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Ursprung des Paul Scherrer Instituts: EIR in 1960 ' PSI

PSl since 1988: merge of EIR (Swiss Federal Institute for Reactor Research) & SIN (Swiss institute for nuclear research)
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DIORIT (1960-1977), 20/30 MW,  Aerial View of the Federal Institute for Reactor Research (today PSI Ost), around 1960
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Die grossen Kernanlagen der Schweiz
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Die grossen Kernanlagen der Schweiz
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Entsorgung radioaktiver Abfalle in der Schweiz

® Standort Oberflachenanlage
® \Verpackungsanlagen beim ZWILAG

71 Gebiet fir hochradiokative Abfalle
(HAA, SMA (iberdeckt) Siidranden (SH) AN

rich Nordost (ZH, TG)

Jura Ost (AG . Nordlich Liagern (ZH, A
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Kernmissionen der Nuklearforschung am PSI

Nuklearer Kompetenzerhalt

~ Technisch-wissenschaftliche Begleitung des sicheren

Langzeitbetriebs der Schweizer Kernkraftwerke

Untersuchungen nuklearer Brennstoffe im Auftrag der
Schweizer KKW zur Optimierung von deren Sicherheit und
Performance (Hotlabor)

Begleitung des gesamten Entsorgungspfades radioaktiver
Abfalle und wissenschaftliche Absicherung der NAGRA-
Analysen bei der Umsetzung des Sachplans Geologische
Tiefenlager

Ausbildung der nachsten Generation von Radiochemikern,
Nuklearwissenschaftlern und —ingenieuren

PSI
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Confédération suisse
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Confederaziun svizra

Eidgendssisches Nuklearsicherheitsinspektorat ENSI
Inspection fédérale de la sécurité nucléaire IFSN
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Kernmissionen der Nuklearforschung am PSI

Industrielle Forschungsplattform flr Reaktortechnologien der ll. "“‘eDF R{ @
und IV. Generation: Erhaltung, Einsatz und Ausbau der hervorragenden ¥ ™®

Infrastrukturen des PSI fur neue internationale Nuklearentwicklungen ( : KAZATOMPROM 4 HYUNDA!
Technologiemonitoring: Objektive und umfassende Bewertung der 1, T GENG/' .

Sicherheit und Nachhaltigkeit fortgeschrittener Reaktorkonzepte
(gemaB Artikel 74a des Kernenergiegesetzes).

Unterstutzung des PSI-Forschungsinfrastruktur-Projekts IMPACT-
TATTOOS (2025-2028) fur die Produktion medizinischer
Radionuklide
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Entwicklungen in der Kernenergie:
Langzeitbetrieb und Generation-lli



Globale Entwicklung der nuklearen Erzeugungskapazitaten

Approx. 10% of World Electricity Generation in 2022 (393.6 GW inst.)

TWh 17.6% of World Generation in 1996

2 500 - l rukushima ‘ l

2,000 —

Fhernobyl ‘

1,500 —
1,000 —

Ifhree Mile Iﬁlland

500 —

0= | | | | 1
1970 1980 1990 2000 2010 2020

There are currently 415 plants in operation worldwide (+21 waiting for restart in Japan), 57 plants under
construction in 17 countries, and 85 in advanced project planning in 15 countries. 187 have been decommissioned.

Quelle: https://www.nuklearforum.ch/de/nuclearplanetfr Seite 12




PSI

Weltweite Primarenergieerzeugung nach Quelle

oil 31.6% |
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. . o,
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16.1%

Source: Energy Institute Statistical Review of World Energy (2023) OurWorldIinData.org/energy « CC BY
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Developments in recent years 2022: Nuclear energy in EU Taxonomy

i . Japan - December 2022: Nuclear decleared as  PSI

important part of government plan for ,,Green INDUSTRIAL
Transformation®. Restart of shutdown NPPs and SMRs

t ti f NPP |. d bn launched
99“8 ruction o neW Spanne strial Alliance for

Small Modular Reactors (SMRs).
~ 3000 European companies

European Industrial
Alliance on SMRs

22 March 2024

Brussels

25 Countries: USA, Armenia, Bulgaria, Canada, Croatia,
Czech Republic, Finland, France, Ghana, Hungary, Jamaica,
Japan, South Korea, Moldavia, Mongolia, Marocco,

July 2023 -EU NUCLEAR ALLIANCE Netherlands, Poland, Romania, Slovakia, Slovenia, Sweden,
Goal: Ukraine, United Arab Emirates, United Kingdom.

* Development of integrated
nuclear industry.

150 GW nuclearin EU electricity
mix by 2050

Nuclear power officially labelled as 'strategic’ for EU's decarbonisation

The Council of EU member states and the European Parliament agreed on Tuesday (6
February) to label nuclear power as a strategic technology for the EU's decarbonisation,
following months of intense negotiations in Brussels over the Net-Zero Industry Act
(NZIA).

Feb 2024
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Baseload Electricity for Al-Data and Computing Centers
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The Three Mile Island nuclear power st

In a remarkable topical twofer, not only is Microsoft turning

centers, it's commissioned the restarting of the infamous Three Mile Island
the worst commercial nuclear accident in US history.

geforscht - Kernschmelze unmoglic

Sehen so die neuen™
AKW aus?
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New Development in Reactor Design
NPPs - Size Classification

PSI

Microreactor Sm;l{lagg?grular LE;QE-SCE"E
1MW - 20 MW eactor
\/ 20 MW - 300 MW 300 MW - 1,000+ MW

\
lll f/"
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Die vier Generationen von Kernkraftwerken

Generation |

 Big Rock Point, GE BWR

Early
prototypes

- Calder Hall (GCR)

« Douglas Point
(PHWR/CANDU)

- Dresden-1 (BWR)

» Fermi-1 (SFR)

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

1950 1970

Generation Il

oy -
:élf—f‘““ o

"3

Large-scale
power stations

Diablo Canyon, Westinghouse PWR

Generation Il / lll+

Kashiwazaki, GE ABWR

. Bruce (PHWR/CANDU)
L Calvert Cliffs (PWR)

. Flamanville 1-2 (PWR)
- Fukushima Il 1-4 (BWR)
. Grand Gulf (BWR)

L Kalinin (PWR/VVER)

- Kursk 1-4 (LWGR/RBMK)
. Palo Verde (PWR)

Evolutionary
designs
- ABWR (GE-Hitachi; Toshiba « EPR (AREVA NP PWR)
:g‘“;m . ESBWR (GE-Hitachi BWR)
: e Small Modular Reaclors |
(AECL CANDU PHWR) : msa&w ;P';:Lr ::3;"’5
. AP1I]_I]I] (Westinghouse- - CNEA CAREM PWR
Toshiba PWR)
- APR-1400 (KHNP PWR) - India DAE AHWR
APWR (Mitsubishi PWR) - KAERI SMART PWR
- Atmea-1 (Areva NP - NuScale PWR
-Mitsubishi PWR) |- OKBM KLT-405 PWR_|

Generation IV

Safe
Secure
Sustainable
Competitive
Versatile

Arriving ~ 2030

Innovative
designs

Laufzeitverlangerung

CANDU 6 (AECL PHWR) ress PWR)

. VWWER-1200 (Gi
Wirtsc aqptﬁ“c interesga

Heutige KKW-Neubauten

1990 2010 2030 2050 2070

» GFR gas-cooled fast
reactor

* LFR lead-cooled fast
reactor
MSR molten salt reactor

SFR sodium-cooled fast
reactor

SCWR supercritical water-
cooled reactor

* VHTR very high

temperature reactor

‘~Game changers?

2090

SMR(?)!



Langzeitbetrieb von Kernkraftwerken

Das durchschnittliche Alter der
weltweiten Kernkraftwerksflotte betragt
ca. 32 Jahre

Von dieser Kapazitat werden 15 % (74
KKW) ihre 60-jahrige Betriebsdauer bis
2040 erreichen, 61 % (255 KKW) bis 2050

Daher wird in mehreren Landern, vor
allem in den USA mit ihrer alternden
Flotte, ein, Langzeitbetrieb (LTO) in

Betracht gezogen

Bis 2023 haben sechs US-KKW-Blocke
ihre erweiterte Betriebsgenehmigung (bis
zu 80 Jahre) erhalten, elf werden von der
NRC gepruft und zwolf sind in
Vorbereitung

Die US-NRC schlieBt die Moglichkeit einer
100-jahrigen Lebensdauer (!) nicht aus

Net Electrical Capacity (GWe)
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Langzeitbetrieb von Kernkraftwerken

Der langfristige Betrieb eines KKW erfordert ein tiefgehendes
Verstandnis der grundlegenden Alterungs- und
Degradationsmechanismen

Der Reaktordruckbehalter (RDB) eines KKW ist die einzige
Komponente, die nicht ausgetauscht werden kann

Das Material des RDB versprodet durch die Bestrahlung
mit Neutronen zusehends

Sprodbruch des RDB ist ein Phanomen mit extrem geringer
Eintrittswahrscheinlichkeit, aber drastischen Konsequenzen

Wahrend fur Gosgen und Leibstadt die Alterung des
RDB unproblematisch ist, ist sie in Beznau vermutlich
Laufzeit-limitierend

Druckbehalter des RDB Beznau mit
KKW Gosgen Vorlaufproben

Katastrophaler Sprodbruch eines Druckbehalters



Langzeitbetrieb von Kernkraftwerken

Verlangerung der Lebensdauer (60
Jahre+) wird auch als Option fur
Schweizer KKW in Betracht gezogen

Es wurden erhebliche Investitionen in
Modernisierungs- und
Nachrustungsprojekte getatigt: KKL
1.800 Mio. CHF, KKG 1.800 Mio. CHF,
KKB 2.600 Mio. CHF

Es gibt konsolidierte Uberwachungs-,
Alterungs- und Austauschprogramme
fuir mechanische, elektrische und
bauliche Komponenten und Strukturen

GroBe Herausforderungen werden in
den sich andernden regulatorischen
Anforderungen und der
Aufrechterhaltung der menschlichen
Kapazitaten gesehen

Exchange of Pressure Vessel Head in KKB

Beznau NANO Emergency System



PSI

Grundlegende Kritik an der Nutzung der Kernenergie

* Nicht sicher: Risiko von Kernschmelzunfallen mit grosser Freisetzung von
Radioaktivitat, Ziel von Terror- und Cyberattacken, Proliferation => Generation-lll

* Nicht wirtschaftlich:
— grosse monolithische und kapitalintensive Kraftwerkseinheiten => SMR

— Klumpenrisiko flir die Versorgungssicherheit bei Ausfall =>SMR
— bestenfalls moderater thermischer Wirkungsgrad (<35%) => Generation-IV
* Nicht nachhaltig: => Generation-IV

— Endlichkeit der Uranressourcen: damit kann Kernkraft nur Brickentechnologie sein
— Keine Brennstoff-Kreislaufwirtschaft und kein befriedigendes Abfallentsorgungs-
konzept (jenseits der geologischen Tiefenlagerung der radioaktiven Abfalle)

Seite 21



Neubauten von KKW der Generation-ll|

PSI

Der weitaus grof3te Anteil der Anlagenneubauten
bewahrte grosse Leichtwasserreaktor-Technolog
Siedewasserreaktoren)

Die Reaktoren der 3. Generation (Gen-Illl) erweitel
der 2. Generation:

* verstarkter Einsatz aktiver und passiver Sicherheit

e Berucksichtigung schwerer Storfallablaufe / Kernsg

China 0 - 6

Ind|a'-2 2 B 8
Turkey@-1 1 4
South. 7

Korea *

Russia g T 3

Connection to power grid planned/announced

Egypt @ wn 2 3
W 2023 W 2024 2025 2026

United «
Klngr:jloem ?I- n 2
e Qe

* Excluding plants whose construction is currently paused
Source: World Nuclear Association

W 2027 2028 2029 2030

e Kernschadenswahrscheinlichkeit < 10-%/Jahr

 ,,Praktische Eliminierung® von Storfallsequenzen, die zu einer fruhen Freisetzung von
Radioaktivitat fiUhren (<10-7/Jahr), mit bis zu einer Woche Karenzzeit bis zum

menschlichen Eingriff

* Generation-lll-Reaktoren sind damit um einen Faktor 10-100 besser gegen schwere
Kernschmelzunfalle geschutzt als die am besten nachgerusteten Altanlagen

Seite 22




Sicherheitssysteme von Generation-llI-Reaktoren: EPR

Internal Containment: External Containment:
» Steel shell Air Plane Crash Protection

* Leak-proof up to 6.5 bar
* Exclusion of H,-Explosion

Active/Passive Safety systems:
bunkered against external

hazards, designed throughout 4-
times (2v4) redundant with
several diversified levels of
safety systems

Wet Fuel Storage:
protected against air

plane crash

Probability of a core melt

accident <10%/Jahr
«
Probability of an E k4
early release <10-3/Jahr %,g
25
!,g Large protected in-containment water

Core Catcher:

Safe containment of molten core Earthquake-proof: designed
against 100°000-year

earthquake Seite 23

storage for coping with severe accidents



Von Generation-ll zu Generation-lll: Evolutionare Konzepte

i i . - -
, we ."~.~. ] ¢ 3 & £ poin | : i A e
UV E e T R RN R :

Olkiluoto-Ill (EPR), Finland

Fukushima Daichi, Units I-1V, Japan

1970 —_— 2020

Generation-ll Generation-lll
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Von Generation-ll zu Generation-lll: Evolutionare Konzepte

PSI
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Generation-ll

2020

Generation-lll
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International aktive Anbieter von Kraftwerken der dritten Generation

Wirtschaftliches Reaktorprojekt:
Baukosten/-zeit:
4°000-5’000 $/ kW installiert,
Bauzeit 5-7 Jahre:

LCOE: 6-10 ct./kWh

=
g, > e

matome) in Olkiluoto (FI), 1600 MW AP-1000 (Westinghouse) in Vogtle (USA), 2 x 1200 MW

h e
EPR (Fra

VVER-1200 (Rosatom) in Tianwan (China), 2 x 1250 MW APR-1400 (KEPCO) in Barakah (UAE), 4 x 1400 MW



Entwicklungen in der Kernenergie:
Kleine Modulare Reaktoren und Mikroreaktoren



Grosse KKW: Herausforderungen

« GrolRe, komplexe, ineffiziente Baustellen

* Hohe Kapitalkosten und lange
Amortisationszeiten (weniger attraktiv fur
Privatunternehmen)




Kleine Modulare Leichtwasserreaktoren (LWR-SMR)

e Kleine modulare Reaktoren (SMR) werden zunehmend als interessante Option angesehen:

Geringere Leistung (20-300 MW,) bei vergleichbaren oder geringeren Kosten (<4°000
$/kW) als grosse Anlagen => Modulbauweise und Serienfertigung

Deutlich einfacheres Design als groBe Leichtwasserreaktoren durch passive
Sicherheitskomponenten

Je nach Bedarf konnen mehrere Module gleichzeitig am selben Standort gebaut oder
nacheinander errichtet, zu- und abgeschaltet werden

Deutlich reduzierte Errichtungsdauer fur jedes Einzelmodul
Kompakte Bauweise eroffnet die Moglichkeit far Errichtung unter Grund
«Walk-Away-Safe»

Wesentliche Verkleinerung der Notfallplanungszone (bis auf das Werksgelande)
moglich

Seite 30



Grossenvergleich SMR gegen grosse Leichtwasserreaktoren (1000 MW) 5 Psi

* Entire class of accidents eliminated by design
(e.g. LBLOCAS)

* Fabricated in factory and transported to plant site

Pressurizer

Steam
Generator —

)
lant Pipingl

~ Reactor Vessel

Siemens KWU DWR, 1300 MW NuScale Modul 77 MW

Page 31



Grossenvergleich SMR gegen grosse Leichtwasserreaktoren (1000 MW)

PSI

126 NuScale Power Modules

NuScale’s combined

2 containment vessel

and reactor system

<48 M

T6h

120H | —
15
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SMRs already on the market or available by 2030

X-energy (USA)
DOW, construction
planned for 2026

RITM-200 (Russia)
several in operation

HITACHI | ¥t F

BWRX-300 (GE/Hitachi) ;
4 units in Ontario Power, from 2028 e Terrapower (US), 345 MW

Construction license expected in 2024 .
P Gen-|V. Construction

license submitted in 2024

ACP 100, )
in construction ' NuSCALE (6 x 77 MW)
(China) T Licensed in USA

NUWARD (EdF/Technicatome)
170 MW, from 2030

ROLLS

2xHTR-PM . __:'1' . ﬁ‘ i'-v-:a'l -

in operation (China)

Russia: 8 in operation (LWR), several planned (LWR/SFR)
China: 2 in operation (HTGR), 3 in construction (1 LWR), 2 SFR)
Canada: 4 ordered, Argentina: 1 in construction

Kairos (US). Construction
. . . licensed received in March
USA: 1 in construction (Kairos), several planned 2024 (Tennessee)

UK SMR (Rolls Royce),
443 MW, from 2030



STEAM LINE

FEEDWATER LINE

 PSI

NuScale: Das erste lizenzierte SMR-Desigh in den USA

reactor |
ildi biological shield 00
* CONTAINMENT VESSEL building B :’ater refueling machine
crane \ /
\

reactor building
REACTOR VESSEL

- spent fuel pool

SUPPORT TRUNNION

STEAM GENERATOR

23,2 m
W T6T
Y
punoJigiapun

reactor vessel flange
tool

containment vessel
NuScale Power flange tool

Modules

MNUCLEAR CORE

Factory

Each Module is refueled underwater
while the remainder of the plant
produces power

« Refueled once every 24 months
* Capable of 48-month fuel cycle
* 10 Day Refueling Target

Page 34



' PSI

Passive Sicherheitssysteme: «Walk-Away Safety»

WATER COOLING BOILING AIR COOLING

T | |

* No Pumps « No External Power « No External Water

r - - - - -
) - ||
Q | ) - .'."j A
3 Decay heat Decay heat Transition to
2 removed by removed by long-term air
s~ |steam generators | containment | * | cooling { {
(074 and DHRS 4 (30 days) 4 (>30 Days) ,.q d
g (3 Days) | | i i
®) =
Q' | |:. J".
- :
<
QO
w
(A
[ - PR —
- _ — T ——————
TIME =
2 secs 1 hour 1day 3 days 30 days Indefinite
POWER = el 0 : : ; e i ; st o e
15 MWt 3.4 MWt 1.5 MWt 1.0 MWt 0.5 MWt <0.5 MWt

Decay Heat Removal after Reactor Shutdown (Long-Term Station Blackout Scenario)

Reactor Core remains Covered at all Times
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NUSCALE’S BARRIERS PSI

7. SEISMIC CATEGORY 1
BUILDING WITH
HVAC FILTRATION

" 1073
t‘\
. NRC Goal (new reactors)
_4 & 5 5 _ R _ & _ B _ B _ B _ B _ B B2 B B &0 &0 B _§B &8 & & §8 §8 § § §N N §N |
10
>
Q
c
g 10°
GROUND LEVEL g
| ..
- L —6
i—"'"“' % 10 .
6. BIOLOGICAL SHIELD COVERS g
EAREE RIS Y e 3. CONTAINMENT VESSEL 8 107
o
S 108 Power-©
AWATERIN wmem==—======""""""777 BN TTTTTmeeel 109 : .
REACTOR POOL Operating Operating New LWRs New LWRs NuScale

PWRs BWRs (active) (passive)

---------

5. 5TAIMLESS STEEL LIMED ™ 1.0OXIDE FUEL PELLET
COMCRETE REACTOR POOL AND CLADDING

Emergency planning zone (PEZ) limited to the site boundary

(no evacuation required, even in case of severe accidents)
Page 36



GE-Hitachi BWRX-300

Constructability and

Jdal

Design-to-cost

Underground construction using proven
methods from otherindustries

Maximum use of catalogueitems
“Off the shelf’turbine/generator

Canada has already ordered 4 units.

Site preparation started.

Expecting construction license by end of 2024

Capital cost at 700 Mio. $, 2250 $/kWh, O&M cost<16 $/MWh,
Claimed LCOE at ~40 $/MWh
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GEN IV Forir” The Generation-IV Reactor Concepts

Molten Salt Reactor (MSR)

Seite 38



Generation-1V: Hochtemperaturreaktor (HTR)

e Druckbehalter
@ 1 — Reflektor
Brennstoffregion
Helium D
circulator Pt MW 10
> EleRRoViy = =
HTR-PM600 [N =

— Brennstoff als “Fuel Pebbles”, stabil bis mindestens 1600 °C
BrZTJZISatZgl — Reaktor ist inharent sicher und “Walk-Away”-safe
— Betriebstemperatur: 800 °C, thermischer Wirkungsgrad: 44%

Simulation Pebble Flow
Paul Scherer Institut

Dampferzeuger — 2x 110 MW Anlage seit 2021 in Betrieb
— 6x110 MW-Anlage im Bau



Anwendungsspektrum fur Gasgekuhlte Reaktoren PSI
Industrial use of nuclear heat High Efficient Gas Turbine Power Generation
Temp. 200 400 600 800 1000
Styrene, Syngas-Production  ess— o HTGR
S : , L 0% Gas turbine
Petroleum refinery | o
mmmmmmmm=_ District heating Hydrogen - I::‘_‘L':'-G) .g
[ B8 A X FHFGR & 5 |l =
Heliumgas = 40%
HTGR turbine =
Steam generator LWR
Heat i | Steam turbine
ﬁ i EE 30% T T T T T T T T
0 e 200 400 600 800 100

: Turbine Inlet Temperature (°C)
HTGR Heat Chemical plant

Desalination using waste heat

HTGR H, &electricity % 9000 0,
cogeneration system
J L O
. . 1/20,
HSO
Helium gas turbine - S0, %oszzo
water 2HI + H,SO,
Waste heat I+ SO 2H,0 S Jsol
! i

HTGR

IS process H, plant

' | | sea
| Desalination plant water IS process




 PSI

HTGR Energy Supplied Steelmaking System

« Steelmaking by hydrogen and electricity produced by the HTGR-IS cogeneration system
« CO,emission from steel plants can be cut by 100% (104 million ton/year in Japan™).

H,0:5903 Iron ore: 16043, Scrap: 1081
l A Shaft furnace
Heat: 172.4 : : H,: 656
B o) (]  Fe,0;+ 3H, - 2Fe + 3H,0
Gas turbine powerr | AN
;|5ea4t: Qeneratlen RS W, (" it o Directreduced
_ e .. |S iron: 10767
Electr|C|ty N@Q@SS

HTGR | s HO—H H\
(600 MW _X5) % Electric arc furnace

Electricity:17.6

Hydrogen pI’OdUCtIOI’\ cost is . .
Unit of heat, electricity: TJ/d
estimated as about 2.0 $/kg Steel. 10098 Unit of materials: t/d

Energy and material balance of a plant to produce steel of 10,000 ton/d *2
(Scale of a standard steel plant) *3

*1 : Data of 2016. Ref.: Greenhouse gas emission data in Japan (1990-2016 definite report), Greenhouse Gas Inventory Office of Japan (May 29th, 2018 update).
*2 : Domestic steel production: c.a. 290,000 t/d (2016).
*3 : Kasahara and Ogawa, Production of Green Energy and Its Utilization in Ironmaking and Steelmaking Processes, Iron and Steel Institute of Japan, 123-143, 2012.



Mikroreaktoren - Leistung bis zu ~10 MW,

Commercial PLAYERS (USA)

* MARVEL (INL, in construction)
* Westinghouse (INL, 2026)

« BWRT (INL, 2025)

* Kairos (ORNL, 2026; in constr.)
 X-Energy

* Ultra Safe Nucl. Corp.

« OKLO

e HOLOS (in licensing phase)

~Plug-and-Play" connection (< 1 month)

Reduced space needed (~15 m2), small
site (< 2000 m?2)

Offsite Refueling once every 10 years

No water needed for cooling (heat pipes)
As part of grid, microgrid or independent}
ligelaalelgle!

Build in factory, and transported on site
with ISO container

For desalination, hydrogen production, ‘
and other industries - 10 MW Nuclear Battery
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Zusammenarbeit des PSI mit Copenhagen Atomics

_'| Il_ /" Y Y
\/ (-
==} S| 24
P "'. 'il ﬁ. \f | Conérol
| “Molten SaltReactor  "°*

Coolant salt .
Generator Electrical
Reactor et
Purified
salt
* ‘ Turbine
E *
Fuel salt
ooood Heat Recuperator
exchanger
Chemical I-rl1eat —
processing exchanger | .
Compressor

& plant -

——

[

Freeze —— ===
Pl . Heat
€ Pre Heat sink
Pump sink cooler earsin
— =

Intercooler

——

Compressor

Emergency dump tanks
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Das MSR Desigh-Konzept von CA

Overpressure Overpressure Hot section Cold section

stk THE BUILDING vent 600 °C

venTiLATION @

SALT
HEAT
REMOVAL
LooP

copenhagen
atomics

LIFTING EQUIPMENT

SALT CONDENSER i WATER
STORAGE REACTOR CONTAINER STORAGE

T
i

/]

1,
]

Ay
il

” b,
i,

OFF-GAS | WATER COOLING
THE COCOON STORAGE & SHIELDING

WATER
'CHILLERS

Heat to customer

Pump

Heat
exchanger

REACTOR CONTAINER

copenhagen
atomics

Insulation
wall

Cocoon

PSI

Nitrate

coolant salt

Fluoride
coolant salt

Decay heat path

Fluoride
blanket salt

Heavy
water

Water
coolant

19[)1y2 1a1epp
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Das MSR Desigh-Konzept von CA

MSR-Prototyp fur das Experiment am PSI
* Testreaktor in Originalgrosse aber mit
reduzierter Leistung <1 % Nennleistung (<KTMW,, ..1,,)
* Inharent sicher
* Autonomes Reaktorbetriebssystem

Schliusseldaten:
» Starter Salz: F-Li-LEU (5% angereichert), ~ 500 ,
2,4t Gesamtmasse mit 1,5t Uran-Masse
* Brut Salz: F-Li-Th~25001 11,1t Gesamtmasse
mit 6,7 t Thorium-Masse
* Moderator: D,O bei 20° C, ~ 3200
 Wande: SS-316, Zirkalloy, 0,9 t Gesamtmasse
* Abschirmung: 10 cm Stahl
20 cm 5% borierter Kunststoff
5 cm Blei

Ziel: Kernanlage mit geringem Gefahrdungspotential

Seite 45
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Kernenergie, quo vadis?

Die meisten Kernkraftwerke der Generation-ll werden Laufzeitverlangerungen beantragen und
60 und mehr Jahre laufen

Grosse Kernkraftwerke der Generation-lll werden kontinuierlich weitergebaut werden,
insbesondere in Schwellenlandern, aber nach und nach auch in Mittel-/Osteuropa (EU-
Taxonomie!) und den USA.

SMR werden ab 2030 beginnen auf den Markt zu drangen. Untersuchungen der OECD
kommen bis 2060 auf einen Anteil von 10-30% SMR an der nuklearen Gesamtkapazitat

Reaktoren der Generation-1V werden parallel entwickelt und stehen moglicherweise
kommerziell bereits ab 2035 zur Verfugung, einige Mikroreaktoren sogar fruher. Sie ermoglichen
effiziente Kogenerationstechnologien und eine nachhaltige Brennstoffnutzung

Die nukleare Stromerzeugung wird, gemass der grossen Mehrheit von Energiesystemstudien,
zwischen 10 und 20% an der weltweiten Gesamtstromerzeugung ausmachen



AUL SCHERRER INSTITUT

Wir schaffen Wissen — heute fur morgen




Gestehungspreise verschiedener Stromerzeugungstechnologien

' PSI

Stromgestehungskosten im Vergleich

Durchschnittliche Produktionskosten heute* und
far 2019 neu gebaute Anlagen** (grau)

In Rappen pro Kilowattstunde
0 10 20 30 40 50

- I S -
Photovoltaik 8-31

: 11 -
Biogasanlagen U

Grosswasserkraft - 4-9

i - K=
Kleinwasserkraft 8-35

Kernenergie . 4-7

Quelle: *VSE, 2019, **Potenziale, Kosten und Umweltauswirkungen von Stromerzeugungsanlagen, BFE, 2019

60

Stand: Juli 2024

Z Fraunhofer

ISE

0 I I I I I 1 I I I I I I I I I 1
PV PVDach PV PV PV Agr-PV Wind Wind Biogas Feste Braun- Stein- GuD- GT-CH, GT- Kernkraft
Dach  klein  Dach frei frei Onshore Offshore Biomasse kohle kohle CH, Umriistung
klein mit Batterie gro mit Batterie
11 3:2

50
45 -
40 —
35 -
30
25 -
20-

15 +

N .

Stromgestehungskosten [€cent,,,/kWh]

5 -

Studie des PSIl im Auftrag des BFE (CH), 2019

Studie des Fraunhofer-Institut fur Solarenergie (D), 2024




OECD Study on Total Costs of Electricity Generation for CH (2022)

49

USD billion

Figure 4.3. Total system costs of the five net zero scenarios under different
electricity trade constellations (USD billion)

6 5.41
5 4.54
3.87
4 343 3.54
2.82 2.86
3 2.52 2.69 2.66
1.89 191 2.
2 1
1. :
| '
. I - - i
=4
-2
LTO VRE New New New LTO VRE New New  New LTO VRE New New  New
only nuclear nuclear gas only nuclear nuclear gas only nuclear nuclear gas
32GW 1.6GW 32GW 1.6GW 32GW 1.6 GW
Interconnection 100% Autarchy Interconnection 50%

B Economic system costs
B Sum of connect., grid and balanc. costs

B Revenues/costs from trade

M Physical system costs (excl. connect., balanc. and grid costs)

PSI



GenlV/ Sodium-cooled SMR

* Gen-IV-Reaktor (sodium-cooled) SMR Construction license submitted in
 With integrated storage (molten salt) March 2024 (Wyoming)

TERRAPOWER - 345 MWe
1 GWh Energy Storage

Breeder reactor! It allows to close the fuel cycle if combined with reprocessing.




LFR Projects in Construction and Advanced Development

Power
Conversion
Fluid in/out

Guard

[ ‘/ vessel

Reactor
vessel

Reactor
coolant
pump

- ——— —

Core

BREST-OD 300, the Rosatom LFR
demonstrator, completion in 2026

with a time horizon 2035

% OI'
Subcritical
Transmuting

Accelerated Transmutex START Reactor,

a Swiss startup pioneering
ADS/LFR technology for nuclear
Waste transmutation

Reactor
Technology

Compact heat
exchangers

Westinghouse Lead Fast Reactor at 450 MW/,

~= - =
S o ——

Accelerator
(600 MeV - 4 mA proton)

\!\\‘\\\1\\\

Multipurpose
Flexible
Irradiation
Facility

PSI Hot Labortory

Newcleo AS-30/200,
A one-billion Euro capitalized
Startup in UK/IT/CH, developing
a Generation-1V LFR

PSI

Reactor
+ Subcritical or Critical Mode
» Power ~ 65 MWth

Spallation Source

Fast
Neutron

Source
Lead-Bismuth
. coolant
e

MYRRHA at the Belgian Research Center SCK.CEN,
Demonstrator for Accelerator-Driven System based on LFR




Small Modular Reactors: are they available today? PSI

_ S VBER-300 ELENA UNITHERM
STARCORE - \ 5 ABVE-E SHELF
HR RUTA-70

YREP OF KOREA

SMART
microURANUS
MuScale h‘-ﬂﬂ!-
mPower ¥ GTHTR300 Fu
W-SMR ; . s . - HTTR-30 IMR
SMR-160 gl o2 Lo __ 2 M ¥ moveLux pms
BWRX-300 - BWRX-300 45
SC-HTGR
A XE-100 CHINA smTMSR
MMR HTR-PM ACPR 505
W-LFR NHR-200 DHR400
LETR . HAPPY200 HTR-10
MK1 PB-FHR - -
KP-FHR
MCSFR
eVinci
SUPERSTAR
THORCON

AURORA



PSI

Notfallplanungszonen

Food Safety Sampling

50-mile food sampling area

2-mile radius
—— ";

5 miles downwind

10-mile plume-exposure pathway

Emergency zones and distances Suggested maximum radius (km)

100 to 1000 MWth >1000 MWth

Precautionary Action Zone (PAZ) 3t05

Urgent Protective action planning Zone (UPZ) 15 t0 30

Extended Planning Distance (EPD) 50 100

Ingestion and Commodities Planning Distance | 100 300

(ICPD)
No off-site EP plan VK-300, GT-MHR, 4S
Simplified EP plan CAREM-25, mPower, NuScale, CCR,

HTR-PM, G4M

400 meters PBMR
1000 m, no off-site evacuation KLT-4S, VBER-300, ABW
1500 m SMART
2000 m IRIS

Not specified IMR, GTHTR300, PASCAR



Microreactors — cogeneration applications PS|

Outer pyrolytic carbon
Silicon carbide

Inner pyrolytic carbon
Porous carbon buffer

Reactor available from 2028 onwards
30 + 24 MCHF for reactor + fuel
Openness for PPP on vendor’s side
LCOE: ~3.6 ct./kWh

Fuel kernel (UCO, UO5)

Coated particle

Ultimately safe by reactor and TRISO fuel design
(“walk-away safe”)

Compressor Potential for radioisotope generation

CO,-neutral concrete production Coupled Core Generaor

Nuclear microreactor with 30 MW,,,/14 Mw,,, up to 12
years non-stop operation, outlet temperature 900 °C (!)

400°C HTG R ‘\900 °C

Steam generator

Heat Steam

ﬁ q
— |

Reactor Heat Chemlcal plant

Oygen]
7

Production of
Hydrogen lodide
nd Sulfuric Acid /

lodine (1)
circulation |_

on of Decomposition of

High quality steam / process heat for wide range of applications Hydrogen lodide Sufuric Acd
(District heating, synfuels, petroleum refining etc.)
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PSI

Reaktoren der Generation-IV: Nachhaltigkeit?

* Die Generation-1V tritt mit den Zielen an:

— Vergleichbares oder besseres Sicherheitsniveau als Generation-Il|

— Bessere Okonomie, z.B. durch SMR-Bauweise, hohere Temperaturen/Wirkungsgrade,
hybride Anwendungen jenseits der Stromerzeugung, lange Lebensdauer (>60 Jahre)

— Reduktion des langlebigen radiotoxischen Abfalls auf ein Minimum und Etablierung
einer Kreislaufwirtschaft fur die endlichen Uran- und Thoriumressourcen

Natururan Thorium:

/Vermeintlich nutzlos, da nicht spaltbar—___
|
U-238 Th-232

Wir nutzen nur 0.7% des natiirlichen
/Urans, das U-235

Es gibt etwa 150 mal mehr U-
238 als U-235 in der Natur Es gibt etwa ~3 mal mehr
Th-232 als U-238 in der Natur Seite 55




Leichtwasserreaktoren: Offener Brennstoffkreislauf

Angereichertes Uran

4.5 % Uran-235
Abgebrannte Brennelemente

Endlagerverschlusszeit > 200°000 Jahre)

94.8 % Uran-238 \

0.8 % Plutonium (T,,= 25’000 a)
rﬁ#rf
f_ﬂ_ﬂf”
- 0.2 % kurzlebiges Cs, Sr, ...
0.1 % Minore Aktinide (T,,,= 400/7°000 a)
— .2 % langlebige Spaltprodukte
T
T
. EE\-
Enthalt noch 3.2 % stabile Spaltprodukte

0.7 % U-235 /

Seite 56




PSI

Vollstandiges Brennstoffrecycling

Kein U-235, stattdessen U-238 Praktisch unbegrenzte Brennstoffvorrate
Abgereichertes Uran, Uranminen, Meerwasser

Minore
Aktinide

/_\ \
i \ U-238 + neutron — Pu-239
| =

U-238 Plutonium

Generation-lV-Reaktor /Transmuter
(Flussigmetallgekuihlt oder MSR)

paltprodukte

Wiederaufarbeitungsanlage
(in CH seit dem Moratorium nicht mehr zulassig)

Endlager fur die Spaltprodukte

Endlagerverschlusszeit < 1000 Jahre
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Transmutation: das “Erbruten” von neuem Brennstoff

Natururan Thorium:

‘__—‘
U-238

/ U-235, 70'000 kWh_/kg U-nat

O Das «Arbeitspferd» U-235: spaltbar

Es gibt etwa 150 mal mehr U-
238 als U-235 in der Natur

Th-232 als U-238 in der Natur

/Vermelntllch nutzlos, da nicht spaltbar\

Th-232

Es gibt etwa ~3 mal mehr

Spaltbar!
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Radiotoxicity

y PSI

Transmutation zur Reduktion der Radiotoxizitat in abgebranntem Brennst

1.00E+07
Total
1.00E+06
es, 0.1 %
1.00E+05 1
1.00E+04
natural uranium +
decay products /\
------ - N
1.00E+03 . —
] Long-live fission products.
, i St
1.00E+02 —
1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06
Time, years

Source: M. Salvatores, CEA
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 PSI

Ubergang zu einer perfekten nuklearen Kreislaufwirtschaft

All Actinide Recycle Waste Arisings

<X E Uranium, N Residual
i Transuranium Elements, High-Level
Ur_a_nlum Resource and Long-Lived Fission Products Waste
Utilization

Full Recycle
0 Vi ~_

Material Waste With
Minor Actinides
'/ Partial Recycle
i j
m @ Spent « FIOtte » vVon
Material Nuclear
Fuel

>50 Reaktoren

100 Jahre

Once Through

Spent Nuclear Fuel




} PSI

Franzosisches Flottenkonzept fur vollstandige
Abfallvernichtung

Once Through Pu Burning
Fru)
Pu Pu
100% — — FR
l 70% 10% 20%
—
l MA+Losses
= —_—
HLW HLW
TRU Burning in FR TRU Burning in ADS Double Strata

. FR

\_66% 10% 19%

e,
MA / \‘Lmses
5% f% =
=
Losses




Glossar PSI

* In herkommlichen Leichtwasserreaktoren entfallen auf jedes gespaltene
Uranatom etwa 0.3 - 0.5 neu erzeugte Plutoniumatome

* In Schnellen Reaktoren konnen prinzipiell mehr Plutoniumatome erzeugt
werden, als Uranatome gespalten werden => der Reaktor «erbrutet» mehr
neuen Brennstoff als er verbrennt (!)

* Gleichzeitig kann ein Schneller Reaktor auch fast alle Minoren Aktinide
spalten, im Gegensatz zu einem Leichtwasserreaktor

* Damitist es grundsatzlich moglich, den radioaktiven Abfall auf die
Spaltprodukte zu reduzieren, wahrend Plutonium und MA vollstandig
«verbrannt» (d.h. gespalten) werden

* Ein Endlager wird immer notig sein, mit einer Verschlusszeit < 1’000 Jahte.



PSI

Die Reaktorkonzepte der Generation-IV

Hochtemperaturreaktor Bleigekuhlter Schneller Reaktor Superkritischer LWR

0B

Gasgekuhlter Schneller Reaktor Wtriumgekﬂhlter Schneller Reaktcy Salzschmelze-Reaktor
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Sodium-cooled Fast Reactor: fact sheet

Advantages
— Potential for new fissile breeding due to fast neutron spectrum
— Excellent thermal conductivity of sodium — VERY efficient
cooling

— Large margin to boiling — no pressurization required rsk, Russia

— Significant operational experience (300+ reactor-years)

Challenges
— Chemically active in contact with water or air — intermediate
circuit needed
— positive reactivity effect — special safety measures needed

Designs under development
— PFBR (India), BN-1200 (Russia), ASTRID (France), ESFR (EU),
Natrium™

Several reactors under operation! R 7
— BN-600, BN-800 (all Russia), CFR-600 (China) since 2023 |l

Rosatom/TVEL fuel production facility for CFR-600 and BN-800



Principle of Pool-Type Reactors: SFR

Secondary circuit t‘
Heat exchanger

Coolant pump
(inserted from top)

Protect-
ing gas
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ESFR (EU): primary system

Reactor roof

Above core structure Intermediate heat exchanger

Control rod driveline
Inner vessel (redan)

Primary pump Core

Diagrid
Corium discharge tubes
Core catcher

Vessel cooling pipes
Strongback

Reactor vessel .
Insulation

Reactor pit
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ESFR (EU): global view from above

— 3 primary pumps
—6 intermediate loops




SMR der Generation-lIV mit Hochtemperaturanwendungen PSI

— Natrium™, ein mit flissigem Natrium gekuhlter
Reaktor mit 345 MW, Leistung und einer
Kihlmitteltemperatur um 550 °C

— Der Reaktor ist an einen thermischen
Salzschmelzespeicher gekoppelt, der ca. 1 GWh
Energie speichern kann. Damit kann die Anlage
uber mehrere Stunden die Leistung auf 500 MW,
erhohen

— Wird seit 2008 von der Firma Terrapower mit
Unterstutzung von Bill Gates und Warren Buffett
entwickelt.

— Die Anlage soll voraussichtlich bis 2028 am
Standort Kemmerer (Wyoming) fertiggestellt
werden




Die Reaktorkonzepte der Generation-IV

/ Hochtemperaturreaktor \

PSI

Bleigekuhlter Schneller Reaktor Superkritischer LWR

Gasgekuhlter Schneller Reaktor

Natriumgekuhlter Schneller Reaktor Salzschmelze-Reaktor
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Generation-IV: Hochtemperaturreaktor

Diameter 60mm

Fuel Pebble X-Section

@i = Power: 300 to 600 MWl

Control
Rods

Fuel Core

= Coolant: Helium, under
pressure (40 — 90 bar)

Pump

Graphite
Reactor

Core UO, Kemel: 0.425mm
Porous Carbon Buffer: 0.095mm

Inner Pyrolytic Carbon Layer: 0.04mm TRISO Coated

Silicon Carbide Layer: 0.035mm Particle M d t - G h . t
’ Quter Pvrolvtic Carbon Laver: 0.04mm " o e ra o r L] ra p I e

| Graphite
!/ Reflector

Coolant temperature at
the outlet of the core:

850°C to 1000°C (or
more)

== Water
——————

, > = Fuel: Uranium low

enriched (8 to 15%);
pebbles or combacts

—

-

Helium Exchanger
Coolant

Reactor

Hydrogen
Production Plant



Betriebserfahrung von friihen Hochtemperaturreaktoren # PS!

USA *Prismatic fuel compacts, Mixed
U/Th-Oxide Fuel

sSevere corrosion issues with the
Helium circulators

Fort St. Vrain
1976 -1989
Burnup up to 90 MWd/kg

P =842 MW,;,, 330 MWe *Thermal efficiency 39%, good load-
Helium : 350°C / 750°C follow capabilities

»Testing of materials under the flux

GERMANY =423 Full Power Days Operation only
THTR-300 ] ]
*Mixed U/Th-Oxide Fuel
1985-1988
P =760 MW »Significant number of damaged fuel
th pebbles
307 MW,
Helium Tmax: 750°C =Radioactive release at the same time
_ ' as Chernobyl
(inlet temperature 250
°C) *No mature reprocessing concept




Nukleare Kogeneration fiir industrielle Anwendunger?’ PS!

Outer pyrolytic carbon
Silicon carbide

Inner pyrolytic carbon
Porous carbon buffer

Reactor available from 2028 onwards
. ~ {4 -. 30 + 24 MCHF for reactor + fuel
o Wae o _ Openness for PPP on vendor’s side

Fuel kernel (UCO, UO5)

Coated particle
Ultimately safe by reactor and TRISO fuel design

(i High-temperature heat storage (“walk fe”)
walk-away safe

t Ly | L LS | v | LT | w
i 3 Jiaw | mws | mess 1
103

- (@ Art. 12 Bewilligungspflicht

i TWer eine Kernanlage bauen oder betreiben will, braucht eine Rahmenbewilligung des Bundesrates. Vorbehalten
A bleibt Artikel 123

)

COzneutral 2 Auf die Erteilung einer Rahmenbewilligung besteht kein Rechtsanspruch. eneration
3 Kernanlagen mit geringem Gefidhrdungspotenzial bediirfen keiner Rahmenbewilligung. Der Bundesrat bezeichnet
diese Anlagen. -
Steam generator T—
Heat Steam B | ropen roarte |HESOM 5

NAnd Sulfuric Amd/

ﬁq

| lodine (1)
\ | circulation |_I2+ SO, + 2H,0 ) circulation §

Reactor Heat Chemical plant

Decomp of Decomposition of
Hydrogen ledide Sulfuric Acid

High quality steam / process heat for wide range of applications Efficient high temperature H, production
(District heating, synfuels, petroleum refining etc.) (thermochemical or electrochemical)



PSI

Zeitperspektive neuer Reaktor-Prototypen in den USA

- Accelerating advanced reactor demonstration & deployment SMR-160
PROJECT PELE 2
DOD | MICRO W5 VOYGR

Xe-100

S A® UAVIPS &
X-ENERGY | SMR et

# NuScale | SMR

o ©

N2 NATRIUM
TERRAPOWER &
e GE |SMH
285y e
HERMES
| KAIROS [TEST REACTOR

VTR
DOE |TEST REACTOR
m!&-: “““5'%**
DOME NRIC|TEST BED ¥ |
NR1C|TEST BED
IDAHO NATIONAL LABORATORY

Sl - URORA

"POTTO=R  OKLO | MICRO =
8
MCRE
MARVEL _ SOUTHERN CO. &

DOE | MICRO % TERRAPOWER |
{ EXPERIMENT

=
-




Floating reactors

AK#

Operat

RUSSIA

Feact
PWR

Deratur
NCern Joint Stock Company 'Concern

iy Rosenergoatom’
Murmansk

Thermal Capacity

; \ 150 MW
St Petersburg

: "ﬂl’

Refere 1
a2 M

Constr
15 Af

First G
19 De
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Grossenvergleich SMR gegen grosse

Pressurizer

Reactor Coolant
Pump

i

Reactor
c'ﬂﬂlaﬂt Fip'lﬂ i

Reactor Vessel RITM-200 on Russian Icebreaker (55 MW,))
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The Answer: Small Modular Light Water Reactors (LWR-SMR)?

Power up to ~300 MWe
Smaller / less monolithic units and therefore reduced CAPEX

Modules are factory-built and factory-tested before installation on site
Significant shorter construction times for individual modules (goal: 2 — 4 years)
Higher flexibility to better integrate with renewables

Transportable by truck, train, boat or plane

Applications include heat to isolated sites not connected to the electric grid
Compact design allows the possibility for underground construction

Passive safety

,Walk-away" safe and therefore significant reduction of emergency planning
zone (EPZ), which is limited to plant site perimeter (no evacuation zone
required:

* NuScale licensed 500 meter perimeter, 1 km for GE-Hitachi BWRX-300)




Large LWR vs. LWR-SMR: Comparison in Size

 PSI

EPR (AREVA)

(1600 MW, 18’000 m?)

BWRX-300
(300 MW, 8'400 m?)

63 M.

. o — a— ek !y
™
35M.| o A j
) 1 L5 lagh |
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Applications for Combined Heat & Electricity (Hybrid) Generation

Industrial use of nuclear heat High Efficient Gas Turbine Power Generation
Temp. 200 400 600 800 1000
Styrene, Syngas-Production messssm—n 50% HTGE_
Petroleum refinery | E‘ Gas turbine
s District heating - I::‘_‘L':'-G) .g
| HTGR | ———— . =
Heliumgas = 40%
HTGR turbine =
Steam generator LWR
Heat i | Steam turbine
> AR B 0%
0 - 200 400 600 800 100
- Turbine Inlet Temperature (°C)

HTGR Heat Chemical plant

Desalination using waste heat

HTGR H, &electricity % 9000 0,
cogeneration system
J L O
. . 1/20,
HSO
Helium gas turbine - S0, %oszzo
water 2HI + H,SO,
Waste heat I+ SO 2H,0 S Jsol
! i

HTGR

IS process H, plant

II . | Sea

Desalination plant water IS process
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SMR (Generation-lll) with Credible Time Horizon around 2030

SR

NuSCALE (6x77 MW), Utah contract canceled UK SMR (Rolls Royce), 443 MW, from 2030
LCOE> 95$/MWh, 6’000 $/kW installed IUWARD (EdF/Technicatome), 170 MW, from 2030 : S

SMART (Korea), 100 MW, Betrieb in Saudi-Arabien ab 2026

s RITM-200.0n Russian Icebreaker
BWRX-300 (GE/Hitachi) for Ontario Power, operation from 2028, targeted construction costs: 2’250 $/kW installed




Large NPPs vs SMR
PSI

11 P s s == === = =

Turbine-Generator

f 4—— Main Steam Isolation Valves
Feedwater Isolation Valves —— | )

Turbine
Bypass

Circulating
Water

Containment Vessel

Contral Rod Drives
Rx Vent Valves

Feedwater Feadwater Condensate
Heaters Pumps Polishing

Reactor Pressure Vessel

Pressurizer

Decay Heat Removal Hx

ppar Plenum V

Steam Headear

Decay Heat Removal
Actuation Valves
Feedwater Header

Rx Recirculation Valves
Control Rods
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MSR: Playground for Start-Ups ?

Operating permit issued for Chinese molten salt reactor

15 June 2023

The Shanghai Institute of Applied Physics (SINAP) of the Chinese Academy of Sciences has been
an operating licence for the experimental TMSR-LF1 thorium-powered molten-salt reactor, const
of which started in Wuwei city, Gansu province, in September 2018.

tarage for decommimis:

Demonstration reactor to be built in Rwanda
14 September 2023

< Share

The Rwanda Atomic Energy Board (RAEB) has signed an agreement with Dual Fluid to collaborate on the
levelog tofad ation Dual Fluid nuclear reactor in Rwanda. The demonstration reactor is
8 expected to be operational by 2026.

L y
The signing ceremony wa ssed by Minister of Infrastructure Ernest Nsabimana (Image: Ministry of Infrastructure)

The Government of Rwanda has agreed to provide the site and infrastructure for the project, while Dual Fluid is
responsible for the technical implementation of the partnership. Rwandan scientists will also receive practical
training in nuclear technology.



Small Modular Reactors (LWR-SMR): Response to Fukushima PSI

FLEXBLUE (Design: DCNS): Concept 50-250 MW, for a PWR in 100 m water depth
eSmall PWR with passive safety systems similar to the AP-1000.
eFully remote-controlled system (no operating crew on board).

eEmergency cooling system self-sufficient for approx. one week until human
intervention (emergency measures) is required

Preliminary design

¢ Qutput 50-250 MWe
¢ Length

¢ Diameter ~12-15m

' Mass ~12 000 t

* Moored at a depth of 60 to 100 meters
a few kilometers off shore

. Submarine power cables
*. Electricity requirements of regions

with a population of 100 000 to
1 000 000

Seite 82



Safety Systems of Generation-lll Reactors: EPR

Internal Containment: External Containment:
* Steel shell Air Plane Crash Protection

* Leak-proof up to 6.5 bar
* Exclusion of H,-Explosion

Active/Passive Safety systems:

Wet Fuel Storage: 3 | bunkered against external
vvel ruel storage. : § e &y = .
protected against air . £ ‘ hazards, designed throughout 4-

plane crash N o\ times (2v_4) re<_j_undant with
several diversified levels of
safety systems

Probability of a core melt
accident <10%/Jahr

F I 13
vvvvvvvv

\\\\

\ W2 07

q
Probability of an 1
early release <107/Jahr i.g

Large protected in-containment water
storage for coping with severe accidents

Core Catcher:
Safe containment of molten core

{

Earthquake-proof: designed
against 100°'000-year

earthquake
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Sicherheitssysteme von Generation-llI-Reaktoren: AP-1000

External Containment:

Air plane crash protection
\ = e

Westinghouse Electric Company LLC

Internal Containment;
» Steel shell

* Passive decay heat removal ® L oW Core melt prevention:

through natural air circulation and ~ R /3 steel Containment

y L 4, szsii:e Coangin:lnem . 0 0 T
Passive Cooling Water Tank Y =" =gy © Flooding of reactor pitfor in
'  vessel retention of core melt

O : :
.Large in-containment water

storage
Passive Safety Systems . 9

philosophy:

* Practically no more active
components

*Controlled through gravity,

buoyancy, natural convection o 0N « Massive saving in materials:
| ' -~ *50% less valves

-Elimination of operator 7 , g
intervention e Tk 8] * 83% less piping in safety-
_ N - @ grade systems

o — | *56% less seismic building
volume



Westinghouse AP-1000: Passive Sicherheitssysteme

1) Passives
Kernkihlungssystem

e Sicherheitseinspeisung
(Hoch-und
Niedrigdrucksysteme)

e Direkte Einspeisung in den
Druckbehalter

e Nachwarmeabfuhr und
Druckabbau mit dem grossen
Vorratsbehalter IRWST und
dem Containment

e Notflutung der
Reaktorgrube (als
Massnahme bei
Kernschmelze)

2) Passives

MNatural convection
air discharge _
g9e

PCCS gravity drain
water tank

Water film evaporation ——__

Outside cooling air intake —%|

e
Steel containment vessel —

Air baffle — |

-

_‘-\-\_\_\_\_\_\_\_\-

NS

e

Intemal condensation
aind
natural recirculation

=

I Seite 85
-




Gen-lll+: Passive Safety Systems

Passive Safety Systems:

They function based on physical
processes (Heat transfer, natural
circulation, gravity, buoyancy, etc.)
without the need for electricity of
operator intervention

Passive containment cooling

Core meltis not the full story... e X

Passive core
flooding /
cooling

Passive

,orace period“ extended from 30 L
depressurization

minutes to 3-7 days, until operator
intervention is needed

,Practical Elimination® of
accidents which could lead to
important releases of GEN i+

radioactivity to the environment

(<10-"/year) .




PSI

Kraftwerkstypen der Generation-lll am Markt

EPR (Framatome) in Olkiluoto (F1), 1600 Mw) WWann sind diese Reaktoren

wirtschaftlich?
Baukosten:
3’500-4°500 $/kW installiert
Bauzeit:
5-7 Jahre
=> Stromgestehungskosten:
60-100 $/MWh

VVER-1200 (Rosatom) in Novovoronesh (RU), 1250 MW APR-1400 (KECO) in Barakah (UAE), 1400 MW



_
EPR (Fra

Kraftwerkstypen der Generation-lll am Markt

Wann sind diese Reaktoren
wirtschaftlich?
Baukosten:
3'500-4’500 $/kW installiert
Bauzeit:

5-7 Jahre
=> Stromgestehungskosten:
60-100 $/MWh

Geschatzte Baukosten (USA) > 9°000 $/kW
Bauzeit (USA): >10 Jahre
Gestehungskosten > 150 $/MWh

Hersteller hatte seit 1996 keine Anlage mehr
in Betrieb genommen

Bisher nur eine Anlage im kommerziellen
Betrieb, 2 in Bau, 2 Projekte abgebrochen



Kraftwerkstypen der Generation-lll am Markt

« Baukosten (UAE) ~4’300 $/kW
« Bauzeit (UAE): 5-10 Jahre
« Gestehungskosten < 80 $/MWh

« KEPCO hat bereits 6 Anlagen dieses
Typs in Korea in Betrieb genommen
* Die 4 Anlagen in den UAE sind das
Wann sind diese Reaktoren erste Auslandsprojekt des Herstellers
wirtschaftlich?
Baukosten:
3°500-4°500 $/kW installiert
Bauzeit:
5-7 Jahre
=> Stromgestehungskosten:
60-100 $/MWh

2 F i T

P—

VVER-1200 (Rosatom) in Novovoronesh (RU), 1250 MW APR-1400 (KEPCO) i Barakah (UAE), 1400 MW
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Energiesystemanalyse



«Price tags» of the Swiss energy transition PSI

Future energy system transformation pathways Quantification of system cost implications

Discounted policy costs expressed in CHF per
person and year for the period 2020-2050

CO, emissions from fuel combustion
and industrial processes MtCO,/yr

50
Limited renewable Scenarios with limited
840
resources renewable deployment and

energy imports require

40 Reduced import

* Reduction in 2050 dependency expensive energy saving
compared to 1990 measures and domestic
30 " suite of Net-Zero Scenario assuming Sectoral policies - production of clean fuels
scenarios and their current policies (~CO2 law)
,o Major characteristics: (42%%*) Increased market -
a) Sectoral policies (~CO, law) Scenario on Swiss integration

Scenarios with high innovation, market
b) Limited renewable resources & ’

10  ¢) Reduced import dependency
d) Increased market integration
e) Cost-optimal sectoral strategies
f) Accelerated innovation

Energy Strategy 2050
(70%*)

Cost-optimal sectoral 220 L integration or cost-optimal mitigation strategies
strategies benefit from lower capital costs, increased
availability of clean resources and balanced

Suite of Net-Zero
. Accelerated - deployment of low-carbon options across

0 Scenarios innovation
1990 2000 2010 2020 2030 2040 2050 sectors and actors

Page 91 Panos, E., et al. (2021)




OECD Study on Total Costs of Electricity Generation for CH (2022)

92

USD billion

Figure 4.3. Total system costs of the five net zero scenarios under different
electricity trade constellations (USD billion)

6 5.41
5 4.54
3.87
4 343 3.54
2.82 2.86
3 2.52 2.69 2.66
1.89 191 2.
2 1
1. :
| '
. I - - i
=4
-2
LTO VRE New New New LTO VRE New New  New LTO VRE New New  New
only nuclear nuclear gas only nuclear nuclear gas only nuclear nuclear gas
32GW 1.6GW 32GW 1.6GW 32GW 1.6 GW
Interconnection 100% Autarchy Interconnection 50%

B Economic system costs
B Sum of connect., grid and balanc. costs

B Revenues/costs from trade

M Physical system costs (excl. connect., balanc. and grid costs)

PSI
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Electricity Generation Worldwide: Scenarios

50
m Other B Geothermal A 2060
45 | SR L4
W Solar = Wind / . Solar
40 - % Biomass (with CCS) m Biomass Doubli — \Wind
35 | M Hydro m Nuclear oubling / Biomass
# Gas (with CCS) ™ Gas / -------------
> 307 moil Coal (with CCS) / e—— Hydro
N
£ 25 4 = Coal ,
E e—— Nuclear

o——Gasw/o CCS

A
‘‘‘‘‘‘

o+——Coalw/o CCS
Gas with CCS

1990 2000 | 2010 Modern

Jazz

UnfinishedHard Rock

Symphony

2018 ‘

Investments in nuclear Infrastructures until 2060: 2100/3600/2400 Billion US-$

https://www.worldenergy.org/publications/entry/world-energy-scenarios-2019-exploring-innovation-pathways-to-2040



https://www.worldenergy.org/publications/entry/world-energy-scenarios-2019-exploring-innovation-pathways-to-2040

HIPA (High Intensity
Proton Accelerator)
- CW 590 MeV,
-upto2.4mA(1.44
MW beam power)
- Feeds SINQ neutron
spallation source




NES-BIO collaboration: clinical application of '1Tb for can:
therapy

—_—

.: CR’Si _\l _| Universitatsspital "
Y /| |Basel o

6 —
2 n g DOTA-LM3
il . ! NH,
it
:—

[151Tb]Tb-DOTA-LM3

SCIENCES

Prof. Dr. Roger Schibli ~ Prof. Dr. Damian Wild

I—I_. Swiss National
Science Foundation

Preclinical

Dosimetry | dtudies
studies

Ligand design
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Electricity Generation Worldwide: Scenarios

50
m Other B Geothermal A 2060
45 | SR L4
W Solar = Wind / . Solar
40 - % Biomass (with CCS) m Biomass Doubli — \Wind
35 | M Hydro m Nuclear oubling / Biomass
# Gas (with CCS) ™ Gas / -------------
> 307 moil Coal (with CCS) / e—— Hydro
N
£ 25 4 = Coal ,
E e—— Nuclear

o——Gasw/o CCS

A
‘‘‘‘‘‘

o+——Coalw/o CCS
Gas with CCS

1990 2000 | 2010 Modern

Jazz

UnfinishedHard Rock

Symphony

2018 ‘

Investments in nuclear Infrastructures until 2060: 2100/3600/2400 Billion US-$

https://www.worldenergy.org/publications/entry/world-energy-scenarios-2019-exploring-innovation-pathways-to-2040



https://www.worldenergy.org/publications/entry/world-energy-scenarios-2019-exploring-innovation-pathways-to-2040

* Nuclear power is virtually CO,-free in operation; calculated over the entire life cycle

CO,-Emissions of Electricity Generation

PSI

(incl. uranium mining, enrichment, and construction), only hydropower has lower CO,

amiceeinne
WITIT OVITVITVY
1.000 Voa

GHG emissions: kg (CO, eq.) / kWh

0.100

0.010

0.001

0.000

L
e o  Kohle: T000g/kWh
Gas: 440 g/k ¢
*

Solar: 80 g/kWh

L
¢ Wind: 17 g/kWh ¢
Nuklear: 9.4 g/kWh Hyetro: 6.8
’ UtTv. U.0O
. (O
m o« uw o o uwn o] uwn o © uw © w o o) m © m o wy m o m o w [ ©
= = o o Qo =] =] Qo =] L) o] L] o=} =] = =] = =] =] =2 =] (=] =] =] ] =] =]
o o o o o od Y o o o o o od o o o o O o o o o o od Y o (2]
= = = = = = - = -
Gen |Gen | Gen |[Natural gas CC| Natural | Hard coal (DE) |Hard coal| Hydro, Hydro, PV, roof Wind, |Wind, offshore| Biogas
Il m | gas CC + + CCS | reservoir| run-of- installation | onshore (Northsea) CHP
CcCs (DE) river
Nuclear Fossil Renewable

Xiaojin Zhang, Christian Bauer, Technology Assessment Group, Laboratory for Energy Systems Analysis, Paul Scherrer Institut (PSl): Life Cycle Assessment (LCA) of Nuclear

Power in Switzerland, Download unter: https://www.psi.ch/de/ta/projects/life-cycle-assessment-Ica-of-nuclear-power-in-switzerland
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powar ganaralion and consumplion

100 GW

80 GW

60 GW

40 GW

20 GW

The Relevance of Baseload Generation

Germany Supply/Demand of electricity - May 2022

~ 50 GW

8. ki 10. Ma
Solar
= Electricity Consumption

12. Mal

14. Ma 16. Mai

@ wind Onshore

18. Mai

20, Ma 22, Ma 24, Ma|

@ wind Offshore

26. Mai

8. Ma

PSI
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The Relevance of Baseload Generation PSI

Germany Supply/Demand of electricity — a Week in January 2022

100 G W

B0 GW
| ot
=]
=
= |
E=
=
1" a]
=

2 &0 GW
=
=
L =]
=
{ =]
o

£ 40 GW
| ot
[ =)
===
@i
=
(=]
[ ==

20 GW

O GwW

16 san 12-00 17, kan 12-00 15 tan 12-00 19, Jan 200 20. Jan 200 Z1. =n 12500 Z2. san =200 Z3 man =00 24
-Mmm .'tmwerrﬂmﬂmmm Soilanr @ wand Drishore @ wand Offshore 0 wates ® Biomass
—a N ; R — ' BB P B
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 PSI

20-year Capacity Buildup in Germany and France

Electricity.generation in France

B Renewable
Bl Fossil

2007 — Nuclear
B Hydroelectric .

500
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The Swiss Scenario for the Expansion of Solar

45+

+—— 335 TWh ——

404
35
30
=
25
204
154
10-
b _—E-; B
— —----!!--
04 — ————— R — —
. I
In 2022: 2.84 TWh
N e 2010 2020 2030 2040 2050
Photovoltaik = Windenergie = Biomasse (Holz)
Biogas ARA = KVA (EE-Anteil)

= Geothermie EE-Abregelung

' PSI
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The Swiss Scenario for the Expansion of Solar PSI

23,3 GWh
42 MCHF Gondosolar data
100,000 m2
Units Gondosolar Price
YEAR TWh Equivalent [Billion CHF] km?2 # of EPRs
45 - 2032 10 429.2 18.0 42.9 0.8
2039 20 858.4 36.1 85.8 1.6
404 2050 33.5 1437.8(!) 60.4 (!) 143.8 (!) 2.7
\ J
351 Y BERN  51.6 km?2
. i 2
3 BFE Scenario TSN RErECC M
'_
- Solar
20 4 §
|_
15 LN
o
(e8]
10+ e
B4 ey P e =
Iy Iy o B ——
U—————__-----------__ j
i I
In 2022: 2.84 TWh
'1[] T T T T T T 1
2000 2010 2020 2030 2040 2050
Photovoltaik = Windenergie = Biomasse (Holz)
Biogas ARA = KVA (EE-Anteil)

= Geothermie EE-Abregelung Page 102



Large Generation llI/111+ NPPs on the market and already in

operation (construction times)

2000 Chooz B
Civaux
250
200 Cattenom, Belleville
Naogent, Penly,
Golfech
1990
_C‘” 150
E Si-Laurent |
§ 100 Chir Chinon
‘—L Cruas |
Tricastin, Gravelines = L
Dampierre, Blayais [ i
N — .
50 i _Bugey e
i( 1980 Fessenheim o sl
) !
w@g —] a
Q& _
Q N
& R
W i
1970
type CPO type CP1 type CP2 type P4 type P4 type N4
In Europe and the USA: W . ration SN  Eaiier 1 An0 LV
20 réacteurs

4 réacteurs

* Need to rebuild the supply chain (no new nuclear power plants for over three decades)

 Difficult regulatory framework:

e OL3 (FI), Vogtle 3&4 (USA), Hinkley Point (UK): changes to requirements during construction of NPP.

Example Hinkley Point: 7000 changes requested!

103 Paul Scherrer Institut PSI

23.10.2024



Land Use (and Costs) of Solar vs. Nuclear

Taicun Village Solar (China, 20 MW,,,) ~ Gondosolar (18 MW,)

Switzerland
Gondosolar

23,3 GWh/Jahr

42 MCHF
100,000 m?
18 MW,
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Environmental Impacts of Electricity Generation Technologies in CH (Quelle: PSI)

m Wind, onshore 1-3 MW
Land use

hew m Wind, onshore <1MW
renewable

_ PV slanted roof inst. Mono-Si
Freshwater ecotoxicity

m PV slanted roof inst. Multi-Si

Acidification fossi m Natural Gas Combined Cycle

— mHard Coal (DE)

Human Health (excluding [
climate change) nuclea Nuclear BWR

r
m Nuclear PWR

Climate change
hydro Hydro run-of-river

0% 20% 40% 60% 80%  100% m Hydro alpine reservoir



Material Usage of Different Energy Sources

= 16,000
E B Concrete
=
I Steel
% 12,000 Aluminium
p B Copper
£ 8000
E
&
5 4000
g
= o —_— ==
Nuclear Solar Wind Hydro  Gas(Load) Gas(load) Coal  Coal+CCS
+CCS
Nuclear . Gas (load Gas (load following) + Coal +
Solar Wind Hyd Coal

PWR olar Wind FYaro - ¢ollowing) ccs %@ ccs
1060 1220 4470 15,320 390 820 450 520
130 940 1450 330 320 970 160 1170
0.3 2875 174 8.7 5.7 21.4 16 374
25 6.0 391 48 54 8.8 30 118
Capacity f. 85% 28% 35% 50% 30% 30% 85%  85%
60 30 30 100 60 60 60 60

Table 2 and Figure 4: Major materials for different generating technologies, tonnes per TWh (source: Bright New World)

' PSI
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How long does it take to build a nuclear reactor?

Construction time of nuclear reactors that were operable by March 2023. This includes reactors still in operation, plus those that had
been shut down or decommissioned.

Share of nuclear reactors taking less than x years to build ) )
Nuclear reactors have a long tail - a small percentage take decades to build

100% .
Watts bar (Unit 2) in the USA took 43 years, '
*.95% took less but had a long pause so this was not continuous construction
than 15 years
80% ' 83% took less
i than 10 years to build
" Two-thirds (68%) took less
60% than 8 years
40%
Q
20% % One-in-five (21%) reactors
took less than 5 years to build
0%
0 years 5vyears © | 10 years 15 years 20 years 25 years 30 years 35 years 40 years

Mean construction time
was 7.5 years

Median construction time

was 6.3 years Construction time (years)
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7]
a

Life Cycle Assessment of Nuclear Power in CH (Quelle: PSI)

B Maximum Consequences

u Latent

u Acute and Chronic/Immediate/Early

(se1ujees) seouanbasuo) wnwixely
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How Dangerous is the Generation of Energy?

Fatalities: Number/TWh, CO,-Emission®: t CO,/GWh,

20gceo I 07 e -
25% of global ener 4
~ 1230-times higher than solaor = &Y 27 3-times higher than nuclear energy —
31% of global energ ; ; 4
N 263 times higher than nuclear energy g 4 180-times higher than wind

490 tonnes

5 caaithis Natural Gas
]

23% of plobal energy

s.6deaths || Biomass _78-230

7% of global energy tonnes

0.02 deaths Ydrﬂ Dwer . 34 tonnes

global energy

0.07 deaths*| INUCIEAF ENErgY |3 tonnes

4% of global energy

0.04 deaths WI nd 4 tonnes
2% of global energy

0.02 deaths SOIBr 5 tonnes

136 of global energy
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Bauer, C. (ed.), Cox, B., Heck, T., Zhang, X. (2019). Potentials, costs and environmental assessment of electricity generation technologies - An
update of electricity generation costs and potentials. Paul Scherrer Institute (PSI) adn Swiss Competence Center for Energy Research (SCCER) -

Supply of Electricity o

Levelized Costs of Electricity 2018/2019 (Source: PSI)

Thermal Solar Plant (CSP) - Import

Wave and Tidal Plants - Import

Coal with CO2 Sequestration - Import

Coal - Import

Fuel Cells (Natural Gas)|

Geothermal (EGS)

Wind Off-Shore - Import

Wind On-Shore - CH

Photovoltaics (Rooftop) - CH

Biomass (agricultural)

Biomass (wood-based)

Biomass (waste-recycling)

Block-type Gas Plant (Combined Heat and Power)
Combined-Cycle Plant with CO2 sequestration
Natural Gas Combined-Cycle Plant

Small Hydropower Plant

Large Hydropower Plant — new Plants

Large Hydropower Plant — existing Plants
Nuclear Power Plants — new Plants

Nuclear Power Plants — exisiting Plants

]
keine Kraftwerke mit CO,-Abscheidung in Betrieb in Europa
[
MG, BA: 200 kW, 50:300 kW,
keine EGS-Kraftwerke in Betrieb
1
>100kW  <10kW
I
I
n
0.1-1 MW, 10kW,;

keine Kraftwerke mit CO,-Abscheidung in Betrieb in Europa

25 50 75
Rp./kWh

PE, SO: 1 kW,

Costs are without CO,-

price
(2017 =10 €/tCO,)

1 kW,

100

125

PSI
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https://www.psi.ch/de/media/53333/download
https://www.psi.ch/de/media/53333/download

Bauer, C. (ed.), Cox, B., Heck, T., Zhang, X. (2019). Potentials, costs and environmental assessment of electricity generation technologies - An
update of electricity generation costs and potentials. Paul Scherrer Institute (PSI) adn Swiss Competence Center for Energy Research (SCCER) -

Levelized Costs of Electricity 2050 (Source: PSI)

Thermal Solar Plant (CSP) - Import

Wave and Tidal Plants - Import
Coal with CO2 Sequestration - Import

Coal - Import

Fuel Cells (Natural Gas)

Geothermal (EGS)

Wind Off-Shore - Import
Wind On-Shore - CH

Photovoltaics (Rooftop) - CH
Biomass (agricultural)

Biomass (wood-based)

Biomass (waste-recycling)

Block-type Gas Plant (Combined Heat and Power)

Supply of Electricity o

Combined-Cycle Plant with CO2 sequestration

Natural Gas Combined-Cycle Plant
Small Hydropower Plant
Large Hydropower Plant

Nuclear Power Plants

50, MG, PA:300 kW, PE, 50:1 kW

>100kW <10kW

25

10 kW,

50

1 kW,

Rp./kWh

75

Ohne CO,-Preise

100

125

PSI
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Financing of Post-Operation, Decomissioning, and Disposal

Kostenschatzung
The costs for post-operation, i
decommissioning and disposal of
radioactive waste are included in the price of
nuclear electricity at approx. 1 ct./kWh: E”E‘;‘;?;g’:‘;jf;"’,:’;’;;

. . . Betriebsende
Disposal during operation: transport,

containers, ZWILAG operation, NAGRA.

Post-operation, approx. 3-5 years after
shutdown.

Durch die Betreiber bezahlte,
uber die Fonds gedeckte Kosten

Stilllegungsfonds:
Rickbau der Anlagen

Decommissioning: Dismantling of the plant
to the "green field".

24,0 Mrd. Franken

Nachbetrieb

Gesamtkosten ohne Bundesanteil

Disposal after end of operation until closure

of deep geological repository Entsorgung

Total costs: approx. 24 billion SFr. "‘""""’;'::i,iﬁi

1wy 8ungiosiug-pun-3ungannS-ua1sod/ap/Yyo-iea1oNUSSIMS MMM//:sd1y
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Construction and Deployment of New Reactors ir
USA

Accelerating advanced reactor demonstration & deployment iy,

o ©

N _ NATRIUM
TERRAPOWER &
e GE |SMH
285y e
HERMES
| KAIROS [TEST REACTOR

VTR
DOE |TEST REACTOR
m!&-: “““5'%**
DOME NRIC|TEST BED ¥ |
NR1C|TEST BED
IDAHO NATIONAL LABORATORY

Page 114

PROJECT PELE = VOYGR
DOD]MICRO ] UAMPS &
Xe-100 TR NuScale | SMR

X-ENERGY | SMR

=
-

MICRO =
L
MCRE
MARVEL _ SOUTHERN CO. &

DOE | MICRO % TERRAPOWER |

4 EXPERIMENT

SLaE; - URORA
i T e OKLO |




Nuklearforschung in der Schweiz:
Unsere Mission



Die Nuklearforschungslandschaft der Schweiz

LSp

]

& Aarau

Ziirich
o]

Zug

e Schwyz
Luzern ]

Saman: Stans
=}

Altdorf

Fribourg O

“ 5
iy n |

Fomn s

0,
Scluffhaous)% f}\f‘\
1

OFrausnfeId

Q
Glarus

St. Gallen ot
o]
o D
Herisau
Q
Appenzell

m\L\xﬁf B

i,

A

~
Y

PSI



Die Nuklearforschungslandschaft der Schweiz
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Die Nuklearforschungslandschaft der Schweiz
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Energieforschungsbudget 2022 Betrag (Mio. CHF)

Energieforschung (gesamt) 364.85 (100%)
BN Energieeffizienz 84.60 (23%)
- Erneuerbare Energien 106.49 (29%)
o Fossile Energie (inkl. CCS) 9.34 (3%)
i e _NKernfusion 35.82 (10%)

:‘_"; Kernspaltung inkl. Endlagerung 20.56 (6%)
_ ' Wasserstoff und Brennstoffzellen 22.86 (6%)
/-] Andere Speicher und Netze 24.44 (7%)

S. Churakov
(Waste Management) Energiesystemanalyse 31.00 (9%)

A. Fasoli A. kPautz
(Nuclear Fusion)(Reactor Physics)



Integritat des Reaktordruckbehalters PSI

5G secondary

Pressurizer depressurization
Steam
generator (SG)
Low fluence H iy
feedwaler
Accumulator
syslam
High fluence
Cold leg E;’;:r
- Cora
Entnahme von RDB-Proben (KKB) und Ermittlung der Neutronenfluenz durch Ermittlung der ungiinstigsten Storfall-
mechanische Tests im Hotlab umfangreiche Monte-Carlo-Rechnungen Sequenz fur die Sprédbruchanalyse

Stationary
Power operation

i 4 e irradiated
o Kic |
e Fracture toughness
s00a Ki = f (material, fluence)
_
1e Crak P B
o o — /' Mechanical loading of crack
t ’ K, = f (crack, load path)
_ Safety margin
Fhadng >
' Safety assessment rensients T
Ermittlung des Temperaturfeldes Auswahl der Rissklasse und Ermittlung K <K, focients

wahrend des limitierenden Storfalles der Risslasten Crack loading < fracture toughness



Nukleare Sicherheit: Containment

© Dead-end

- Compartment

[

KONVOI (Siemens) EPR 1600 (Framatome)

SWR MARK-1 (GE)

Das Containment ist die letzte Barriere gegen die Freisetzung von
Radioaktivitat

Viele unterschiedliche Designs mit komplexer Geometrie,
komplexen Mehrphasen-Stromungsphanomenen, aktiven und
passiven Sicherheits-systemen (u.a. zur Vermeidung hoher
Wasserstoffkonzentraticnen)

Experimente zu prototypischen Containment-Phdanomenenin
grossen, international finanzierten Versuchsanlagen als Datenbasis

Nutzung der Experimentaldaten als Grundlage zur Validierung
fortgeschrittener Storfall-Simulationscodes

Kraftwerke nutzen validierte Software zum Storfallnachweis und

Komplexe Prozesse im Containment wahrend eines Storfalls Optimierung der Sicherheitssysteme



Die experimentelle Grossanlage PANDA

~
CYNEA
v EEe—— 25m PCC Pool  IC Pool
- _ IC Pool PPC Pool AvAm—
@” OECD r P = Ic pPCcC (i =l
» : : o . 3xPCC ] L1xIC
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1
GBcs “-\ Reactor m GI;(;S I
Pool Pressure Pool
Vessel
1l
Large Scale: L
= Height: 25 m v E
= Volume: 515 m3 -
Om
—
— Elecr %
ESBWR PANDA Scaling:
Height ~1:1
Volume ~1:40
Power ~1:40

PANDA: eine international anerkannte Referenzanlage (laut OECD/NEA eine ,Forschungseinrichtung
von kritischer Bedeutung®) fir Containment-Sicherheitsphanomene

Seit Juli 2021 arbeitet das PSI am OECD/NEA-Projekt ,,PANDA-SMR*, an dem viele OECD-Mitglied-
staaten beteiligt sind und das einen besonderen Schwerpunkt auf kleine modulare Reaktoren legt.



PSI

Das Hotlabor: die zentrale nukleare Infrastruktur des PSI

Das Hotlabor am PSl ist eines der wenigen Labore in Europa, das noch abgebrannte Brennstabe
in voller Lange aufnehmen kann

Nachbestrahlungsuntersuchungen von Brennstaben bleiben notwendig, mindestens solange
die KKW laufen

Hohe Relevanz auch fur den PSI-Betrieb, z. B. fUr Targetuntersuchungen und Abfallkonditionierung

Exzellente analytische Infrastruktur, einzigartig in Kombination mit den Grossforschungsanlagen
des PSI (z.B. SINQ und SLS)

Anlieferung von Brennstdben Hot Lab Shielded FIB Herstellung von Mikroproben Imaging an der Swiss Light Source (SLS)



Mogliche Standorte in der Nordschweiz

Blilach: Bohrprofile und Bohrplattform

Unterstutzung der Tiefbohrkampagnen der Nagra

"Ziirich Nordost (ZH, TG}

Nérdlich Lagern (ZH, AG)

I Standortgebiete fiir sch -
und mittelaktive Abfalle (SMA) (Zwischenergebnis Etappe 2]
- Standortgebiete fiir hochaktive
Abfille (HAA); SMA tiberdeckt

wach: @ Standortareale fiir die Oberflichenanlagen

Diffusionsexperimente mit kompaktierten Gesteinsproben

s
C . S | ] ZP‘:
C SPW with - s
u Cs-133

Cs + C5-133

W T8O
[ |

PSI



SCK CEN erhalt 100
Millionen Euro fur
Forschung an modularen
Kernreaktoren

Verdffentlicht am 24052022 um 1633

Das Kernforschungszentrum SCK CEN in Mol (bei Anwerpen)
wird von der Féderalregierung ein Forschungsbudget von 100
Millionen Euro erhalten. Dies sagte Premierminister Alexander
De Croo (Open VLD) am Dienstag anlasslich der Feierlichkeiten
zum 70-jéhrigen Bestehen des SCK CEN.

Government to permit final disposal of
spent nuclear fuel at Forsmark

Published 27 January 2022

The Government has today decided to permit the final disposal of
spent nuclear fuel at Forsmark in Osthammar Municipality. The
Government has also decided to permit construction of the
encapsulation plant that is needed to handle the spent nuclear
fuel in Oskarshamn Municipality.

“Sweden and Finland are the first countries in the world to take
responsibility for nuclear waste. This will be a secure spent fuel repository
that will provide safety for both the environment and people. In addition, it
provides long-term conditions for the Swedish electricity supply and
Swedish jobs,” says Minister for Climate and the Environment Annika
Strandhall.

ENERGY * EDITORS' PICK

Finland Breaks Ground On
World’s First Deep Geologic
Nuclear Waste Repository

James Conca Former Contributor @
I write about nuclear, energy and the environment

May 31, 2021, 08:00am EDT

® Listen to article 10 minutes -:I"IIl |

The Radiation and Nuclear Safety Authority of Finland has certified the
process. Operation of the repository is expected to begin in 2023. The
total cost estimate is about €2.6 billion ($3.4 billion).
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Release of Radioactivity from Nuclear Waste

Figure 1-1. Example of modelling the performance of the geologic repository for high level waste (Belgian case):
expected radiation dose to most exposed individual, compared to maximum allowed dose and to natural radiation dose
1000 -
100 1
v
0
3 10 4
T T |
38 4
> .
£ :15" 0.1
£ e
T - 0.01
=
£ 0.001
T
0.0001 |
0.00001
0.000001 |
0.0000001 |
1E"DE | T T T T
1000 10000 100000 1000000 10000000
time (years)
- calculated maximum individual dose from repaository == dose limits for geological disposal average individual dose by natural exposure
Quelle: “Technical assessment of nuclear energy with respect to the ‘do no significant harm’ criteria of Regulation (EU) 2020/852 (‘Taxonomy Regulation’)”, 2021 Page 125
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Was bedeutet nukleare Sicherheit? } PSI
Primares Ziel ist der Schutz von Mensch und {L\@
~ IAEA

Umwelt vor den Gefahren radioaktiver Strahlung

Nuclear Energy Agency

@@% A\ ‘4) NEA
 Wirksamer Einschluss radioaktiver Substanzen

innerhalb des Kraftwerks: Gestaffeltes Sicherheits-
und Barrierenkonzept (Defense-in-Depth)

Betriebserfahrung, neue

. . . . . . . Sicherheitsaspekte, Ereignisse
* Best Practices in Design: inharente Sicherheit, P &

State-of-the-Art-Berechnungsmethoden, aktive und passive o | g
= 5 £
Sicherheitssysteme, hohe Qualitatsmassstabe @ & %”
£| 88

* Aus Fehlern lernen: Akkumulation von internationaler 2=

Betriebserfahrung, Meldesystem fur Ereignisse,
internationales Kontrollregime

* Demonstration der Vermeidung und Beherrschung von
Storfallszenarien durch Simulation und Experiment

Und deswegen: Sicherheitsforschung!

Simulation und Modellierung



Gestaffelte Sicherheit: Barrierenkonzept

Pressurizer

1. Barriere: Hillrohr Brennelement (DWR) Druckbehilter (DWR) 2. Barriere: Primarkreislauf (DWR)
Fuel Pellet und Hullrohr  (ca. 200-300 Brennstabe) (ca. 150-200 Brennelemente (300 °C, 150 bar, 30 t/s Kerndurchsatz)
bzw. bis zu 60’000 Stabe)




Gestaffelte Sicherheit: Barrierenkonzept

1. Barriere: Hiillrohr Brennelement (DWR) Druckbehilter (DWR) 3. Barriere: Containment (KKW Gosgen)
Fuel Pellet und Hillrohr  (ca. 200-300 Brennstabe) (ca. 150-200 Brennelemente (V=91'000 m3, Auslegungsdruck 6,3 bar )
bzw. bis zu 60’000 Stabe)



Lebenszyklus des Schweizer Nuklearbrennstoffs




Lebenszyklus des Schweizer Nuklearbrennstoffs

Verladen von Transport-
in Endlagerbehalter
)
.

| . =g : 8 ;. e
- : Verladung in den . Langfristige
Ca. 5 Jahre Nasslagerung Transportbehalter Transport zum ZWILAG Trockenlagerung




NPPs in operation PSI

7 :-‘!:a;_ =
@“‘n g

M In operation | ' Europe (Status March 2024):
| " OB - 167 NPPs in operation (148 GWe)
* 9 NPPs under construction (10.1 GWe)

* several planned

Worldwide
* 415 NPPs in operation (373.3 GWe)
« 57 NPPs under construction (59.2 GWe)



NPPs under construction | PSI

B In operation

B Under construction | 3 © 167 NPPs in operation (148 GWe)
: * 9 NPPs under construction (10.1 GWe)
* several planned

Worldwide
* 415 NPPs in operation (373.3 GWe)
« 57 NPPs under construction (59.2 GWe)



NPPs planned PSI

B In operation
B Under construction
| Planning new ones

8 ° 167 NPPs in operation (148 GWe)
* 9 NPPs under construction (10.1 GWe)
* several planned

Worldwide

* 415 NPPs in operation (373.3 GWe)
» 57 NPPs under construction (59.2 GWe)
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Countries in decision-making phase

B In operation

B Under construction

| Planning new ones

B Decision-making phase

167 NPPs in operation (148 GWe)
* 9 NPPs under construction (10.1 GWe)
* several planned

Worldwide
* 415 NPPs in operation (373.3 GWe)
« 57 NPPs under construction (59.2 GWe)




NUWARD (France)

Containment
e "—""hﬂr : “.-.

v o Flexible operation between 20% to
Nfﬂ.f"' | ‘ 100% of rated power
RPV
J w0
g

*
*
*
*
*
- *
*
*
‘O
*

:i"ﬂ% ; 2 FUII Pool

— - - T & TR T T S— —— "aa,
© AT e R TRy C T T

(General characteristics

. 2 reactors of 540 MWth STRATEGIC SUPPORT FROM FRENCH GOV.
. 2 containment structures submerged in water 2020: EUR 50 M (French Recovery Plan) for Conceptual Design
. 1 Nuclear Island semi-buried (25 m) protected

; _ 2022: EUR 500 M ("France 2030" plan)
against aircraft crash
o 2 generation units of 1770 MWe 2026: Start of licensing procedure, first concrete by 2030

1 Page 135
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Rolls-Royce (UK) AP300 (Westinghouse, US)

~470 MWe net output

4 yron-site Construction
(Fleet unit)

1 unit on grid early 2030s

Capital cost under
€2.3bn*

LCOE range €39-€56 per
MWh**

* 2021 economics, fleet unit; £1:€1.1406 (5yr average), costs based on UK labour rates
** 2021 economics, 2 unit plant, range dependent on financing mechanism Page 136
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Small Modular Reactors (LWR-SMR): Integral Modules

STEAM LINE
FEEDWATER LINE
. STEAM DIJME (SELF PRESSURIZED)
- A
om '54 A CONTROL RODS MECHANISMS
|
- : E\f 1 "._
REACTOR VESSEL
Vg :
ﬁ STEAM GENERATORS
7l
g _ BARREL
ﬁ' - SUPPORT TRUNNION
4 ‘ _:i N\ STEAM GENERATOR \
o
N

W T'6T

NUCLEAR CORE

v

Westinghouse Small Modular Reactor 225 - 4’ 4 'Im:
MWe NuScale 77 MWe Module CAREM-25MW (3.2 x 11 m)



Reduced EPZ Size for Small Modular Reactors (USA)

US NRC has been very strict on the 10/50-miles
EPZ, with very few exceptions (one gas-cooled
reactor, PWR <250 MW with 5 miles plume
exposure pathway)

SMR vendors push for reduced EPZ:

e Strongly decreased cost of maintaining
emergency preparedness

e Siting closer to densely populated areas,
particularly important for district heating
applications

e New SMR can replace older coal-fired power
stations, with little additional siting
requirements

PSI

2 570

=)
o =360
S
s 850
g
=)
= 0
= 540
=
3
2 830
)
o)
—
:J -
g 520
58}
,_i:
bt g
g 510

%0 SENERRRN
10 Mile EPZ 5 Mile EPZ 2 Mile EPZ EPZ at Site Boundary
Emergency Planning Zone (EPZ) Distance

@ O&M: Lifetime for offsite planning mCC: Evacuation Time
BCC: Emergency Operations Facility/Joint Information Center  8CC: Alert and Notification

System
@ CC: Initial Offsite Response Organization Plan
Development

Seite 138



Reduced EPZ Size for Small Modular Reactors (USA)

NuScale submitted a “Methodology
for Establishing the Technical Basis for
Plume Exposure Emergency Planning
Zones,” TR-0915-17772-NP, Revision 2,
August 2020. ADAMS Accession
Number ML20217L422.

* The EPZ should encompass areas in which projected dose from design basis
accidents (DBAs) could exceed 10 to 50 mSv TEDE (requiring evacuation and

sheltering, respectively).

Application of other external

Mechanistic hpproach for Source Term Determination considerations to source term

Establishment of EPZ l

undertaken by Applicant

Probabilistic Deterministic : // Atmospheric /
Safety Analysis Safety Analysis ,.-': Relassas 1" dispersion and S/
/ deposition /
4 [ A y £ / models F
/ PIEs (Postulated / | |
/ Initiating Events /! I
a:‘::::;::‘:?;] .),.rj Dose assessment and
L / distributionin |«
consideration of PALs
¥ ..
Assessment of f externa I local
f (security, town limit
ion time estimat ocial
factors etc.)

Site Evaluation work

Physical Design of

in advance of licensing Reactor Facility

Health Canada Guidelines
for Protective Action Limits
(PAL’s)

EPZ 7/

* Oct 2022: NRC / ACRS approves NuScale Methodology for SMR EPZ, resulting in an
EPZ of approx. 500 meters radius (for a specific site in Utah)

Seite 139



) PSI

Kleine Modulare Reaktoren (LWR-SMR): Antwort auf Fukushima

*FLEXBLUE (Design: DCNS): Konzept 50-250 MW, fur einen DWR in 100 m
Wassertiefe

e Kleiner DWR mit passiven Sicherheitssystemen ahnlich dem AP-1000
e \/ollstandig ferngesteuerte Anlage (keine Betriebsmannschaft an Bord)

e Notkuhlsystem ca. eine Woche autark, bis menschliches Eingreifen
(NotfallmaBnahmen) erforderlich wird

Preliminary design
¢ Qutput 50-250 MWe

¢ Length
¥ Diameter
* Mass ~12 000 t

* Moored at a depth of 60 to 100 meters
a few kilometers off shore

. Submarine power cables

*. Electricity requirements of regions
with a population of 100 000 to
1000 000

Seite 140



A new race to space Russia and China planning

nuclear power plant on Moon by
SPACE TRANSPORTATION AND NUCLEAR [ S0e¥S

PROPULSION

®esa The joint project between the two countries could be a step towards
establishing future lunar settlements.

March 6, 2024

NASA Announces Artemis
Concept Awards for Nuclear
Power on Moon @

Share this article <
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Lastfolgebetrieb von Kernkraftwerken  PSI

1.20&? i

- 900 | Wil W(T
- |

= | i1

= RRIR

ECI-EI-Il
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1 5 S 13 17 21 25 29 1
August 2009

Quelle: Areva 2010, Fuchs/Timpf 2011

Lastfolgenbetrieb eines norddeutschen Kernkraftwerks im August 2009
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