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© Unsplash/Andrew Seaman | Staying cool during a heatwave is especially important for children who have a harder time regulating their body temperature than adults.
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Ternary plots
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Bio & other . Electrons

N 'r A Three-Way View of Energy History

Deep dive tool

Historical Final Energy Mix Trajectories

Source: lIASA, IEA, Electrotech Revolution team analysis
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Electricity mix
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* "Rise of nuclear”?
* Only in some countries
* Others phase out v
* Renaissance?
« Goals 2050 y
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Share of electricity generation from fossil fuels, renewables and nuclear,
Romania

Measured as a percentage of total electricity produced in the country or region. Fossil fuels include coal, oil, and gas.

Renewables include solar, wind, hydropower, bioenergy, geothermal, wave, and tidal.
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Data source: Ember (2026); Energy Institute - Statistical Review of World Energy (2025) OurWorldinData.org/energy | CC BY
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sckcen|:

Share of electricity generation from fossil fuels, renewables and nuclear,
World

Measured as a percentage of total electricity produced in the country or region. Fossil fuels include coal, oil, and gas.
Renewables include solar, wind, hydropower, bioenergy, geothermal, wave, and tidal.
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Nuclear energy has two key challenges

LCOE [€/MWh] Nuclear safety?
Other value streams? A4 ' Nuclear security?

High construction Nuclear safeguards

cost and long | (proliferation)?

construction times
Nuclear waste

No standard design

Decommissioning
Low O&M costs

Famous accidents
Interest rates solution? Although regulated,
lack of trust
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HOLY GRAIL OF THE NUCLEAR INDUSTRRY



UNIVERSITE
LIBRE The Holy Grail: The Closed-Fuel Cycle

DE BRUXELLES
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Reference: G.J. Russell, Spallation physics — An overview, ICANS-IX International Collaboration on Advanced Neutron Sources KEK, 22nd-26th October 1990, 11
Tsukuba, Japan.




A reactor is a box where
certain reactions take place

Why (lead) fast neutron reactors? inacontrolled environment

200 MeV | Fast | Thermal

U-235 80% 81%
U-238 17% 10%
Np-237 27% 2%
Pu-238 70% 8%

Fast neutrons lead to more Pu-239 86% 64%
E.>1MeV fissions for each absorption Pu-240 55% 1%

Pu-241 87% 75%
Pu-242 52% 2%
e Am-241  21% 1%
Am-243  23% 1%
Cm-244  45% 6%

U-235

2.44 neutrons

0.720% (chain reaction)
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Nuclear fission — Cross sections
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cross-section (b)
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Nuclear fission — Energy spectrum

IJ-235 Fission Cross Section
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Nuclear fission — Actinide production
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What is the problem? High-level nuclear waste

Fuel
),
@"
Actmldes Minor Actinides
@‘ Uranium [Fission — @
Neutron _
Capture

@J

{0

Minor Actinides

high radiotoxicity long lived waste
that are difficult to store due to:

* Long lived (>1,000 years)
= Highly radiotoxic
sclicen | scxcenossiizs = Heat emitting
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What is the problem?

* Efficienct use of resources
935 kg U . .
* We only use <<1% of the Uranium we mine
s * At current consumption rates, worlwide proven
u
. reserves for only 150 years
* Waste

« Way more used fuel going to waste than needed
 Radiological burden
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~50 kg FP
3,5 kg LLFP)
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What is the problem?

No Recycling
Once Through
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— 935 kg U
— 12 kg Pu

~50 kg FP
SCK__..,_-_.. kg LLFP)

Recycling
Purex (La Hague)

Tomorrow Recycling

U + Pu Recycled

53 kg HLW in vitrified
form to disposal

No formal decision
for industrial disposal
yet

Burden of HLW for
more than 10.000y

U + Pu Recycled

MA recycled

50 kg HLW in specific
packaging to
disposal

Presently R&D
programme

Burden of HLW for
300y
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Radiotoxicity of spent fuel
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Moderation — Neutron energy loss per collision

 For a target with mass A:

A—1 2 Pb-Tzos
ak; < Ef < E; a = <A—-|—1> i
P .
Fast reactors cannot s 0 -
be cooled by water 02— Hes )
0.2 i B
| Melting point | Boiling point KN o> -
Sodium 98 °C 883 °C o le—FH | | |
Lead 397 °C Py —— 0 50 100 150 200 250
FLiBe (LiF-BeF,) 459 °C 1430 °C Mass number A

Helium (gas) -272°C -269°C 20
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LFRs are excellent at the 3 Basic Safety Functions

Contain the
radioactive substances

Control Cool
the reaction the fuel

SCK CEN/98311738

sclkcen
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Fast reactors to burn minor actinides (waste)

* Reactor control depends on delayed neutron fraction S

precursor atoms

ﬁ_

precursor atoms-+prompt neutrons

«<—— Fission yield
(U235)

Fissile isotope | U235 __[Pu239 __|Am241__|Cm242 _|Cm243
B.pcm RO 220 130 90 40

* Fast critical reactor can safely load only few % of MA - 2 — 4 kg MA / TWh
* Fast sub-critical reactor has no limitation on MA load = ~35 kg MA / TWh

SCK CEN/98311738 22
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External neutron source by spallation reaction

Proton Accelerator (~1GeV, ~1mA) Sub-critical reactor (k4 < 1) M= Tk
—eff

® U 10.2cm ¢ xE1cm

Y=a(A+20)(E—b)
%71 2~0.1;b~120MeV

Pb 20.4cm ¢ x61cm

Pb 102em ¢ x81cm

Neutrons per proton
8

L4 /4./ Sn 10.2cm @ x&1cm
//
10 A
Be 10.2cmx10.2emx
.___..__l———-———’_' 916cm
0 T T T

0 500 1000 1500 2000
Proton energy (MeV)

scx cenyog1173 ADS = Accelerator-Driven System 23
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UNIVERSITE
LIBRE Accelerator Driven System (ADS)

DE BRUXELLES

[ Nuclear Spallation: high-efficiency neutron source  ADS system: Reactor + Accelerator
cade Accelerator - f a-n »—
Hadronic 503 ----------------------------- e Grid
Proton
beam ¢ A

rﬁ\
-

\ - Generator
Turbine

T ———————————————— —

Steam —
800 MeV
proon generator Z _Condenser
=0=r Subcritical Y
m core
.
Spallation
target

o Sub-critical core

-

| e T —

. o High loading of MAs (transmuter)
............... J
o Shut-down: stop accelerator
Reference: G.J. Russell, Spallation physics — An overview, ICANS-IX International Collaboration on Advanced Neutron Sources KEK, 22nd-26th October 1990, 25

Tsukuba, Japan.



VENUS-F + GENEPI-3C = GUINEVERE ADS
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GUINEVER ADS neutron spectrm
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« ~25x10°% n/s at 5 kHz
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GUINEVER subcritical configurations

SC1+IPS+SS

SC1+2SS

SC1+IPS
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GUINEVER sub-criticality measurement

ton tO
* Fission chambers with 238U deposit Peak current I
?electeoJIc .a.stthe op.’ilm.al detector type ret +t, IJ
or reactivity monitoring 0 —
/ \
beam on beam off beam on
* Source jerk method validated as i - |

a reference subcriticality
measurement technique

T I I T
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0.8 P _ton _ ’ i
Beff T (1 111) fcorr
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0.2 | -
1-F+=-- e R — — ) 1 -
n1I
D | | | | |

0 0.5 1 1.5 2 25
Time [ms]

Neutron flux
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Benefits of the
phased approach:

MYRRHA Phase 1|
MINERVA to be

available in Mol at
end of 2029

spreading the
Investment costs

successful milestone
then next step.
Reducing technical &
financial risks

MYRRHA's phased implementation strategy
UNDER CONSTRUCTION
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MYRRHA Phase 1 | MINERVA Facility
construction started in September 2024
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For more information :

o..

myrrha.be
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Spallation target assembly (STA)

IPS occupying the central (sub-critical) core position to bring the
proton beam into the core

* Beam tube +
Hemispherical beam
window (T91)

- Hexagonal wrapper
(15-15Ti)

Total
induced dpa

i

Total
induced He

15-157i wrapper
tantalum
§5-316L tensile
samples

hedum

LBE
32

24
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Spallation target assembly (STA)

Connection Proton Beam — Spallation Target and Reactor:
Space, instrumentation and utilities included in the conceptual design
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The perfect project

does not exist
e Choose 2 out of 3

 No absolute numbers here

* Take now as the reference

* In which direction is the
nuclear industry moving? %

100 /.

10

\ KGR Water SMRs
VAR VAEEAVAER VAR VARS

0 10 20 30 40 50 60 70 80 90 100

SCK CEN/98311738 - Fa St
|

4 MSRs, HTGRs? :ff:_f’::??-. /=
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Key messages
to remember



Concluding remarks

sclkcen

Energy revolution, with nuclear as part of the mix
Two key challenges: costs and public acceptance

LFRs and ADSs address the topic of closing the fuel cycle
* Many technological synergies

Nuclear physics are very clear: we need fast neutrons

LFR as a critical reactor in an equilibrium cycle

ADS as a subcritical reactor, in an “actinide burner” approach
MYRRHA project in Belgium: accelerator under construction
General roadmap: Technology demonstrator(s) 2 FOAK - NOAK

SCK CEN/98311738
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Thank you!



Copyright © SCK CEN

PLEASE NOTE!
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