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Integrated energy-economic systems analysis at PSI

We analyse energy transition pathways to identify
technologies and policy strategies for sustainable,
secure and resilient:

* Energy systems and markets

A\
* Economyand society Integrated
Assessment
We use: [ Analysis
« energy-economic models and analyses Social I
. . Energ Energy
* scenario techniques /

: ' Markets
to explore the energy systems transformations Behaviour |

Analysis Energy Analysis

Systems

We collaborate with specialists in: .
Analysis

* Grids and sectoral analyses

* Social sciences and macroeconomic analyses
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PSI

Energy Planning in a Shifting World

IEA Nuclear shares in Global Energy Supply, 2040
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PSI

IEA WEO Nuclear Capacity Projections, World 2040
1000
900
800
700
600
500

400 2023:416 GW

300
200
100

0

NPS*, 2 °C*, NPS*, 2°C*, NPS*, 2°C*, NPS, 2°C, NPS, 2°C, NPS, 2°C, NPS, 2°C, NPS, 2°C, NPS, 2°C, SPS, 2°C, SPS, 15 SPS, 15 SPS, 15 SPS, 15
2011 2011 2012 2012 2013 2013 2014 2014 2015 2015 2016 2016 2017 2017 2018 2018 2019 2019 2020 2020 2021 °C, 2022 °C, 2023 °C, 2024 °C,
2021 2022 2023 2024

GW

IEAWEO series (2007 —2024)

5 PSI Centers for Nuclear Engineering and Sciences & Energy and Environmental Sciences 13.04.2025



O

Three Worlds, One Atom:
Diverging Nuclear Features in WEC’s Global Visions




Global Energy Transitions: WEC Scenarios (2013 -2019)  PSI

WEC is a UN-accredited energy body with 3000 members in 90 countries

The World Energy Scenarios are stakeholder-informed scenarios quantified by PSI
- are published every 3 years as flagship reports

- are highlights at the World Energy Congress (4000 delegates)

Com gy futures to 2050
Wi
WorldEnergyScsrarios WORLD
™ WORLD. ENERGY
Usfished Hur COUNCIL
/

Imports/ Energy
exports [ B storage 1
Energy !
transfor-  Energy Energy
Resources mation delivery demand
extraction = = infra- = Scenarioﬂzow
structure

\_ J

Definition of storylines in regional stakeholder Quantification with the Global Markal

Launch of the report at
World Energy Congress

workshops to identify energy transition challenges Model -GMM energy systems model of PSI

KoberT., Panos, E. et al (2019)
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§ PSI

WEC scenarios storylines WEC Results: CO, emissions from fuel combustion (GtCO,/yr.)

Modern Jazz (market oriented) 40

* Market chooses technologies
* Technology innovation and digitalisation

35 Hard Rock: towards +3°C
/(2010-2060)=1800 GtCO,

30
25 Modern Jazz: +2.5°C pathway
20 [(2010-2060)=1600 GtCO,

» Strong policies focusing on sustainability -

* Unified climate action Unfinished Symphony: Slightly above 2°C
10 /(2010-2060)=1200 GtCO,

Hard Rock (fragmented policies) 5
*Low global cooperation 0
* Focus on energy security 1960 2010 2060

KoberT., Panos, E. et al (2019)
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Global installed nuclear capacity in WEC scenarios series (GW/yr.)
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In 2050, across all scenarios and years of the study:
EU31:83-93 GW, USA: 100-120 GW, China: 138 -283 GW, India: 50-129 GW

WEC scenarios reports (2013-2019)
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Stakeholder views are more cautious when it comes to nuclear PSI

deployment than normative model-based scenarios

% of Nuclear energy share in total primary energy supply, World 2050
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Energy Futures in a World of Uncertainty: Where does
Nuclear Stand?



IPCC AR6 vs IAEA reports: global nuclear capacity in 2050

Histogram of Nuclear Capacity in IPCC AR6 Scenarios in 2050 IAEARDS Nuclear Capacity Projections, World 2050
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Nuclear uptake in the context of climate change uncertainty y PSI
(doing nothing, achieving 2°C, aiming for 1.5°C)
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Probability distributions of global nuclear electricity (PWh) in 2050

Climate change mitigation action starts from 2030 aiming at 2°C
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The Quiet Giant: Nuclear Power in the EU’s Climate
Agenda




The Swiss-EU TIMES modelling framework of PSI
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* Fullenergy system representation
e Multi-carrier and multi-sectoral model

* Longhorizon pathways (2020 - 2050+)

* Ageing structure of technologies

* Endogenous expansion of grids

* Flexibility and demand management

* Endogenous extensions of nuclear reactors

40+ peer-reviewed publications with STEM
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Scenarios definition . PSI

* EED energy efficiency (EU2023/1791)

 EPBD buildings performance standards (EU2018/844)
 ETS (all revisions up to EU2023/959)

« EURED lll renewable targets (up to EU2023/2413)

Baseline * GHG effort sharing (up to EU2023/857)

* Vehicle emissions standards (EU2019/631, EU2023/851)
(policies in the legislation until * Heavy vehicle emissions standards (EU2019/1242)
1.1.2024) * Coal phase out 2030 in DE, DK,FI,GR,HU,IE,IT,NL,PT,SI,SK,ES

* Intra-EEA aviation in EU-ETS

* NTC electricity capacities as in ENTSO-E TYNDP 2022 plan

* Reduction of nuclear share in France

* New nuclear plants those under construction/advanced planning

* GHG emissions from 1990: -55% in 2030, -90% in 2040

* Net-Zero GHG emissions in 2050 at the EU-level

* Individual net-zero GHG emissions targets of the member states
Net-Zero Scenario * GHG emissions reduction scope as in the EU Climate Law

- includes LULUCF and 50% of the international transport

* Refuel aviation SAF mandates

* EU-ETS-2 from 2030 (although incl. in 2023 revision of EU-ETS)

* New nuclear power as per optimizer
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Net-Zero vs Baseline: +10 GW of nuclear capacity in 2050 PSI
L ) m Poland
Installed capacity in the EU-27 (Net-Zero Scenario) ) .
Lithuania
110 — m Netherlands
100 B Slovenia
90 B Romania
80 _ ilovzkla
ungary
70 m Bulgaria
60 m Finland
50 W Czechia
40 W Belgium
W Spain
30
m Sweden
20 B Germany
10 W France
0 I Baseline scenario

2020 2030 2050

Panos E., etal. (2025)
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Who invests in the EU in new nuclear capacity?

40 GW Capacity additions in the EU-27 (Net-Zero Scenario) = Poland
Lithuania

B Netherlands

12

H Slovenia

- B Romania

Slovakia

10

6

4

ull

0 — B Germany

2025 2030 2035 2040 2045 2050 W France

W Hungary
m Bulgaria
m Finland

m Czechia
W Belgium
MW Spain

B Sweden

Panos E., etal. (2025)
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Democracy, Decarbonisation and the Atom:

Switzerland’s Path to Net-Zero



Timeline of Swiss Nuclear Power - 60 years of Referendums PS|

Secure,
parsimonious &

Energy Strategy
2050 (no new
nuclear power,
current ones
run as long as
they are safe)

L58.2%

energy
X rejected

Federal law on
nuclear power
plants

Complete
nuclear phase
out

X rejected

Limit lifespan of
nuclear reactors to
45 years

Constitutional
amendment
on nuclear

For a future
without further
nuclear power

L168.9%

1. Electricity
without nuclear

energy and . ®e, ) X rejected
radiation .0 .. 2. EXtendlng .o
protection - 1979 10-year previous o
. new nuclear X rejected / _<*° 9016
o °e power plants
p 1984 °0.
. 1454.5% K
1957 ° oo’ 2003
1990 Source: Own illustration
Persistent Public Ambivalence: never fully embraced or fully rejected nuclear power
Pivotal decisions on shaping nuclear energy in Switzerland: the 10yrs moratorium in 1990) and the Energy Strategy in 2017
Forthcoming referendum on «Blackout Initiative» to lift nuclear investment ban in 2025
13.04.2025
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A cost-optimal pathway to a climate neutral energy system

Mt CO,/yr

2020 2030
12% Heat Pumps
38% EVs in car sales
3 GW solar PV 8 GW solar PV
33300 kWh/cap TPES 26300 kWh/cap TPES
40
35 i
30
25
20
15
10
5
0
-5
2020 2025 2030 2035

@ Industry @ Services @ Residential @ Transport

Panos E., et al. (2023b)
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2040

Energy sector

2050

75% Heat Pumps

83% EVs in car stock
27 GW solar PV

11 TWh hydrogen

9 Mt CO2 captured
17500 kWh/cap TPES

Business-As-Usual

2045 2050

----- Total BAU

PSI

NPV @2.5%:
97 billion CHF
or 12% of GDP,,;

*TPES - Total Primary Energy Supply

13.04.2025



In view of the net-zero challenge, and security of energy supply
concerns has the nuclear opinion in Switzerland changed ?

80%

PSI

70%

60%

50%
40%
30%
20%
10%

0%

Part of energy Part of energy Part of energy Lift ban on Lift ban on Construction Construction Prolongation
mix (2/2022) mix (7/2022) mix (8/2022) new nuclear new nuclear of new power of new power of existing
plants plants plants plants power plants

(3/2023) (9/2024) (3/2023) (3/2024) (3/2024)

Several surveys (see references)
between 2/2022 - 9/2024)
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A net-zero system needs all domestic options

Electricity supply TWh/yr.
(60 yrs lifetime for nuclear)

90
80

1 oy O

60

50
40
3
2
10
0

-10

o O

2020 2030 2040 2050

NPV from the cost optimal pathway:

Panos E., et al. (2023b)

Electricity supply TWh/yr.
(50 yrs lifetime for nuclear)

2030 2040 2050

| -

Bl Other
Wind/Solar

Bl Nuclear

I Hydropower
Net Imports

=== Electrification gap
- Bring energy
savings forward
- Increase reliance
on CCUS
- Increase imports

N

+ 11 billion CHF

This cost difference is the system value of nuclear 10yrs lifetime extension

24 PSI Centers for Nuclear Engineering and Sciences & Energy and Environmental Sciences

PSI

Cumulative (2030-2050) impacts
of 10yrs nuclear life extension
in TWh/yr.

i

Additional Avoided Wind/Solar Avoided
Electrification Energy Electricity Electricity
of demand Savings Imports
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Overall key take aways PSI

Nuclear futures are shaped as much by societal and political consensus as by technical models, costs

Stakeholder-informed scenarios suggest a cautious optimism rather than a deterministic nuclear expansion

* Many scenarios in the past have had nuclear capacity extensions not materialised

Despite uncertainty, nuclear remains a “quite giant”

* Inthe EU, new nuclear investment is targeted and politically / geopolitically contingent

 Switzerland shows a unique path for nuclear, based on direct democracy, despite persistent ambivalence

* Lifetime extension of existing reactors: low-regret, high-impact action to bridge toward net-zero goals

* Nuclearinvestments need clear and early policy signals —if bans are lifted without strong government support,
they will create nervousness and uncertainty in the market, also affecting renewable energy deployment
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PSI Center for Nuclear Engineering and Sciences
. Center for Energy and Environmental Sciences

What is coming in PSl energy economic modelling 2025 - 2027:

Socio-economics of energy transition
Scalable energy system analysis
Markets and energy infrastructures

Nuclear technology holistic analysis



Ongoing PhD: Holistic energy systems analysis of nuclear
energy in a Swiss context

What are the short-term and long-term benefits/risks of nuclear power implementation in
Switzerland? Can nuclear play a role in the country’s Energy Transition?

» Energy-Economic Systems Lucas Javier Fernandez de Losada
Analysis on the role of MSc Nuclear Engineering (EPFL/ETH)
nuclear in electricity and new

energy markets e T 3
. : Energy systems analysis (EEG) I
> Life Cycle Assessment of : - implementing different LTO options I
new nuclear builds to quantify : - spec. of nuclear co-gen (heat and H2) plants  imports/ Energy :
GHG emissions and other [ and new reactor concepts in the model in a [ €XPerts storage 1
) ] : dynamic very long-term perspective (2070) J Resource Energy :
environmental Impacts Specification : - Advanced uncertainty analysis T‘::e‘::ble i i‘;:::_p"" I > System config.
. . . L. of nuclear : - Scenario analysis scoping on carbon Nenrenew- structure : under different
> Multi-Criteria Decision technology =2 : neutrality and further energy policy I scenarios
Analysis to weigh trade-offs of major I objectives | > Nuclear tech.
and benefits in energy Interest I I deployment and
. ! ! investments
1 |
system, environment and : Analysis of safety context (RHR) Environmental analysis (TAG) : - Environmental
economy that nuclear ! . | and safety
technologies may bring I - e - LCAon nuclear technologies I implications
: - Hydrogen and heat (co-gen) with co-gen as applicable :
I production at a NPP site - GHG and other environmental I
: impacts I
1 1
1 1
| !
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- PSI Center for Nuclear Engineering and Sciences
Center for Energy and Environmental Sciences

Thank you!

My thanks go to:

- Tom Kober (FHNW)

- Kannan Ramachandran (PSI)

- Martin Densing (PSI)

- Stephan Hirschberg (PSI)

- Lucas Javier Fernandez de Losada (PSlI)
- Russell McKennan (ETH/PSI)

Dr. Evangelos Panos, Energy Economics Group,

Laboratory for Energy Systems Analysis
evangelos.panos@psi.ch

Subscribe to
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Follow us on
LinkedIn
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