
Lecture 2 : energy

Main goals:
concepts and definitions useful for energy graphs
orders of magnitude
energy and society 



Scope

Greenhouse gases and human activities

Generalities

machines

Fossils, oil

Energy and societies

Main references :
L’énergie à découvert, Jeandel, Mosseri (CNRS éditions)
Jean-Marc Jancovici website and lectures @Mines Paris Tech
International Agency of Energy reports
Web ressources for data



Human activities and GHG
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One step further



Radiative forcing from agriculture

• Not accounting for
transportation and energy

• Change in land use, deforestation

• N2O from liter

• CH4 from rice  

• CH4 from cattles
and liter

• A key perturbation on nitrogen cycle : the Haber-Bosch process

allows to fix hydrogen from air into amoniac => anhydrous ammonium 
nitrate (NH4NO3) and urea (CO(NH2)2), and many others...  (combination 
with phosphorus and potassium). 
Excesses form NOx in the air and Nitrates in the water => pollution

Industrial hydrogen comes from natural gas (fossil fuel!), requires energy

    CH4 + H2O → CO + 3H2  



Generalities on energy



Energy

• Human activities rely on transforming matter from natural ressources 
thanks to energy using machines. 
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Energy

• Human activities rely on transforming matter from natural ressources 
thanks to energy using machines. 

• At human scale, energy is a useful accounting unit between tractable 
variables through the conservation of energy 

• Usual forms for everyday life include :
chemical, electrical, mecanical, heat, radiation,...

• Power : temporal flux of energy

• Units in this lecture

power : kW = 1000 J/s

energy : kWh = 3.6 M J



Power

• Instantaneous power (a feature of machines)

• Mean power : associated to consumption

• Needs for power : not a only a question of size, one has to overcome 
thresholds: dynamite, works, cooking, heating, plane takeoff... 

• Intermittency of electrical production and consumption (in 2018)

installed power in France : 133 GW => 2 kW / hab

averaged producted power : 62.5 GW => 1 kW / hab

averaged used power : 54 GW => 0.8 kW / hab

1000 W

3.5 W
5 min/day



Energy accounting done by transactions



The supply energy : cars
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EROI

• Energy return on (energy) investment

• After D. Weissbach et al., (2013)

a concept that is more complicated that it seems, the energy used for 
extraction is difficult to quantify and depends on conditions, technology 
and economical viability depends on economical demand.



Using energy and order of 
magnitudes



“Elle a tout d’une grande! Pas assez chère mon fils...”

• Typical daily round trip 2x6 kms voiture vélo

Durée du trajet 30 mins 1 heure

Énergie 
(8L/100km)

1L essence 
~ 10 kWh

0.1 
kWh

Puissance 
moyenne

20 kW 100 W

Puissance max 70 kW (100 Ch) 350 W

surcoût énergie 1,5€ 0
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“Elle a tout d’une grande! Pas assez chère mon fils...”

• Typical daily round trip 2x6 kms

• Oversized because you
essentially move the car
not you !

• Only commodity ?

voiture vélo

Durée du trajet 30 mins 1 heure

Énergie 
(8L/100km)

1L essence 
~ 10 kWh

0.1 
kWh

Puissance 
moyenne

20 kW 100 W

Puissance max 70 kW (100 Ch) 350 W

surcoût énergie 1,5€ 0

x100

x100

x250

modèle Pmax Poids Vmax autonomie Prix

twizzy 13 kW 470 kg 80 km/h 100 km 9 000 €

Tesla S 240 kW 2100 kg 225 km/h 420 km 82 000€

Which is the most sold ?
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cheaped and increase consumption ! (Jevons effect) => SUV (heavy but 
more confortable and secure)



Jevons effect and sociotechnical lockin

• Improving energy efficiency opens new possibilities, makes usage 
cheaped and increase consumption ! (Jevons effect) => SUV (heavy but 
more confortable and secure)

• Democratizing a usage => move to suburbs, and then trapped

• Work at home, car sharing ?



Flux, stock, density and prices

Usage does not only require low price but storage capacity and this 
relies on energy density

video of cyclist

type forme nature Densité 
énergétique

Prix 
€/kWh

Réseau EDF électrique flux 0,15

accumulateur 
Li-Ion

électro-
chimique

stock 
rechargeable

0.2 kWh/kg 1,1 
stocké

Pile alcaline électro-
chimique

stock 0.16 kWh/kg 400

Essence chimique stock 8.8 kWh/L 0,17

Réseau Gaz 
naturel

chimique flux 0,08

Bouteille Gaz 
butane

chimique stock 13.7 kWh/kg 0,17

Bois séché chimique stock 4.2 kWh/kg 0,04

Pâtes 
alimentaires

chimique stock 4 kWh/kg 0,4

Travail humain mécanique stock 182

https://www.youtube.com/watch?v=S4O5voOCqAQ


Daily consumption

• Average daily energy consumption per inhabitant in kWh

• Typically at the individual scale 

Forme d’énergie Conso/production 
journalière en kWh

Puissance 
typique en kW

Alimentation humaine 3 0.125 (chaleur)

Travail humain (10h) 0.5 (jambes) 
0.05 (bras)

0.05 (jambes)
0.005 (bras)

Frigo 0.13 0.1

Ordinateur portable 1 0.1

Eau chaude 2.2 2

chauffage 5 10

voiture 10 70

region primary final electrical

Monde 59 41 8

USA 210 149 32

France 117 73 18



From microscopic to macroscopic

Machine Puissance typique

humain 10-100 W

Cheval / bœuf 700-1500 W

Plaques électriques / four 2-3 kW

Convecteur électrique 2-4 kW

Moulins à eau / vent 3-30 kW

voiture 100 kW

Camion / engin de chantier 400 kW

Éoliennes modernes 100 kW – 2 MW

rame TGV / avion / fusée / data center 10 MW

Centrale solaire Cestas 40 MW

Tranche de centrale nucléaire 0.6 – 1.6 GW

Grosses centrales électriques 
(nucléaire, charbon, gaz, fioul)

4-8 GW

Barrage des trois-gorges 22 GW

Puissance électrique moyenne consommée en 
France

54 GW

Puissance moyenne consommée par les activités 
humaines dans le Monde

17 TW

Forçage radiatif terrestre dû aux activités 
humaines

765 TW
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Machine Puissance typique

humain 10-100 W

Cheval / bœuf 700-1500 W

Plaques électriques / four 2-3 kW
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Barrage des trois-gorges 22 GW

Puissance électrique moyenne consommée en 
France

54 GW

Puissance moyenne consommée par les activités 
humaines dans le Monde

17 TW

Forçage radiatif terrestre dû aux activités 
humaines

765 TW
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Total bill

Global primary energy consumption
Global primary energy consumption, measured in terawatt-hours (TWh) per year. Here 'other renewables' are 
renewable technologies not including solar, wind, hydropower and traditional biofuels.
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Source: Vaclav Smil (2017) and BP Statistical Review of World Energy



Total bill



Total bill

Energy use per capita, 2015
Annual average per capita energy consumption is measured in kilowatt-hours per person per year.

No data
0 kWh

1,000 kWh
2,500 kWh

5,000 kWh
10,000 kWh

25,000 kWh
50,000 kWh

75,000 kWh
>100,000 kWh

Source: International Energy Agency (IEA) via The World Bank •



Renewable energies

• Yet a little fraction for the newest technologies



USA energy mix



Machines and converter



From vapor machine to engines

• External combustion



From vapor machine to engines

• External combustion

• Internal combustion : 
                    2 strokes                                4 strokes



Producing electricity

• External combustion + steam turbine + electrical generator

=> burn coal, oil, gas, biomass...
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Nuclear power plant : one chimney missing

• External combustion + steam turbine + electrical generator



Nuclear power plant : one chimney missing

• External combustion + steam turbine + electrical generator



Cars and the functioning point

• Machines have an optimal efficiency functioning point 

• Away from this point (usually because of usage), you are not using the 
machine at its best and this lowers the overall efficiency 



Cooling system and threshold

• Cooling systems are used to maintain food at 
cold temperature (cool chain)

• The power of the cooling system is designed to make 
it work at the maximal heat.

• With global warming, this threshold increases 
=> one requires to consume more in standard 
regime temperature the rest of the year…

or use water evaporation to help the condenser
cool down



Automatisation of usage

• Energetic services have been greatly automized

• You don’t carry coal or wood, you don’t see the fumes, the system is 
regulated by thermostat and the gas is supplied by the network so you 
just forget about the consumption.



Fossils fuels

Cover all needs (transport, heat, electricity)
At all scales (individual => power plants)
easy to store, concentrated, controllable, optimised 
and cheap

But…
non-renewable
environmental issues : climate and pollutions
inequality distributed => geopolitical tensions
a few deaths



Casualties

Death rates from energy production per TWh
Death rates from air pollution and accidents related to energy production, measured in deaths per terawatt hours 
(TWh)

0 5 10 15 20 25 30

Brown coal 32.72

Coal 24.62

Oil 18.43

Biomass 4.63

Gas 2.82

Nuclear 0.07

Source: Markandya and Wilkinson (2007)
Note: Figures include deaths resulting from accidents in energy production and deaths related to air pollution impacts. Deaths related to air 
pollution are dominant, typically accounting for greater than 99% of the total.

•



Usage of oil

• Not only gasoline !

• Bitume for roads

• Chemistry based on derivates



Everything has an end

• UK fossil production



Everything has an end : not (yet) in the US!

• US oil production regained recently thanks to unconventional oil and gas 
(shale oil), EROI decays (requiresan oil price sufficiently large)

• Requires lost of financial investments and technological progresses
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Oil discoveries

• We started by eating white bread, EROI decays

• New wells are non-conventional (deepwater, shale oil, bituminous sands)

• Reserves are finite while the world demand rises

• For conventional oil, International Energy Agency recognizes that peak 
has been certainly passed in 2006-2008



Oil price

• Increasing on 
the long-run

• Not at all dependent on reserves: currently, it depends mostly on

* the demand from China and the state of the global economy
* geopolitical instabilities and tension
* strategic decision by OPEP regulating their offer on conventional oil by 
having the “hand on the tap”

• Have a look at the https://prixdubaril.com/ page to see traders 
motivation for increasing or lowering the price.

https://prixdubaril.com/
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The second carbon constraint

• We must leave some carbon buried !



Energy and wealth, development 
and direct changes in societies



Goods production

• Goods are made of ressources and energy



Machines at home

• Increase of equipment rate



Transport : historical facts

• More and « plus vite, plus haut, plus fort »



Towards societies of services

• Societies without energy => agricultural dominated

• Energy+machines allow for development of secondary/tertiary sectors

• Services are also strongly dependent on energy

• Changes in society : way of life, urbanisation,...
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China

• Agriculture and energy



Energy and urbanisation

• Cities rely on energy to feed them and to allow for transportation and 
services. Denser cities are more efficient for transports...
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Suburbian evolution driven by energy

• Distance to work
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Energetic intensity of economies

1.5 kWh / $ PIB, no economical activities without energy

Energy intensity of economies
Energy intensity level of primary energy is the ratio between energy supply and gross domestic product measured 
at purchasing power parity. Energy intensity is an indication of how much energy is used to produce one unit of 
economic output. Lower ratio indicates that less energy is used to produce one unit of output.

1990 1995 2000 2005 2010 2015
0 kWh/$

0.5 kWh/$

1 kWh/$

1.5 kWh/$

2 kWh/$

2.5 kWh/$

3 kWh/$

3.5 kWh/$

Low income

Upper middle income
Middle income
United States
World
Cameroon
High income
Lower middle income
France
Germany

Source: World Bank, Sustainable Energy for All (SE4ALL) •



Energetic intensity of economies

1.5 kWh / $ PIB, no economical activities without energy



Conclusion
The dominant economical and development model of societies is 
intrinsincally fed by cheap fossil energies. Changing the energy mix to 
meet the 2 carbon constraints is one of the strongest challenge for the 21th 
century.

The conception of our large scale machines dates back to the 19th and 20th 
centuries and their efficiency has little improved since them, not enough to 
counteract the great increase of demand.
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