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THE SWISS ENERGY SYSTEM
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Le systeme energetique de la Suisse

Energy Scenarios Costs in Switzerland

Bl 7SO
90 250 CHF/m Py
mmm End Users

s Import Fossil

CO2 Social Cost
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300 350

2020

2021

2022

Investment : 80 CHF/month/cap: infrastructure and conversion

Import : 80 -140 CHF/month/cap: Energy imports, variations by V. Poutine
Russia receives 30 CHF/month/cap

Social debt : 90 CHF/month/cap

=> Our children will have to pay to repare

*10 CHF/mois/cap = 1 Milliard CHF/an



THE CHALLENGE OF THE COMPLETE CONVERSION CHAIN
kJ,/hab/an] = n.|kJ,/kJ.] - ns|kJe/kJS] - eqlkJs/an/m?] - dpqp[m® /hab] - hab[hab)

Primary energy
—xtraction->resource

Conditioning
SN resource->distributed
L,  Conversion
Distributed->useful energy
N Energy service
-nergy->service
| s Needs
service->cap
- L Population

cap
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cVOLUTION OF POPULATION

Population growth and size

Population in millions Growth rate
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Nombre de personnes, en milliers

population (left scale)

3 500000 hab. (life time exp : 83 years) Growth rate : |.0 %/year

growth rate (right scale)




EVOLUTION OF [THE NEEDS

Average living space per occupant by building Dwellings by size group
category and period of construction, 2018

0.9 60-79 m2
80-99 m?

0.8

Average living space (in m?) per occupant . e
" — = 50-70 m2/hab
0.5

60 0.4
0.3

50 0.2

0.1

40 0.0

1990 2000 2011 2018

Sources: FSO — Federal population censuses, Buildings and dwellings statistics © FS0 2019

30

Residential buildings in Switzerland

20 In millions

1.8

1.6

f 748,477

0.8

Buildings

0.4

1919-1945
1946—-1960
19611970
1971-1980
1981-1990
1991-2000
2011-2018

before 1919
20071-2010

0.2

construction period

0.0
1990 2000 2010 2018

single-family houses multi-family houses

Sources: FSO — Federal population censuses, Buildings and dwellings statistics © FS0O 2019




ENERGY EFFICIENCY OF HEATING HOUSES

Annual energy per m2 as a function of the year of
construction

@ Atconstruction @ Renovated

45% 47%
41%
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THE NEEDS
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HOW DO WE SATISFY THE ENERGY NEEDS IN A BUILDING ¢

CO2
00000

Useful heat

"Good’ Oll boller
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HEATING BUILDING IS 507% OF COUNTRY ENERGY
CONSUMPTION

3 3.78

tons €02 /year/ |00 m?

63

CH Fchildren/month/ ‘ OO mz

120-190

CHF/month/ 100 m?Z

|0-180 CHF/month/ 100 m?2
N which 85-155 CHF/month/ 100 m?<
import

Boiler
|0 CHF/month/ 100 m?2

Social cost of CO2: 200 CHF /ton CO2



(1830) CARNOT : THE MAGIC FORMULA

“lectricity your soberty

I

Q ( 1 Source
heatin
° Theating

Nicolas Léonard Sadi CARNOT (F) /\

1796 _ 1 832 Fraction of heat from the environment




(1830) CARNOIT : THE MAGIC FORMULA APPLIED

: ’ Tsaurce
L= QHeating - (1 = )
THeating

For |0 unrits of heat, 9 come from the environment and | as electricity

2] °C Heating needs
Work to buy

g o= <! A .
Nicolas Léonard Sadi CARNOT (F) —a
1796 - 1832 B .
B Heat pump

the environment

- | |

Heat fro



RENEWABLE ENERGY HUB

Big data - Forecasting

>

Model basec
Predictive control

=h=

*renovation

Ratteries —leat pumps

—lot water tanks Peak power

Direct ..
Import ..
Export ... w,

tlectrical grid



RENEWABLE ENERGY HUB
FEED-IN AND ELECTRICITY PRICES DECIDES THE INVESTMENT

all PV investments - Multi-owners dwelling (880m2) - 1980
economic 27 residents - 6 electrical vehicles

Prices - 2022
Electricity:

feed-in 0.083 CHFkWh
retall 0.20 CHF/kWh

Prices - 2020 Fuel

heating oil: 0.9 CHF/L, or 0.09 CHFkWh
gasoline: 2 CHF/L, or 0.20 CHFkWh

—
NJ
o
o

0.175

CO2 emissions

electricity: 0.1/ kgCO2/kWh
heating oll: 0.28 kgCO2/kWh
gasoline: 0.28 keCO2/kWh
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YOU HAVE ALSO A FREE BAT TERY FOR THE ENERGY SYSTEM

Model predictive strategic operation via ¢, , signals

Building performance (solution I)

Ind. Value (imp/exp/gen)

E [MWh] 34.8 / 00.0 / 00.0
H [MWh] 00.0 / 00.0 / 00.0
COP [ 3.00

Building energy system design (solution I)

Unit Size

Heat pump 7.0
Battery 0
Boiler 0
Water tank 0.22
Electric heater 14
Heat tank 1.0
Photovoltaics 0

Solar thermal 0
SOFC-CHP 0

Median energy [KWh]

Median power [kKW]

Offered stored energy and power by the system

90% eff. 80% eff. 60% eff.
Roundotrip efficiency

| : i | | | | i | | | |
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

| ! : | | | | | i | | |
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Annual equivalent battery performance

RN
o
SN

—_
(-
(O8

X
~
LL
L
O,
]
0
O
o
b
=
O
®
Q
®
O
-
)
3
O
Q
e
-
L)
®
>
-
O
L

l

o Apartment block (1970)
® EPFL-BESS

Solution |

Solution |l

Solution IlI

104
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BUILDINGS : RENEWABLE ENERGY HUB
70+ % CO2 EMISSIONS REDUCTION

2.20 0.25 - 0.04

tons CO /an/perst 3 tons COy /y/cap

Oil: 6 cts/kWh

Electricity: 18 cts/kWh

209

Q’L\' CHF/y/cap

CHF/y/cap l PV feed-in : -139  CHFy/cap

Energy Z Y- yi CHF/y/cap . Energy : 118 CHFfy/cap --
Investment : 30 CHF/y/cap nvestment 230 CHF/y/cap .



BUILDINGS : RENEWABLE ENERGY HUB
70+ % CO2 EMISSIONS REDUCTION

2.20 0.25 - 0.04

tons CO3 /y/cap t 3

Oil: 11 cts/kWh = ~ Feed-in: 16 cts/kWh

Electricity: 28 cts/kWh I 3 8

CHF/y/cap

tons COy /y/cap

Electricity: 28 cts/kWh

CHFly/cap PV feed-in ; -278 CHF/y/cap
Energy . 1 102 CHF/y/cap nergy 184 CHF/y/cap
Investment : 30 CHF/y/cap nvestment 230 CHF/y/cap .



RENEWABLE ENERGY HUB
AND E-VERICULES

2.00 (025 + 1.74) 0.32 (-83%)

tons CO» /y/cap tons CO» /y/cap

- e
1109 (138 +381) 208 (-79%)
CHF/y/cap CHFylcap
5 - PV feed-In : -226 CHF/y/cap
E;/e];egi/d:_ln | _|28748 §H|_|FF//>/>///§§§ - Energy Z 204 CHF/y/cap =.
nvestment: 230 CHF/y/cap nvestment 230 CHF/y/cap

Building



DATA PRODUCTION AND ENERGY SYSTEM
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m World average

% High HDI countries Energy of the human body
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Lepour et al,, (2022) ECOS 2022 proceedings



RENEWABLE ENERGY HUB
AND DATA PRODUCTION

0.25 + 0.24

tons COy /y/cap

476

CHF/y/cap —_ CHF/y/cap
Energy Z 43 CHF/y/cap .290 CHF/y/cap

nvestment 450 CHF/y/cap - 186 CHF/y/cap
Building Data center

0.32 (-34%)

tons CO» /y/cap

(o

CHFy/cap

Energy Z 115 CHF/y/cap
nvestment 450 CHF/y/cap
Bits heater 290 CHF/y/cap




PV - HEAT PUMP - ELECTRIC CARS - DATA - RENOVATION

Revenus
OUHF

TOTEX )

35533CHF CAPEX
Lentre dz connées
Chauffage e eclrigue |
Chauffage e ectrique
Pomae a chaleur, géotherm ¢
Chaudigre a mazout
Panneaux solaires PV
Balon d'cau [ECS)
Ba lon d'zeu (chauffzge)
[scleticn

Elactricité (achat)
Mazaut

Ecserce voiture
Production de dchneées
Flactricitd (vente!

Elactricitd (2uto-consormation)

33

Revenus Revenus Revenus Revenus
2534 70CHF ; i8924CHF 2SB4IHF A902ECHF

HP + FV : Isolatior Thesis Lepour



INTEGRATING RENEWABLE ENERGY HUBS : SYSTEMS IN SYSTEMS

» District scale => interactions between bulldings building vs community

9co2, e/ M?yr]

1, GWP]

)
£ yr"

o
o

0,058: - 0,1
0,1-0,15
0,15 -0,2
0,2 - (,25
0,3-0,35 ' :

2= L \
0.35-0.4 TOTEX GWP

. — “—

0,4 - (,45

performance indicator [KWh/KWh]

E
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m
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<
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1 OPEX design strategy
\g,e, I i = e — ' S

For the same feed-in/feed-out prices

0
2PV +407% o - Operating costs: -9%
= Prosumer Invest + 30% > Self-consumption: +34%

—-2-20% GWP
- facade from 16 to 40%



CHASING HEAT SOURCES IN THE CITY

Users (1 },.41ing)

Heat sources (Tsource)

Data center : 30°C
WWTP : 17=22 °C

Distribution



HEAT SOURCES IN THE CITY

Users (Theating)

Heart sources (7, ...)

Data center : 30°C
STEPS : 13=20 °C

Distribution




APPLYING HE MAGIC FORMULA IN THE CITY

Heat sources (/.

Industry: >80°C

T

E+ _ Q‘I_;eat . (1 source) .

Tdistrib

Data center : 30°C
Waste Water : 13=20 °C

. . L . T
Es_ource — (Q;Ieating — £ - Qheat T E+) (1 = — ce) )

OZ/H"C'e)

Hp

Users (/),..:in.)
Heatin

Tdistrib ) . 1

canng Theating He

Distribution : anergy
Heating & Cooling

Ta’istrib He

D. Favrat, C.Weber, CO2 based district energy system, U.S. Patent 2010018668



WWW.exergo.ch

URBAN SYSTEMS

Heat recovery

Heat pumps

City center
ata centers 84 % 6

Refrigeration Energy savings year

N COP =57 return
:ﬂVi rONMNEM I'Tt Thése EPFL : Samuel Henchoz (2017)




DISTRICT ENERGY HUBS
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http://urb.io

DISTRICT RENEWABLE ENERGY HUBS

WWW.EXErgo.ch

|"’I; l | I
‘ ’ Heat Sources

CO»

16 7% 6 7

eat pumps EIe\ctri;/ité direct
Y ¥ o
10 %
PV panels |
import
-ree cooling/refrigeration | 2 %
export

| Data centers
-nvironment




= HOW [O PRODUCE THE IMPORT ¢
Hydro

L

Also stores energy

(5as

C t
Combined cycle ogenera

Fuel cel

Gaz




= PRODUCING HE ELECTRICITY DEFICIT

CO2

~uropean Mix 5

,COPS

&
~
o

Combined cycle  COP4

CCGT

COP3

O
O
BN

O
=
%
)

kd/kd Natural gas

—
N
O

Cogeneration

Enzlneg
Fuel-cellse

Gas 0O 01 02 03 04 05 06 0.7 08

Cogeneration efficiency

=PFL



PRODUCING ELECTRICITY WITH ADVANCED FUEL CELL SYSTEM

( Fuel cell
|

Products
“lectricity > 80 7%
CO2 captured
H20

_ _'_ Sy

o0 CO2

VWater separation

- N
Post combustion

DCESSING

Heat : 209%

Specific Heat Load [kWth / kWel

sub-atmospneric

Air  CH4 oY) 100

Facchinetti, M, Daniel Favrat, and Francois Marechal. “Sub-atmospheric Hybrid Cycle SOFC-Gas Turbine with CO2 Separation.” PCT/IB2010/052558, 2011. EPFL



CRFICIENT USE OF NATURAL GAS

10 co2
©0

Decentralized solution

+20% per unit of gas

0 01 02 03 04 05 06 0.7/ 0.8

Cogeneration efficiency cPrL



& STORING EXCESS OF ELECTRICITY

Efficiency : /8%

Stored energy

. Methane
Co-Electrolysis

Artificial photosynthesis : | 3-16 % Solar efficiency

=PFL



INTEGRATED ENERGY MANAGEMEN T

\ Q
,-", System Roundtrip 80%=1 — osses

summer Epy
Al

Liguid CH4 Es
=
] Y ﬂ CH4
“ )

Winter
B
B

Co-electrolysis Fuel cell

¢

IC|UIC| COZ Fuel cells mnovaﬂon (K-Valais)
gra ntinuo er su rom a baseload renewable power plant.” ' n : :




=P~L Integrating Renewable Energy Sources : Biogas + PV+ Power2gas

e District scale => Exploring options

Micro grid integration

+1.3 Wy/y/m?2 \

Waste water

v

Power2Gas

\0\\.
F[ SOEC }_.y"
\4 G'b»%
-
Waste water ?;@ —>[ SNG J—> —
Treatment plant 12 Wy [y /m2

BioSNG Seasonal storage

B IPESE m2 = heated surface

Industrial Process
and Energy Systems ‘g,
Engineering



=Pi-L  Waste water management : chase the heat sources

Heating &

Hot water production,
Power [MW] at -6°C %

B 536-11.11 [MwW]

Potential = 330 Wy,/hab
Usable = 185 W/hab
Heat demand = 440 W/hab

B 287 - 535 Monthl heating demand [kW,,]
PN - ”mg - ?’ Electricity cons. = 33 W/hab
o 1 KWe
40 A) 3 kWe
s P . -
Biogas 9 kW Biomass resource
440 KWhn 1000 hab )_ 3 kWin
[ T~ 15 °C
40°C e E/Q Sludge 6 kWin
399 KWir 5 1/s/1000 hab 9 KWih
O 1 300_1 GOC 200 kWth
18°C 60 kWi oo
—( _ N\
COP =6.2 COP=4.8 " g X eat pump resource
10 kWe 6- X 50 kWe L
Network ‘

M IPESE
Industrial Process
and Energy Systems ‘e,
Engineering

4@7 y

250 kWin

Girardin et al., ENERGIS, A geographical information based system for the evaluation
of integrated energy conversion systems in urban areas, Energy, 2010



=ORGANIC WASTE TO CLOSE THE ENERGY BALANCE

“lectricity

-
Sustainable natural gas Fuel cell Be.
(M20) 1 CHy ' as
11
11 1
111 Rl |

Organic waste : 2C(HO)
-ood, WWV [P
|4 PJ/an (15% of biomass potential) 1 CO2

50 Wa/cap | .
Bl e 50% : Blomethanisation

BEBREEEE /0% : Hydrothermal gasification (http://trea-tech.com)
BEREEENE 70% : Synthetic Natural Gas

Gassner et al.,, Energy & Environmen tal Science 4,no0.5 (201 1): 1742. Gassner et al, Energy and Environmental Science 5, no. 2 (2012): E PF L


http://trea-tech.com

== COMBINING BIOMASS CONVERSION AND ELECTROLYSIS

Sustainable natural gas Gas grid
] ‘ [.3 x NGoor
| CH, . WE gpe—
11 as 4

111 Storage capacity

SIOMASS : L(H20) O Alternatives
H,O .\_>CH4== - Methanol
4h+COr=>CH4+2H,O N :)I\/E
1 L - F-T fuels
BES

08 0 O,

“lectricity Grid

Power to Gas | | .
CO2 sequestration (negative emissions)

Gassner, Martin, and Francois Maréchal. "Thermo-economic optimisation of the integration of electrolysis in synthetic natural gas production from wood." Energy 33.2 (2008): 189-198.



. . . . =
SNG from biomass potential in Switzerland <{IPESE  =PrL

160 160
B High Temp Heat from Wood Gasif.
140 140 m Manure & Sludge Digestates (HTG)
B Commercial & Industrial Organic Waste
120 120 (HTG)
B Green Waste (HTG)
atural gas 201 | —+0@ 100
Natural gas 201 . .. M Organic Household Garbage (HTG)
5:;0 30 80 ;3; m Agricultural Crops (HTG)
- < m Sewage Sludge (AD)
60 60
B Manure (AD)
40 40
20 20
0 0

Primary Energy SNG Production SNG Production with Stored Electricity (P2G)
Content P2G



NEGATIVE EMISSION CITIES

from biomass System Roundtrip 80%

Liquid CH4 Es

PV Winter
@/J
s O .
)

Co-electrolysis

' /
AN /'y
/“
N
/ ,
/ \

Summer

Fuel cell

¢
to stratioh
LIqUId COZ Fuel cells innovation (|< VEIETS
gada, an gra tinuous power su rom a baseload renewable power plant.” ' n . 83-




AU TONOMOUS CITIES  Wasteto energy

Power to tank to powe
}
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&\c‘,\’ﬂ Networks
<</\6
Industrial heat
t pumps ’
Photovoltaics -
E-mobility

-uel cells
Cooling/air conditioning

Refrigeration 25 I 25 I OO %

m2 PV/hab k€/100 m2sre autonomy

-nvironnement

Schorcht et al., 2013 [128], Pascal et al., 2015 [129], IPCC, 2018 [188], Wang et al., 2017 [130], Suhr et al., 2015 [131], IPESE, 2017 [132], Cusano et al., 2017 [133], Roudier et al., 2013 [134], IPCC, 2007 [135]




EFFICIENCY VS COSTS

39 e N I CCGTAPY, e
s g X 5 5.5 - 8 €/daylcap
XSQFC + PV; 16 -32m2 PV/cap
o 74
é SOFC PV Hybric XSOFC PV Nevv .
S g | O S S S Q..F.C.?.EY..H..V.b.r.'.d..T..gﬁ@?.th@r.mal Advanced Cogeneration
(ge, :
:)L:’ SOFC PV Hybmd + geothermal + ren@vahon “erovskite PV
> : : : : ? -ybrid PV
ol : : : : :
8 |, R S T (seothermal storage
: : : : ' Buildings renovation
0
5 6 7/ 8 9 |0

Cost of service :in €/day/cap
PV cost 300 €/m2



IHE ENERGY SYSTEM

Solar PV Bio Waste —Xport

Waste water -nvironment

T
o o
| 17%

products 2%
100 | gasoline/hab/year . “lectricity

!




cPrL Industrial clusters : industry in the territory

Efficace Conversion
Waste Heat
eficeney - Hestgumps  EnEray vector
Sobe rty %gggvirl;eat HeatzFower COmbined heat and power SySte m Integration

CO2 Capture _
Multi-energy systems

Technology innovation § Grid : Elec-gas-waste

Smart operali o ' . Storage : Power2Tanks2Power
New technologies Flexibility services

Why ?
Monitoring
Losses

Systemic integration
District heating
Industrial Symbiosis
Circular economy

ST T

HEER
B B
LN | a

Products

310mass

K — e —"nn—-= A
Waste management & recycling - ‘,’

Raw Materials

H2

Electricity
= :PdESE' b q Gas p—
ndustrial Process
and Energy Systems ‘. COZ

Engineering




=PrL Integrating with the energy system : Combined heat and fuel production

Swiss Energy System

N Storage — Cogeneraton = Protovotaic = Demand W Total Producton

" Excess In summer

= =
=
L —

£

:  Excess in winter
:

éawo Domand = 595 TWhe

2

:

%

1800

Jn Feb Mar Av May June Juy Aug. Sep Oct Nev Dec

M IPESE
Industrial Process
and Energy Systems ‘g,
Engineering

2C(H20) + 4H2 -> 2CH4 + 2H20

WOOD
100 MWy, gry

170 MW SNG Fuel

38 MW Useful heat My
37 MW Waste heat
City

CO2 + 4H2 -> CH4 + 2H20

Summer

Electricity H2
145 MWy, ¢y 123 MWy, gy

Sequestration or storage
(108 kg CO, avoided / MWh wood)

CH4 + 202 -> CO2 + 2H20

WOOD 67.5 MW SNG

100 MWy, gry Fuel

15.7 MW Useful heat (200 °C)
dustry
I
16.8 MW Waste heat .
City

1.4 MW net electricity

Winter

2C(H20) -> CH4 + CO2



=P-L

1.6

wood boiler

2.1

wood boiler

M IPESE
Industrial Process
and Energy Systems ‘g,
Engineering

0.54 TWh

electricity

1.78 Mt

* CO:2 to atmosphere

- biofuel 9.18 TWh

B uscful heat 1 g4 TWh

I, aste heat

wood
14 TWh

CHF

Combined Heat and Fuel (CHF) production
Substituted fossil carbon per unit of biogenic carbon in wood

0.7 TWh
I ity f
0.4 TWh electricity from steam cycle
ici 1.78 Mt
RlecicRy * CO:2 to sequestration
biofuel 9.18 TWh
wood
14 TWh

B useful heat 1 g4 Ty

I\ aste heat

CHF + Carbon sequestration

winter

electricity IEG—_——

* CO:2 to atmosphere

CHF
Plant biOfuel
wood

B useful heat

v aste heat

summer
_Syngas SOEC

C 1.78Mt
* CO: to co-electrolysis

12.27 TWh
excess electricity

biofuel 18.3 TWh
wood

. : _
14 TWh B usceful heat 104 TWh

I v oste heat

CHF + P2G without CO2 storage

For wood boiler (WB) 0.3 kg of fossil carbon are substituted per kg of biogenic carbon

winter

electricity E— » CO: to storage

B uscful heat

EEm——— aste heat

CHF
Plant

wood

33.6 TWh

*» CO: to co-electrolysis

1.78 Mt
CHF
Plant biofuel 34.7 TWh

_ useful heat 1.94 TWh

I v aste heat

wood
14 TWh

CHF + P2G with CO2 storage

2.8

wood boiler

3.1S Mt 3 u O

summer _syngas SOEC
‘ 3 CO: stored
excess electricity :

wood boiler

Celebi, et al.Chemical Engineering Science 204 (2019): 59-75.
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Swiss Energy System

N Storage — Cogeneraton = Protovotaic = Demand W Total Producton

Excess In summer

60X0
w 400
:  Excess in winter
%
g Dorar= 45 T
2
:
:
il

150

Jn Fed Mar Av May June Juy Aug. Sep Oct Nev Dec

M IPESE
Industrial Process
and Energy Systems ‘g,
Engineering

Excess

2C(H20) + 4H2 -> 2CH4 + 2H20

WOOD

CH4

45% C Pulp Products

District heat

Electricity

Deficit

CO2 + 4H2 -> CH4 + 2H20

Sequestration or storage

CH4 + 202 -> CO2 + 2H20

CH4

45% C Pulp Products

District heat

Net electricity production

4 + CO2

2C(

20) -> C

Integrating with the energy system : Combined heat and fuel production

Fuel

gz
{Fcﬂit;ﬂ

Fuel




CIRCULAR ECONOMY-EFFICIENCY AND IN TEGRATION

VWaste
Construction materials are

Chemicals r
310-plastics
ﬁ Papers = =
{ _ ]
VWoody biomass v 8
C(H20) O,

H->,O BE

CHa4 BE
]

Renewable Electricrty

o (Gas

CC 2 sequestration



AUTONOMOUS SYSTEM PERSPECTIVES

J A J 28
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Emuni ”""Eﬂ >
= Odl, ) ~_,’m._ Gas to Power

| Power to (Gas

ai @
11D v e
50 bar

Industrial Heat Recovery

Heat pumps

Photovoltaic 3 | % |OO %

PV area reduction RES sources
by Industrial system integration

Cooling

-nvironnement

Schorcht et al., 2013 [128], Pascal et al., 2015 [129], IPCC, 2018 [188], Wang et al., 2017 [130], Suhr et al., 2015 [131], IPESE, 2017 [132], Cusano et al., 2017 [133], Roudier et al., 2013 [134], IPCC, 2007 [135]




Key figures on mobility and transport

Total costs' of transport
National road network length
Stock of passenger cars

Average daily distance per person?

Passenger transport performance3

Public transport share

Goods transport performa nce?

Rail share
Persons killed in road traffic

Transport's® share of CO2 emissions

|00 | gasoline/hab/year

MOBILITY

CHF 89.7 billion
1859 km

4602 688

36.8 km

134.6 billion
person-km

19%

27.9 billion tonnes-
km

Year

Change
from
2000

Passenger transport is growing faster
than the population

Evolution index, 2000=100

170 = nUMber of flight
160 passengers

150 m— passenger transport
140 on road and rail

130
120
110
100
90

30
2000 2005 2010

= 00dS transport
on road and rail

resident population

2016 2017

Note: base passenger transport=person-km, base goods transport=tonne-km

1) Road, rail and air transport, without human-powered mobility (on foot, by bike). Including non-
material costs due to damage to environment and health as well as accidents

2) Distances inside Switzerland

3) Rail and road incl. human-powered mobility

4) Rail and road. In combined transport calculated without the tare weight of the loaded road
vehicles, containers and swap bodies (i.e. for rail: net tonne-kilometres)

5) Excl. international aviation

pp = percentage points

Sources: FSO - Goods transport statistics (GTS), Costs and funding of transport (CFT), Passenger
transport performance (PV-L); FSO, ARE — Mobility and transport microcensus (MTMC); FSO, FEDRO
— Stock of road motor vehicles (MFZ); FEDRO, FSO - Road accidents (SVU); FEDRO - Length of Swiss
motorway network; FOEN — Greenhouse gas inventory




MOBILITY

AR 36%
m fficacité I B Soft Mobility

Public transport : electric/hybrid (mobilitylab.ch)

“lectric vehicles : 400 km
Fast charge (WattAnyWhere)

Range extenders vehicules (H2, CH4)
CO2 capture on board

T ARAAVSTPOAT

Bio-Fuel

Wind and Hydro

|00 | gasoline/hab/year


http://mobilitylab.ch

"RANGE EXTENDERS VEHICULES

Autonomy : 950 km
Cons : [.11/100 km

A
— REX operation
_ | — PowertoWheel
Ll — SOC
<
O
= P (D —,
Y

Data Grid

Dimitrova

Parking mode

Power plant : 3.5 kWe (eff. >/0%)
Battery : 5 kVWh
CO2 Gnd

(Gas Grid

SOFC-GT
Hybrid car

Data Grid

Micro
-1, Grid

, Zlatina, and Frangois Maréchal. "Environomic design for electric vehicles with an integrated solid oxide fuel cell (SOFC) unit as a range extender." Renewable Energy 112 (2017): 124-142 P h > PSA




A

— REX operation
—  Power to Wheel
—  SOC

Power

SMART CARS

24m2 PV/car (Iesla)

Autonomy : 950 km Autonomy : 800 km
| Cons : 2.0 /100 km
Cons : |.11/100 km

Battery /5 kWh

35kg ¢ 201

4 kWe

O

26 kg

Mw/ﬁm\/ 5 kWh Data Grid

Dimitrova

33 kg Mildge

-|. Grid

70 kg

30 kW

Py |5 kg/kg

25 keg/ke

, Zlatina, and Frangois Maréchal. "Environomic design for electric vehicles with an integrated solid oxide fuel cell (SOFC) unit as a range extender." Renewable Energy 112 (2017): 124-142

=PFL



CAPTURING COZ FROM RUCKS

Exhaust gas Air
(91 kg/h, 500 °C, 1 bar) l

1 Ds CO.=12%, H.C = 11%, Prach = O
25°C N> = 68%. 0> = 9% 22 GG kKW 9 2
- EE2: 1037T0W EEL 143C5W IC Engine > O Cap U re
A
eal recover Diesal | 52511, 5.2 ko
- 64T <W
S

160 bay [ RC3: 1232TW  RCZ 3957 W RC 1: 4064 WV —
) DA 160 bar

l 440

Water [
14.07 ka/h v
HPF3 5025 W

85.8 kah

Co1-401W
ZSC2: 417 W

“Jurbo-compressor **

1.27 kW

S

. 'S ba- 75 bar
66. “

La
B8YC

(o

an U,
32 "C

»p RC4:1110T W
‘ 7S bar
HFP$- 1300 —4m C\ Rl >

Desomtior FPrehezting

CE2: 7313 W DE1. 6500 W
>0 ber 62.97 kg/h I\/l O I: S
150%C »

-0 =151.25 <g/h Pracooling Adsorption
ADI: 6375 W AD2: 7313 Vi

L.

P2 560 W HPY 2016 'V

o> = 13,97 wt9e. H-C = 1.88 wt%.,
M2 = GE.7Z wt, Oz = 10 29 wit
76.19 kg'h, 1 bar, 25 °C

0.05 - 0.

Sharma, Shivom, and Francois M.A. Marechal. 2019. “Carbon Dioxide Capture from Internal Com- ‘ i-te r COZ/‘ i-te r fu e‘ ‘<g COZ/ ‘<g pa>/‘ O ad

bustion Engine Exhaust Using Temperature Swing Adsorption.”
Frontiers in Energy Research accepted doi:10.3389/fenrg.2019.00143.



CARBON NEUTRAL TRANSPORTATION SYSTEM

BIOMASS : C(H,0)
H->O

“lectricity Grid

Power to Gas
CO; sequestration

Gassner, Martin, and Frangois Maréchal. "Thermo-economic optimisation of the integration of electrolysis in synthetic natural gas production from wood." Energy 33.2 (2008): 189-198.



CARBON SINK ¢

] 78.4 M)/keC
CHs  BBCHA4
11 as
1
BIOMASS : C(H,O) > ke
H>,O
4.4 M)/kgC
Serpentine /3 Mg3(OH)4(51,05)
—>
Mg3Si205(0H)4 + 3 COo —s 3MgCO3 + 2Si07 + 2H70 y | . ra‘ CarbO " (p rOd ! C—t)
MgCO3 + 2/3 5i0; + 23 H,O  °TVRES

-3.3 kgCOy/day/cap
=PFL
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ENERGY SYSTEM INTEGRATION
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Infrastructure models

Ressources

Colts & Emissions
Disponibilité annuelle

o P B B
o e me I

AN

Technologies

Méthane EHP (50 bars)
N
Meéthane HP (25 barg’
o
Méthane MP (5 barg)
N

Méthane LP (0.05 barg)

Fossiles & Renouvelables
Investissements & O&M
Efficacités & Emissions
Stockage

AN

Demande services 4[?

e =l

oo

Schnidrig et al. 2023, Assessment of the Role of infrastructure in energy system models, Frontiers in Energy
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2050: Technology innovation
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=PFL 2050: Territorial

oo
G
Schecl of Ergineering E
O
w
@
c
O
Solar irradiation
Temperature
Dirge! Normal Ireactiotion (DNI)
Asnusl Vean 1981 - 2000
14
— Sagnzlegler -
= 10
oo 9
il 8
e 7
@
4
2
0
-1
-2
-3
-4
-5
-6
-7
W 0 C OO B0 "'8
-9

© MeteoSwiss

Electrical grids Heat demand Gas

Frergetic Seferance Area Vethene | ow Pressus Grid Dens ty

"
-~
-

=~ i f
J
e I n
i -

{\‘1\ <7

| - «

..[_I

'
H A
'\ ~ /’ ‘NJ' - —
o - O km
e o woowmt Y 0 10 e ! . 1
ol iy Lo Yois,e b Donly 32 5 Le 'Y unb 7| Sz g Arka see Ase Jaoly bl Vel e Low e = O o Do w Ly dossdy fon vaie '

Et le caractere bien sur...

L
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=cprL Decentralised energy systems in districts
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Seheel of Erginecring
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Schnidrig et al. 2024, Power to the People: Envisioning Decentralized Energy Landscapes - Synergies of Centralized and Decentralized Energy Models through Unveiling the Role of Districts and Self Consumption, Energies
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Who is deciding ?

Who decides

Swiss Citizens

Contraints

* Security of supply

- Independence
- CO2 Neutrality

Goals :

Lowest estimated costs

Criteria

Environment impact
Economy

Social cost

Constitution fédérale

de la Confédération suisse Schweizerische Eidgenossenschaft
g Confédération suisse

Confederazione Svizzera

Confederaziun svizra

du 18 avril 1999 (Etat le 3 mars 2024)

Préambule

Au nom de Dieu Tout-Puissant!
Le peuple et les cantons suisses,
conscients de leur/responsabilité envers la Création,

résolus a renouveler leur alliance

pour renforcer la liberté, la démocratie, I'indépendance et la paix dans u_et d’ouverture au

monde,

déterminés a vivre ensemble leurs diversités
dans le respect de l'autre et I'équité,

conscients des acquis communs et de leur devoir d'assumer leurs responsabilités envers les générations futures,

sachant que seul est libre qui use de sa liberté et que la force de la communauté se mesure au bien-étre du plus
faible de ses membres,

arrétent la Constitution' que voici:

! Accepté en votation populaire du 18 avr. 1999, en vigueur depuis le 18" janv. 2000 (AF du 18 déc. 1998, ACF du 11 ao(it 1999; RO 1999
2556; FF 1997 1 1, 1999 176 5306).
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Seheel of Ergineering

Ressources

Colts & Emissions
Disponibilité annuelle

Technologies

Fossiles & Renouvelables
Investissements, O&M
Efficacités & Impacts
Stockage

Demandes Services Energétiques

4 Y

G

—5
—
.:é:_ ‘

La société minimise:

sujet a

- Stockage

Technologie

Technologie

Technologie

o 7

- conservation de masse & énergie

Technologie

Technologie

Technologie

$¢a~
-

YOUR QUESTIONS!

Configurations de systemes énergétiques

Taille F et utilisation F de technologies
Acteurs: Centralisation / Décentralisation
Impacts environnementaux
Impacts économiques

Infrastructure

o
o

A digital twin to answer your questions

Wind or PV

Nuclear?

Expected Costs !
import/exports!?
Hydrogen - Methane?

Solar alpine ?

Jonas Schnidrig



Economic impact assessment of the transition

2020

Bam TSO
90 250 CHF/m S0
s End Users

msm  Import Fossil

2021
2022

2050

.- 107 CHF/month/cap

Pouvoir d’achat

CO2 Social Cost

0 50 100 150 200 250 300

x 5 : District Investment (communauteées d’energie locales)
uses 66% of today’s fossil fuel cost

x [.8 : investment increase by D50 :decentralised energy management
-40% : Reduced investment in TSO

+ 33% to 50% : purchasing power
Public debt regulation: Social cost of
Price stability and security of supply (independance)

350



Predict in an uncertain world
kiomass :290 - 340 [Wi/cap] 1: :‘ , ¥ i ';T ~
Waste : 180 - ﬂ [Wicap] i ) &

c: 110 - 140 [W/cap]

:210 - 250 :‘Icap]

Chemical storage
id fuel : 15 - 88 [W/cap]
4: 140 - 170 [Wi/cap]

‘‘‘‘
= .-

Building [
in Options d’investissement
Technologies : 1000 - 2000 [CHF/y/cap]

Infrastructure : 1350-1600 [CHF/y/cap]

| 2 _—
ﬂ =T 70 - 90 [Wicap]
® ' r .
="

- 140 [W/cap]

Q/ Soooo 11000 12000
o/ ¥ Total Costs [MCHF/year]
Pun?P © _~

s LIRN - 1800 [W/cap]
Wind: 20 - 80 [W/cap]

S e il 500 ic
—F
: <O, COnpseq:0.8-1.2 [tly/cap]

= ission: -0.6 - 0 [t/y/cap]

)

HP : 460 - 680 [W/cap] (21 - 34 %)L
DHN : 340 - 460 [Wicap] (48 - 72 %)
Other : 110 - 170 [Wi/cap] (19 - 33 %)
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Min PV = +ZO%

Question:Wind vs Photovoltaic ?

Min Eolien = _I_ZZ %

o0, Optimum économique et
Costs
1250- L 62.5 ] ::::::::;m
— B services
(%- . Elec. Infrastructure
O ! Gas Infrastructure °
E 1000 1 — PV AI y ~50.0 District ° BeSt mix 168 10" 167 - 16t 10*
T P'n Geothermal 20 GWWind & 37 GW PV e ey e
— Hydro Power
Y, e + PV:LT grid limits
) 7507 3755 F I PV EHV
7+ PVHY * Max potential of wind
o - . PV MV
O Curtailment PVLY
— 500 25.0 . PV ,
S Capacity
C we Curtailment *  Wind to maximum
C W= Storage CH4
< 2501 -12.5 == Storage Hydro Dam o Biomass compensates
»
0-15% biomass potential
= e Power2tank2Power via biogenic methane (4.3 —> 6.1 TWh
Od "0.0 g

n 50 100 150
5 [GW] PV LV 133 [GW] PV LV

PV capacity
[GW]

-PV’

e  Wind is reduced

° more seasonal storage

*  Power2tank2Power via biogenic methane (6. —> 8.8 TWh)

Schnidrig et al. 2024, Power to the People: Envisioning Decentralized Energy Landscapes - Synergies of Centralized and Decentralized Energy Models through Unveiling the Role of Districts and Self Consumption, Energies



SMART TRANSITION ¢

Nuclear

Capacity

m== Storage CH4 Capacity

Zer Construction time

Operating Costs
Maintenance Costs > a I l S

Services

ws=  Storage Hydro Dam

== [-|cxibility services

Services

Elec. Infrastructure

=< Ncw markets rules

District

J Flamanville

Elec. Infrastructure

== Hinkley PointC

Gas Infrastructure

B CO2 budget in the meantime ?

Geothermal

Annual costs
[CHF /cap]
<)

[CHF /cap]
<)
o
o

2
17}
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<
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Geothermal
Hydro Power
Wind

PV EHV

PV HV

PV MV
PVLV

. Nuclear

Hydro Power

- Substitutes PV

PV HV
PV MV
PVLV

not wind

10000 |
Nuclear Power Plant investment price
[MCHF/GW]

if <105 CHF/MWh if investment + waste < 12000 MCHF/GW
atural gas impor Hydrogen

Electricity Import Price
[CHF/MWh]

Costs

7 3 Operating Costs
Capacity B Maintenance Costs
e Scope 2

== Storage Hydro Dam Elec. Infrastructure

CO2 Emissions 7 New infrastructure

Maintenance Costs Geothermal

Hydro Power

g No need of H2 molecules

PV MV

Services

to compensate

Gas Infrastructure

Annual costs
[CHF / cap]
[umi]
Ayoeden

Gas to Power CC

o
B

©
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District
PV LV

B e

Capacity

Geothermal
Hydro Power
Wind

PV EHV

PV HV

PV MV
PVLV

. Nuclear

=== CO2 Storage
wsm Storage CH4
Storage Hydro Dam

Hydrc gen Import Price
CHF/MWh]

if < 75 CHF/MWh if < 60 CHF/MWh => elec < 4 cts/kWh !

Methane Import Price
[CHF/MWh]




CONCLUSION
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