6000 10000 1000 2700 1200 4000 5000 7000 1500 3400 1000 2000 7000 2300 4400 5000

Opex (incl. Maintenance) €/MWh 21 35 8 14 6 13 29 36 11 20 12 20 20 16 25 18
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Fuel Costs

Opex

Capex

(€/MWh) Variability of LCOE, according to sites, estimates 2023 

Solar CSP     : 100-250 €/MWh

Large Hydro :  40-120 €/MWh

Geothermal   :  40-150 €/MWh

Biomasse        :  50-240 €/MWh

Marine            :    ˃ 350 €/MWh

Source: Ch.Guéritte - Data on technical costs from IEA, IRENA, 

Lazard, ATB NREL, Fraunhofer, DBEIS UK…

Cost price of Electricity produced by the various types of Power Plants @ 5% 

excluding CO2 price (2023/2024 Environm., European/OECD sites, Mean values)
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Cost price of Electricity produced by the various types of Power Plants @ 5% 

including CO2 price (2023/2024 Environm., European/OECD sites, Mean values)

(€/MWh)

Source: Ch.Guéritte - Data on technical costs from IEA, IRENA, 

Lazard, ATB NREL, Fraunhofer, DBEIS UK…
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Nuclear LCOE estimates

Source: Mycle Schneider & Lazard estimates 2024 (Specific assumptions)

WNISR  IAEA-PRIS September 2024
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From 2013 to 2024, LCOE have evolved very much, 
in particular in relation with the costs savings 

attached to Renewable Energy, the costs increases 
of the new Nuclear, following the changes of the 

technical and economical environment. The 
geopolitical turmoils have also consequences on 

the Energy economics
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Reminder - Final Cost of Electricity in France
(72% generated by nuclear plants) - 2018

(€cts/kWh)

*SDES: Service de la Donnée et des Etudes Statistiques

Ministère du Développement Durable 
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Russia – Ukraine War - 2022  
Major Impact on World Economy and Energy Markets

Source: Harvard University – International Monetary Fund
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Monthly Wholesale Electricity Prices France 2020 – 2025 (€/MWh)
The impacts of economic & geopolitical turmoils are great

2021 2022 20232020 2024

Average (€/MWh)

2020 32,2

2021 108,8

2022 275,1

2023

2024               

97,2

58,0

2025

Source: Ch.Guéritte/Data from Ember
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Generation IV International Forum (GIF) 
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Evolution of Nuclear Power
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New energy systems for the future
GIF: Generation IV International Forum

◆ Deployable by 2030/2040 (?)

◆ With significant advances in:

◼ Sustainability

◼ Enhanced Safety and reliability

◼ Minimisation of waste

◼ Proliferation and physical protection

◼ Economics

◆ Competitive in various markets

◆ Designed for different applications:

◼ Electricity, Hydrogen, Clean water, Heat

Framework Agreement signed Feb. 2005. 2006: + Russia, 
China 10 years extension signed in 2015 & 2016. Australia &
EU joined. 13 entities today: Argentina, Australia, Brazil,
Canada, China, France, Japan, Korea, Russia, South Africa,
Switzerland, UK and USA, as well as Euratom.

GENERATION IV : To coordinate Research & Development of new 

generation nuclear energy systems
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Generation IV Reactors

Most ‘nuclear’ 

countries are working 

together to develop 

Gen IV reactors:

• GIF : Generation IV 

International Forum

• Selection of 6 

promising 

technologies

• Pilots under 

development
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Generation IV Reactors : Operations?

# Name Abbrev. Status

1 Sodium Fast Reactor SFR Units (600 MWe) in operations in Russia and China

2 Lead Fast Reactor LFR Unit (300 MWe) soon (2026?) in operations in Russia

3 Very High Temperature Reactor VHTR SMR (210 MWe) in operations in China

4 Gas Cooled Fast Reactor GFR Conceptual Design

5 Supercritical Water-Cooled Reactor SWCR Conceptual Design

6 Molten Salt Reactor MSR Demo unit (2 MWe – Thorium) in China

• 3 types of fast reactors

• 2 types of high temperature reactors

Selection criteria:

• Intrinsic safety

• Sustainable (feedstock)

• Sustainable (waste)

• Economical

• Proliferation resistant

• Physically secure
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Thorium Reactor : demonstration unit

◆ September 2022 : China : 

◼ 2 MW

◼ Liquid Thorium (and U236)

◼ Molten Salt

◆ Benefits: 

◼ Reduced waste toxicity

◼ Improved safety (impact of leaks)

◼ No water required for cooling

◆ Next step:

◼ 2030

◼ 100 MWe 

Source : UDA Energucht
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The world Nuclear industry and the 
energy and oil & gas industry : interest 

from stakeholders ?

5
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TABLE OF CONTENTS

1.   What is nuclear energy ?

2.   What are uranium resources ?

3.  The world nuclear industry: past and present

4.   Future evolution

5.  The world nuclear industry and the energy and oil & 

gas industry: interest from stakeholders ?
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The world nuclear industry and the energy 

and oil & gas industry: interest from 

stakeholders ?

• International oil companies and nuclear

• Oil producing countries and nuclear

5
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International Oil Companies and Nuclear Energy in the past

IN THE 50's AND 60's

◆ Strong involvement of the oil industry in nuclear :
◼ EXXON ➔ invested in the full cycle

⚫ Mining

⚫ Fuel Fabrication

⚫ Enrichment

⚫ Reprocessing

◼ SHELL ➔ invested also in the cycle (at a lower level)

◼ AGIP ➔ built the first nuclear plant in Italy

IN THE 70's AND 80's
◼ After the 1973 and 1979 oil shocks some 20 oil companies invested in nuclear :

◼ SHELL ➔ HTGR reactor with GULF General Atomic (8 letters of intent + 10 letters of interest)

◼ EXXON, OCCIDENTAL, ELF, TOTAL (until 1995), etc ➔ in uranium exploration and mining. 

IN THE LAST 20 YEARS : 2005-2025
◼ TOTAL announced in 2006 and 2007 their intention to "look at nuclear“. In 2009, submitted, with AREVA and GDF 

SUEZ, a proposal following a call for tender in Abu Dhabi, which was not selected.

◼ Other IOC's keep silent up to now.

◼ Today, all the Majors are concentrating on their core business with a large diversification towards renewable 
energy. TotalEnergies decided not to be involved in Nuclear Energy business.
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Oil producing countries and nuclear – the case of Iran (1)

➢ Up to recently most of oil producing countries looked at nuclear energy as a competitor or a threat.

➢ The specific case of Iran

◼ In July 1968, Iran signed the Nuclear Non-Proliferation Treaty as a non-nuclear weapons state.

◼ Under the Shah regime, Iran launched a comprehensive nuclear program from uranium exploration 

to enrichment (via Eurodif), and electricity generation (2 major plants contracted with European 

vendors, including Bushehr). The contracts were cancelled after the revolution (1979). A new 

contract was signed in 1995 with Rosatom (Russia).  One VVER 1000 is currently in operation. 

Busherh-1 generates < 1% of electricity in the country. 

◼ Non proliferation concerns about enrichment facilities (Natanz) and heavy water production (Arak), 

underground nuclear facilities, have been under discussions with IAEA/UN Security Council. First 

sanctions against Iran in 2006. UN inspections……

◼ April 2015: Lausanne agreement (1st step): Reduction of Iranian centrifuge units from 19000 to 6000, 

uranium enrichment rate limited at 3,67%, reduction of uranium stock from 10000 to 300 kg during 

15 years…..

◼ January 2016: announcement by Barack Obama that sanctions against Iran are lifted after 

compliance of nuclear deal (mothballing most of the centrifuges, disabling Arak reactor,….)
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Oil producing countries and nuclear – the case of Iran (2)

▪ 2018:  Denunciation by Donald Trump of the iranian nuclear deal with Iran………New 

sanctions.

▪ 2019: Iran announced its intention to increase enrichment rate above 3,67% and to develop 

Arak reactor….

▪ 2020: Assassination of Iran top nuclear scientist.

▪ New US president in January 2021, Jo Biden. Geopolitical tensions continue between Iran 

and US, besides the pursuit of potential negotiations.

▪ In 2022, Iran announced that the have been successful in increasing the enrichment rate up 

to 60%, increasing the threat from the country to fabricate a nuclear bomb.

▪ In 2023/2024, in the framework of increasing geopolitical tensions, Iran continues to work on 

uranium enrichment. 

▪ After Israel’s intervention and US strikes in Iran 1st half 2025, there is a great uncertainty on 

the development of the situation. In June 25, the Iranian parliament passed legislation 

suspending Iran's cooperation with the IAEA/International Atomic Energy Agency.

▪ Beginning 2026, new massive strikes from US and Israel on Iranian facilities. At end May 

2026, great uncertainties on the development of the situation. According to IAEA, Iran would 

possess 441 kg uranium enriched at 60% enough to fabricate 10 atomic bombs if enriched at 

90%. 
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Oil producing countries and nuclear

➢ A number of oil producing countries have expressed interest  in "looking" 

at nuclear: Algeria, Arabic peninsula States, Libya, Indonesia…

➢ In 2009, Abu Dhabi launched a call for tender for 4 nuclear reactors (20 G$). 

A consortium Edf/Areva/GdFSuez/Total/Vinci/Alstom submitted a proposal 

based on EPR technology. Kepco (South Korea) won the contract with a 

traditional and less expensive technology (APR 1400) These nuclear power 

plants are now operational. Delays in the programme have been 

experienced. Barakah-1 began feeding power into UEA’s grid in August 

2020.

➢ This interest is focused on two objectives: electricity generation and sea 

water desalination (Libya, Emirates).

➢ With the Climate Change and Energy Transition challenges, Oil producing 

countries have also to think about decarbonized sources of Energy.  
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