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LE PARC BÂTIT
 DANS UNE SUISSE INDÉPENDANTE ET NEUTRE
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EST CE QUE NOUS AVONS UN PROBLÈME 
D’ÉNERGIE ?

1.5 heures
temps nécessaire pour fournir nos besoins annuels

6500 ans
Notre survie si nous utilisons 1 an  d’énergie solaire

Soleil
La centrale nucléaire 

de mère nature



PEUT-ON APPRENDRE DE MÈRE NATURE ?
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Soleil
16’666’666

100 100 l Oil/an/pers

100

✓Distribution
✓Gestion multi-échelle
✓Economie circulaire

Gestion de l’énergie
 - 20% muscles : travail
 - 20% cerveau : gestion
 - 10% coeur : distribution
 - 30% foie : conversion
 - 37°C : cogeneration

Stock !
20 MJ/kg

CO2

H2O

Biomasse
CH2O

O2

engrais

Photosynthèse

✓Conversion
✓Stockages
✓Matériaux



LA SOLUTION DE L’HOMME
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Soleil

40 MJ/kg

Charbon, Pétrole, 
Gaz
CxHy

Decomposition Sous haute pression 
et haute température

10% d’une année de soleil

20 MJ/kg

CO2

H2O

Biomasse
CH2O

O2

engrais

Photosynthèse
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1962 : L’homme est fier de sa découverte

(1) 
Inc, T. LIFE; Time Inc, 1962.



Les scientifiques savaient depuis 125 ans

The Berkeley Lectures on Energy            M Went 1/21/2016

Svante Arrhenius’ 1896 Paper

2x CO2 in the atmosphere, 
T goes up by 50 C

Later refined his calculation 
to include feedbacks to get 2.10 C

Monday, September 22, 14



LES PÉTROLIERS SAVAIENT DEPUIS 40 ANS

https://www.theguardian.com/environment/climate-consensus-97-per-cent/2018/sep/19/shell-and-exxons-secret-1980s-climate-change-warnings

▪Exxon study (1982)
Exxon’s private prediction of the future growth of 
carbon dioxide levels (left axis) and global 
temperature relative to 1982 (right axis). 
Elsewhere in its report, Exxon noted that the 
most widely accepted science at the time 
indicated that doubling carbon dioxide levels 
would cause a global warming of 3°C. 
Illustration: 1982 Exxon internal briefing 
document

March. 2021
 417 ppm

+0.96 °C



LE CO2 EST UNE MENACE !

California 2018

Europe 2018

Japan 2018

Floodings Fires and Droughts

Heat waves

Zone is world where the 
temperature is higher than 
the cooling temperature of 
the body

+ 2°C
In Switzerland

Youth Revolution

and scientists…

Australia 2019
California 2020
California 2021

Germany 2021
India 2021
China 2021



LA PEUR DE LA PÉNURIE

• Echanges avec l’EU

• Marché de l’énergie

• Marché du carbone



Une Suisse 
indépendante et neutre 

en 2050

Oui, on l’a fait …



URGENCE CLIMATIQUE
COMBIEN DE CO2 PEUT-ON ENCORE ÉMETTRE ?

US and African corn,
Indian wheat

compared to today,
a warmer atmosphere
holds more moisture

unknown

see data for details

unknown

unknown

relative to 
1990 sea level

over pre-industrial
average temperature

serious
inundation

oceans become
more acidic as 
they absorb CO2

Greenland ice
sheet starts to
disintegrate.
Will take 50,000
years to melt
with 2°C warming,
but will raise
sea levels by 6m.

Risk of releasing
huge amounts 
of CO2 & methane
by melting of
permafrost in
Siberia and Arctic.

Risk of releasing
ocean floor
methane, causing
runaway climate
change. Possibility
of mass extinction.

GLOBAL WARMING
IF RELEASED

SCENARIO 

SEA LEVEL
RISE BY 2100

DROWNING
CITIES

% MORE HEAVY
RAIN OVER LAND

HEAT

CORN & WHEAT
YIELDS

OCEAN
ACIDIFICATION

SPECIES AT RISK
OF EXTINCTION

REALLY
SCARY THINGS

3,500,000
LAST TIME CO2 LEVELS

WERE THIS HIGH

YEARS AGO
400
CURRENT ATMOSPHERIC
CO2 LEVELS

PARTS PER MILLION

TIME NEEDED TO RE-ABSORB 
ALL THIS CO2 FROM ATMOSPHERE

300,000 
YEARS 

How Many Gigatons of Carbon Dioxide...?

have we released 
to date?

more can we 
“safely” release*? 

are left to release?

gigatons36CURRENT ANNUAL
FOSSIL FUEL EMISSIONS

TIME BEFORE WE BREAK 
OUR ‘CARBON BUDGET’

* before 2050 and still have an 80% chance
of staying below 2°C warming

if emissions continue to increase at 2.5% per year
8 YEARS 

500
added 
2000-2015

1010 GtCO2

added
1850-1999

335 710
in fossil fuel
reserves
of all energy
companies

780
remaining 
company 
reserves that 
could be
developed

1,265
other reserves
(including state-owned)

inevitable

+1.5°C

-10%

7%

nightmare

+5-6°C

more 
acidic150%

35-42%

Bangkok

happened

+0.8°C

30% more 
acidic

more severe
heat waves

Italy, Spain, 
Greece 
deserts

every Euro 
summer a 
heatwave

“safe” limit

+2°C

bleachedstops growing

CORAL

Amsterdam

-20%

13%

tipping point

+3-4°C

dead

New York

-30-40%

20-26%

0.85M 1.04M 1.24M 1.43M

40%
up to 
30%

what’s in the ground: 2755

our
‘carbon
budget’

Sources: Carbon Tracker Initiative, International Energy Agency (IEA), IPCC 2014 & 2007, CDIAC, Global Carbon Project
NASA, National Oceanic and Atmospheric Administration (NOAA), National Research Council, 

Potsdam Institute for Climate Impact Research, World Bank, European Commission Joint Research Centre, our own calcs

Note: Our emissions data is expressed in gigatons of carbon dioxide (GtCO2), so values are 3.664 times larger than the same amount of emissions expressed in gigatons of carbon (GtC).

Data based on emissions from fossil fuel burning only – see data sheet for emissions including land use changes.

All data & workings: http://bit.ly/CO2Gigatons2016

Concept & Design: David McCandless // v2.2 // Feb 2016
Lead Research: Miriam Quick

Additional Research: Ella Hollowood  // Additional design: Kathryn Ariel Kay, Paulo Estriga, Fabio Bergmaschi

InformationisBeautiful.net

 informationisbeautiful.org All data & workings: http://bit.ly/CO2Gigatons2016

55
%

27
%

18
%

http://informationisbeautiful.org


QU’EST CE QU’ON AVAIT RATÉ ?

✓ Conversion
✓ Stockage
✓ Matériaux
✓ Distribution
✓ Gestion

Renouvelable et Economie circulaire



ENERGY NEEDS

36%

17%

47%

100 l gasoline/hab/year Electricity

2%products



L’ÉNERGIE POUR LE BÂTIT [MJth/hab]
Soberty

MJ->m2 heated
Comfort
m2->hab

Population
hab

Service

MJ/habx x =

8.6 M hab
9.9 M hab+56 %

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

-
30 %

Renovation
2020
2050 

PopulationNew buildinds



LA RESSOURCE POUR LE BÂTIT [MJth/hab]

Chaleur utile
La chaudière à Mazout 

Mazout

Rejet de chaleur

21 °C

CO2

1000 °C

11

10



LES BESOINS ÉNERGÉTIQUES D’UN BÂTIMENT

Maison unifamiliale typique

3.8
tonnes CO2 /an/100 m2

70 CHF/mois/100 m2

170 
CHF/mois/100 m2

Energie

140 CHF/mois/100 m2

! 75% import 

Chaudière
30 CHF/mois/100 m2



1830 : LA FORMULE MAGIQUE

Nicolas Léonard Sadi CARNOT (F)

1796 - 1832

·E = ·Qchauffage ⋅ (1 −
Tsource

Tchauffage
)

Fraction venant de l’environnement



LEARNING FROM THERMODYNAMICS

Nicolas Léonard Sadi CARNOT (F)
1796 - 1832

Electricity

Renewable energy from the environment

Heat needs

21 °C

0 °C

1

Use heat pumps

·E = ·Qchauffage ⋅ (1 −
Tsource

Tchauffage
)

10

9



CONVERSION: INTEGRATION D’UNE POMPE À CHALEUR DANS UN BÂTIMENT

Projections coûts photovoltaïque



SYSTEM INTEGRATION

J A D
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ctBatteries
Hot water tanks

Heat pumps
Peaks

Predictive control

Big data
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Electrical grid

0.4-0.3*
m2PV/m2

*renovation



90+% CO2 EMISSIONS REDUCTION

163
CHF/month/100 m2

Energy :               50 CHF/month/100 m2

Investment  :       113 CHF/month/100 m2

170 
CHF/month/100 m2

Energy :          140 CHF/month/100 m2

Investment :          30 CHF/month/100 m2

3.8
tons CO2 /year/100 m2

0.18-0.07*
tons CO2 /year/100 m2

0.4-0.3*
m2PV/m2

*renovation



L’ENERGIE DE NOS DÉCHETS …

Organic waste : 2C(H2O)

Gaz Naturel Synthetique

Heat

(H2O)

30% : 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


STOCKER L’EXCÈS D’ELECTRICITÉ

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

Heat



ON THE USE OF BIOMASS AS AN ENERGY MANAGEMENT SOURCE

BIOMASS : C(H2O)

Synthetic Natural Gas

CO2

CH4

H2O

Gas grid

Electricity Grid
O2

H2
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

PV
PV

Storage capacity

1.3 x  GN2011



A NEW GAS BOILER
Captured CO2

Cogeneration
Fuel cells

Gas

Environment

30 °C

0 °C

PV

Heat pump

PV

Electrical grid
Data grid

Gas grid
Organic waste network

5x
more heat than

combustion



HARVESTING EFFICIENCY : DISTRICT HEAT PUMPING

Decentralised 
Heat Supply

30 °C

17°C

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

CO2
Distribution

Waste heat industry: >80°C

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

Ground water : 10 °C
Lake water : 7°C
Refrigeration : < 0°C

Decentralised
Energy harvesting PV

L
V

Ė = Q̇(1� Tcold

Thot
)



source : earth.google.ch

T

40°C

15 °C

5 °C

-5 °C

Liquide Vapeur

80°C

CO2
Température = 17°C
DHvap = 160 kJ/kg
Pression = 50 bar

http://earth.google.ch


source : earth.google.ch

T

40°C

15 °C

5 °C

-5 °C

Eau Chaude

Liquide Vapeur

80°C

CO2
Temperature = 17°C

Pression = 50 b

S. Henchoz, F. Maréchal and D. Favrat (Dirs.). Potential of refrigerant based district heating and cooling networks. Thèse EPFL, n° 6935 (2016)

Chauffage

http://earth.google.ch


source : earth.google.ch

T

40°C

15 °C

5 °C

-5 °C

Eau Chaude
Chauffage

Liquide Vapeur

80°C

CO2
Temperature = 17°C

Pression = 50 b

S. Henchoz, F. Maréchal and D. Favrat (Dirs.). Potential of refrigerant based district heating and cooling networks. Thèse EPFL, n° 6935 (2016)

Refroidissement

http://earth.google.ch


source : earth.google.ch

T

40°C

15 °C

5 °C

-5 °C

Eau Chaude

Chauffage

Liquide Vapeur

80°C

CO2
Temperature = 17°C

Pression = 50 b

S. Henchoz, F. Maréchal and D. Favrat (Dirs.). Potential of refrigerant based district heating and cooling networks. Thèse EPFL, n° 6935 (2016)

Eaux usées

Lac
Rivière

Géothermie

Refroidissement

http://earth.google.ch


source : earth.google.ch

Chaleur résiduelle
Municipal waste
Industry

commerces

Refrigeration

T

40°C

15 °C

5 °C

-5 °C

Eau chaude

Chauffage

Liquide Gaz

80°C

CO2
Temperature = 17°C
DHvap = 160 kJ/kg
Pression = 50 bar

S. Henchoz, F. Maréchal and D. Favrat (Dirs.). Potential of refrigerant based district heating and cooling networks. Thèse EPFL, n° 6935 (2016)

Eaux usées

Lac
Rivière

Géothermie

Refroidissement
data centers

Rankine cycle

http://earth.google.ch


METTRE LES TUYAUX DANS LES TROTTOIRS

1.8. CO2 vs. cold water: On technical issues.
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Figure 1.47 – Scale representation of the cross-section of the different networks discussed in
this study. Part A: CO2, R1234yf and R1234ze networks using double wall pipes that are buried
under a heavy traffic road. Part B: Cold water network using single wall pipes that are buried
under a heavy traffic road. Part C: CO2 network using single wall pipes, installed in utility
tunnels under the pavement on both sides of a road. In Part A and B, the light gray rectangles
show the approximate size of the excavation required, for part C the excavation required is
assumed to correspond to the space required by the two utility tunnels.

A further leap in compactness could come from installing the pipes on both side of a road
inside small utility tunnels buried right under the pavement, as it is shown at Fig. 1.47 - part
C. In this concept, the design load could be reduced, as only in exceptional circumstances
high external loading would apply. It also has the advantage of allowing easier inspection and
maintenance work, with a possibility of continuing operation on the leg located the other
side of the road. The tunnels would have to be designed such as to include the necessary
safety measures defined through the MAO procedure (See description at 1.6.3) and those
required by standards and regulations. The comparison of the cross sections of the trenches is

119

plutôt que de les enterrer



LES NOYAUX ENERGETIQUES DE LA VILLE

http://urb.io  : aide à la décision pour la planification urbaine multi-critère

http://urb.io


District voisin

GARE - CENTRE COMMERCIAL - PME : NOYAU ÉNERGÉTIQUE

Gare -Centre 
Commercial - 

sport
SMI-SME parks

Appart.
Bureaux

Data 

Parking - 
Logistique

PlateformePV
Batteries EV
Chargeur EV

Hydrogène (bus et camion)

Trains : Mobilité
Trains : Logistique

Batteries
Super-cap

ECS Eau froide

Chauffage/refroidissement urbain

Réseaux
Electricité, gaz, eau

Ressources

Urban Energy hub

Hydrogène

HVAC/refrigeration pompe à chaleur
Cogeneration - Fuel cells - électrolyse

Storage

PV



POMPE À CHALEUR URBAINE

CO2
17°C
50 bar

Récupération de chaleur

Pompe à chaleur

Environnement

Refroidissement 84 % 
Economie d’énergie

COP = 5.7

6
ans

temps de retour

www.exergo.ch

Centre ville : bord du lac



POMPE À CHALEUR URBAINE ET PV

PV

CO2
17°C
50 bar

Récupération de chaleur

Pompe à chaleur

Photovoltaïque

Environnement

Refroidissement

www.exergo.ch



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%

CH4



INTEGRATE : AUTONOMOUS CITIES

PV
Industrial Waste Heat

Heat pumps
Photovoltaic

Environnement

Cooling

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 % 
Renewable

12.5
k€/100 m2ERA 

25
m2 PV/hab

Gas

Refrigeration

Fuel cells

84 % 
Energy savings

6
years returns

2.5
m3/100 m2ERA Power to Gas

Waste to energy

Gas to Power

Energy Management

Distri
ct h

eati
ng/co

oling

Organ
ic W

aste

Elect
ricit

y Grids

E-mobility



DEFOSSILIZING INDUSTRY 

storage

Thesis H. Butun, M. Kermani

Heat valorisation

Heat pumping

Waste heat to 
electricity

Energy conversion

Renewable resources

Combined Heat and Power

Combined Heat and Fuel

System expansion

Industrial symbiosis

Waste to products

Waste-water-energy

Circular economy

District heating/cooling

Efficiency

Heat recovery


Energy Audits

Energy Drivers

Energy system integration

RES integration

Heat and electricity storage

Hydrogen & power 2 X

CO2

Capture, reuse, sequestrate 

Technology efficiency

Technology improvement

Optimal operation



CO2 sequestration

Mineralisation

BIOMASS AS THE MATERIAL AND ENERGY RESOURCE

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

District heating



LA MOBILITÉ

100 l gasoline/hab/year

Bio-Fuel

Hydro et éolien

36%

Véhicules électriques
Véhicules Hybrides et range extenders (H2, CH4)
Capture du CO2 sur les véhicules

Transport Public : electrique/hybrid
Efficacité Mobilité douce



VEHICULES “RANGE EXTENDERS”

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

Centrale électrique : 3.5 kWe (eff. >70%)
Batterie : 5 kWh

Parking mode

Biogas/CO2 

Batteries

20 l

4 kWe

5 kWh

33 kg

35 kg

Electrical 
motors
30 kW

1200 kg

70 kg

26 kg
PC

Gas Grid

CO2 Grid

Micro
El. Grid

Data Grid

8 %

92 %
CO2 Grid

Biogas /CO2

Batteries

Po
w

er

REX operation
Power to Wheel
SOC

20 l

4 kWe

5 kWh

33 kg

35 kg

Autonomie : 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



CAPTURER LE CO2 SUR LES CAMIONS

Turbo-compressor

Heat recovery
90% CO2 capture

3 
l CO2/l fuel

5%
kg CO2/kg payload

Sharma, 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.

Adsorbent

CO2 liquide

Turbo compresseur
Echangeur

www.qaptis.com

http://www.qaptis.com


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

Une Suisse indépendante et neutre : 
une multitude de solutions - une vision systémique

Citizens

• Behaviours

• Needs

• Services

• Values

Renewable resources

Where-When-How much

Waste-Water-Energy

Circularity

Waste to products


CO2 to products

Waste to energy

Resiliency - security of supply

Sustainability (metrics)

Well being/happiness

Economy

Environment

Investments

(New) Technologies => sizes

CO2 sequestration

Management => operation

Infrastructure => synergies & mutualisation

Products

Services
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