Insights from modeling the European and
Swiss electricity future

Prof. Evelina Trutnevyte
University of Geneva

24 January 2025

:.’ 12t Swiss Symposium on
@" Thermal Energy Storage

RENEWABLE ENERGY SYSTEMS

% ,é‘? ) UNIVERSITE
) DE GENEVE

FACULTE DES SCIENCES

SW e et swiss energy research
for the energy transition

- 3
» A
4o
ke
REPUBLIQUE
ET CANTON
w DE GENEVE

DE GENEVE



- —«@

For today RES

* Current targets and the needed transformation of the electricity sector

e Expected progress for now

* Implications for thermal energy storage
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Net-zero carbon emission targets RES

Electricity sector
needs to
decarbonize first
to allow other
sectors to
decarbonize

I Achieved (self-declared) [] Pledged [l InLaw [ In Policy Document [l Proposed | | No data
Data source: Energy and Climate Intelligence Unit, Data-Driven EnviroLab, NewClimate Institute, Oxford Net Zero - Net Zero Tracker

(2023)
OurWorldinData.org/co2-and-greenhouse-gas-emissions | CC BY
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70% emissions reduction in the European electricity sector by 2035 (1) ES

Frozen (~continuation
generation |of today)

and storage
capacity

Technologies Generation capacities
@ Wind (onshore) @ Woody biomass @ Geothermal @ Lignite
@ Wind (offshore) @ Waste @ Nuclear @ Pumped hydro 200 GW
Solar (roof) @ Hydro dams ® Gas Battery 100 GW
Solar (open) Hydro run-of-river @ Oil Hydrogen
@ Biogas Small hydropower @ Hard coal ® 16w

Source: Sasse & Trutnevyte (2023) Nature Communications
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70% emissions reduction in the European electricity sector by 2035 (1) ES

Frozen (~continuation
generation |of today)

and storage
capacity

system reduction)

costs

Minimum (70% emissions

Technologies

@ Wind (onshore) @ Woody biomass

@ Geothermal @ Lignite

@ Wind (offshore) @ Waste @ Nuclear @ Pumped hydro
Solar (roof) @ Hydro dams ® Gas Battery
Solar (open) Hydro run-of-river @ Oil Hydrogen

@ Biogas Small hydropower @ Hard coal

Source: Sasse & Trutnevyte (2023) Nature Communications

Generation capacities

200 GW

100 GW
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Wind (onshore)
Wind (offshore)
Solar (roof)

Solar (open)
Geothermal
Biogas

Woody biomass
Waste

Hydro dams
Hydro run-of-river
Small hydropower
Nuclear

Gas

Oil

Hard coal

Lignite

Pumped hydro
Battery

Hydrogen

Source: Sasse & Trutnevyte (2023) Nature Communications

70% emissions reduction in the European electricity sector by 2035 (2)

Installed capacity
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*MGA — Modeling to Generate Scenarios
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70% emissions reduction in the European electricity sector by 2035 (2) RES

Installed capaC|ty

Wind (onshore)
Wind (offshore)
Solar (roof)
Solar (open)

Geothermal
Biogas

Woody biomass
Waste

Hydro dams
Hydro run-of-river
Small hydropower
Nuclear

Gas

QOil

Hard coal

Lignite

Pumped hydro

| Battery

Hydrogen

Source: Sasse & Trutnevyte (2023) Nature Communications

¥ O

200 400
GW

248 MGA scenarios
Minimum system costs

Frozen generation
and storage capacity

Certain technologies

Cost competitiveness, growing markets, decreasing
risk, modular and hence easier projects etc.

*MGA — Modeling to Generate Scenarios 7
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70% emissions reduction in the European electricity sector by 2035 (2) RES

Installed capacity

Wind (onshore)
Wind (offshore)
Solar (roof)
Solar (open)

Geothermal
Biogas

Woody biomass
Waste

Hydro dams
Hydro run-of-river
Small hydropower

Nuclear
Gas

Qil

Hard coal
Lignite

Pumped hydro

| Battery

Hydrogen

Source: Sasse & Trutnevyte (2023) Nature Communications

200 400
GW

248 MGA scenarios
Minimum system costs

Frozen generation
and storage capacity

¥ O

Certain technologies

Cost competitiveness, growing markets, decreasing
risk, modular and hence easier projects etc.

Declining technologies

Declining markets and supply chains, ever increasing
transition risk, high complexity of nuclear projects
etc.

*MGA — Modeling to Generate Scenarios 8
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70% emissions reduction in the European electricity sector by 2035 (2) RES

Installed capaC|ty

Wind (onshore)
Wind (offshore)
Solar (roof)
Solar (open)

)

%k Geothermal

%k Biogas

%k Woody biomass
%k Waste

% Hydro dams

sk Hydro run-of-river
sk Small hydropower

Nuclear
Gas

Qil

Hard coal
Lignite

% Pumped hydro

| Battery

%k Hydrogen

Source: Sasse & Trutnevyte (2023) Nature Communications

¥ O

200 400
GW

248 MGA scenarios
Minimum system costs

Frozen generation
and storage capacity

Certain technologies

Cost competitiveness, growing markets, decreasing
risk, modular and hence easier projects etc.

%k Optional technologies

Good low-carbon technologies with limited market
potential (e.g. geothermal) or some risk/uncertainty
(hydrogen)

Declining technologies

Declining markets and supply chains, ever increasing
transition risk, high complexity of nuclear projects
etc.

*MGA — Modeling to Generate Scenarios 9



35 TWh new renewable electricity in Switzerland by 2035 (1)
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Annual generation and net import in 2035, TWh/year
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6.0TWh
-23%

97%
=

8.3TWh
+6%
>100%

4.5TWh
-42%

>100%

Focus on Focus on PV Focus on

diversity

with
batteries

productivity

35 TWh of new renewable

electricity

Hydropower Solar PV m Wind power Biomass and waste W Gas Netimport
* Net winter import in TWh and its change in % as compared to winter 2021/2022 (7.8 TWh)
** Share of all renewable generation on annual basis
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RES

Assumed demand:

8.5 TWh heat pumps +
5.0 TWh EVs + 47.7 TWh
other = 61.2 TWh

Note: Electricity
interconnection with
neighbouring countries
remains key!

Source: Renewable Energy Outlook 2024,
Heinisch et al. (2023) Applied Energy
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35 TWh new renewable electricity in Switzerland by 2035 (2) RES
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Focus on Focus on PV Focus on Focus on Focus on PV Focus on remains key l
diversity with  productivity diversity with  productivity
batteries batteries
17 TWh of new renewable 35 TWh of new renewable
electricity Y electricity
Hydropower Solar PV m Wind power Biomass and waste W Gas Netimport
* Net winter import‘i: ;\:\/h anfd i|t|S changebiln % as cotr'npared to wir;:)er .2021/2022 (7.8 TWh) Source: Renewable Energy Outlook 2024,
are of all renewable generation on annual basis Heinisch et al. (2023) Applied Energy
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Expected progress in Europe (1)

Solar PV in Germany
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Exceedance Required quantities:
probability o European Green Deal - Fit for 55

ggg ¢ TYNDP 2022 - National Trends
0'5 Data suitability indicator:
' © Short historical diffusion
0.75 A Rates in historical diffusion decrease
0.95 W Multi-S-curve in historical diffusion

Source: Zielonka and Trutnevyte (2025)
iScience, Zielonka et al. (2023) PNAS Nexus
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Expected progress in Europe (1) RES

Solar PV in Germany

v

400 i Exceedance Required quantities:
probability o European Green Deal - Fit for 55

Solar PV [GW]

ggg ¢ TYNDP 2022 - National Trends
0'5 Data suitability indicator:
200 w ' © Short historical diffusion
0.75 A Rates in historical diffusion decrease
0.95 W Multi-S-curve in historical diffusion

0 I I I I I
201020202030 2040 2050

Source: Zielonka and Trutnevyte (2025)
iScience, Zielonka et al. (2023) PNAS Nexus
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Expected progress in Europe (2)

6P

RES

Solar PV
Germany France Italy Austria Switzerland
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Exceedance Required quantities:

v v

probability o European Green Deal - Fit for 55
ggg © TYNDP 2022 - National Trends
0'5 Data suitability indicator:
' 6 Short historical diffusion
0.75 A Rates in historical diffusion decrease Source: Zielonka and Trutnevyte (2025)

0.95
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WY Multi-S-curve in historical diffusion

iScience, Zielonka et al. (2023) PNAS Nexus
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Expected progress in Europe (3)

Offshore wind power [GW] Onshore wind power [GW]
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Wind power

France Italy Austria Switzerland
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Exceedance
probability
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0.95
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Required quantities:
o European Green Deal - Fit for 55
¢ TYNDP 2022 - National Trends
Data suitability indicator:
© Short historical diffusion
A Rates in historical diffusion decrease
W Multi-S-curve in historical diffusion

s

Source: Zielonka and Trutnevyte (2025)
iScience, Zielonka et al. (2023) PNAS Nexus
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Expected progress in Europe (4) RES

Heat pumps

Germany France Italy Austria Switzerland
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Exceedance Required quantities:

probability o European Green Deal - Fit for 55
g'gg o TYNDP 2022 - National Trends
05 Data suitability indicator:
: © Short historical diffusion
0.75 A Rates in historical diffusion decrease
0.95 W Multi-S-curve in historical diffusion Source: Zielonka and Trutnevyte (2025)

iScience, Zielonka et al. (2023) PNAS Nexus
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Expected progress in Switzerland in more detail (1) RES

Solar PV projections with data until...

2021 2022 2023
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Expected progress in Switzerland in more detail (2) RES
Solar PV Heat pumps
50 7 Exceedance é 2.5 1 "
E probability o E
= 0-25 q 3 o (0) Prognos et al. 2020
o 30 0.5 = 1.5 - (¥) Consentec et al. 2022
g 0.75 o 8 (*) Verband
© 20 4 0.95 i B Schweizerischer
E < 1.0 A ° ; Elektrizititsuntemehmen
- s v (VSE) 2022
U—QJ 10 ‘é’ 0.5 *)
0 J S /
1 1 1 1 1 1 EB 0.0 T T T T T T
2000 2010 2020 2030 2040 2050 2000 2010 2020 2030 2040 2050
12GW// ~ 12 TWh in 2035 570’000 buildings // ~ 5 TWh in 2035
REO: >25 TWh REO: 8.5 TWh Source: Zielonka et al.

(2023) PNAS Nexus
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The potential role of hydrogen RES
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The potential role of hydrogen RES

2035 2050
Hydrogen demand =
2 SN 5 in [GWhy,] ‘\-. .‘,p BN
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Source: Wallinger et al. (submitted) International Journal of Hydrogen Energy
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The potential role of hydrogen RES

15
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= ‘v - hydrogen hydrogen as hydrogen hydrogen as
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Hydrogen : i =
as a niche o .
— Hydrogen production Hydrogen consumption
from electrolysis in fuel cells
- Hydrogen production = Hydrogen cons_umption
from chemical byproduction in gas combustion plants
Hydrogen consumption — Net h){drogen imports
WS from transport, industry, heat (negative=export)

Source: Wallinger et al. (submitted) International Journal of Hydrogen Energy
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Implications for thermal energy storage RES

* For reaching net-zero emissions target, complete transition to zero-carbon electricity is
needed to decarbonize the other sectors through electrification
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Implications for thermal energy storage RES

* For reaching net-zero emissions target, complete transition to zero-carbon electricity is
needed to decarbonize the other sectors through electrification
e Heat pump uptake needs to be sped up in many European countries and thermal
energy storage facilitates the adoption of heat pumps
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Implications for thermal energy storage ES

* For reaching net-zero emissions target, complete transition to zero-carbon electricity is
needed to decarbonize the other sectors through electrification
e Heat pump uptake needs to be sped up in many European countries and thermal
energy storage facilitates the adoption of heat pumps
* Heat pump uptake is nonetheless progressing. Increasing electricity demand for
heating will contribute to the winter electricity gap
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Implications for thermal energy storage ES

* For reaching net-zero emissions target, complete transition to zero-carbon electricity is
needed to decarbonize the other sectors through electrification
* Heat pump uptake needs to be sped up in many European countries and thermal
energy storage facilitates the adoption of heat pumps
* Heat pump uptake is nonetheless progressing. Increasing electricity demand for
heating will contribute to the winter electricity gap

* Solar PV and wind power are the key technologies to deliver electricity sector
transformation and they complement each other to close the winter gap

RENEWABLE ENERGY SYSTEMS 78 UNIVERSITE

&/ DE GENEVE

25



Q\,—«@
Implications for thermal energy storage ES

* For reaching net-zero emissions target, complete transition to zero-carbon electricity is
needed to decarbonize the other sectors through electrification
* Heat pump uptake needs to be sped up in many European countries and thermal
energy storage facilitates the adoption of heat pumps
* Heat pump uptake is nonetheless progressing. Increasing electricity demand for
heating will contribute to the winter electricity gap

* Solar PV and wind power are the key technologies to deliver electricity sector
transformation and they complement each other to close the winter gap
* Insufficient progress contributes to winter electricity gap
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Implications for thermal energy storage ES

* For reaching net-zero emissions target, complete transition to zero-carbon electricity is
needed to decarbonize the other sectors through electrification
* Heat pump uptake needs to be sped up in many European countries and thermal
energy storage facilitates the adoption of heat pumps
* Heat pump uptake is nonetheless progressing. Increasing electricity demand for
heating will contribute to the winter electricity gap

* Solar PV and wind power are the key technologies to deliver electricity sector
transformation and they complement each other to close the winter gap
* Insufficient progress contributes to winter electricity gap
* While solar PV uptake is progressing in many European countries, wind power is
lagging behind, amplifying the winter electricity gap
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Implications for thermal energy storage RES

* For reaching net-zero emissions target, complete transition to zero-carbon electricity is
needed to decarbonize the other sectors through electrification
* Heat pump uptake needs to be sped up in many European countries and thermal
energy storage facilitates the adoption of heat pumps
* Heat pump uptake is nonetheless progressing. Increasing electricity demand for
heating will contribute to the winter electricity gap

* Solar PV and wind power are the key technologies to deliver electricity sector
transformation and they complement each other to close the winter gap
* Insufficient progress contributes to winter electricity gap
* While solar PV uptake is progressing in many European countries, wind power is
lagging behind, amplifying the winter electricity gap
* The potential role of hydrogen for seasonal electricity storage for now appears limited
in Switzerland
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Expected progress in Europe (5) RES

Battery electric vehicles

Germany France Italy Austria Switzerland
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Exceedance Required quantities:
probability o European Green Deal - Fit for 55

g'gg o TYNDP 2022 - National Trends
0-5 Data suitability indicator:
: © Short historical diffusion
0.75 A Rates in historical diffusion decrease
0.95 W Multi-S-curve in historical diffusion Source: Zielonka and Trutnevyte (2025)

iScience, Zielonka et al. (2023) PNAS Nexus

RENEWABLE ENERGY SYSTEMS 5[_*9 UNIVERSITE

DE GENEVE

30



@ -GP

Expected progress in Switzerland in more detail (2) ES
Solar PV Heat pumps Battery electric vehicles
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REQO: >25 TWh REO: 8.5 TWh REO: 5.0 TWh Source: Zielonka et al.

(2023) PNAS Nexus
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Heat pump projections trained until... R E S
2021 2022 2023
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Year v Year v

Source: Prognos AG et al. (2020), Consentec GmbH et al. (2022), VSE (2022), Zielonka et al. (2023)
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