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Can nuclear energy play a role in the transition to
net zero and long-term environmental

sustainability?
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It depends [ 0%
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What the EU Taxonomy says about this...

* CO, emissions from nuclear power plants over their life-cycle are comparable to those from
renewable energy sources

- Nuclear is a low-carbon energy source

* Compliance with the safety standards and waste management requirements ensures a high
level of protection for the environment and for people

° For nuclear energy to be listed under the taxonomy:
* Disposal facilities for low-level waste must be operational by 2050

*  Member States should have in place a detailed plan to have in operation a disposal
facility for high-level radioactive waste by 2050

Reference: https://ec.europa.eu/commission/presscorner/apiffiles/document/print/en/ganda_22 712/QANDA 22 712 EN.pdf
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Learning objectives

This lecture focuses on the geological disposal of radioactive waste.

By the end of this lecture, you should be able to:

* Understand the broad context of radioactive waste management, with a focus on high-level
radioactive waste

* Describe the general concepts of geological disposal, including repository layout, the multi-
barrier system, and the main phases and processes

*  Demonstrate how research in geomechanics can be leveraged to ensure the safety and
optimise geological disposal facilities for radioactive waste
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Outline

General context of radioactive waste management
General concepts of geological facilities for radioactive waste disposal
Multiphysics processes

B~ W N~

Geomechanical challenges:
- Excavation Damaged Zone and clay host formation — support interaction
- Buffer, seal and backfill behaviour
*  Temperature effects
*  Gas transport

5. Conclusions
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Nuclear reactor: principles
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Nuclear reactor: fission
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(https://www.iaea.org/newscenter/news/what-is-nuclear-energy-the-science-of-nuclear-power)
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Nuclear reactor: energy production

* The fission of 1 atom of 23°U releases ~ 200 MeV, or 3.2 x 10-" J inside the reactor
* This corresponds to ~ 82 TJ/kg
° By volume, uranium is

* 33,000 times more energy dense than oll

* 37,000,000 times more energy dense than natural gas

* 43,000 times more energy dense than coal

TU Delft Reference: https://world-nuclear.org/information-library/nuclear-fuel-cycle/introduction/physics-of-nuclear-energy
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Nuclear reactor: fission products
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Total uranium 955.4 kg
U-238 9406
U-235 10,3
U-236 44
U-234 02
Total plutonium 9.74 kg
Pu-238 0,18
Pu-239 567
Pu-240 2,21
Pu-241 1,19
PU-242 049
Total minor actinides 0,776 kg
Neptunium-237 0.43
Americium-241 0,22
Americium-242 0,0007
Americium-243 0,10
Curium-242 0,00013
Curium-243 0,00032
Curium-244 0,024
Total Fission products 34,1 kg
Short & intermediate-lived FPs 311
Long-lived FPs, of which 3,0 including
Technetium-99 0,81
lodine-129 0,17
Caesium-135 1.31
Zirconium-93 0.71

(https://radioactivity.eu.com/articles/radioactive_waste/spent_fuel _composition)
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Radioactive waste: characteristics

Alpha decay Beta decay Gamma decay
“‘b\
@-De 9-9- P9
A X i el
X il
Parent Daughter Alpha Parent Daughter Beta Parent Daughter Gamma ray
Particle Particle (excited nuclear state)
a are stopped by a sheet B are stopped by aluminium y are stopped by a thick wall of
of paper shielding concrete or lead
°  Units:

* Activity: 1 Bg =1 decay / second
* Dose: 1 Gy =1 J/kg
* Effective dose equivalent (biological dose): 1 Sv

%
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Radioactive waste: characteristics

* Half-life period: time required for the activity to reduce to half of its initial value

222pn 4 days 1 .
131y 8 days
134 2.06 years
06y 28.9 years "
e 5730 years u?éz
135cg 1.33 10° years X
1291 1.57 107 years HALF-LIFE TIVE
2381y 4.468 10° years PERIOD
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Radioactive waste: various origins
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Radioactive waste: classification

¢ LOW Ievel Waste (LLW) E high{::‘e‘lvwaste
§ (deep geological disposal)
Small amounts of radionuclides of short £
half-life. Not heat emitting. < .
R intermediate level waste
* Intermediate level waste (ILW) utermediste depth disponal)
Higher amounts of radioactivity, often they ool
require shielding. Not heat emitting vSLW
very short lived
° High Ievel WaSte (H LW) (decawyzst?rage)
VLLW
Large amounts of short- and long-lived Gandil csposa)
radionuclides. Heat emitting. Two sources:
spent fuel or solidified waste from exemf,g"m |
. exemption / clearance
reprocessing - .
(IAEA, 2009) Classification of Radioactive Waste Halt-life

%
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Radioactive waste: volume

Nuclear power |
plantsin France
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) Join at: vevox.app ID: 147-908-477 Question slide

France has 56 active nuclear reactors. In 2023,
what was the inventory in volume of high-level
radioactive waste in France?
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0/0 Join at: vevox.app ID: 147-908-477 Preparing Results

France has 56 active nuclear reactors. In 2023,
what was the inventory in volume of high-level
radioactive waste in France?
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Radioactive waste: French inventory
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INVENTORY AND DIFFERENCE IN VOLUMES (IN m?® OF WASTE
ALREADY DISPOSED OF OR DUE TO BE MANAGED BY ANDRA

Category End ng';ﬁ&ﬁ; 2021/2020 trend
HLW 4320 +130
ILW-LL 39500 3400
LLW-LL 103000 +9200
LILW-SL 981000 +10000
VLLW 633000 +47000
DSF 304 +9
Total ~ 1,760,000 +60000

Andra (2023) https://inventaire.andra.fr/sites/default/files/pdf/20230316_-_andra_-

# containers
(end of 2021)

~ 64
~ 590
~ 1537

~ 14642
~ 9448

~5

inventaire national - essentiel -en.pdf
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Radioactive waste: French inventory

Volume of
radioactive waste

Volume
de déchets
radioactifs

Very low activity
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Radioactive waste: Dutch inventory

Other

Scrap metal

Natural material

Industry

Smoke detectors

Research facility

Medical treatment
and research
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30%

Onderzoeksreactoren en
medische isotopenproductie

Research reactor and
production of medical
isotopes

1%

Overig

2% 23%

Schroot Uranium-

verrijking
3% . .
Natuurlijk materiaal Uranium enrichment
————————0

3% Y

Industrie

6% HERKOMST

Rook- LMRA

melders UIT NL

6% | ~ 11 000 m? 18x

Onderzoeks- T Splijtstof-

instelling cyclus

9% Nuclear fuel cycle

Medische

behandeling 16%

en onderzoek Productie
medicamenten

13

Olie en gas Medicine production

Oil and gas

HERKOMST
HRA
UIT NL

~90m3

70%

Kerncentrale

COVRA

Nuclear power plants
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Radioactive waste: Dutch

Volume opgeslagen radioactief afval (31.195 m’)

NORM
(57,4%)

LMRA
(42,4%)

HRA
(0.3%)

Activiteit opgeslagen radioactief afval (2.374 PBq)

NORM LMRA HRA
(0,02%) (0.13%) (99,9%)
o O

%
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COVRA (2016)

inventory

NORM = Naturally Occurring Radioactive Material

= wastes and residues from a wide range of industrial activities
that are not part of the nuclear fuel cycle

23



Radioactive waste: management solutions

Ground
level

~10m

— Near surface repositories —

Trenches - @
~100m Surface and (semi)buried vaults
Near-surface silos

Shallow drift/tunnels Drift/tunnel/silos @
Boreholes at

intermediate depth
~1000m
Mined deep geol. rep.

Very deep boreholes

_ Geological repositories -

Increasing potential for isolation and con—

IAEA (2020) Design Principles and Approaches for Radioactive Waste Repositories

%
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Radioactive waste management programme

* The preferred waste management solution depends on the waste type and waste type
volume

* Different countries have different strategies for the long-term isolation of their radioactive
waste, especially of low-level radioactive waste

* (Geological disposal programme typically follow 6 phases:

1. Programme initiation
2. Site identification and selection . .

_ o Increasing focus on optimising the
3. Site characterisation resources needed to implement the
4 Construction safety strategy and safety concept
5. Operation
6. Closure

The rest of this lecture will focus on deep geological disposal

5 oo : .
ZUDelft facilities, which pose the greatest geomechanical challenges e



Outline

General context of radioactive waste management
General concepts of geological facilities for radioactive waste disposal

Multiphysics processes

> W=

Geomechanical challenges:
« Excavation Damaged Zone and clay host formation — support interaction
« Buffer, seal and backfill behaviour
« Temperature effects
« Gas transport

5. Conclusions
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Geological disposal facility for radioactive waste
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Geological disposal facility for radioactive waste




Objectives

CONTAIN

Waste is removed from the
human environment

ISOLATE

Waste is isolated and
contained for long periods
of time

RETARD

Only small release rates
occur once complete
isolation is over

%
TU Delft

Surface = e E “_,
installations | .‘“
Detail of disposal facility »

& Host rock 3 :
# Bentonite backfill ARt
® Cask

Gens et al. (2009)
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Multi-barrier system

* Safety is provided through a combination of
* Natural barriers

Host and overlying geological formations
* Engineered barriers

Waste form, waste package, and buffers,
seals and backfills

* The natural and engineered barriers contain
and isolate the radioactive waste and delay
the migration of radionuclides

%
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Component *’
Biosphere
Surrounding rock
formations
Natural
barrier system
Host rock
Repository building
Engineered '
) Waste package
barrier system Y Waste form

COVRA Safety Case (2024) 30



Natural barrier: crystalline rocks

° Low permeability * Characterisation of fracture network may be
difficult

* High chemical stability
° No self-healing capacity

* Low economic value

* High strength

Onkaglo disposal facility for spentfuel (Finland) .~  (Posiva 0y) Jlll Josef URC (Czech Repullic) NNSW/wwiristolajosef.cz/)
g - 3 DLE% v 023 N . < ” < e ‘

B - e 3 < 2
. ; 3 _l . o e
K N
‘ - .
o
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Natural barrier: argillaceous rocks

* Large range of host formations, from plastic clays and
indurated claystones

°  Low permeability
* Significant radionuclides sorption capacity
* No economic value

* Strength not high, support is generally required Mont Terri ROE“‘R%’L?H' r

* More sensitive to chemical changes
(oxidation)

* Significant self-healing properties (plastic
clays)

* Uncertain capacity for self-healing
(indurated claystones)

%
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Natural barrier: salt rock

° Low permeability

* High creep rate, therefore material largely self-
healing

°  Some economic value, but not high
* Openings may require some support
* Vulnerable to freshwater entry

* Crushed salt used as material for engineered
barriers

%
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Engineered Barriers System (EBS)

*  Waste form,
* Waste package
* Buffers, seals and backfills

* Depending on the concepts, the EBS either strongly
relies on bentonites (Finland, France, Sweden,
Switzerland) or on cement-based materials (Belgium,
the Netherlands)

Belgian supercontainer concept (Euridice)

Fuel pellet } Fuel rod and } Inner canister ’ Outer canister Buffer bentonite and backfill 400-500 m
assembly material for the deposition tunnel of bedrock

%
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Underground Research Laboratories (URLS)

Boom clay (plastic) g(;gnite 450 md
230m deep i osob

Generic, purpose-built Generic, purpose-built

v

¥
\ " : s - Finland Jt‘k‘\“
¥ sied : & =

Rock salt
490m — 800m deep
Generic, not purpose-built

)
COX argillite (hard clay) -
450m — 520 m deep
Site-specific

Opalinus (hard) clay
400m deep
Generic, not purpose-built

—y

Granite
450m deep
Generic, not
purpose-built

b : ‘3 Duitsland
Be.jle\\L

Frankrij:

a
Zwitserlan

A

r 4
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Outline

General context of radioactive waste management
General concepts of geological facilities for radioactive waste disposal
Multiphysics processes

il

Geomechanical challenges:
« Excavation Damaged Zone and clay host formation — support interaction
« Buffer, seal and backfill behaviour
« Temperature effects
 (Gas transport

5. Conclusions
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Multi-physics processes
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Canister failure

Release of radionuclides
Sorption and diffusion
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Multi-physics processes

/Il Ao, As, damage consolidation, self-sealing, creep
0
.S H lidation, saturated conditions
© .
i
>
E oxidising reducing conditions
o C
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I I I I
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Multi-physics processes

Il Ac’', As, damage consolidation, self-sealing, creep

Dilation,

drainage Ao’ Swelling k, | Gas dilatant pathways,
fracturing
H Solidation, saturated conditions
T-consolidation | | Thermnal expansion Creep rate
T-plasticity § | 4 1
;
0, diffusion | reaction kinetics Mineral dissolution ufl
Pore clogging 2-phase flow

c oxidising reducing conditions
alkaline plume, corrosion and gas production...

%
TU Delft

39



Outline

General context of radioactive waste management
General concepts of geological facilities for radioactive waste disposal

Multiphysics processes

N

Geomechanical challenges:
- Excavation Damaged Zone and clay host formation — support interaction
- Buffer, seal and backfill behaviour
*  Temperature effects
*  Gas transport

5. Conclusions
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1. Excavation damaged zone (EDZ)

ch e uati sti
Rﬁsch quati oné a3|%)
* Stress redistribution upon tunnel 0x0 + Ty0 R?\ Fewr &R 4R?> 3R*
: oy = 1—— )+ 1-— + cos 260
excavation 2 2 2 2 T 4
* Due to the relatively low strength of Ox0 + G0 or =0
clays, excavation leads to the og = 5 _< &3 ﬁ)(ﬁ _ZWO &) CQﬁ)gos 20
creation of an EDZ 4 S s i g
: 0 e _ Tro 7 4
*  Water drainage + ventilation £ = — 220 Iy0 <1r+ ZR? _ 3’1 )Sin 29
2 T r
I I I I I I I
1 10 100 1’000 10°000 100’000 1°000'000  (years)
,'QO
N
(\"o
OO
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1. Excavation damaged zone (EDZ)

[ Lower chevron fractures

[ ] Upper chevron fractures

Pre-excavation state of [ Concave right scales
I Concave left scales
Stress [ | Spalling fractures

O, Minor horizontal

(Meuse/Haute-Marne URL) S
! prirjlcipal stress
o, =12 —12.7 MPa ‘
0, =12 —12.4 MPa
=== Shear fractures

Oy = 144 —16.1MPa | |- Tensile fractures

pw = 4.5 — 4.7 MPa

Pardoen (2015), after Armand et al. (2014) Geometry and Properties of the Excavation-Induced Fractures at the
Meuse/Haute-Marne URL Drifts
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1. Excavation damaged zone (EDZ)

* Anisotropy of the initial state of stress A

* Anisotropy of the material behaviour

- Complex, strongly coupled hydro-

* Localised damage ) )
9 mechanical behaviour

* Water drainage + ventilation

° Increase in hydraulic conductivity within the EDZ

Total
deviatoric
strain

1000 days

Deviatoric
strain
increment

1000 days

* 1.E-04

TU Delft Pardoen et al. (2015) Using Local Second Gradient Model and Shear Strain Localisation to Model the Excavation 43
Damaged Zone in Unsaturated Claystone



1. Clay host formation — support interaction

* Necessary tunnel support in (weak) clay formations to maintain the tunnel open during
operation (and post-closure period)

* Represent a major cost item of a disposal facility
* What are the criteria for the design of a support?

*  How to optimise the design of a support?

Zghondi et al. (2023) Compressible linings solutions: A multi-scale mechanical and technical demonstration up to a full 6m diameter surface
loading “accelerator” device

%
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2. Buffer, seal and backfill behaviour

* Tens to hundreds of km of disposal tunnels and access
to be backfilled and sealed

* Most concepts rely on bentonite-based materials
(compacted blocks, granular), crushed host rock, or a
mixture of these

https://www.grimsel.com

I I | | | | |
100 1’000 10’000 100’000 1’000’000  (years)

%
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2. Buffer, seal and backfill behaviour

* Tens to hundreds of km of disposal tunnels and access
to be backfilled and sealed

* Most concepts rely on bentonite-based materials
(compacted blocks, granular), crushed host rock, or a
mixture of these

25 Dry density, py:
£ £ Mg/m® 3
g - § 4 https://www.grimsel.com
2 > 1.44
8 s 142
5 or 5 1.40 : .
: = * Behaviour is affected by
E 10F ) E 1.36
ST 2 = THMC load : ?
i 1= oads Scale “
a a i :

e ° Dry density ° Time

-11.5 -1‘.0 -OI.5 0?0 015 11.0 1.I5 -1‘,5 -1I.O -OI.5 OTO OI.5 11,0 1.15 .
Distance from the gallery centre: m Distance from the gallery centre: m ® Pore Water ﬂ u Id [ ] CO m pOS I tl On
(a) Experimental set-up. (b) Dry density profile after dismantling.
)

° Boundary conditions

Mayor & Velasco (2014) EB dismantling
- Need to develop reliable and robust

numerical models able to model the

]
TUDelft time-dependent response



3. Temperature effects

* Most safety cases target a maximum temperature of
90°C in the clay host formation

° This generally limits the distance between consecutive
disposal tunnels

* Can we further optimise geological disposal facilities .
by allowing higher temperatures? e

| | | | |
100 1’000 10’000 100’000 1’000’000  (years)

1 10 |
s‘\\OQ '@& ' ;\\QQ o Canister failure
\)o 6\ <O Q\
& < P
0(\ Q\(b @O C} EEEEEEEEENEEEEEEEEEEEEEEEN
G < %Qb Release of radionuclides

Sorption and diffusion
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4. Gas transport

* Large amount of gas expected to be
produced

Anaerobic corrosion of ferrous materials in
metallic overpacks - H,

Degradation of organic matter > CH, and CO,
Radiolysis = H, (+ O,, CO,, CHy,,...)
a-decay - He

1 10 100 1000
o &L
\\\\\ ef(\e &
0(\6\ Q\(bo @OQ c}o‘b
F '

]
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10’000 100’000 1°000°000 (years)

Canister failure

Release of radionuclides
Sorption and diffusion
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4. Gas transport

* Large amount of gas expected to be
produced

* Anaerobic corrosion of ferrous materials in
metallic overpacks = H,

* Degradation of organic matter »> CH, and CO,
* Radiolysis 2 H, (+ O,, CO,, CHy,,...)
° a-decay 2 He

- How will this gas escape the repository?

Production rate

\ 4

Gas pressure

l

Transport
mechanisms

Can gas production and transport affect the barrier integrity and long-term

repository performance ?

%
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4. Gas transport

* Large amount of gas expected to be produced
* Anaerobic corrosion of ferrous materials in metallic overpacks - H,
* Degradation of organic matter > CH, and CO,
* Radiolysis 2 H, (+ O,, CO,, CHy,...)
° a-decay 2 He

Transport
mechanisms

\ 4

\ 4

Production rate

Gas pressure

- How will this gas escape the repository?

Granular Bentonite

Can gas production and transport affect the
barrier integrity and long-term repository |
performance ?

Wellhead

%
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https://www.grimsel.com/

Outline

General context of radioactive waste management
General concepts of geological facilities for radioactive waste disposal
Multiphysics processes

> W=

Geomechanical challenges:
« Excavation Damaged Zone and clay host formation — support interaction
« Buffer, seal and backfill behaviour
« Temperature effects
 (Gas transport

5. Conclusions
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Conclusions

* Geological disposal facilities (GDFs) for radioactive waste are major civil engineering
infrastructure (with tens of km of tunnels)

* Complex multi-physics processes will affect the GDF over very long timeframe
° There is a need for reliable, robust, modelling tools, accounting for uncertainties

* Given the long timeframe involved, there is a need for physics-based approach, based on a
solid understanding of the materials and systems behaviour (hence the need for data)

* For early-stage programme, focus is on demonstrating the scientific concepts and technical
feasibility. As programmes have developed, focus is increasingly on optimisation.

* Scope for contribution from our community is huge!
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