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THE SWISS ENERGY SYSTEM
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80 
CHF/month/cap

80-140 
CHF/month/cap 

24 
kg CO2/day/cap

15 
kg CO2/day/cap

Subsidies from our children  

250 
CHF/month/cap 



Polluters-pay principles ? 

In case of : “Let the children pay …”

 200 - 600* USD/ton CO2 

12  => 200-600 CHF/month/cap 

CO2

tonCO2
/year/cap

CO2 emissions : Cost of repair

*EPA (2023)



Swiss energy system: today

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

Cost of repair : 90 CHF/month/cap
-> Our children will have to pay to repair

*10 CHF/month/cap = 1 Billion CHF/year



THE CHALLENGE OF THE COMPLETE CONVERSION CHAIN

E[kJp/hab/an] = ⌘e[kJp/kJe] · ⌘s[kJe/kJs] · ed[kJs/an/m2] · dhab[m2/hab] · hab[hab]
<latexit sha1_base64="LYitj72yBduuoH0E2wk3tIOHOyQ="></latexit><latexit sha1_base64="LYitj72yBduuoH0E2wk3tIOHOyQ="></latexit><latexit sha1_base64="Jt6zYgIXWOmp6MUvbsHcW34azsE="></latexit><latexit sha1_base64="Jt6zYgIXWOmp6MUvbsHcW34azsE="></latexit><latexit sha1_base64="Jt6zYgIXWOmp6MUvbsHcW34azsE="></latexit><latexit sha1_base64="Jt6zYgIXWOmp6MUvbsHcW34azsE="></latexit>

Needs
service->cap

Population
cap

Primary energy
Extraction->resource

Conditioning
resource->distributed

Conversion
Distributed->useful energy

Energy service
Energy->service



EVOLUTION OF POPULATION
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EVOLUTION OF THE NEEDS
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ENERGY EFFICIENCY OF HEATING HOUSES

Reference : 750 MJ/m2/an (1950)



THE NEEDS
Soberty

Energy->m2 heated
Comfort
m2->hab

Population
hab

Service 
service/habx x =

8.6 M hab
9.9 M hab+56 %

http://worldpopulationreview.com/countries/switzerland-population/

-
30 %

Renovation
2020
2050 

PopulationNew buildinds



HOW DO WE SATISFY THE ENERGY NEEDS IN A BUILDING ?

Useful heat
“Good” Oil boiler

Oil

Losses

21 °C

CO2

1000 °C



HEATING BUILDING IS 50% OF COUNTRY ENERGY 
CONSUMPTION

3.78
tons CO2 /year/100 m2

63 
CHFchildren/month/100 m2

120-190 
CHF/month/100 m2

Energy (Oil)
110-180 CHF/month/100 m2

in which 85-155 CHF/month/100 m2 

import

Boiler
10 CHF/month/100 m2

Social cost of CO2: 200 CHF/ton CO2
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Z Z
Z Z
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(1830) CARNOT :  THE MAGIC FORMULA

Nicolas Léonard Sadi CARNOT (F)

1796 - 1832

·Ework = ·Qheating ⋅ (1 −
Tsource

Theating
)

Fraction of heat from the environment

your sobertyElectricity



(1830) CARNOT : THE MAGIC FORMULA APPLIED

Nicolas Léonard Sadi CARNOT (F)
1796 - 1832

Work to buy

Heat from the environment

Heating needs21 °C

0 °C

1

Heat pump

For 10 units of heat, 9 come from the environment and 1 as electricity

·E = ·QHeating ⋅ (1 −
Tsource

THeating
)



RENEWABLE ENERGY HUB
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Model based 
Predictive control

Big data - Forecasting
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*renovation



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

Multi-owners dwelling (880m2) - 1980
22 residents - 6 electrical vehicles

Electricity: 
feed-in 0.083 CHF/kWh
retail 0.20 CHF/kWh

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

CO2 emissions
electricity: 0.17 kgCO2/kWh
heating oil: 0.28 kgCO2/kWh
gasoline: 0.28 kgCO2/kWh

Prices - 2022

Prices - 2020



YOU HAVE ALSO A FREE BATTERY FOR THE ENERGY SYSTEM
Results

Apartment block (I)

Building located in the Geneva-Cointrin climatic region and built between 1920 and 1970

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 kWe
Battery 0 kWhe
Boiler 0 kWth
Water tank 0.22 m3

Electric heater 14 kWe
Heat tank 1.0 m3

Photovoltaics 0 kWp
Solar thermal 0 m2

SOFC-CHP 0 kWe

Annual equivalent battery performance

P. Stadler (EPFL) commelec project meeting June 22, 2018 10 / 18

Roundtrip efficiency

Offered stored energy and power by the system

Results

Cost comparison

Relative cost analysis
Flexibility investment cost assessment for di�erent building energy system designs 1

EPFL battery energy system investment cost estimation : 800 CHF/kWh
Building controller investment cost estimation : 100 CHF

Case study I: Apartment block Case study II: Single family house

1F. Sossan, Equivalent electricity storage capacity of domestic thermostatically controlled loads, 2017

P. Stadler (EPFL) commelec project meeting June 22, 2018 15 / 18

Equivalent BatteryResults

Apartment block (I)

Building located in the Geneva-Cointrin climatic region and built between 1920 and 1970

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 kWe
Battery 0 kWhe
Boiler 0 kWth
Water tank 0.22 m3

Electric heater 14 kWe
Heat tank 1.0 m3

Photovoltaics 0 kWp
Solar thermal 0 m2

SOFC-CHP 0 kWe

Annual equivalent battery performance

P. Stadler (EPFL) commelec project meeting June 22, 2018 10 / 18

Model predictive strategic operation via  signalsc+
b,r,t



BUILDINGS : RENEWABLE ENERGY HUB
90+ % CO2 EMISSIONS REDUCTION

572 
CHF/y/cap

Energy :               542 CHF/y/cap
Investment :                 30 CHF/y/cap

2.20
tons CO2 /an/pers

0.25 - 0.04
tons CO2 /y/cap15.5

m2PV/cap

Oil: 6 cts/kWh

209
CHF/y/cap

PV feed-in :             -139   CHF/y/cap
Energy :             118   CHF/y/cap
Investment  :       230 CHF/y/cap

Feed-in: 8 cts/kWh
Electricity: 18 cts/kWh

Electricity: 18 cts/kWh

202
1



BUILDINGS : RENEWABLE ENERGY HUB
90+ % CO2 EMISSIONS REDUCTION

1132 
CHF/y/cap

Energy :               1102 CHF/y/cap
Investment :                 30 CHF/y/cap

2.20
tons CO2 /y/cap

0.25 - 0.04
tons CO2 /y/cap15.5

m2PV/cap

Oil: 11 cts/kWh

138
CHF/y/cap

PV feed-in :             -278   CHF/y/cap
Energy :             184   CHF/y/cap
Investment  :       230 CHF/y/cap

Electricity: 28 cts/kWhFeed-in: 16 cts/kWh
Electricity: 28 cts/kWh

202
3



RENEWABLE ENERGY HUB
AND E-VEHICULES

2.00 (0.25 + 1.74)
tons CO2 /y/cap15.5

m2PV/cap

208 (-79%)
CHF/y/cap

PV feed-in :              -226   CHF/y/cap

Energy :             204 CHF/y/cap
Investment  :       230 CHF/y/cap

0.32 (-83%)
tons CO2 /y/cap15.5

m2PV/cap

Building

Ga
so

lin
e 

ca
r

1109 (138     + 881)
CHF/y/cap

PV feed-in :     -278   CHF/y/cap
Energy :     184   CHF/y/cap
Investment :     230 CHF/y/cap



DATA PRODUCTION AND ENERGY SYSTEM

Energy of the human body

Domestic Hot Water demand

Lepour et al., (2022) ECOS 2022 proceedings



RENEWABLE ENERGY HUB
AND DATA PRODUCTION

0.25 + 0.24
tons CO2 /y/cap3.8

m2PV/cap

855 (-12%)
CHF/y/cap

Energy :             115 CHF/y/cap
Investment  :       450 CHF/y/cap

0.32 (-34%)
tons CO2 /y/cap4.5

m2PV/cap

Bits heater  :           290 CHF/y/cap

493
CHF/y/cap

Energy :               43 CHF/y/cap
Investment  :       450 CHF/y/cap

476
CHF/y/cap

290   CHF/y/cap
186   CHF/y/cap

+

Building Data center



PV - HEAT PUMP - ELECTRIC CARS - DATA - RENOVATION

30% EV110 Wy/y/cap

PV

HP

PV

HPCloud

PV

HP
PV

HPCloud

100

63

40
33 31

Thesis Lepour



INTEGRATING RENEWABLE ENERGY HUBS : SYSTEMS IN SYSTEMS

For the same feed-in/feed-out prices 

àPV + 40%  
àProsumer Invest + 30% 
à- 20% GWP 
à facade from 16 to 40%

building vs community• District scale => interactions between buildings

àOperating costs: -9% 
àSelf-consumption: +34%



CHASING HEAT SOURCES IN THE CITY

30 °C

17°C CO2

Distribution 

Heat sources ( )Tsource

PV

L
V

Users ( )
Heating

Theating

·E− = ·Q−
Heating ⋅ (1 −

Tdistrib

Theating
) ⋅

1
ηc

COP=8

Data center : 30°C
WWTP : 17-22 °C



30 °C

17°C CO2

Distribution 

Data center : 30°C
STEPS : 13-20 °C

Aquifers : 10 °C
Rivers/Lakes : 7°C
Geothermy : >10 °C
Refrigeration : < 0°C

PV

L
V

·E− = ·Q−
Heating ⋅ (1 −

Tdistrib

Theating
) ⋅

1
ηc

·E−
source = ( ·Q−

Heating − ·E− − ·Qheat + ·E+) ⋅ (1 −
Tsource

Tdistrib
) ⋅

1
ηc

COP=8

COP=8.5

Heart sources ( )Tsource
Users ( )

Heating
Theating

HEAT SOURCES IN THE CITY

COP=4.5
-2%



APPLYING THE MAGIC FORMULA IN THE CITY

30 °C

17°C

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

CO2

Distribution : anergy
Heating & Cooling

Industry: >80°C

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

Aquifers : 10 °C
Rivers/Lake : 7°C
Geothermal : >10 °C
Refrigeration : < 0°C

Heat sources ( )Tsource

PV

L
V

Users ( )
Heating and Cooling

Theating

·E− = ·Q−
Heating ⋅ (1 −

Tdistrib

Theating
) ⋅

1
ηc

·E+ = ·Q+
Heat ⋅ (1 −

Tsource

Tdistrib
) ⋅ ηh

·E−
source = ( ·Q−

Heating − ·E− − ·Qheat + ·E+) ⋅ (1 −
Tsource

Tdistrib
) ⋅

1
ηc



URBAN SYSTEMS

CO2
17°C
50 bar

Heat recovery

Heat pumps

Environnement

Data centers
Refrigeration

84 % 
Energy savings

COP = 5.7

6
years
return

www.exergo.ch

City center

Thèse EPFL : Samuel Henchoz (2017)



DISTRICT ENERGY HUBS

offices

Train
station

Industry

Households

Commercial

center

http://urb.io  : decision support for urban development

Waste Water

http://urb.io


DISTRICT RENEWABLE ENERGY HUBS

PV

CO2

Heat Sources

Heat pumps

PV panels

Environment

Free cooling/refrigeration
Data centers

www.exergo.ch

16 % 
Electricité

6 % 
direct

10 % 
import

12 % 
export



HOW TO PRODUCE THE IMPORT ?

Combined cycle CO2

Ele
ct

ric
ité

CO2

Ele
ct

ric
ité

Cogeneration
Fuel cells

Gaz

Gas

Hydro Wind

Also stores energy Intermittent !



Combined cycle
CCGT

CO2
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European Mix CO2

PRODUCING THE ELECTRICITY DEFICIT
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PRODUCING ELECTRICITY WITH ADVANCED FUEL CELL SYSTEM

CO2

E

CH4

O2

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

E

H2OO2

Products : 
Electricity > 80 %
CO2 captured
H2O 

Heat : 20%

Air

Fuel processing

Fuel cell

Post combustion

Water separationsub-atmospheric

Facchinetti et al.: Innovative Hybrid Cycle Solid Oxide Fuel Cell-Inverted Gas Turbine with CO2 Separation

fuel cell and thus reduced fuel cell cooling requirement.
Indeed, the optimal HCP fuel cell air excess decreases with
the pressure ratio (Figure 4). HCox and HCair are character-
ized by a nearly constant steam to carbon ratio and fuel cell
air excess.

The cathodic turbine pressure ratio remains nearly con-
stant for HCox while decreases slightly for HCair with
respect to the anodic pressure ratio (Figure 5).

Figure 6 displays the relation between the pressure ratio
and the anodic and cathodic compressor inlet temperatures.
Anodic and cathodic compressor inlet temperatures of HCair

are minimized in order to reduce the compression work.
The compressor inlet temperatures of HCox are slightly
higher than the lower limit of the range. This is due to the
low temperature heat load required by the system energy
integration.

Corrected composite curves of optimal solutions, charac-
terized by the same pressure ratio, are compared in
Figures 7–9. The decision variables describing those solutions
are presented in Table 2. The corrected composite curves
represent the relation between corrected temperature
!T±!DT min!2"" and the heat load specific to the power output.

/ -

/ -

Fig. 3 Pressure ratio vs. steam to carbon ratio with max TIT = 1,573 K.

/ -

/ -

Fig. 4 Pressure ratio vs. fuel cell air excess with max TIT = 1,573 K.

/ -

/ -

Fig. 5 Pressure ratio vs. cathodic turbine pressure ratio with max
TIT = 1,573 K.

/ K

Fig. 6 Pressure ratio vs. compressor inlet temperature with max
TIT = 1,573 K.

/ K

Fig. 7 HCox composite curves of optimal solution with p = 3 and max
TIT = 1,573 K.

Table 2 Decision variables for optimal solutions p = 3 and max
TIT = 1,573 K.

Variables HCox HCair HCP

nsc 1.35 1.30 1.65
Tsr [K] 1,065 1,073 1,071
Tfc [K] 1,072 1,073 1,073
k 3.3 2.6 2.6
l 0.8 0.8 0.8
p 3 3 3
pcathode 2.9 3.0 –
Tic cathode [K] 299 298 –
Tic anode [K] 304 298 –

O
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6 © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim FUEL CELLS 00, 0000, No. 0, 1–8www.fuelcells.wiley-vch.de



EFFICIENT USE OF NATURAL GAS
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Backup boiler

Decentralized solution

+20% per unit of gas



STORING EXCESS OF ELECTRICITY

Efficiency : 78%O2

O2

H2O
CH4

PV

Co-Electrolysis
Stored energy

Methane

Efficiency : 20 %

Artificial photosynthesis :  13-16 % Solar efficiency 

captured
CO2

L. Wang, et. al. Optimal design of solid-oxide electrolyzer based power-to-methane systems: A comprehensive comparison between steam electrolysis and co-electrolysis. Applied Energy (211), 2018, 1060-1079. 

PV
PV



Fuel cell

Winter

INTEGRATED ENERGY MANAGEMENT

Liquid CO2
Al-Musleh, Easa I., Dharik S. Mallapragada, and Rakesh Agrawal. "Continuous power supply from a baseload renewable power plant." Applied Energy 122 (2014): 83-93.

Liquid CH4
Summer

Co-electrolysis

PV

System Roundtrip 80%=1 −
Qlosses

EPV

CH4

Fuel cells innovation (K-Valais)



©Francois Marechal -IPESE-IGM-STI-EPFL 2014

Waste water management : chase the heat sources
Heating & 
Hot water production, 
Power [MW] at -6°C

5.36 - 11.11 [MW]

2.87 - 5.35

1.08 - 2.86

0.00 - 1.07

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

15 °C

13°C-16°C
3°C

18 °C

5 l/s/1000 hab

60 kWth

Biogas 9 kW

Sludge 6 kWth

200 kWth

<1 kWe

70 kWth 250 kWth

COP =4.8 
50 kWe

COP =6.2 
10 kWe

3 kWth

3 kWe

9 kWth

Potential = 330 Wth/hab 
Usable = 185 W/hab 
Heat demand = 440 W/hab 
Electricity cons. = 33 W/hab

1000 hab

329 kWth

40°C

Network

440 kWth

40%
Biomass resource

Heat pump resource



Fossil system

▪ From 327 ppm to 
427 ppm (+30%) in 
60 years



Fossil system illusion

▪ From 327 ppm to 
427 ppm (+33%) in 
60 years



Direct Air Capture illusion

20’000 Milliards/an32’000 Milliards/an

-3500 kJ/kg CO2 
374 €/ton CO2 

6.4 m3/ton CO2

6 X the leman lake



Direct Air Capture by Nature: Biomass

Years: 0                      20                                     50                                          100

10 tCO2/ha/yr 
high growth phase 

5 tCO2/ha/yr 
less growth

1 tCO2/ha/yr 
negligible sequestration

4 tCO2/ha/yr 
average

Net Stored (tCO2)Lost (tCO2)Absorbed (tCO2)
Carbon flows over 

100 years

240120 (~30% from harvest )
40 (~10% from decay/risks )4001 hectare Conifer Trees 

Plantation in Switzerland

Dardor D, Flórez-Orrego D, Ribeiro Domingos ME, Germanier R, Margni M, Maréchal F. CO2 Capture and Management Strategies for Decarbonizing Secondary Aluminium 
Production. ESCAPE 2024 - 34th European Symposium on Computer Aided Process Engineering [Internet]. Florence, Italy; 2024. https://infoscience.epfl.ch/record/311522?&ln=en 

Direct air capture by nature 
•  

•  

•  
	  or  

compare with Direct Air Capture 
•  

•  

0.52 [kgdry/kgCO2]
·E−
LHV = + 10.4 [MJ/kgCO2

]
·E−
LHV = + 41.6 [GJ/ha/year]

1300 [W/ha]

·Q−
th = − (4.4 − 5.4) [MJ/kgCO2

]
·E− = − (0.36 − 1.0) [MJ/kgCO2

]0.1-0.2 % photosynthesis efficiency

https://infoscience.epfl.ch/record/311522?&ln=en


Direct Air Capture by Nature => real negative emissions
IP
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1CO2 sequestration using biomass
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H2O

Atmospheric 
CO2

Photosythesis
Wood

Combustion of 
wet wood, with 
water emitted as 

steam2

[1] Xavier Déglise. Les conversions thermochimiques du bois. Revue forestière française, 1982, 34 (4), pp.249-270. ⟨10.4267/2042/21577⟩. ⟨hal-03423398⟩
[2] Techniques de l'ingénieur Bois et papiers, 2005/04/10, ref. article : be8747”, 10.51257/a-v1-be8747
[3] Techniques de l'ingénieur Ressources énergétiques et stockage, 2020/10/10, ref. article : be8535, 10.51257
[4] isentropic compressor modelled on Aspen plus V14, efficiency of 80%
[5] Lackner, KS., Wendt CH, Butt, DP, Joyce, EL, Sharp, DH (1995) Carbon dioxide disposal in carbonate minerals, Energy, 20 (11), 1153-1170

Combustion of dry 
wood and 

condensing the water 
resulting from this 

combustion2

5 480 kJ/kgCO2 10 720 kJ/kgCO2

1 kg 
CO2

Compression to 100 bar4: 
530 kJ/kgCO2

Underground 
sequestration

CaCO3CO2

Mineralisation
using 

wollastonite

CaCO3 
SiO2

valorizable

0.54 kg
Wood

Solar energy

CaSiO3

CaSiO3 + CO2 à CaCO3 + SiO2 
∆Hr = -87 kJ/mol
12 700 kJ/kgCO2Recoverable energy1 

0.842 m3/ton

x1.9 x2.3x1.0v.s. Biomass boiler x1.8

 captureCO2  sequestrationCO2Energy conversion



The biogenic based system

▪ Biogenic carbon 
▪ Harvested on Land 

•  

▪ Bio-Carbon => products 
•  

▪ Bio-Energy 
•  

▪ Negative emissions 
•  
•

·E−
LHV = + 41.6 − 140.0 [GJ/ha /year]

0.52 [kgC /kgCO2]

·E−
LHV = 10.4 [MJ/kgCO2

]

0.1 [kgCO2
/MJ ]

4 − 16 [tCO2
/ha /year]



Biomass cascaded use 43

Conversion chalenges 
 

 

▪ Hydrogen balance 
▪  + H2O 

▪ Oxygen Balance 
▪ - O2  
▪ - CO2 

▪ - MeCO3 

▪ Energy Balance 
▪ Photon : embedded 
▪ +H / -O : endothermic 

▪ Carbon balance 

▪ LULUCF : 150-300 [ ] or 4 

(C(H2)0.1(H2O)0.6) ⋅ (H2O)

tC /ha tC /ha/year



Mass and energy values of carbon based chemicals 44

Ta
rg

et
sPower

Products
Fuel

Harvested wood( ): (CH1.4O0.6) . (H2O) 9 − 10[MJ/kg] 5.6 − 9.0[MJ/l]

Max Carbon efficiency:  

Max Energy efficiency: 

CH1.4O0.6 + 1.3H2O
e+

CH4 + 0.95O2

CH1.4O0.6 + 0.35H2O
·Q−

0.525CH4 + 0.475CO2



ORGANIC WASTE TO CLOSE THE ENERGY BALANCE

Organic waste : 2C(H2O)
Food, WWTP

14 PJ/an (15% of biomass potential)
50 Wa/cap

Sustainable natural gas

Heat

(H2O)

50% : Biomethanisation
70% : Hydrothermal gasification (http://trea-tech.com)
70% : Synthetic Natural Gas

Gassner et al., Energy and Environmental Science 5, no. 2 (2012):Gassner et al.,, Energy & Environmental Science 4, no. 5 (2011): 1742.

CO2

Fuel cell
Electricity

Heat

1 CO2

1 CH4

http://trea-tech.com


COMBINING BIOMASS CONVERSION AND ELECTROLYSIS

BIOMASS : C(H2O)

Sustainable natural gas

1 CO2

1 CH4

H2O

Gas grid

Electricity Grid
O2

H2
1 CH4

Power to Gas

4H2+CO2=>CH4+2H2O

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

CO2 sequestration (negative emissions)

PV
PV

Storage capacity

1.3 x  NG2011

Alternatives
• Methanol
• DME
• F-T fuels
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• District scale => Exploring options

Integrating Renewable Energy Sources : Biogas + PV+ Power2gas

Seasonal storageBioSNG

Power2Gas

Micro grid integration

Organic Waste

Waste water

Waste water
Treatment plant

Waste
 water

Heat re
covery

8W/m2

12W/m2

18 W/m2

12 Wy/y/m2

+1.3 Wy/y/m2

m2 = heated surface
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IPESE
Industrial Process and 

Energy Systems Engineering
SNG from biomass potential in Switzerland
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High Temp Heat from Wood Gasif.

Manure & Sludge Digestates (HTG)

Commercial & Industrial Organic Waste
(HTG)
Green Waste (HTG)

Organic Household Garbage (HTG)

Agricultural Crops (HTG)

Sewage Sludge (AD)

Manure (AD)

Natural gas 2011



Fuel cell

Winter

NEGATIVE EMISSION CITIES

Liquid CO2
Al-Musleh, Easa I., Dharik S. Mallapragada, and Rakesh Agrawal. "Continuous power supply from a baseload renewable power plant." Applied Energy 122 (2014): 83-93.

Liquid CH4
Summer

Co-electrolysis

PV

System Roundtrip 80%

CH4

Fuel cells innovation (K-Valais)

from biomass

to sequestration



AUTONOMOUS CITIES

PV
Industrial heat

Heat pumps
Photovoltaïcs

Environnement

Cooling/air conditioning

CH4 CO2

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]

100 % 
autonomy

12.5
k€/100 m2SRE 

25
m2 PV/hab

Gaz

Refrigeration

Fuel cells

2.5
m3/100 m2SRE Power to tank to power

Waste to energy
Energy management

distri
ct h

eati
ng an

d cooling

Water - o
rgan

ic w
aste

Elect
ricit

y Networks

E-mobility



EFFICIENCY VS COSTS
PV

 A
re

a 
in

 m
2/

ca
p

0

8

16

24

32

Cost of service : in €/day/cap

5 6 7 8 9 10

SOFC PV Hybrid + geothermal + renovation

CCGT + PV

SOFC + PV

SOFC PV NewSOFC PV Hybrid

SOFC PV Hybrid + geothermal

PV cost 300 €/m2

5.5 - 8 €/day/cap
16 - 32 m2 PV/cap

• Advanced Cogeneration
• Perovskite PV
• Hybrid PV
• Geothermal storage
• Buildings renovation



THE ENERGY SYSTEM

47%

100 l gasoline/hab/year Electricity

Solar PV Bio

Waste water

Waste

Environment

Export

36%

17%
?

2%products



Industrial clusters : industry in the territory

Raw Materials

Electricity
Gas

CO2

H2

ProductsWater

District heating

Waste management & recycling

Efficiency 
Mass & Heat 
Recovery

Waste Heat 
Heat pumps 
Heat2Power

Efficacy

Why ? 
Monitoring 
Losses

Technology innovation 
Smart operation 
New technologies 

Soberty
Energy vectors 

Renewables 
COmbined heat and power 
CO2 Capture

Conversion

Multi-energy systems 
Grid : Elec-gas-waste 
Storage : Power2Tanks2Power 
Flexibility services

Systemic integration 
District heating 
Industrial Symbiosis 
Circular economy 

System integration

Biomass



Reducing emissions In Industrial processes

·N+
M

Conversion 
Distribution

·N−
P

Production process 
set of unit operation equipment

·Q+
T ↘

·M+
Fossilfuel

↘ → ·M+
Biogenicfuel

·N−
waste

·E+
res ↗

·E+ ↗

·Q−
Ta

·N−
seqCO2

≤ 0 ↗

Capture 
+Sequestration

·N−
a(CO2,H2O,N2,O2)

↓ ↓ ↓
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Production 
SNG  

WOOD 
100 MWth, dry 170 MW SNG

37 MW Waste heat

Electricity 
145 MWth, dry

H2 
123 MWth, dry

38  MW Useful heat Industry

Fuel

Su
m

m
er

SNG 
production

Integrating with the energy system : Combined heat and fuel production

WOOD 
100 MWth, dry

67.5 MW SNG

 

16.8 MW Waste heat

Sequestration or storage 
(108 kg CO2 avoided / MWh wood)

1.4 MW net electricity

Industry

City

Fuel

W
in

te
r

CO2

Excess in summer

Swiss Energy System

2C(H2O) -> CH4 + CO2

2C(H2O) + 4H2 -> 2CH4 + 2H2O

CO2 + 4H2 -> CH4 + 2H2O

Excess in winter

CH4 + 2O2 -> CO2 + 2H2O

City
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New boiler : Combined Heat and Fuel (CHF) production
Substituted fossil carbon per unit of biogenic carbon in wood (kg/kg)

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

0.48 0.84

0.63 1.0

CHF + P2G with CO2 storageCHF + P2G without CO2 storage

CHF CHF + Carbon sequestration

Celebi, et al.Chemical Engineering Science 204 (2019): 59-75.
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Production 
SNG  

WOOD 
100 MWth, dry 170 MW SNG

37 MW Waste heat

Electricity 
145 MWth, dry

H2 
123 MWth, dry

38  MW Useful heat Industry

Fuel

Su
m

m
er

SNG 
production

New boiler : Combined Heat and Fuel production

WOOD 
100 MWth, dry

67.5 MW SNG

 

16.8 MW Waste heat

Sequestration or storage 
(108 kg CO2 avoided / MWh wood)

1.4 MW net electricity

Industry

City

Fuel

W
in

te
r

CO2

Excess in summer

Swiss Energy System

2C(H2O) -> CH4 + CO2

2C(H2O) + 4H2 -> 2CH4 + 2H2O

CO2 + 4H2 -> CH4 + 2H2O

Excess in winter

CH4 + 2O2 -> CO2 + 2H2O

City



AUTONOMOUS SYSTEM PERSPECTIVES

PV

CO217°C
50 bar

Industrial Heat Recovery

Heat pumps

Photovoltaic

Environnement

Cooling

Power to Gas

CH4 CO2

Gas to Power

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]

31 % 
PV area reduction

by Industrial system integration

100 % 
RES sources



MOBILITY

100 l gasoline/hab/year

36%

The Swiss population spends  
90 minutes in transport every day

This includes 8 minutes of waiting and transfer time.
Leisure is by far the main trip purpose.

Note: status in 2015, only distances in Switzerland, base =resident population aged 6 or over 

0 min. 10 min. 20 min. 30 min. 40 min. 50 min.

other

education

shopping

work

leisure 45.2

17.3

13.2

5.5

9.3

Passenger transport is growing faster 
than the population

śEvolution index, 2000 =100

passenger transport
on road and rail

goods transport
on road and rail

PWODGT�QH�HNKIJV�
passengers

Note: base passenger transport=person-km, base goods transport=VQPPG�MO�

80

90

100

110

120

130

140

150

160

170

2000 2005 2010 2015 2017

TGUKFGPV�RQRWNCVKQP



MOBILITY

100 l gasoline/hab/year

Bio-Fuel

Wind and Hydro

36%

Electric vehicles : 400-500 km 
 Fast charge
Range extenders vehicules (H2, CH4)
CO2 capture on board

Public transport : electric/hybrid (mobilitylab.ch)
Efficacité Soft Mobility

http://mobilitylab.ch


“RANGE EXTENDERS” VEHICULES

Dimitrova, Zlatina, and François 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

Power plant : 3.5 kWe (eff. >70%)
Battery : 5 kWh

Parking mode

Batteries

20 l

4 kWe

5 kWh

33 kg

35 kg

Electrical 
motors
30 kW

1200 kg

70 kg

26 kg
PC

CO2 Grid

Micro
El. Grid

Data Grid

8%

92%
Gas Grid

Biogas|CO2

Batteries

Po
w

er

REX operation
Power to Wheel
SOC

20 l

4 kWe

5 kWh

33 kg

35 kg

Autonomy : 950 km
Cons : 1.1l/100 km

Electrical 
motors
30 kW

1200 kg

70 kg

26 kg

Driving mode

PC

SOFC-GT
Hybrid car

Data Grid

Biogas|CO2

PhD PSA



SMART CARS

Dimitrova, Zlatina, and François 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

Autonomy : 800 km
Cons : 2.0 l/100 km
Battery :75 kWh

24m2 PV/car (Tesla)

Batteries

75 kWh

500 kg

Electrical 
motors

300 kW

2000 kg

150 kg

PC

Micro
El. Grid

25 kg/kg

Biogas 

Po
w

er

REX operation
Power to Wheel
SOC

20 l

4 kWe

5 kWh

33 kg

35 kg

Autonomy : 950 km
Cons : 1.1l/100 km

Electrical 
motors
30 kW

1200 kg

70 kg

26 kg

12 m2 PV/car (hybrid SOFC-GT)

PC

Data Grid
Batteries

15 kg/kg



CAPTURING CO2 FROM TRUCKS

Turbo-compressor

Heat recovery

TSA
MOFS

90% CO2 capture

3 
liter CO2/liter fuel

0.05 - 0.1 
kg CO2/kg payloadSharma, Shivom, and François M.A. Marechal.  2019.  “Carbon Dioxide Capture from Internal Com-

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



CARBON NEUTRAL TRANSPORTATION SYSTEM

Electricity Grid
O2

H2
CXHY

Power to Gas

CO2

BIOMASS : C(H2O)

Synthetic Fuel

CO2

CXHY

H2O

Fuel

Heat

District heating

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

CO2 sequestration



CARBON SINK ?

BIOMASS : C(H2O)

CO2

HT Heat
LT-Heat

CH4

H2O

CH4
78.4 MJ/kgC

54.4 MJ/kgC

4.4 MJ/kgC

Mg3Si2O5(OH)4 + 3 CO2 => 3MgCO3 + 2SiO2 + 2H2O 

Serpentine 1/3 Mg3(OH)4(Si2O5)

MgCO3 + 2/3 SiO2 + 2/3 H2O
Mineral Carbon (product)

-3.3 kgCO2/day/cap
0 MJ/kgC



• CO2 conversion to solid inorganic carbonates by 
chemical reaction 

 
• MO= Metal oxide (MgO, CaO) or CaSiO3, Mg2SiO4, 

Mg3Si2O5(OH)4 
• Magnesium carbonate (MgCO3) or calcium carbonate 

(CaCO3 limestone) => Salt of Type II not soluble in 
Water 

• =accelerated or assisted natural “weathering” 
• Available silicate rocks are larger than needed to fix all 

fossil-derived CO2, however limited to technically 
exploitable reserves 

• Heat ≈ 60 kJ/mol CO2 (to compare with 400 kJ/mol 
CO2 for combustion) 

• Cost: 50-100$/tCO2 mineralized 
• Impact mining & disposal

1t/CO2 + [2� 3t] MO ! [3� 4t] MCO3 + heat

CO2 storage by Mineral carbonation

IPCC2005 CCS report



Carbon mineralisation

Mg3Si2O5(OH)4 + 3 CO2 => 3MgCO3 + 2SiO2 + 2H2O

Serpentine Mg3(OH)4(Si2O5)
Wolastonite CaSiO3 

MgCO3 + SiO2

Mineral Carbon => construction

-3.3 kgCO2/day/cap

0 MJ/kgC
CO2 

This journal is © The Royal Society of Chemistry 2023 Energy Environ. Sci.

and suggestion of Ostovari et al.34 is here considered, notably
a 95% cement substitution credit. This substitution policy is
likely to be a point of intense debate and therefore merits
thorough clarification. Underlying the assumption of Ostovari
et al.34 is the work by Benhelal et al.48 that showed pozzolanic
activity of SiO2. Such behavior enables SiO2 to substitute clinker
and be mixed with Ordinary Portland cement to create a
blended formulation. According to the standards for the
blended formulation,49 up to 40% of Portland cement is
available for substitution, which equates to roughly 1.8 Gton
per year. Nevertheless, as discussed in Ostovari et al.5

fractions of SiO2 above 35% jeopardize the required pozzolanic
reaction.

The schematic representation of the DC option is shown
in Fig. 1. A detailed description of each step is provided in A
similar scheme describing the IC route is available in ESI.†

3.2 System-level optimization

Economic and environmental models are integrated into a process
integration (PI) model, adapted from Butun et al.50 and Castro-
Amoedo et al.51 The objective is to minimize Total Annualized Cost
(TC). The economic model links the PI stage with monetary flows
and is used to compute the total cost of the system (eqn (2)),
composed of investment (Capex) and operating expenses (Opex).
A description of the equations used, the constraints applied to the
model, and the details of the method are explored in ESI.†

TC = Opex + Capex (2)

The solution generation (Fig. 2) is a two-stage procedure: (i) the
detailed simulation and optimization of each industrial sector,
defining the business-as-usual (BAU) solution. These incumbent
solutions allow obtaining the list of hot and cold streams and

Fig. 1 Direct carbonation system boundaries. Mineral ores refer to naturally-occurring and exploitable magnesium and calcium sources (serpentine,
wollastonite and olivine). Alkali waste treatment depends on the feedstock source with magnetic separation and heat pre-treatment being optional.

Fig. 2 Simulation and optimization procedure for integrating mineralization in industrial sectors. BAU: business as usual.

Energy & Environmental Science Paper

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
4 

Ju
ly

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
0/

2/
20

23
 6

:0
7:

50
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.

View Article Online

co
ns

tru
ct

io
n 

m
at

er
ial

s [
CH

F/
kg

]

CO2 [CHF/kg]

Multi-product



68

Results: carbon footprint in the waste sector

Net-negative  
emissions

Comparison with 
deep-geological, 
according to 
Terlouw et al. [215]

Wollastonite 
outperforms 
due to a 
simpler process

Net-negative emissions are 
possible, but are mostly dependent 
on the products substitution credit

Comparison of different sources of mineralization
Process integration 
leads to 35% cost 
reduction
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Circular Renewable/Bio energy hub
Excess in summer Deficit in winter

CH3OH

CH4

(CH2(1+1/n-x/n))nOx

(CH2(1+1/n))n

functions



District heating

CO2 sequestration

CIRCULAR ECONOMY-EFFICIENCY AND INTEGRATION

Woody biomass
C(H2O)

CxHy

CO2

H2O

Renewable Electricity

O2

H2
CH4

Power to Gas

Industry

Storage tanks

Construction materials

Bio-plastics
Papers

Chemicals
Capture

Waste



ENERGY SYSTEM INTEGRATION
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Deciding the energy transition
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*ESG : Environment - Social - Gouvernance : règles des PFI

Earth 
Urbanism
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Landscape

Food

Wildlife

Flora


ESG* Impact 
Environment


Well-being


Future Generations
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Carbon flows management system 73

Decision support for engineering the Carbon Flows management in the society



▪ Feedback loop between process and energy system models (e.g. energyscope)
Integration in an energy system in transition

products

Electricity

Resources

Product i

Waste heat@T

CO2

Resources

Industry 
Products



MODELING THE DECISION IN THE SOCIETY

• Constraints
• security of supply
• Independence
• Net-zero CO2

• What is the goal ?
• Minimise the cost for the society

• Criteria of comparison ?
• Environmental Impact
• Social welfare
• Fair



THE FUTURE SWISS ENERGY SYSTEM

x 5    : Investments in districts (communautés d’énergie locales)
Replace 66% of the fossil purchases

x 1.8 :  Investments increase by the distribution operator (DSO)
-40% : decrease of the investments in transmission (TSO)
33% to 50% : increase of purchase power by private

 Debt constraint: no additional debt to the future generation due to CO2 emissions
 Stability: no more market mechanism just reimburse the investment

Pouvoir d’achat



FU

THE ENERGY SYSTEMS CONFIGURATIONS

Investissement
Technologies :  1000 - 2000 [CHF/y/cap]

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

PV : 230 - 1800 [W/cap]

Wind :   20 -   80 [W/cap]

Hydro : 380 - 500 [W/cap]

CO2 seq : 0.8-1.2 [t/y/cap]
Net CO2 emission: -0.6 - 0 [t/y/cap]

Biomass : 290 - 340 [W/cap]
Waste : 180 - 230 [W/cap]

Chemical storage
Liquid fuel : 15 -   88 [W/cap] 

CH4 : 140 - 170 [W/cap]

Industry Elec: 110 - 140 [W/cap]
Industry heat: 210 - 250 [W/cap]

Building Elec: 270 - 320 [W/cap]
Building heat : 630 - 740 [W/cap]

HP : 460 - 680 [W/cap] (21 - 34 %)
DHN : 340 - 460 [W/cap] (48 - 72 %)
Other : 110 - 170 [W/cap] (19 - 33 %)

Transport Air : 240 - 290 [W/cap]

Freight :   70 -   90 [W/cap]
 

Public:   60 -   90 [W/cap]

Private: 100 - 140 [W/cap]

Schnidrig, Jonas, et al. "On the role of energy infrastructure in the energy transition. Case study of an energy independent and CO2 neutral energy system for Switzerland." Frontiers in Energy Research 11 (2023): 1164813.

E-Bio-Fuels

Negative emissions
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78Your Question: Wind vs Photovoltaic ?

PV installation parametrization. 
The transparent lines represent the annual PV-LV production fractions, allowing us to compare them with the curtailment depending on the installed PV capacity. The case study represents the economic optimization of a neutral (no net emission) and independent (no import) Swiss energy system in 2050 for a population of 10 Million.

Optimum économique

Curtailment

PV

PV Alpin

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

• Best mix 
20 GW Wind & 37 GW PV

• PV: LT grid limits

• Max potential of wind

• PV 

• Wind to maximum

• Biomass compensates 
0-15% biomass potential

• Power2tank2Power via biogenic methane  (4.3 —> 6.1 TWh)

• PV

• Wind is reduced

• more seasonal storage

• Power2tank2Power via biogenic methane (6.1 —> 8.8 TWh) 

Min Eolien = +22 %Min PV = +20%

PV capacity
[GW]

A
nn
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H
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Costs
Operating Costs

Maintenance Costs

Services

Elec. Infrastructure

Gas Infrastructure

Gas to Power CC

District

Geothermal

Hydro Power

Wind

PV EHV

PV HV

PV MV

PV LV

Nuclear

Capacity
CO2 Storage

Storage CH4

Storage Hydro Dam

SMART TRANSITION ?

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

Electricity import

Natural gas import

Nuclear

Hydrogen
if <105 CHF/MWh

if < 75 CHF/MWh

if investment + waste < 12000 MCHF/GW

Construction time 
>15 ans 

CO2 budget in the meantime ? 
Substitutes PV 

not wind

Flexibility services 
New markets rules

Scope 2  
CO2 Emissions 
to compensate

New infrastructure 
No need of H2 molecules



CONCLUSION
E[kJp/hab/an] = ⌘e[kJp/kJe] · ⌘s[kJe/kJs] · ed[kJs/an/m2] · dhab[m2/hab] · hab[hab]

<latexit sha1_base64="LYitj72yBduuoH0E2wk3tIOHOyQ="></latexit><latexit sha1_base64="LYitj72yBduuoH0E2wk3tIOHOyQ="></latexit><latexit sha1_base64="Jt6zYgIXWOmp6MUvbsHcW34azsE="></latexit><latexit sha1_base64="Jt6zYgIXWOmp6MUvbsHcW34azsE="></latexit><latexit sha1_base64="Jt6zYgIXWOmp6MUvbsHcW34azsE="></latexit><latexit sha1_base64="Jt6zYgIXWOmp6MUvbsHcW34azsE="></latexit>

Primary energy
Extraction->resource

v

1 
1 

2 2 
2 3 

2 4 

2 4 

Conditioning
resource->distributed

Conversion
Distributed->useful energy

Energy service
Energy->service

Needs
service->cap

Population
cap
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