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et densité
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« Il est important de réaliser que dans la
physique d'aujourd'hui, nous n'avons
aucune connaissance de ce qu'est l'énergie.
Nous n'avons pas de représentation
comme quoi l'énergie viendrait en petits
paquets d'une certaine quantité. Ce n'est
pas ainsi. Cependant des formules
permettent de calculer une certaine
quantité numérique (…). C'est une chose
abstraite en cela qu'elle ne nous donne pas
le mécanisme ou les raisons des diverses
formules. »

Richard Feynman (1918-1988) 



Plus d’énergie=plus de PIB
 L’énergie (fossile) est ce qui a permis le développement économique actuel

G. Tverberg, Ourfiniteworld.com; S. Keen, Globalizations 2020
J.M. Jancovici, Cours Mines 2019

R. Heinberg, Our Renewable Future, 2018Energie mondiale Mtoe
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Connaissances des énergies, d’après AIE 2018







Gt eq CO2



Urgent de ne pas attendre



7% de reductions d’émissions en 2020

Source: www.carbonbrief.org, Octobre 2020
The 2020 projection is based on preliminary data and modelling, and is the median of the four studies.

Source: CDIAC; Friedlingstein et al 2020; Global Carbon Budget 2020

http://www.carbonbrief.org/
https://energy.appstate.edu/research/work-areas/cdiac-appstate
https://doi.org/10.5194/essd-12-3269-2020
http://www.globalcarbonproject.org/carbonbudget/


Sources d’émissions
Quelles sont les sources ?
Dans le monde / en Europe / en France

Source: GIEC

Émissions de GES mondiales 
par secteur économique en 2010 

50Gt CO2eq

Source: EEA

Émissions de GES européen 
par secteur économique en 2014

4,5Gt CO2eq

Source: CITEPA (2014)

Émissions de GES 
par secteur économique 

en France 2012

MONDE EU 28 FRANCE
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Emissions 2019: 12Gt eqC

1.35 millions 
par seconde!!!





3 transitions énergétiques…

Biomasse

Charbon

Pétrole

Gaz



3 transitions énergétiques…ou pas



Décarbonner ? …
Energie primaire Electricité

Replotted with data from Worldbank, 2019



V. Smil, Energy Transitions: Global and national perspectives



Prédire la transition?

C. Marchetti; Technology Forecasting and societal change, 10 (1977)



Copernicus Institute of Sustainable Development

N  Q ick S i ch  L -Ca b n Ene g
The transition cannot be completed by 2030*

Source: G.J. Kramer and M. Haigh, Nature, 462, 568 (2009)

* Implicitly a response to Al Gore and a number of high-profile, heroic proposals current at that time

‘Pas de transition rapide…’
 Les 2 lois du déploiement

G.J. Kramer, M. Haigh, Nature, 462, 568 (2009)



‘Pas de transition rapide…’
 Mise à jour avec données 2019



Des taux de déploiement en baisse…
 Beaucoup de pays semblent connaître des baisses de régimes 



J. Biden et la décarbonation
 Ambition d’une éléctricité décarbonnée en 2035



Décarbonner=fermer

E. Grubert, Science, 2020



Des transitions rapides à l’échelle locale

1959: découverte du 
superchamp géant de 
Groningen

F_gaz=5%

F_gaz=30%
F_gaz=46%



L’exemple francais (1/2)



L’exemple francais (2/2)

1974: lancement du programme
nucléaire (14TWh)

415TWh en 2000

Energie primaireElectricité



UK: l’autre pays du Rugby

TWh

Electricité



Des résultats contrastés

Source: OurWorldinData 2020





Taux de retour énergétique

TRE=

 Le TRE définit l’abondance énergétique

J. G. Lambert et al, EROI of global energy ressources (2013)

 Différents TRE selon le champ couvert



C. Hall, PPPL Colloquium, 2018

TRE et société

1.1:1
1.2:1
3:1
5:1
7-8:1

9-10:1
12:1

14:1



Des TRE très différents

D. Weissbach et al, EPJ Web of Conferences, 189 (2018)

B. Steffen, Energy Environ. Sci., 11, 3524, 2018



C. De Castro, I. Capellan Perez, Energies (2020)
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Zooming out to longer time-scale 

• …which it later ‘pays back’ 

 

31 

Breakeven 

threshold 

Net energy trajectories for all PV technologies 

43 

Technologies 

with lower CED 

can grow at a 

faster rate 

Carbajales-Dale, Barnhart & Benson. Energy & Environmental Science 7(5) 1538-1544. 

 Cumulative Energy Demand (CED): combien d’énergie est necessaire pour déployer et opérer
une technologie

Important de considérer l’énergie nette 
et de minimiser la phase de déficit

M. Carbajales-Dale, GCEP workshop on Net Energy Analysis (2015)



I. Capellan-Perez et al, Energy Strategy Reviews, (2019)

TRE et transition
ER

O
I

3 scenarios pour 2060 

- 50% EnR

- 75%EnR

- 100% EnR

(électricité)



Densité de puissance
 Puissance produite (consommée) par unité de surface horizontale requise pour 

l’infrastructure de production (consommation)

Distance entre 2 
éoliennes: 5-7 fois le 
diameter

Densité: 1 W/m2

V. Smil, « Power density: key to understandingEnergy sources and uses », 2016

https://www.inverse.com/article/58486-future-wind-turbines-will-be-bigger-more-powerful-and-probably-cheaper

https://www.inverse.com/article/58486-future-wind-turbines-will-be-bigger-more-powerful-and-probably-cheaper


Des densités très variées

J. Van Zalk, Energy Policy, 123 (2018)



De l’espace!!

D. McKay, « Without the hot air »





Verre Vidal et al. 2013 

Aluminium Cuivre 

Béton 

En t/MW 

ni sans matière minérale  

Mais pas d’énergie sans métaux  

Intensité en acier des énergies  

Le vent et le soleil 

sont des sources 

diffuses d’énergie 

pour les capturer, il 

est nécessaire 

d’utiliser de 

grandes 

infrastructures 

mobilisant  

beaucoup de 

matière 

870  Éoliennes pour 

produire la même 

énergie qu’une centrale 

nucléaire de 1300 MW 

demanderons 1 400 000 t 

d’acier contre 80 000 t 

Éolien marin en France 

B. Goffé, 2017



" It is wholly a confusion of ideas to suppose 
that the economical use of fuel is equivalent 
to a diminished consumption. The very 
contrary is the truth."

William Stanley Jevon 
The Coal Question; An Inquiry Concerning the Progress of 
the Nation, and the Probable Exhaustion of Our Coal 
Mines, 1865





160  25th Aachen Colloquium Automobile and Engine Technology 2016 

1 Introduction 

While the history of Diesel engines for passenger car application dates back to 

1930s, it was not until 1970s that their market share reached a significant level, 

following the oil shocks. At that time, indirect-injection Diesel cars started to be the 

natural option for consumers looking primarily to ownership cost. The power density 

of those engines was quite low for the present standard, in the range 20-30 kW/l, with 

the highest values reached by first turbocharged engines then appearing on the 

market. The situation improved gradually in the mid-1980s, with electronically-

controlled diesels hitting the market, and progress continued during the 1990s thanks 

to the introduction of direct-injection for passenger cars. Specific power exceeded for 

the first time 40 kW/l in 1997 with the introduction, now in the history books, of 

common rail technology by Fiat and Mercedes. Since then, the pace of performance 

increase has even accelerated, as can be seen in detail in Figure 1. 

 

Fig. 1: Diesel engine specific power evolution 

The recent years, in which Diesels have exceeded 50% market share in Europe (with 

up to 70% in the premium and CUV/SUV segments), have recorded a relaxation of 

specific power for the core market FGT and VGT applications, in the fork between 

55-60 kW/l [1]. The premium VGT market still shows modest gains, with best-in-class 

applications approaching 75 kW/l (which means a notable ~100 hp/l!). On the other 

hand, the high-end market is still showing a race towards higher power densities, 

driven by sophisticated charging architectures based on Bi-Turbo, Tri-Turbo, Quadri-

Turbo as well as combinations of turbine-driven and electrically-driven compressors. 

The last announcements include new versions of VW 2.0 l 4-cylinder diesel with Bi-

Turbo and electrically-powered compressor (EPC) featuring an impressive 100 kW/l 

(rated power 276 hp!) and BMW 3.0 l 6-cylinder with Quadri-Turbo 98 kW/l (rated 

power 400 hp!) [2]. 

Efficacité oui mais…
 Des moteurs de plus en plus performants…

 Mais des voitures de plus en plus 
lourdes…

F.C. Pesce et al, 25th Aachen Colloquium Automobile and 
Engine technology, 2016  

Poids moyen véhicule particulier France (kg)



Le cas de l’aviation…

1960-2015

consommation p.km

➗11↓

passagers-kilometres

75x ↑

Km-passagers



1.6tCO2/t !!!

50% des émissions de CO2 de l’industrie sont émise pour la production de l’acier, du ciment
et de l’aluminum

Allwood et al, 2010



N. Hagens, Ecological Economics, 2020

F. Fizaine, V. Court, Ecological Economics, 110 (2015)



 Canada’s Energy Out look | Part  1: Canadian Energy Consumption in the Global Context   3 

Figure 1: Per capita primary energy consumption by country and fuel source in 2016.
2
 

 

Figure 2 illustrates global energy consumption by fuel source in 2016. Fossil fuels accounted for 86%, with 

oil, coal and gas comprising 33%, 28% and 24%, respectively. Hydroelectric provided a further 6.9% 

followed by nuclear at  4.5%. Non-hydro renewable energy provided just  3.8%, even though it  has grown 

exponentially in recent years. Notwithstanding the need to reduce global emissions from burning fossil 

fuels, they are likely to be part  of the energy mix for the foreseeable future, given their ut ility and the 

scaling issues of non-hydro renewable energy. 

Figure 2: World primary energy consumption by fuel source in 2016, illustrating the evolution of non-

hydro renewable energy from 1995 to 2016.  

MTOE stands for “million tonnes oil equivalent.”
 3
 

 

                                                                    

2
   Data from BP Stat ist ical Review 2017 and World Bank populat ion stat ist ics for 2016 

3
   Data from BP Stat ist ical Review of World Energy, 2017; t radit ional biomass from REN21, 2017 



L’énergie fait le bonheur?



Pic pétrolier?

BP, 2020



http://shrinkthatfootprint.com/the-big-footprint-of-food-waste



Le “carbon pulse”

N. Hagens, « The human predicament»



’’But what we’re asking ourselves to 
do here is change energy—and that 
includes all of transport, all of 
electricity, all of household usage, and 
all of industrial usage. And those are 
all huge areas of usage.’’

• Bill Gates, The Atlantic, 2015


