-~
‘ .
-

-

“Securite energéetique neutre en CO, pour la Suisse”

4y

/I,.', b £, ‘/"J. TRV &\ -~
—~ty St r b- 3 ,,‘ <k \ ~
AR R s
£t . o e l'. g 4



tique neutre en CO, pour la Suisse

V4

é énergé

Vd

Sécurit

Frontiers in Energy Research: Process and Energy Systems Engineering MT: final version

CO; Neutral Energy Security for Switzerland

Andreas ZUTTEL**®) Christoph NUTZENADEL®, Louis SCHLAPBACH?, Paul W. GILGEN®

3) Laboratory of Materials for Renewable Energy (LMER), Institute of Chemical Sciences and Engineering (ISIC), Ecole Polytechnique
Fédérale de Lausanne, EPFL Valais/Wallis, 1950 Sion Switzerland.

%) Empa Materials Science and Technology, 8600 Dibendorf, Switzerland.

<) Christoph Nitzenadel AG, Turbinenstrasse 60, CH-8005 Ziirich, Switzerland

9 Emeritus Empa & ETH Zurich & Université de Fribourg, Switzerland.

) Formerly Empa Materials Science and Technology, 8600 Dibendorf, Switzerland.

ABSTRACT

An analysis of the technical opportunities and economic consequences of the transition from fossil fuels to
renewable energy in Switzerland is presented. The technically realized efficiencies showed that complete
electrification leads to the most efficient energy system and cheapest electricity. The electricity demand is
expected to almost double, and the overall energy cost will increase by 20% compared to 2019. However,
the technical challenges of seasonal electricity storage, without any reserves and redundancy, amounts to
20 TWh.

Hydropower and PV without storage produce the cheapest electricity. Future nuclear fission technologies,
e.g. molten salt Thorium breading reactor - currently still in an experimental stage — might become the
most economical and least environmental impact solution for CO; neutral continuous electricity
production. The opportunities for a massive increase of hydroelectric production are limited, already
shifting the use of water (9 TWh) from summer to winter is a great challenge. PV and hydrogen production
in Switzerland have the advantage to provide approximately 75% of the electricity without seasonal storage
leading to significantly lower electricity cost than from imported hydrogen or synthetic hydrocarbons. The
most economical solution for aviation and reserves is imported bio-oil converted to synthetic Kerosene, for
which large storages already exist.

accepted by “Frontiers in Energy Research: Process and Energy Systems Engineering” (2024)
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Solution en matiere d'énergie renouvelable (exemple)

26% 36 TWh-y! 6+ 2 PPU’s (1GW chacun) 50 TWh-y!
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- 0.2 CHF/kWh

Augmenter les lacs de stockage

LHEHES
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| )’/ﬁ /] 24 TWh-y?
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réduire la demande d'énergie par |'utilisation de la chaleur, le stockage de la chaleur, I'isolation
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Production mondiale d'énergies renouvelables
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Croissance: +46 %/year 2034
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Demande mondiale d'énergie en
gris, Somme des énergies
renouvelables en noir, biomasse en
vert, hydroélectricité en bleu,

e /. solaire thermique en rouge,
Yol ° I'énergie éolienne en brun et
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Ref.: https://ourworldindata.org/energy Annee
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Efficacité de la conversion énergétique Power to X (P2X)
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Décision suisse pour |'électricité

Die Elektrifizierung
der Schweizerischen Bahnen

bescntenrs v bsos Magrang v

ehemaligen Gotthardbahn,

Sonderberich

-
Schmcizerischen Studienhemmisslom
fir ebektrischen Pahnbetrieh

ST

& dor

Mat 1912

Ref.. "Die Elektrifizierung der Schweizerischen Bahnen mit besonderer
Beriicksichtigung der ehemaligen  Gotthardbahn.", Sonderbericht  der
Schweizerischen Studienkommission fir elektrischen Bahnbetrieb erstattet an die
Generaldirektion der Schweizerischen Bundesbahnen. Mai 1912.

Electrifiant
g 1.23 - 2.6 MCHF/km

| tous les 27m est un péle, |
{ 35— 70 kCHF par pdle

Ref.: Allemagne : Lindau -Miinchen 500 M€ pour 189 km, y compris
protection contre le bruit, nouvelle gare...
Danemark : ensemble du chemin de fer 1'600 M€ pour 1300 km

Les voies ferrées coltent 62 MCHF/km
(les autoroutes codtent entre 150 et
330 MCHF par km)
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Le changement majeur de I'économie de |I'énergie en Suisse

Catastrophe de la centrale nucléaire de
Fukushima Dai-ichi

24 mars 2011

11 mars 2011

Tremblement de terre de 11 mars 2011

25. Mai 2011 Le Conseil fédéral a décidé
de ne plus miser sur I'énergie nucléaire a

I'avenir.  Les  centrales  nucléaires
existantes doivent rester raccordées au
réseau tant qu'elles sont slres.
Confirmation par le Parlement le 8 juin
2011.

Accord de Paris sur le climat 2014
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ENISSIONS

Align financial flows in the
world with these objectives

Limit the avg. global Enhance resilience and
temperature increase to < 2° adaptation to climate
centigrade + achieve net zero impacts certain to occur

emissions by mid-century

Stratégie énergétique suisse 2050

INCREASING
ENERGY EFFICIENCY :
= INCREASING THE
— USE OF RENEWABLE ENERGY

’9 “} = ~ .“(’ - N
< | > A o

;
Le 21 mai 20174 peuple suisse a accepté la
révision de lasloi fédérale sur I'énergie. Les
objectifs de cette révision sont de réduire la
consommation  d'énergie,  d'augmenter
I'efficacité énergétique et de promouvoir
I'utilisation des énergies renouvelables. En

outre, la version révisée interdit Ila
construction de nouvelles centrales
nucléaires.



Approvisionnement énergétique actuel de la Suisse (2020)

121 TWh-y! ‘ﬁ
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total 234 TWh-y!
total 161 TWh-y?
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Demande d'énergie par source et électrification H

Demande d'énergie (2019) Electrification

20 TWh-y!

35 TWh-yL 20 TWh-y 35 TWh-y

23 TWh-y!
9 TWh-y?

23 TWh-y!

122 TWh-y'!

232 TWh-yl 156 TWh-y1
= =
4 H, - / -

Ref.: SCHWEIZERISCHE GESAMTENERGIE STATISTIK (2019) Art.-Nr. 805.006.19 / 08.20 / 1200 / 860467013, Federal Office of Energy, Switzerland,
https://www.bfe.admin.ch/bfe/de/home/versorgung/statistik-und-geodaten/energiestatistiken/gesamtenergiestatistik.exturl.html/
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Déficit en énergies renouvelables
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Ref.: Oliver Ruhnau, and Staffan Quist,"Storage requirements in a 100% renewable electricity system: extreme events
and inter-annual variability", Environ. Res. Lett. 17 (2022) 044018, https://doi.org/10.1088/1748-9326/ac4dc8



Systemes d'énergie renouvelable : Résumé

Electricité
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Electricité renouvelable 3 la demande

0.04 CHF | 25%

Colt de 1 kWh d'électricité
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Efficacité et densité de stockage de I'électricité renouvelable
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Unités de centrales électriques

HydS-PPU
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Unités de centrales électriques
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Total: 232 TWh-y!

Fossil: 122 TWh-y'?
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Développement des énergies renouvelables
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Colt de |'électricité (2023)
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Colt de I'électricité (futur)
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Sécurité énergétique neutre en CO, pour la Suisse

50 TWh-y1 par les unités de centrales électriques

Z= Droit o o < . ) A
2023 - SEIIE VA Y S N
Colt [CHF-y] 3'000 2'764 3'402 4'402 4'281
Stockage
CAPEX [BCHF] 0 48-72 228 426 384
Surface PV [km?] 6 150 468 672 492
Area bio [km?] (6'200) (6'200) (6'200) (29'400)(6'200)
(....) étranger ;ﬁ H, - \?ﬂu ;ﬁ iRy @i >3 ;ﬂ( %‘ > \I}LL
: —
Cofit [CHF-y1] 9079 “°™ 15’445 ~°" 4623
CAPEX [BCHF] 42 (720) 30 (702) 24 (102)
Surface PV [km?] 150 (720) 150 (780) 150 (36)
Area bio [km?] 0 (6’200) 0 (6200 (43°400)
+CO, 13.8 Mt-y?)
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Sécurité énergétique neutre en CO, pour la Suisse

50 TWh-y1 par les unités de centrales électriques

e Droit . < .- ) A
2019 SIE | lH L || Rl
ColQt [CHF-y1] 3’000 2'764 3402 4’402 4’281
Stockage
CAPEX [BCHF] 0 48-72 228 426 384
Surface PV [km?] 6 150 468 672 492
Area bio [km?] (6’200) (6’200) (6’200) (29'400)(6’200)
(....) étranger ;ﬁ H, » \?ﬂu ;ﬁ Cﬁ@ @i » 3 ;ﬁ % > \ﬁ;
- o
Cofit [CHF-y1] 9079 “°™ 15’445 ~°" 4623
CAPEX [BCHF] 42 (720) 30 (702) 24 (102)
Surface PV [km?] 150 (720) 150 (780) 150 (36)
Area bio [km?] 0 (6’200) 0 (6200 (43°400)
+ CO, 13.8 Mt-y'})
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Carbon sinks and palm oil production

A I'heure actuelle, le stockage du carbone forestier mondial est netteme! #
inférieur au potentiel naturel, avec un déficit total de 226 Gt (fourchette
modele = 151-363 Gt) dans les zones a faible empreinte humaine. [1]
Avec 142 troncs de palmiers a huile (TPO) disponibles par ha de plantatic
et une superficie replantée de 100’550 ha en 2017, le poids sec estimé c
TPO (74.48 t-ha'l) générés s'élevait a un total de 7.49 Mt [2]. L'huile de
palme produite est de 4,0 t-hal-y! et les plantes oléagineuses sont
replantées tous les 20 ans.

30 kg d'huile-y! par arbre avec 524 kg de biomasse seche

b
/'L' i o ‘ %’/ A /{{{fﬁfgw,%/ )
) ‘ LY ., . \ ’ 1 L4 K= i ) \\ :.
Carbon Uens:zt; 0z:ma ") * “ 4. \ Carben d?:.;rg {tha™) \!,{ { :\...
200 200 &é
100 ~ 100 ‘ ’//
0 £ o :
. _ 226 Gt de palmiers produisent 13 Gt de pétrole par an,

soit la demande mondiale actuelle en énergie fossile.

Ref.: [1] Mo, L., Zohner, C.M., Reich, P.B. et al. Integrated global assessment of the natural forest carbon potential.
Nature (2023). https://doi.org/10.1038/s41586-023-06723-z
[2] Thiruchelvi Pulingam, Manoj Lakshmanan, Jo-Ann Chuah, Arthy Surendran, Idris Zainab-La, Parisa Foroozandeh,

Ayaka Uked, Akihiko Kosugid, Kumar Sudesh “Oil palm trunk waste: Environmental impacts and management
strategies”, Industrial Crops & Products 189 (2022), 115827



Réacteurs nucléaires

Réacteur a fission a I'uranium

Pressunser
Control rods

pressure
vesse|

Reinforced concrete
containment and shheld ——

Inconvénients :

Réserves d'uranium limitées (pour 100 ans)
Risque de fusion du coeur du réacteur
Isotopes a longue durée de vie (Pu)

faible rendement (25 %)

utilisation limitée de la chaleur

Dép6bt final de la Nuc. Déchets

Petits réacteurs modulaires (SMR)

L'avenir
Réacteur a sels fondus au thorium

Contid
"
Costart wut -
''''' Corrres ot .:’l:h"‘
- -
Purified '
-
Tty
o -

Pl salt

P

Avantages :

Grandes réserves de thorium (utilisation
des déchets nucléaires, 95 % sont des
combustibles)

Pas de fusion possible du cceur du réacteur
Pas d'isotopes a longue durée de vie

T plus élevé, rendement plus élevé (> 25 %)
Utilisation de la chaleur pour le chauffage
Réacteur a sels fondus (MSR)
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Réacteurs nucléaires

Réacteur a fission a I'uranium

Control rods

Reinforced concrete
containment and shield

Inconvénients :

Réserves d'uranium limitées (pour 100 ans)
Risque de fusion du coeur du réacteur
Isotopes a longue durée de vie (Pu)

faible rendement (25 %)

utilisation limitée de la chaleur

Dép6bt final de la Nuc. Déchets

Petits réacteurs modulaires (SMR)
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Réacteur a sels fondus au thorium
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Colt de |'électricité photovoltaique et éolienne (2023)

CoUt de I'électricité [USS/kWh]

0.9

@- (sans stockage)

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0 10 20 30 40 50 60 70 80 90 100

Fraction de |'électricité d'origine photovoltaique et éolienne [%]

Ref.: https://elements.visualcapitalist.com/mapped-solar-and-wind-power-by-country/



tique neutre en CO, pour la Suisse

V4

V4

é énergé

Sécurit

Publication

& frontiers
In Energy Rese

OPEN ACCESS

Ecited by:

G Fosell

Urnarsly of Savo, Ay
Reviewed by

Frarcesco Liberato Caggowio
Second Universly of Nephes, Raly
Governy Campd
Universth gl Stuct oelle Campana
Ly Varveoll Ray

“Correspendence:
Arcroas Zun
W ATt N

Specialty section’

This aricie was submied 0
Process s Ereegy Systers
Engreenng

& 30080n Of e journed
Fronters n Energy Fesearch

Recelvedt 25 Sephormbwr 201
Acceptedt 17 Noverbe 2001
Publlahed 25 Jwway 202
Citatwom:

Zuesl A, Galarctat N. Dyson P,
Screapbech L. Gigen PW sra
Orimo S4 Q022 Future Swiss Energy
Economy: The Cradenge of Sorng
Rerowatin Erergy

Front. Energy R & 785008

cot 102089 % vy 2021, 7RS508

2022

OFUGINAL MESEARCH

Future Swiss Energy Economy: The
Challenge of Storing Renewable
Energy

Androas Zittel '**, Novis Gaflandat "%, Paul J. Dyson®, Louls Schiapbach®, Paul W. Giigen®
and Shin-ichi Orimo*

Laborstory of Meterils Aor Rerewatie Enorgy AMER), sttute of Chamicel Scences and Engneeng £5C). Eoole
Poitectrague Fici e Lasarre, DP9, Lasarre, Swtowid, "lmps Mateats Schence and Techrotgy, Oubendont,
Switrereral Labonstory of Organcmetalic and Modicng Chemistry LOOM,. inssiute of Chemicl Sciences and Engreeng
£SIC), Ecoks Poktectviue Féoirake 0o Lausarre, EFFL. Liusirne, Swtoertnd. “Ementus Emps and ETH 20nch and Universté
o Fribourg, Friboung, Swiwiend, *Formeny Empe Masorials Science and Technology. Dibendor!, Swtrana "W Acvenced
ratiute for Materiss Research (AR AMSR). Tonoku Universty, AcDa du, Sendi, Jaoen

Fossil fuels and materials on Earth are a finite resource and the disposal of waste into the
air, on land, and into water has an impact on our environment on a global level. Using
Switzerland as an example, the energy demand and the technical challenges, and the
economic feasbiity of a transttion 10 an energy economy based enfirely on renewable
enorgy were analyzed, Throe approaches for the complete substitution of fossil fuals with
renewable energy from photovolaics called energy systems (ES) were considered, Le., a
purely electric system with battery storage (ELC), hydrogen (HYS), and synthetic
hydrocarbons (HCR). ELC s the most energy efficient solution; however, It requires
seasonal electricity storage 10 meet year-round energy needs. Meeting this need
through batteries has a significant capital cost and is not feasible at current rates of
battery production, and expanding pumped hydropower to the extent necassary will have
a big impact on the ervironment. The HYS allows underground hydrogen storage to
balance seasonal demand, but requires bulkdng of a hydrogen infastructure and
appications working with hydrogen. Finally, the HCR requires the largest photovolaic
(PV) field, but the infrastructure and the appications already exist. The model for
Switzerland can be appled 10 other countries, adapting the solar iradiation, the
energy demand and the storage options,

gy, o vy gy

Abbreviations: ES, energy sywierns: ELC, sebstitution of fosdl fuch theough cloceriication: HYS, substitation of fossd facls by
hydoagen, HOR, substinution of fosd fucls by synthetic hydrocarbons, PV, phatovoliacs CO,, carbon onide. KWV pear,
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average pawer; <P>/1y, power factor; C, capital cost (CAFEX): 7, interest; P, anoal payback: n, scmber of yearx Cy, cont of
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CO; Neutral Energy Security for Switzerland
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ABSTRACT

An analysis of the technical opportunities and economic consequences of the transition from fossil fuels to
renewable energy in Switzerland is presented. The technically realized efficiencies showed that complete
electrification leads to the most efficient energy system and cheapest electricity. The electricity demand is
expected to almost double, and the overall energy cost will increase by 20% compared to 2019. However,
the technical challenges of seasonal electricity storage, without any reserves and redundancy, amounts to
20 TWh.

Hydropower and PV without storage produce the cheapest electricity, Future nuclear fission technologies,
eg. molten salt Thorium breading reactor - currently still in an experimental stage — might become the
most economical and least environmental impact solution for CO; neutral continuous electricity
production. The opportunities for a massive increase of hydroelectric production are limited, already
shifting the use of water (9 TWh) from sumemer to winter & a great challenge. PV and hydrogen production
in Switzerland have the advantage to provide approximately 75% of the electricity without seasonal storage
leading to significantly lower electricity cost than from imported hydrogen or synthetic hydrocarbons. The
most economical solution for aviation and reserves is imported bio-oil converted to synthetic Kerosene, for
which large storages already exst

Highights

o Renewable energy on demand is essential for replacing fossil fuels and can be realized by combining
Intermittent energy supplies like photovoltaic and wind with battery and seasonal storage in a power
plant unit,

e Importing renewable energy carriers requires a storage capadty similar to the seasonal storage for
domestic production of renewable energy.

o Renewable energy production in Switzerland with seasonal storage and importing renewable energy
carriers is a technical and economic challenge, respectively.

o The fuel for aviation and the energy reserves for the power plant units can be realized with synthetic
ol produced by hydriding bio-oil, avoiding the need for new large and expensive storage systems and
CO; capture from the atmosphere.

o Thermal power plants fueled with renewable energy carriers provide equal amounts of dectricity and
heat. Both forms of energy are of high value in the wintertime.

Keywords: renewable energy, energy storage, cost of energy, power plant units, CO; free, nuclear
Word count 12881 Words
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