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319 → 431 ppm CO2 
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L’AI pour aider à la transition ?

Intelligence humaine ? 2

Données
Cerveaux

Mémoire 
Modèles 
Instructions/croyances

“C’est trop cher ! 
Crois-moi !”

Processeur

Intelligence artificielle ? 3

Données

Cerveaux

Mémoire 
Modèles 
Instructions

“C’est possible, 
La preuve !”

Processeur

Processeurs

Intelligence générative: Large Language models 4

Prompt : instructions
THE SWISS AI CHARTERDonnées

Entrainement

Generation
Le mot suivant le plus probable
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EARTH CARBON BALANCE
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Atmospheric as  

750 GT 
427 ppm

CO2

Land biota as  

609 GT
CH2OOcean biota  

3 GT
Ocean  

39000 GT
CO++

3

Rocks as  

1000000 GT
CaCO3

Fossil fuels as  

4000 GT
CH2.15O0.04

Emissions  
+ 9 GT/y

CO2eq

Plastics  

8 GT 
+1 GT/y

CH2
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Soil as  

1580 GT
CH2O

adapted from https://www.e-education.psu.edu/earth103/node/1019

Food 

1 GT

▪ Mistral : quelles sont les quantité de carbon en GT dans l’atmosphere, la 
bioshpere et la litosphere ?

D’où viennent ces données ? 6

LE CYCLE DU CARBONE AUJOURD’HUI
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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

100

1’666’6666

100 100 l Oil/an/cap

CO2+H2O

150
480

470 580

2430

300

100

CaCO3

CO2

12 
t/y/cap

CONSÉQUENCES…

▪Svante Arrhenius (1896) 
doubling CO2 concentration = +2.5 C 

▪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

Supran et al., Science 379, 153 (2023) 13 January 2023 

-> Models



CO2 EMISSIONS CONSEQUENCES

California 2018

Europe 2018
China-EU 2022

World 2023

Japan 2018
Floodings Fires and Droughts

Heat waves

Migration
Zones in the world where the bulb temperature is higher than the cooling 
temperature of the body

+ 2°C
In Switzerland Australia 2019

California 2020
California 2021
California 2022

China 2022
Europe 2022
Canada 2023
Greece 2023

Germany 2021
India 2021China 2021
Pakistan 2022
Slovenia 2023
Greece 2023
Spain 2023
China 2023
Sierre 2024

AR6 Synthesis Report (SYR)

UNE COMMUNAUTÉ SCIENTIFIQUE (e.g. IPCC)
Combien ? Qui ?

Observations 
Statistiques

Modèles Prospectifs 
- Scénarios 
- Probabilité 
- Incertitudes

Evénements 
Extrèmes ?

Vivable ? Nourriture ?
IPCC , R6 doi: 10.59327/IPCC/AR6-9789291691647

De : “c’est papa qui paie” à “on laissera payer l’fiston” 

Polleur-payeur : dispense  (CH= 30-90 Milliards/an)

Notre dette: le coût de la réparation : 

 200 - 600 USD/ton CO2 

Coût social :  400 CHF/ton  (confédération Suisse, 2025) 

Pour la Suisse : 15  (base consommation)=> 30-90 Millards/ans 

“On laissera payer fiston” :  1.25 ton/mois/cap = 250-750 CHF/mois 

CO2

≈ CO2

tonCO2
/an /cap

Le coût de la réparation

EPA (2023)

Industrial 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



L’IMAGE ENERGETIQUE DE LA SUISSE 2024

36%

17%

47%

Fossile
Energie nourriture

100 l essence/an/hab
Electricité

2%products

Import

Export

Mix  
50-90 

gCO2/kWhe

Z Z Z
Z Z Z

Z Z Z Z Z Z Z Z Z

Z Z
Z Z Z

Z

ZZ Z

N ZN

N

N ZN

UNE SUISSE DÉPENDANTE QUI CHOISI QUI ELLE RESPECTE 

Investissement : 80 CHF/mois/hab: infrastructure et conversion  

Import : 80 -140 CHF/mois/hab: achats d’énergie, Effet Poutine

-> 30/mois/cap (3 milliard ! pour armer Poutine + 5 milliard pour s’en protéger ?)

Dette : 90 CHF/mois/hab (200 CHF/ton CO2)
*10 CHF/mois/cap = 1 milliard CHF/an

©Francois Marechal -IPESE-IGM-STI-EPFL 2024

Une Suisse 
indépendante et neutre ? 

Est-ce trop cher ? 

©Francois Marechal -IPESE-IGM-STI-EPFL 2024

Le système énergétique du futur !

Feu : resources 
Hydro Dam Hydro River PV Wind
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Biomass Hydro Dam Hydro River PV Wind
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Geothermal

Technologies

Connectées

Controlées

Investissement

Eau 
Potable

Usée

Irrigation

Refroidissement 

Innondation


Air 
Refroidissement

Climat

Qualité


*ESG : Environment - Social - Gouvernance : règles des PFI

Terre 
Urbanisme

Nourriture

Forêt

Paysage

Faune et flore


Mes Déchets 
Recycler

Valoriser

Resource

Mes besoins 
      … maintenant  

- Produits

- Services


- Confort

- Nouriture

- Données

- Mobilité

- Securité
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Impact ESG* 
Environnement


Bien-être


Generation futures

Economie



INTÉGRER L’INNOVATION DIGITAL TWINS
YOUR DECISION’S SPACE
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Investment
Infeasible dom

ain

Today

Your smart solution

Lowest impact for 
the same cost

Cheapest for the 
same impact

Competing solutions ?

©Francois Marechal -IPESE-IGM-STI-EPFL 2024

Our research : Digital Twins for process and energy systems engineering

Performances
• Economic
• Thermodynamic
• Environmental impact
• Social
• Risk

Interpret
Superstructure Generate 

Choose-Size-Connect-Operate

System configurations

System integration

Decisions 
• Multi-criteria
• Explain differences
• Assess the Risk
• Sustainable Development Goals
• Planetary boundariesReport

*AGIR : to act !

Technologies

Out=F(In,P)
Models Analyse 

Technology knowledge

UN BÂTIMENT CONNECTÉ, PRODUCTEUR ET CONSOMMATEUR

J A D

D
ire

ctBatteries
Réservoir d’eau

Pompe à chaleur
Résistance

Contrôle intelligent

Big data - Prédictions

Ex
po

rt
Im
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rt

Réseau électrique

*renovation



MODÈLE : HUB ENERGIE RENOUVELABLE
90+ % REDUCTION DES EMISSIONS DE CO2

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 (x8)

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

Electricity: 18 cts/kWh

2021

Calculating  for a heat pumpiu ·Qu,max
[CHF/kW ] 22

Ė

Liquid-VaporVapor

LiquidVapor

CONDENSER

EVAPORATOR

·msink, cpsink, Tsinkin
Tsinkout

·Qu,t = ·Qsink,t = ·msink,t ⋅ cpsink ⋅ (Tsinkout,t − Tsinkin,t)

·Qsink,t = ·mfluid,t ⋅ (h(Tfluid,condin,t, Pfluid,condin,t − h(Tfluid,condout,t, Pfluid,condout,t)

·Qsource,t = ·msource,t ⋅ cpsource ⋅ (Tsourcein,t − Tsourceout,t)

·msource, cpsource, Tsourcein
Tsourceout

Tfluid,cond, Pfluid,cond

Tfluid,evap, Pfluid,evap

·Qsource,t = ·mfluid,t ⋅ (h(Tfluid,evapout,t, Pfluid,evapout,t − h(Tfluid,evapin,t, Pfluid,evapin,t)

·Emax = max
t∈lifetime

(
·Qu,t

COPu,t
)

Pfluid,cond ≥ Pfluid,evap

Acondenser = max
t∈lifetime

(( 1
usink

+ 1
ufluid,cond

)
·Qsink,t

(Tfluid,cond,t − Tsinkin,t) − (Tfluid,cond,t − Tsinkout,t)
ln(Tfluid,cond,t − Tsinkin,t) − ln(Tfluid,cond,t − Tsinkout,t)

)

Aevaporator = max
t∈lifetime

(( 1
usource

+ 1
ufluid,evap

)
·Qsource,t

(Tsourceout,t − Tfluid,evap,t − (Tsourcein,t − (Tfluid,evap,t)
ln(Tsourceout,t − Tfluid,evap,t) − ln(Tsourcein,t − Tfluid,evap,t)

)

Sizing : condenser, evaporator & compressor

·Qsource,t = ·Qsink,t − ·Eu,t

CAPEXu = 1
τ

(IHTX(Acondenser) + IHTX(AEvaporator) + Icompressor(
·Emax))

Nombres addimentionnels et coefficient de transfert

Données synthétisées dans un modèle

Propriétés par modèles thermodynamiques

MODÈLE HUB ENERGIE RENOUVELABLE
90+ % REDUCTION DES EMISSIONS DE CO2

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

2023

reho.readthedocs.ch



GÉNÉRER DES OPTIONS
Utilisation sobre et efficace de l’énergie

Producteur - Consommateur - Investisseur - Acteur

Mon confort Ma mobilité Mes données Mon efficacité
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26Data-driven fabrication of sustainable 
perovskite solar cells (PSCs)

From molecules to layers to complete device

Efficiency

Stability

Cost

Environm
ental 

impacts

Molecules

Layers

Fabrication process
Models to evaluate  
Multiple Key performance indicators

Life cycle impacts (LCA)

Techno-economic analysis (TEA)
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27AI for PV fabrication 
Predicting the key performance indicators

Predicting target indicators with LLMs Analysing the decision variables affecting 
performances

Clustering decision variables affecting 
multiple performances indicators
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28

Inverse designing of procedures based on key performance indicators

Reverse models Recipe and fabrication procedure generation New recipes

AI for PV fabrication 



APPROCHE QUARTIER : L’OPTIMUM EST MIEUX QUE LA SOMME DES OPTIMUMS

Coûts opérationnels: -9% 

Auto-consommation: +34%  

Investissement “prosumer”: + 30% 

Communautés d’énergie locales : synergie et mutualisation multi-énergie

Energie Renouvelable Chauffage urbain - Chaleur fatale - Déchet biomasse

SYSTEMS IN SYSTEMS

System problem

min
xbo

nb

∑
b=1

nr

∑
r=1

nt

∑
t=1

·m+
b,r,t ⋅ c+

r,t + 1
τ

⋅ Ib

Ib =
no

∑
o=1

xbo
⋅ Ibo

∀b ∈ {1..nb}

·mb,r,t =
no

∑
o=1

xbo
⋅ ·mbo,r,t ∀b ∈ {1..nb}

no

∑
o=1

xbo
= 1 b ∈ {1..nb}

Sub-system problems
 solve

s.t. 

∀b ∈ {1..nb}
min·m+
bo,r,t,Ibo

nb

∑
b=1

nr

∑
r=1

nt

∑
t=1

·m+
bo,r,t ⋅ c+

bo,t + 1
τ

⋅ Ibo

F( ·m+
bo,r,t, Ibo

) = 0
G( ·m+

bo,r,t, Ibo
) ≥ 0

no = no + 1

yes = solutionDuality
c+

bo,t = f(xbo
)

Convergence
|c+

bo,t − c+
bo−1,t | ≤ ϵ?

Dantzig-Wolf Decomposition
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Irradiance

Electric grid Energy demand Gas grid

Temperature

Et le caractère bien sûr…

Archétypes de quartiers
7 quartiers pour représenter la Suisse

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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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

𝜔𝑑1,𝑐2
𝜔𝑑1,𝑐1

𝜔𝑑3,𝑐4𝜔𝑑3,𝑐3𝜔𝑑3,𝑐2

𝜔𝑑3,𝑐1

𝜔𝑑4,𝑐3𝜔𝑑4,𝑐2

𝜔𝑑4,𝑐1

𝜔𝑑5,𝑐3𝜔𝑑5,𝑐2

𝜔𝑑5,𝑐1

𝜔𝑑2,𝑐3𝜔𝑑2,𝑐2

𝜔𝑑2,𝑐1

𝛀𝒅,𝒄

Combiner le système national aux quartiers 
Quelle est la meilleure configuration pour chaque quartier?
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Les solutions au niveau du quartier 33

Électricité
Gas

Électricité – Strom - Electricité

Heating – Heizen - Chauffage

Hot water – Warmwasser – Eau 
chaude

Energy demands
Energienachfrage
Demande énergie

Adapted from Chuat 2023, Impact of renewable energy hubs configurations on the national infrastructure, Master Project EPFL

Chalet

Single family house
Einfamilienhaus
Maison individuelle

Multi family house
Reihenhaus

Maison Mansion
Spukhaus
Villa

School
Schüäl
Ecole

Office Tower
Block
Bureaux

District KPI

$ C
O

2

TOTEX GWP
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Électricité
Gas

Électricité – Strom - Electricité

Heating – Heizen - Chauffage

Hot water – Warmwasser – Eau 
chaude

Energy demands
Energienachfrage
Demande énergie

Adapted from Chuat 2023, Impact of renewable energy hubs configurations on the national infrastructure, Master Project EPFL

Chalet

Single family house
Einfamilienhaus
Maison individuelle

Multi family house
Reihenhaus

Maison Mansion
Spukhaus
Villa

School
Schüäl
Ecole

Office Tower
Block
Bureaux

Les solutions au niveau du quartier - ConsommACTeurs

District KPI

$ C
O

2

TOTEX GWP
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35District energy system archetypes 
Generating configurations by parametric optimization

𝜔𝑑1,𝑐2𝜔𝑑1,𝑐1

𝜔𝑑3,𝑐4𝜔𝑑3,𝑐3𝜔𝑑3,𝑐2𝜔𝑑3,𝑐1

𝜔𝑑4,𝑐3𝜔𝑑4,𝑐2𝜔𝑑4,𝑐1

𝜔𝑑2,𝑐3𝜔𝑑2,𝑐2𝜔𝑑2,𝑐1𝜔𝑑3,𝑐2

𝜔𝑑3,𝑐1

𝜔𝑑3,𝑐2

𝜔𝑑3,𝑐4

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

• Global sensitivity analysis

• Monte-Carlo on price signals

• Clustering of typical 
configurations for each 
district
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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

𝜔𝑑1,𝑐2
𝜔𝑑1,𝑐1

𝜔𝑑3,𝑐4𝜔𝑑3,𝑐3𝜔𝑑3,𝑐2

𝜔𝑑3,𝑐1

𝜔𝑑3,𝑐2
𝜔𝑑3,𝑐1

𝜔𝑑3,𝑐2
𝜔𝑑3,𝑐4

𝜔𝑑4,𝑐3𝜔𝑑4,𝑐2

𝜔𝑑4,𝑐1

𝜔𝑑5,𝑐3𝜔𝑑5,𝑐2

𝜔𝑑5,𝑐1

𝜔𝑑2,𝑐3𝜔𝑑2,𝑐2

𝜔𝑑2,𝑐1

𝛀𝒅,𝒄

Intégrer les technologies futures dans le système 
énergétique local et national
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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

𝜔𝑑1,𝑐2
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𝜔𝑑5,𝑐1

𝜔𝑑2,𝑐3𝜔𝑑2,𝑐2
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Combiner le système national aux quartiers 
Un équilibre entre solutions régionales et nationales

So
lu

tio
ns

 d
e 

Q
ua

rti
er

s
Q

ua
rti

er
s

Sy
st

èm
e 

na
tio

na
l

POMPE À CHALEUR URBAINE ET PHOTOVOLTAÏQUE

PV

Chauffage urbain
CO2 17°C

50 bar

Récupération de chaleur

Pompe à chaleur
Photovoltaïque

Environnement

Refroidissement

www.exergo.ch

16 % 
Electricité 6 % 

direct

10 % 
import

12 % 
export

10% IMPORT : PILE À COMBUSTIBLE

Rendement : 80%

O2

Air

H2O
CO2

Pile à combustible SOFC

Séparation CO2

Chaleur pour les bâtiments

CH4

Im
po

rt Air
 LCA approach for Carbon Sequestration: 

o Time horizon: 100 years
o Forest management practices, including harvests
o Natural decay (e.g., deadwood, fires, pests, etc.)
Net CO2  Sequestered  = Carbon absorbed by forest growth - Harvest - Decay/risks 

Direct Air Capture by Nature

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



LA RESSOURCE BIOMASSE

Déchets organiques
2C(H2O)

Gaz Naturel Synthétique

Chaleur

(H2O)

50% : Biomethanisation
70% : Gasification Hydrothermale (trea-tech.com)
70% : Gasification et gaz naturel de synthèse

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
Electricité

Chaleur

1 CO2

1 CH4

Sequestration

PROCESS DESIGN MODELS

LENI Systems

Flowsheet generation (2)
Energy-integration model

Integrating heat recovery technologies in the superstructure
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Super-Structure
• Flowsheeting models
• Process unit model data base

System integration
• Heat recovery 
• Energy conversion
• Waste + Water

Performances
• OPEX
• CAPEX
• LCA
• Thermodynamic

(1) 
Gassner, M.; Maréchal, F. Thermo-Economic 
Optimisation of the Polygeneration of Synthetic 
Natural Gas (SNG), Power and Heat from 
Lignocellulosic Biomass by Gasification and 
Methanation. Energy Environ. Sci. 2012, 5 (2), 
5768–5789. https://doi.org/10.1039/
C1EE02867G.

LENI Systems

Some results
Cmparing technologies and processes

Thermo-economic Pareto front
(cost vs efficiency):

LENI Systems

Quelques résultats
Comparaison des technologies

Optimisation de toutes les combinaisions technologiques
(coût et éfficacité):

→ gaz. préssurisé à chauffage direct est la meilleure option→ The best solution is the pressurised directly heated gasifier
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BIOMASS TO SYNTHETIC NATURAL GAS

Gassner, Martin, and François Maréchal.  Energy & Environmental Science 5, no. 2 (2012): 5768 – 5789. 

Note : 1.5 years of calculation time !

(1) 
Gassner, M.; Maréchal, F. Thermo-Economic Optimisation of the Polygeneration of Synthetic Natural Gas (SNG), Power and Heat from Lignocellulosic Biomass by Gasification and Methanation. Energy Environ. Sci. 2012, 5 (2), 5768–5789. https://doi.org/10.1039/C1EE02867G.

1.5 années calcul

DEALING WITH UNCERTAINTIES

(1)
Tock, L.; Maréchal, F. Decision Support for Ranking Pareto Optimal Process Designs under Uncertain Market Conditions. Computers & Chemical Engineering 2015, 83, 165–175. https://doi.org/10.1016/j.compchemeng.2015.06.009.

What are the most probable best solutionsTaking decision Generating solutions



12% EXCÈS : STOCKER L’ELECTRICITÉ

Efficacité : 78%O2

O2

H2O
CH4

PV

Co-Electrolyse
Stockage

Efficacité : 20 %

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. 

Chaleur

Ex
po

rt

COMBINER ELECTROLYSE ET CONVERSION BIOMASSE

BIOMASSE : C(H2O)

Bio carburant de synthèse

1 CO2

1 CH4

H2O

Réseau Gaz

Electricité réseau
O2

H2
1 CH4

Electrolyse

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

Stockage

Ex
po

rt Im
po

rt

Alternatives
• Methanol
• DME/Diesel
• E-bio Kérozène

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

IPESE
Industrial Process and 

Energy Systems Engineering
SNG from biomass: potential in Switzerland
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Natural gas 2011

L’industrie et l’innovation

Ecosphere : authorities

Technosphere

Emissions 
SCOPE 2&3Resources

Background
Market

Sequestration

Products
By-Products

Energy

Heat losses Emissions 
SCOPE 1

Men power
Air Gases

Support

Solvent Catalyst

Energy

Fuel
Electricity Water

Mobilise assets for Processing & Storage 
Choose - Size - Connect - Operate

Water
Solids Waste

Foreground

Raw materials



INNOVATION ?

Aluminium 
Decarbonization 
Superstructure
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6

[1] Flórez-Orrego D., Dardor D., Marèchal F. et al. 2023. “A Systemic
Study for Enhanced Waste Heat Recovery and Renewable Energy
Integration towards Decarbonizing the Aluminium Industry.” ECOS 2023.

[2] Dardor D., Flórez-Orrego D., Marèchal F. et. al. “CO2 Capture and
Management Strategies for Decarbonizing Secondary Aluminium
Production”. ESCAPE34, 2024.

[3] Flórez-Orrego D., Dardor D., Marèchal F. et. al. “Renewable Energy
Integration and Waste Heat Recovery for the Production of Sustainable
Jet Fuel and Decarbonization of Industrial Heating Applications.” AIChE
2023.

[4] Dardor, D., Flórez-Orrego D., Marèchal F. et. al. “Decarbonizing the
Production of Primary Aluminium Using Renewable Resource.” AIChE
2023.

Aluminium Plant

Domestic City

Biomass Gasification

High Temperature Furnaces

CCUS (mineralization)

Fuel Storage Systems

Other Utilities

r-SOC

Primary 
Al

ResourcesProcess routes 
+ 

decarbonisation 
technologies 

Novelis Sierre & Oiken

GÉNÉRER LES OPTIONS ET LES COMPARER

List of decarbonization configurations (>30 options)

Aluminium Decarbonization Options 7
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Economic performance vs. Net emissions

Note: Results at 100 €/tCO2 tax, 0.15 €/kWhEE, 0.045 €/kWhNG, 0.06 €/kWhBiom

Flórez-Orrego D., Dardor D., Maréchal F. et. al. 2024. “Pathways to Decarbonizing the Aluminium Industry: A Systemic Study of Waste Heat Recovery and Renewable Energy Integration.” Journal. In preparation.

QUELLES SON T LES PLUS PROBABLES
DANS CE MONDE INCERTAIN ?

 
Paper ID: 400, Page 8 

 

37th INTERNATIONAL CONFERENCE ON EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND 
ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS, 30 JUNE - 4 JULY, 2024, RHODES, GREECE 

when looking for decarbonization options of aluminium production, a combination of electrification 
and biomass utilization would most probably be the best economically performing.  

 
                                          (a)                                                                                          (b) 
Figure 7: MILP solution distributions including: (a) all generated configurations (b) only decarbonized options. 
 
3.2 Economic Dependency of the Selected Solution 
Next, the results obtained at different tax levels and energy prices can be evaluated by comparing the 
relative weight of each utility load factor in the list of generated solutions. 

 
Figure 8: Utility load factors in MW by column for electricity (left), natural gas (middle), and bioWood (right) 

at 100€/tCO2 tax for three levels of bioWood prices by row 0.00001, 0.2, and 0.5 €/kWh. 

Dareen Dardor et al., ECOS 2024, EC&M under revision

Chauffage

CO2 sequestration

Mineralisation

VERS UNE ÉCONOMIE CIRCULAIRE

Bois
C(H2O)

CxHy

CO2

H2O

Hydro - Eolien

O2

H2
CH4

Industrie

Stocks

Construction

Bio-polymers
Fibres

Capture
Déchets



EMISSIONS NÉGATIVES ?

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 (Val d’Hérens)
 Mg3(OH)4(Si2O5)

MgCO3 + SiO2

Mineral Carbon => construction/routes

-3.3 kgCO2/day/cap
0 MJ/kgC

Emissions

air water soil

Resources

Market flows Function/services

L’IMPACT DES SOLUTIONS

Construction => Utilisation=> Fin de vie

Dommages

Un seul score ?

Santé
humaine

Biodiversité 

Resources  
and services 
ecosystemiques

Climat

CO2

SO2

PO43-

NOx

PM2.5

CFC

…

Ecotoxicity

Human toxicity

Ozone depletion

Photochemical oxidation

Acidification

Eutrophication

Land use

Resource use

Climate change

Water use

Problématique

DÉVELOPPEMENT DURABLE: PERFORMANCES

Etudes scientifiques Etudes scientifiques
Flux élémentaires

56

Absolute Environmental Sustainability Assessment (AESA) 
SOS : Safe Operating Space

Schnidrig, J., Souttre, M., Chuat, A., Maréchal, F., & Margni, M. (2024). Between green hills and green bills: Unveiling the green shades of sustainability and burden shifting through multi-objective. Journal of Environmental Management 
Stockholm Resilience Centre (2025). Planetary boundaries. Stockholm University. 

Whole life cycle

Multiple indicators
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Impact of downscaling methods

RoW

CH 1/3 territorial
2/3 abroad

Energy sector 80%

25%

World global 
emissions

Swiss global 
emissions

Global-National: 1‰

National-Sectoral: 25%

Downscaling

80%

QUI PREND LES DÉCISIONS?
MODÉLISATION D’UN DICTATEUR BIENVEILLANT

• Quelles contraintes :
• Sécurité d’approvisionnement
• Indépendance
• Neutralité en CO2

• Quel objectif : 
• Moindres coûts pour la société en 

 bon père de famille

• Quels critères :
• Impact environnemental - social - 

bien-être

LE SYSTÈME ÉNERGÉTIQUE SUISSE

x 5    : Investissement quartiers (communautés d’énergie locales)
Remplace 66% des achats fossiles

x 1.8 :  Augmentation des investissements distribution (DSO) : gestion locale
-40% : Réduction des investissements transmission TSO)
33% à 50% : pouvoir d’achat

 Frein à l’endettement: Dettes sociales des émissions de CO2
Stabilité des prix et sécurité d’approvisionnement (indépendance)

Pouvoir d’achat

PRÉDIRE DANS UN MONDE INCERTAIN

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]
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Jumeau numérique du système énergétique
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Technologies

Fossiles & Renouvelables 
Investissements, O&M
Efficacités & Impacts

Stockage

Ressources

Coûts & Emissions 
Disponibilité annuelle

Demandes Services Energétiques

Configurations de systèmes énergétiques

Taille F et utilisation Ft de technologies 

Acteurs: Centralisation / Décentralisation 

Impacts environnementaux

Impacts économiques

Infrastructure

…

Prendre des décisions

La société minimise:

 
 
sujet à
- conservation de masse & énergie 
- Stockage

Technologie

Technologie Technologie

Technologie

Technologie
Technologie

VOS QUESTIONS!

▪ Quel est le prix du nucléaire pour que la solution nucléaire soit moins 
chère pour la suisse ? 

Large Language Models 62

Données
Cerveaux

Données 
Modèles 
Instructions

Processeur

Processeurs
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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

INTELLIGENCE ?

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

Import électricité

Import gaz naturel

Nucléaire

Hydrogène
si <105 CHF/MWh

si < 75 CHF/MWh

si investissement < 11000 MCHF/GW

Temps de construction 
>15 ans 

incompatible  
avec budget CO2 

Substitue PV 
Pas d’nfluence sur l’éolien 

Services réseaux 
possibles

Emissions CO2 
Scope 2 à compenser Infrastructure à développer 

Pas de besoins de H2 molecule

Intelligence politique ?



RÉPONDRE À VOS QUESTIONS

EnergyScope
(Open source)

REHO
(Open - Source)

Master of Advanced Studies 
Sustainable Energy Systems Engineering

(Formation continue)

QUESTIONS ?


