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CO2 budget
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Constant emissions
for eight years will use
up the remaining
carbon budget

Starting mitigation in 2020
will require monumental
mitigation rates

For a >66% chance e—

of staying helow 1.5°C. _Startlng mitigation

R e Biidaat: in 2000 would have
Emaining Uaget: N required a mitigation

420 GtCO: 3 rate of about 4%/year

Mitigation curves after N

Raupach et al, 2014.
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System mix electricity generation

Figure 1.10: Optimal capacity mixes
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System mix electricity generation

Figure 1.10: Optimal capacity mixes for France
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Real costs including backup

Energy sources should be compared on their real cost

Nuclear energy Offshore wind
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Schalij en Van der Kloot Meyburg, De rol van Kernenergie in het Nederlandse energiesysteem, E-risk,

(2020)
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Figure 10: Generation costs as a function of the cost
of capital, nuclear power vs. CCGT
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Critical mineral needs

Figure 25. Critical minerals for different sources of electricity
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NEA, Meeting climate change targets: the role of nuclear energy, 2022 11

Energy scenario studies

Output determined by assumptions on cost,
technology, economy, society, ...

Scenario is no prediction, and never reality

Most scenarios target at minimizing cost, not
at minimizing risk of climate change
Diversity in technology and sources leads to:
— Higher security of supply

— More robust energy system

— Lower risk of climate change

]
TUDelft

12




9/29/2022

Werking van
kerncentrales
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Productie van plutonium
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Energy from 1 gram U-235
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Decay heat production
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Sl ; Boomse Kiei

We know how to handle nuclear waste and
how to store it safely underground such that
no harm is done to people. See Covra.nl
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Dose values in Boom clay
Early failure scenario (1000 year)
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Ontwikkelingen

IN Kernenergie
LWR
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Generaties BWR gen LI+
gen II '

Schematic Arrangement of BWR Reactor Pressure Vessel
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Small Modular Reactors
Kleine modulaire reactoren

Licht Water Reactoren (LWR)

Hoge Temperatuur Gasgekoelde
Reactoren (HTGR)

Vloeibaar Metaal-gekoelde Reactoren
(LMR)

Gesmolten Zout Reactoren (MSR)

]
TUDelft

27

27

NuScale SMR VOYGR

77 MWe per module

1 module per 200.000 huishoudens
4, 6 of 12 modules geschakeld
Kostenreductie 50% (claim)
Operationeel 2030

%
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NuScale SMR VOYGR

5
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General Electric BWRX-300 SMR
Boiling Water Reactor 300 MW
Natural circulation for 7 days
Target price 2250 USD/kW
Proven at:
By:
1
TUDelft
30
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General Electric BWRX-300 SMR
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Boiling Water Reactor 300 MW
Natural circulation for 7 days
Target price 2250 USD/kW
Proven at: Dodewaard, NL

By:
e
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HTGR splijtstof
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HTR-10, Beijing, China (2000)

Fuel maximum temparature (°C)
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TU Delft Temperatuur bij verlies aan koelmiddel in HTR-PM
33
Hoge Temperatuur Gasgekoelde Reactor
HTR-PM 2x250 MWt
Power 210 MWe
First criticality
_ 12-09-2021
HTR-10 Beijing
First criticality dec 2000
TU Delft https://world-nuclear-news.org/Articles/Chinas-HTR-PM-reactor-achieves-first-criticality 34
34
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Key to Layout

Turbine Generaler
Heat Exthanger

Maliienance Floor

Used Fuel Cartrigge Store
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U-Battery

Onderzoek bij TU Delft en Manchester Uni
Commerciéle ontwikkeling door Urenco c.s.

The Urenco-led U-Battery consortium has completed the first stage of C

dian Nuclear Lat

{CNL) invitation to site a first-of-a-kind small modular reactor (SMR) at the Chalk River site. it is the

fourth reactor design to do se.
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10 MW warmte

4 MW elektriciteit
(10.000 huishoudens)
5-10 jaar bedrijf
Inherent veilig

At a Glance

- Single unit - U-Battery produces I0MW which can be delivered in 2
CoGen configuration with up to 4Mwe electricity or 750°C process heal.

= Gas cooled - Hellum in pimary ciroult, nitrogen in secondary clreull.

- High Integrity TRISO fuel - Enables simplicity of design.

= Construction - Adaptable configuration to meet jocal neads. it can be
Instalied above or below ground level.

- Flexibie - Installation can be single or in mustiple units,

35
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Gas fast reactors
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® High temperature reactors

@ Liquid metal fast reactors
@ Floating light water reactors

@ Molten salt reactors

® Light water reactors-SMRs
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NEA, Meeting climate change targets: the role of nuclear energy, 2022

Aluminium, steam methane reforming
Westinghouse
Moltex lead fast reactor
® @
Chemicals, ammonia, refineries
UK SMR
®
® Soda ash
BWRX-300
Paper
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Power output (MWe)
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Imagine a reactor with...

* No surplus of fuel in the core
* No decay heat removal issue
* No high pressure coolant

* No volatile fission products

* No long-lived nuclear waste
* Virtually unlimited resources

]
TUDelft -

37

Thorium Molten Salt Reactor (MSR)
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Molten Salt Reactor (MSR)
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Alvin Weinberg Alvin’s 3P reactor
1915-2006 1952

(; https:/jwww.ornl.v/content/alvin-m-weinberg-fellowship https://en.wikipedia.org/wiki/Aqueous _homogeneous reactor

TU Delft wikimedia commons, GNU 41
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Molten Salt Reactor Experiment
https://en.wikipedia.org/wiki/Molten-Salt Reactor Experiment

3 See movie: http://energyfromthorium.com/2016/10/16/ornl-msre-film/

TUDelft »
42
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TUD Molten Salt Breeder Reactor

Z (m)

FuDelft = R (m) R (m)
5 Power density [MW/m?3] Salt temperature [K]
TUDelft }
43
Molten Salt Fast Reactor
P oo o s e e i e e e i s '--s
f‘---_-------;,:p:md_-—-\ 4 Electrical \\
,’ Fuel Circuit heat EJI(:hangers % Power ‘l
| Energy :
: Fertile blanket conversion |
: Liquid fuel —} Circuit :
. | :
1 Recuperator 1
i 1
1 Storage and Storage and 1
I processing areas processing areas SSOrps = ‘ :
) L. B
Heat 1
1 Sink 1
-,y e il 18
\ 1
~ 1
----------------- ,l
Reactor incl Fuel ot S
P Treatment Unit Energy Conversion System
TU Delft 44
44

22



9/29/2022

_ biguid gas separation and
L~ sampling system for salt

| | reprocessing

Pumps

Fuel salt

Bubbles injection
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Heat exchangers
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Thorium by-product mining

Summary of Cumulative By-Product Thorium
Availability tfrom Multiple Sources

Potential Associated Thorium

Primary Commodity Yield (tonnes/yr Th)
Titanium 79 800
Uranium 9000
REEs (" Direct™) 780
Tin 760

1
Tou
40 years of global electricity
production!

]
TUDelft

47

Ault et al, Nuclear Technology, 189:152-162, 2015 47

Abundancy of thorium

On some beaches the energy contents of one
kilogram of sand corresponds to thousands of
litres of gasoline
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MSR research themes
ISR

Chemistry fuel Il Reactor physics,
cycle, Salt control Safety analysis,
Salt properties

—
Pump.

5
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European SAMOFAR project

Safety analysis of the Molten Salt Fast Reactor
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European SAMOSAFER project
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MSR Start ups
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Conclusies

» ‘Economy of scale’ voor grootschalige
elektriciteitsproductie

* Nieuwe generatie LWRs zijn zeer veilig en
voordelig in de energiemix

* ‘Economy of number’ (SMR) in opkomst

« Gesmolten zout reactoren (MSR)
— Thorium-uranium, geen productie plutonium
— Thorium-plutonium, versplijten plutonium
— Uranium-plutonium, optioneel
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Conclusions

* Thorium-MSR power plant:
— |Is safe and sustainable
— Produces much less long-lived nuclear waste
— Consumes thorium, uranium or plutonium+

* Research areas:
— Fuel salt (properties, chemistry, extraction, (re)processing)
— Structural materials (radiation, temperature, corrosion)
— Numerical simulation (design, safety analysis, licensing)

— Experimental validation (freeze plugs, salt flow, freezing,
components testing, ...)
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