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Building bridges between the oil industry and academic circles by delivering 
technical or business-related presentations by professors or experts.



3 TPA Toolbox Energy Book 3 - GHG
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LUC Benoît, PERSILLON Philippe, CORDIER Jean-Pierre, PAPÉE Jean, MULLER Isabelle, 

DEUTSCH Denis, FOURCADE Bernard, MICHAUD Olivier, SAINCRY Daniel, FOURNIÉ François, 
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What does that mean for you?
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Energy and Life: Carbon is a Vital Element for the day to day Life.

It also creates nuisance in relation with the Climate change

CO2 in atmosphere
1750           280 ppm (0.028%)

1999           367 ppm 

2005           380 ppm

May 2026   432 ppm

Combustion Alcanes

C8H18+25/2O2

       8CO2+9H2O
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To Combat Climate Change is part of the
Sustainable Development Goals defined by 

United Nations in their 2030 Agenda for 
Sustainable Development
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United Nations 2030 Agenda

Source: UN Annual Report 2015
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United Nations 2030 Agenda

Source: UN Annual Report 2015
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United Nations 2030 Agenda

Source: UN Annual Report 2015
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What is science telling us
about climate change ?

1
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The Light : A Electromagnetic Wave

λ = Wave lenght

E = Wave electric field

B = Wave magnetic field



15 TPA Toolbox Energy Book 3 - GHG

Sun and Earth emit electromagnetic radiations (1)
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Sun and Earth emit electromagnetic radiations (2)
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The Greenhouse Effect - Basics (1) 

Nota: Assuming no air move
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The Greenhouse Effect - Basics (2)
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Solar Radiation or Total Solar Irradiance ➢ Every object whose temperature is greater than 0°K (-273,15°C) emits 

electromagnetic radiations.

➢ Sun and Earth can be roughly considered as black bodies.

➢ Power emitted by a black body by surface unit, at given frequencies 

of its electromagnetic radiations only depends upon its temperature.

➢ Global power emitted by surface unit over the frequency spectrum 

depends only upon the temperature: 

          Mtot = σT4, σ = Stephan-Boltzmann constant = 5,67x10 -8 Wm-2K-4

➢ Sun radiation:

           Sun temperature at surface : TS = 5777 °K

           MStot = σTS
4 = 6,32x107 Wm-2 = 63 MWm-2 

           Sun radius = rS = 695 700 km

          Global power emitted by sun at surface:

           PS = MStotx4πrS
2 = 3,84x1026W

➢ Sun radiation received on Earth’s orbit = PS-E

           Distance Sun-Earth = dS-E = 149,6x106 km

           Surface of Earth’s orbit sphere = 4πdS-E
2 = 2,81x1023 m-2 = Sseo

           PS-E = PS / Sseo = 1367 Wm-2

➢ Sun radiation received by Earth by surface unit at surface = EE

         EE = PS-E/4 = 342 Wm-2

➢ Earth temperature at surface:

        Thermal balance implies that energy received equals energy emitted: 

         Energy received by Earth = 342 Wm-2

                σTE
4 = (1-A)EE

                A = Albedo = reflectivity # 0,30

                𝑻𝑬 =
𝟒

𝟏 − 𝑨 𝑬𝑬/σ                    TE = 255°K = -18°C

➢  Role of atmosphere:          

                Energy emitted by Earth at surface = 390 Wm-2, not 342 Wm-2

                𝑻𝑬 = 𝟒 𝑬𝑬/σ                                TE = 288°K =  15°C

➢ Thanks to the atmosphere, the average temperature at surface on 

Earth is not -18°C, but 15°C, permitting the life on Earth.

➢ This is due essentially to the concentration of water vapour in the 

atmosphere which is the dominant condensable greenhouse gas 

(55% in terms of radiative forcing). The atmosphere is self-limiting in 

terms of water vapour, notably through the water vapour saturation 

mechanism, together with evaporation, condensation, and clouds 

formation.
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Solar Radiation or Total Solar Irradiance
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Solar Irradiance is evolving upon time due to 
uneven movement of earth around the sun
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Variations of earth’s position on its orbit is due to 3 factors 
(Milankovitch orbital cycles)

affecting solar irradiance over thousands of years

→ Eccentricity varies slowly between nearly 

circular and slightly eccentric, with dominant 

periodicities of about 100 and 400 kyears

→ Obliquity of the earth’s axis of rotation 

varies between about 22.5º and 24.5º over a 

period of 40 kyears (currently ~ 23.5º)

→ Precession of equinoxes or spinning 

toy like movement of earth’s axis of rotation, 

varies over a period of about 25 kyears

consequence on earth 

insulation at 65° of latitude 

north at mid-July – W/m2

(simulation Laskar & al – 2011)



23 TPA Toolbox Energy Book 3 - GHG

Total Solar Irradiance is also slightly varying over decades
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Average Solar Radiation on Earth = 342 W/m2
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Source: Kiehl & Trenberth 1997 Bulletin of Meteorological Association

There are some minor timewise variations and uncertainties on the energy flows 

Global Energy Flows (W/m2)

Natural Greenhouse Gas Effect # 155 W/m2

2,8

Anthropic

Emissions
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+342 Wm-2 -235 Wm-2

If no atmosphere opaque to solar radiation (No Green 

House Gas effect) Earth Temperature: 255°K = -18°C

-390 Wm-2 (Heat – Long wave radiation) 
-350 absorbed by atmosphere

-40 directly to space (Atmospheric Window)

-235 Wm-2

+342 Wm-2

(Short wave 

radiation)

-107 Wm-2

(Short wave 

radiation)

+235 Wm-2

Earth/Atmosphere Global Energy flows (Wm-2) – Simplified illustration

Source: ChG/Based on Kiehl and Trenberth 1997. Assuming albedo # 0,30 in both cases.

Figures can slightly change according to sources. Arrows not at scale. σ = 5,67x10 -8 Wm-2K-4 

Input flows

Output flows

With atmosphere and Green House Gas 

effect, Earth Temperature: 288°K = 15°C

Atmosphere

Infrared radiation 

Power emitted/absorbed (W/m-2) = σT4

      σ: Stefan-Boltzmann constant

         

-107 Wm-2

Input flow:   390 Wm-2

- Output flow: 235 Wm-2

            = 155 Wm-2  

+ 155 Wm-2

 - 155 Wm-2

      = 0
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Global Energy Flows (W/m2)

Natural Greenhouse Gas Effect # 155 W/m2

The incoming solar radiation = 342 W/m2  is splitted into:
➢ 77 W/m2 reflected by atmosphere

➢ 30 W/m2 reflected by Earth surface                                                                                   

    Total reflected = 107 W/m2 (Albedo = 30,6%)

➢ 67 W/m2 absorbed by atmosphere by air molecules and clouds (UV are absorbed by O3, infrared are 

absorbed by water vapor and CO2)

➢ 168 W/m2 absorbed by Earth surface (land and oceans)

➢ Net Energy flow arriving on Earth including its atmosphere = 235 W/m2 

The Atmosphere receives 519 W/m2 splitted into:

➢ 67 W/m2 from incoming solar radiation

➢ 78 W/m2 from latent heat of evaporation when water vapor condenses to form the clouds. This energy is 

transformed into heat

➢ 24 W/m2 from air convection at the Earth surface

➢ 350 W/m2 by absorption of infrared variation emitted by Earth surface

 The Atmosphere re-emits 519 W/m2 splitted into:

➢ 324 W/m2 re-emitted to Earth surface through infrared radiation to warm the Earth surface

➢ 195 W/m2 re-emitted to the space through infrared radiation 
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Global Energy Flows (W/m2)

Natural Greenhouse Gas Effect # 155 W/m2

The Earth surface receives = 492 W/m2  is splitted into:

➢ 168 W/m2 coming from incoming solar radiation arriving at Earth surface

➢ 324 W/m2 coming from Atmosphere as infrared variation                                                                                   

 The Earth surface re-emits 492 W/m2 splitted into:

➢ 78 W/m2  in the form of latent heat of evaporation

➢ 24 W/m2 in the form of air convection at the Earth surface

➢ 350 W/m2 in the form of infrared radiation emitted by Earth surface

➢ 40 W/m2 in the form of infrared radiation directly to the space 

 The space receives 342 W/m2 splitted into:

➢ 107 W/m2 reflected by the Atmosphere and the Earth surface 

➢ 195 W/m2 emitted by the Atmosphere to the space through infrared radiation

➢  40 W/m2 in the form of infrared radiation directly to the space 
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Basic Principles guiding the Earth Energy balance

➢ In order to keep a stable temperature of the system Earth - Atmosphere, it is necessary that the Energy 

flows both on top of the atmosphere and at the Earth surface remain balanced. 

➢ Energy balance at the top of the Atmoshere (see figure above):

                 Incoming solar radiation:                    342 W/m2

              -  Reflected solar radiation:                    107 W/m2

              -  Outgoing long wave radiation:           235 W/m2

              =                                                                    0 W/m2

➢ Energy balance at the Earth surface (see figure above):

                  Absorbed by surface:                          168 W/m2

              -  Thermals:                                                24 W/m2

              -  Evapo-transpiration:                              78 W/m2

              -  Surface radiation:                                 390 W/m2

              + Back radiation absorbed by surface:  324 W/m2

              =                                                                     0 W/m2

➢ Natural Greenhouse effect (see figure above):  

            Surface radiation (390 W/m2) – Outgoing radiation ( 235 W/m2) = 155 W/m2

➢ The figures are evolving, the natural balance is no longer respected due to the anthropic emissions.
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Source:Trenberth/Fasullo 2012 Surv. Geophysics (based on Trenberth 2009)

There are some variations and uncertainties on the energy flows 

Global Energy Flows (W/m2)
Trenberth’s update (2012)
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Climate issues – More Basics (1) 

➢ Water vapor is the natural dominant absorber in the Earth’s greenhouse 

effect.

➢ Water vapor doesn’t control the Earth’s temperature, but is instead 

controlled by temperature.

➢ CO2 emissions increase the Earth’s temperature.

➢ More CO2 (non-condensable GHG) emissions will increase  temperature, 

which  will lead to an increase in water vapour in the atmosphere , which 

will contribute to a further increase of the temperature (positive feed-back 

effect)

➢ The atmosphere is self-limiting in terms of water vapour, notably through 

the water vapour saturation mechanism, together with evaporation, 

condensation, and clouds formation.

➢ The natural greenhouse effect has maintained the Earth’s temperature at 

15°C in average (compared with -18°C if no such effect)

➢ The Sun’s energy (6000 °C) is mostly short wave radiation (UV and visible)

➢ The absorbed energy by Earth (15°C) is emitted from the surface as long 

wave radiation or infrared radiation. 

➢ The higher the temperature, the lower the wavelength.
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Credit : Nasa - August 2022 

Evaporation increases  

Climate issues – More Basics (1 bis)

Positive water vapor feedback loop 
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Climate issues – More Basics (2) 

Wilhem Wien
Germany

1864 - 1928

Max Planck
Germany

1858 - 1947

Jozef Stefan
Austria/Hung.

1835 - 1893

Ludwig Boltzmann
Austria

1844 - 1906

The Physicians/

Founders
Quantum mechanics

Statistical physics
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Climate issues – More Basics (3) 

➢ Spectral radiance emitted by a black body per unit surface area, per unit 

solid angle and per unit frequency, for a given frequency or wavelength of 

its electromagnetic radiations only depends upon its temperature:

     

      Planck law:        

           per unit frequency   𝑰 𝜈, 𝑻 =
𝟐𝒉ν𝟑

𝒄𝟐 ∗ 𝟏/(𝒆
𝒉ν

𝒌𝑻 − 𝟏)  (Wm-2sr-1Hz-1)

      or per unit wavelenght 𝑰 λ, 𝑻 =
𝟐𝒉𝒄𝟐

λ𝟓 ∗ 𝟏/(𝒆
𝒉𝒄

𝝀𝒌𝑻 − 𝟏)  (Wm-3sr-1)

                 I = Energy emitted by surface unit and spectral unit

 𝝂 = Frequency (Hz, s-1)

                λ = Wavelength = c/ν (m)

                T = Temperature at black body surface (°K)

                h = Planck constant  = 6,63x10-34 Js

                c = Light speed in the medium = 299 800 000 ms-1

                k = Boltzmann constant =  1,38x10-23 JK-1
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Climate issues – More Basics (4) 

➢ The two previous equations are related through:

     

      I 𝜈, 𝑻  𝒅ν  = - I λ, 𝑻  𝒅λ (𝜈λ = 𝒄)

      𝒅ν = 𝒅(𝒄/λ) = 𝒄𝒅(1/λ) = - 𝒄/λ2 𝒅λ
 𝑰 λ, 𝑻  = 𝒄 /λ2 𝑰 𝜈, 𝑻

➢ Frequency at which the black body emits the most:

 Maximum of I 𝜈, 𝑻  is reached when:

 

        3 (𝒆
𝒉ν

𝒌𝑻 − 𝟏) = 
𝒉ν

𝒌𝑻
 𝒆

𝒉ν

𝒌𝑻  or 𝒙 − 𝟑 𝒆𝒙 + 𝟑 = 𝟎 𝒘𝒊𝒕𝒉
𝒉ν

𝒌𝑻
= 𝒙

                             h𝜈 max = 2,82 kT = 2,82x1,38x10-23 T = 3,89x10-23 T

 𝜈 max = 3,89x10-23/ 6,63x10-34 T = 5,88x1010 T
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Climate issues – More Basics (5) 

➢ The two previous equations are related through:

     

        I 𝜈, 𝑻  𝒅ν  = -  I λ, 𝑻  𝒅λ   (𝜈λ = 𝒄)

      𝒅ν = 𝒅(𝒄/λ) = 𝒄𝒅(1/λ) = - 𝒄/λ2 𝒅λ
 𝑰 λ, 𝑻  = 𝒄 /λ2 I 𝜈, 𝑻

➢ Wavelength at which the black body emits the most:

 Maximum of I λ, 𝑻  is reached when:

 

        5 (𝒆
𝒉𝒄

𝝀𝒌𝑻 − 𝟏) = 
𝒉𝒄

𝝀𝒌𝑻
 𝒆

𝒉𝒄

𝝀𝒌𝑻 or 𝒙 − 𝟓 𝒆𝒙 + 𝟓 = 𝟎 𝒘𝒊𝒕𝒉
𝒉𝒄

𝝀𝒌𝑻
= 𝒙

 
 λ max = σw/T

                                  σw = Wien constant = 2,90x10-3 mK
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Climate issues – More Basics (6)

Energy vs Wavelenght 
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Climate issues – More Basics (7) 

➢ Reminder: Equal brightness effect & Solid angle from the source of emissions:

     

        

θ

θ

dA

𝒓 = 𝟏, 𝒅Ω = 𝒅θ𝒔𝒊𝒏θ𝒅Φ
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Climate issues – More Basics (8) 

➢ Spectral radiance emitted by a surface area dA, in a range of frequency 

between 𝜈 and 𝜈 + 𝒅ν , in a solid angle dΩ:

     

           𝑰 𝜈, 𝑻 𝒄𝒐𝒔𝜃𝒅𝑨𝒅𝝂𝒅𝜴 =
𝟐𝒉ν𝟑

𝒄𝟐 ∗ 𝟏/(𝒆
𝒉ν

𝒌𝑻 − 𝟏) 𝒄𝒐𝒔θ𝒅𝑨𝒅𝝂𝒅𝜴

➢ Total power emitted by the surface dA of a black body over the solid 

angles corresponding to a hemisphere (h) above the surface dA is 

obtained by integrating the spectral flux over all frequencies :

 

𝑷(𝑻)𝒅𝑨 = න
𝟎

∞

𝑰 𝜈, 𝑻 𝒅ν𝒅𝑨 න
𝒉

𝒄𝒐𝒔𝜃𝒅θ𝒔𝒊𝒏θ𝒅Φ = න
𝟎

∞

𝑰 𝜈, 𝑻 𝒅ν𝒅𝑨 න
𝟎

𝟐π

𝒅Φ න
𝟎

π/𝟐

𝒄𝒐𝒔θ𝒔𝒊𝒏θ𝒅θ

       

     Per unit of surface: 𝑷 𝑻 = π 𝟎׬

∞
𝑰 𝜈, 𝑻 𝒅ν = 𝟐π𝒉/𝒄𝟐 𝟎׬

∞
ν𝟑 ∗ 𝟏/(𝒆

𝒉ν

𝒌𝑻 − 𝟏)𝒅ν

     

     With x = h𝜈/k𝑻, 𝑷 𝑻 = 𝟐π𝒌𝟒𝑻𝟒/𝒄𝟐𝒉𝟑 𝟎׬

∞ 𝒙𝟑

𝒆𝒙−𝟏
𝒅𝒙 = 𝟐π𝟓𝒌𝟒𝑻𝟒/𝟏𝟓𝒄𝟐𝒉𝟑 = σ𝑻4

     σ = 2π5k4/15c2h3 # 5,67x10-8 Wm-2K-4 : Stefan-Boltzmann constant

      
Nota: 𝟎׬

∞ 𝒙𝟑

𝒆𝒙−𝟏
𝒅𝒙 = π4/15
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Climate issues – More Basics (9) 

➢ Every object whose temperature is greater than 0°K (-273,15°C) emits 

electromagnetic radiations.

➢ Sun and Earth can be roughly considered as black bodies.

➢ Power emitted by a black body by surface unit, at given frequencies of its 

electromagnetic radiations only depends upon its temperature.

➢ Global power emitted by surface unit over the frequency spectrum 

depends only upon the temperature: 

           Mtot = σT4, σ = Stefan-Boltzmann constant = 5,67x10 -8 Wm-2K-4

➢ Sun radiation:

           Sun temperature at surface : TS = 5777 °K

           MStot = σTS
4 = 6,32x107 Wm-2 = 63 MWm-2 

           Sun radius = rS = 695 700 km

          Global power emitted by sun at surface:

           PS = MStotx4πrS
2 = 3,84x1026W

➢ Sun radiation received by Earth = PS-E

           Distance Sun-Earth = dS-E = 149,6x106 km

           Earth radius = rE = 6371 km

           PS-E = PSxπrE
2/4πdS-E

2 = 1,74x1017W

           Equivalent at the level of Earth: ES = Mstotx(rS/dS-E)2 = 1367 Wm-2
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Climate issues – More Basics (10) 

➢ Sun radiation received by Earth by surface unit at surface = EE

               EE = PS-E/4πrE
2 = 342 Wm-2

➢ Earth temperature at surface:

               Thermal balance implies that energy received equals energy emitted: 

                Energy received by Earth = 342 Wm-2

                σTE
4 = (1-A)EE

                A = Albedo = reflectivity # 0,30             σTE
4 # 235 Wm-2 

                𝑻𝑬 =
𝟒

𝟏 − 𝑨 𝑬𝑬/σ                    TE = 255°K = -18°C

➢  Role of atmosphere:          

                Energy emitted by Earth at surface = 390 Wm-2, not 342 Wm-2

                𝑻𝑬 = 𝟒 𝑬𝑬/σ                                TE = 288°K =  15°C

➢ Thanks to the atmosphere, the average temperature at surface on Earth is 

not -18°C, but 15°C, permitting the life on Earth.

➢ This is due essentially to the concentration of water vapour in the 

atmosphere which is the dominant condensable greenhouse gas (55% in 

terms of radiative forcing). The atmosphere is self-limiting in terms of water 

vapour, notably through the water vapour saturation mechanism, together 

with evaporation, condensation, and clouds formation.
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Halocarb
12%

Tropospheric 
Ozone
13%

N2O
5%

17%

CO2 Energy, Industry 

& Deforestation

            53%

Natural  155 W/m2  * Anthropogenic  2.8 W/m2 **

Atmospheric contributions to greenhouse effect Radiative 
Forcing (2,8 W/m2 from human activity) - Period 1750-2000

• Figures & percentages can slightly change upon time or sources. 

Halocarbons: chlorofluorocarbons + hydrochlorofluorocarbons. Halocarbons absorb infra red radiations. 

Stratospheric Ozone has no direct emissions 

Source: Data from IPCC Climate Change 2001 & 2005  

Water 
vapor
55%

Other 
Greenhouse Gas 
(CO2+Ozone+CH4+N2O)

30%

Clouds
15%

CH4

** including a negative (= cooling) feedback from aerosols of ~ 1,1  W/m2 
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Atmospheric contributions to greenhouse effect Radiative 
Forcing (2,8 W/m2 from human activity) - Period 1750-2000

Source: IPCC Climate Change 2001 – Synthesis report
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Anthropogenic Effective Radiative Forcing (ERF)
and Solar + Volcanoes

2,3 W/m2 

was the 

value in 

2020

currently 

~ 2,8 W/m2
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Anthropogenic Effective Radiative Forcing (ERF)
and Solar + Volcanoes – update 2021

Source: IPCC AR6 WG1 - figure TS.9 - August 2021 

~ 2,8 W/m2
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Impact of GHG on Radiative Forcing 

Source: IPCC/TEAP (Technology and Economic Assessment Panel) 2005

 Special Report Ozone and Climate - Interconnections
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Stratospheric vs Tropospheric Ozone - The protective role of Ozone layer  
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Role of Ozone and Halocarbons 

➢ Ozone is technically a greenhouse gas. earth's atmosphere. Ozone is helpful or harmful depending on where it

is found in the atmosphere. Ozone occurs naturally at higher elevations in the atmosphere (the stratosphere)

where it forms a layer that blocks ultraviolet (UV) light, which is harmful to plant and animal life, from reaching

the earth’s surface. The protective benefit of Stratospheric Ozone outweighs its contribution to the greenhouse

effect and to global warming. However, at lower elevations of the atmosphere (the troposphere), Tropospheric

Ozone is harmful to human health.

➢ There are human-made industrial chemicals that break down ozone in the stratosphere and create holes in the

Ozone layer (Ozone-Depleting Substances, ODSs, like halocarbons). Countries all around the world ban and

control production and use of several of these industrial gases under the Montreal Protocol.

➢ Stratospheric Ozone has been depleted over the last 25 years following anthropogenic emissions of a number

ODSs, which are now regulated under the Montreal Protocol. The Protocol has been effective in controlling the

net growth of these compounds in the atmosphere. As halocarbons slowly decrease in the future, ozone levels

are expected to increase in the coming decades, although the evolution will also depend on the changing

climate system.

➢ Halocarbons are particularly strong greenhouse gases (gases that absorb and emit thermal infrared radiation);

a halocarbon molecule can be many thousands of times more efficient at absorbing radiant energy emitted

from the Earth than a molecule of carbon dioxide. Ozone is a greenhouse gas that also strongly absorbs

ultraviolet and visible radiation. Changes in these gases have affected the Earth’s radiative balance in the past

and will continue to affect it in the future.
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Role of Ozone and Halocarbons 

➢ Interactions between chemical reactions involving halocarbons and the various

components of atmosphere including ozone are complex and difficult to modelize.

➢ Over the period 1750–2000 halocarbon gases have contributed a positive direct radiative

forcing of about 0.33 Wm–2 which represents about 12% of the total well-mixed green-

house gas radiative forcing over this period. Over the period 1970–2000 halocarbon

gases represent about 23% of the total well-mixed greenhouse gas radiative forcing.

➢ Stratospheric ozone depletion has led to a negative radiative forcing of about 0.15 Wm–2

with a range of ±0.1 Wm–2 from different model estimates. Therefore the positive radiative

forcing due to the combined effect of all ODSs (0.32 Wm–2) over the period 1750–2000 is

larger than the negative forcing due to stratospheric ozone depletion.



TPA Toolbox Energy Book 3 - GHG50

Contribution of Anthropogenic GHG Direct Emissions 
 (% in CO2eq based on GWP) 

CO2 Fossil Fuels 
& Industry

59%
CO2 Deforestation

17%

Methane
15%

Nitrous Oxide
8%

1%
Halocarbons

        1%

GWP: Global Warming Power

CO2 Fossil Fuels 
& Industry

64%

CO2 Deforestation
11%

Methane
18%

Nitrous oxide
5%

Halocarbons

          2%

      

Year 2004 (# 44 GtCO2eq.)

Source: IPCC 2007 Source: IPCC 2022

Year 2019 (# 59 GtCO2eq. +/- 6,6 GtCO2eq.)
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Contribution of Anthropogenic GHG Direct Emissions 
 (% in CO2eq based on GWP) 

Source: IPCC AR6 WGIII
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Anthropogenic Sources of GHG – IPCC AR6 WGIII

Source: IPCC AR6 WGIII
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The three most important Greenhouse Gases

The three most important Greenhouse Gas (GHG) are:

➢ Carbon Dioxide – CO2

➢ Methane – CH4

➢ Nitrous Oxide – N2O

In order to illustrate the global effects of GHG, it is usual 
to convert the mass of CH4 and N2O in mass of CO2 
equivalent (CO2eq.)

Source: NOAA Global Monitoring Laboratory – November 2025

Nota: NOAA: National Oceanic & Atmospheric Administration



TPA Toolbox Energy Book 3 - GHG54

GWP = Heat absorbed by any GHG in the atmosphere as a multiple as the heat that would be absorbed by the same mass of CO2.

                          Source: Data from Climate Change Connection

                          IPCC 4th Assesment Report (AR4) – R.A. Rohde

                          GWP 28 years for Methane recommended by IPCC (AR5, 5th Assessment Report vs 25 years in AR4)

Greenhouse Gas Lifetimes & 
Global Warming Potentials (GWPs)

GHG Chemical 
Formula

Lifetime
Years

100 years
GWP

Carbon Dioxyde CO2 > 100 1

Methane CH4 12 28

Nitrous Oxyde N2O 114 300



55 July 2024  Climate change - Energy transition

Composition of  Atmosphere

A minor variation of CO2 content in the atmosphere has 

important consequences in term of greenhouse effect.

Argon                            : 0,9%

Carbon Dioxyde (CO2) : 0,04% (# 400 ppm)

280 ppm in 1750

432 ppm in May 2026
(Mauna Loa Observatory - Hawaï)

CO2  Concentration is increasing  after a slight 

decrease in 2020 due to the Covid 19.

CO2 concentration

Oxygen (O2)

     21%

Nitrogen (N2)

          78%

Others

     1%
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Methane is the second-largest GHG after CO2. Concentration July 2025 = 1928 ppb. 

Methane emissions come from natural and anthropogenic sources.

Estimates of Methane emissions are subject to uncertainties. Global estimates for 2024 
are 610 MtCH4 # 17 GtCO2eq. (Natural + Anthropogenic)

 

Source: Data from IEA Global Methane Tracker 2025, NOAA

Focus on Methane

Source: NOAA Global Monitoring Laboratory – November 2025
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36%

28%

24%

12%

Natural origin

Agriculture

Energy sector

Other origins
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Anthropogenic Methane Emissions 2024
Agriculture + Energy + Waste # 390 GtCH4

Source: Global Methane tracker 2025
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Methane Emissions from Fossil Fuels sector - 2024
by selected countries

Source: Global Methane Tracker 2025
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Reminder - Global Methane emissions by sources – Year 2017 
 # 600 MtCH4 # 16 GtCO2eq., out of which # 60% anthropic 

Source: Global Methane Budget 2000-2017/Saunois
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N2O is a important GHG, the third one after CO2 and Methane, with potential negative 
effects on Climate Change. 
Concentration July 2025 = 339 ppb. 

Agriculture causes around 70% of global N2O emissions, 
due to the use of nitrogen in synthetic fertilisers. 
Other human sources of N2O include chemical industry, 
waste waters and the burning of fossil fuels.

N2O emissions in 2023 # 10 Mt # 3,0 GtCO2 eq.

 

Source: Data from World Bank & Global Carbon Project

Focus on Nitrous Oxide

Source: NOAA Global Monitoring Laboratory – November 2025
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Stocks & Flux of Carbon
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Warning

Figures related to anthropogenic Carbon emissions are subject to large 
uncertainties, which are expressed by International Panel for Climate 

Change (IPCC)
Historical series of CO2 emissions can differ slightly depending upon 

various sources: International Energy Agency (IEA), Energy 
Intelligence (EI), Global Carbon Project (GCP), World Bank, ……

Carbon emissions series concern several items: combustion of Fossils 
Fuels, emissions from Cement industry and other industrial activities, 
impact of Cement carbonation, Flaring, changes of Forest and Land 

use (FOLU).
Anthropogenic Greenhouse Gas (GHG) comprise CO2 GHG plus non-
CO2 GHG (Methane, nitrous Oxide, halocarbons, troposheric ozone)  
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Categorization of CO2 and GHG elements used by various 
organizations and study groups  

CO2 
Emissions 
include 

Coal 
combustion

Oil 
combustion

Gas 
combustion

Bioenergy 
& Waste

Cement Flaring Other Methane & 
Industrial 
Process

FOLU Methane Nitrous 
Oxide

F Gas

Energy 
Institute

X X X X X X

Global 
Carbon 
Project

X X X X X X X

IEA X X X X X X X X

IPCC X X X X X X X X X X X

World Bank X X X X X X

Energy combustion Industrial processes & Flaring
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Stocks & Net Carbon Flux Earth/Atmosphere

IPCC Analysis 2001(GtC for stocks, GtC/year for flux)

 
9.0 Gt in 2018

Nota: 1t C = 3,667t CO2 
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Source: IPCC 2013/Ministère de  l’Ecologie, du Développement Durable et de 

l’Energie – France 2015       Nota: 1t C = 3,667t CO2

Stocks & Net Carbon Flux Earth/Atmosphere

Situation 2011 (GtCO2 for stocks, GtCO2/year for flux)

 Between brackets:

In black: Stocks before pre-

industrial period.

In red: Variation 1750-2011.

Arrows: Flux:

In black: pre-industrial 

period

In red: anthropic activity

Today, Mass CO2 in the 

Atmosphere # 3 200 Gt



66 TPA Toolbox Energy Book 3 - GHG

Stock on land :

~ 4300 Gt carbon 
or ~ 15700 Gt CO2 

Numbers in circles : 

represent carbon stocks

(in PgC = Gt carbon 

= billion tons C)

Yellow  numbers =  

carbon stock before the

industrial period

Pink numbers = 

anthropogenic stock 

variation since 1750

Numbers with arrows :

Yellow numbers give yearly 

fluxes of carbon for the 

period before ~ 1750 

Arrows / pink numbers are

for anthropogenic yearly 

fluxes averaged over the 

2010–2019 decade

~ 9%

Stock in air :

~ 870 Gt carbon 
or ~ 3200 Gt CO2 

~ 2%

Stock in water :

~ 40400 Gt carbon 
or ~ 148000 Gt CO2 

~ 89%

11 Gt anthropic

~ 6 Gt
numbers 

are for 

‘carbon’ 

italic 

stands for 

CO2

Stocks & Net Carbon Flux Earth/Atmosphere - Situation 2021 from IPCC AR6
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Source: IPCC 2013/Ministère de  l’Ecologie, du Développement Durable et de 

l’Energie – France 2015       Nota: 1T C = 3,667 T CO2

Net Carbon Flux Earth/Atmosphere -  Situation 2011 

# 50% of gross Emissions are absorbed by oceans and biosphere 

(GtCO2/year)
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Global Gross Carbon Emissions are partly absorbed by the environment.
Net Carbon Emissions remaining in the atmosphere increase its CO2 content 

Source: Global Carbon Project 2025

Combined components of the 

Global Carbon Budget as a 

function of time, 

for fossil CO2 emissions (EFOS, 

including a small sink from 

cement carbonation) and 

emissions from land-use 

change (ELUC), 

as well as their partitioning 

among the atmosphere (GATM), 

ocean (SOCEAN), and land 

(SLAND) 
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Global Gross Carbon Emissions are partly absorbed by the environment.
Net Carbon Emissions remaining in the atmosphere increase its CO2 content 

Source: Global Carbon Project 2024/Friedlindstein et al 2024
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Data Volumes/Mass

Volume Earth + Atmosphere 1,08737x1012 k.m3

Volume Earth 1,08330x1012 k.m3

Volume Atmosphere 4,05x109 k.m3

Mass Atmosphere 5,15x1018 kg

CO2 Energy content: # 400 ppm 1,62x106 k.m3

1 mole C/CO2 (22,4l = 22,4 dm3) 12 g/44 g

Mass Carbone in Atmosphere # 870 Gt

Mass CO2 in Atmosphere # 3200 Gt

Yearly CO2 Emissions 34 Gt

Net yearly Emissions assuming 50% 

absorption in oceans/biosphere

17 Gt

Potential impact on CO2 content + 2,1 ppm/year

Carbon Stocks and Flux Earth/Atmosphere

Basic figures current period 2020 – 1ppm # 8GtCO2   
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F gas

Nitrous  Oxide

Methane

Forest & Land use

Cement & Flaring

Gas

Oil

Coal

Global anthropogenic related GHG emissions 1959 - 2024
CO2 Energy is the most important contributor(GtCO2 eq.)

Source: Ch. Guéritte. Data from Global Carbon Project (Global Carbon Budget) , World Bank, IPCC, Our World in Data 2025 

Forest & Land Use Includes CH4 non energy and FOLU (Forest and Other Land Use)

1997-1998: El Nino & uncontrolled burning of tropical forests

2020: Covid-19 – F gas: Fluorinated greenhouse gas

2%
5%

8%

4%

14%

21%

27%

Figures slightly differ 

according to sources

CO2 Energy Emissions 

due to combustion:

30,6 GtCO2 in 2010

33,5 GtCO2 in 2018

33,5 GtCO2 in 2019

31,6 GtCO2 in 2020

33,7 GtCO2 in 2021

34,3 GtCO2 in 2022

34,8 GtCO2 in 2023

35,2 GtCO2 in 2024

Source: IEA

18%
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The Global Carbon Cycle (GtC)

Source: Global Carbon Project 2025

Schematic representation of the overall perturbation of the global carbon cycle caused by

anthropogenic activities, averaged globally for the decade 2015-2024 
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The Global Carbon Cycle (GtCO2)

Source: Global Carbon Project 2025

Schematic representation of the overall perturbation of the global carbon cycle caused by

anthropogenic activities, averaged globally for the decade 2015-2024 
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Fossil CO2 Emissions (GtCO2)

Source: Global Carbon Project 2025
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Fossil CO2 Emissions (GtCO2)

Source: Global Carbon Project 2025
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Fossil CO2 Emissions (GtCO2)

Source: Global Carbon Project 2025
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Fossil CO2 Emissions (GtCO2)

Source: Global Carbon Project 2025
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Fossil CO2 Emissions (GtCO2)

Source: Global Carbon Project 2025
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Halocarb
12%

Tropospheric 
Ozone
13%

N2O
5%

17%

CO2 Energy, Industry 

& Deforestation

            53%

Natural  155 W/m2  * Anthropogenic  2.8 W/m2 **

Atmospheric contributions to greenhouse effect Radiative 
Forcing (2,8 W/m2 from human activity) - Period 1750-2000

• Figures & percentages can slightly change upon time or sources. 

Halocarbons: chlorofluorocarbons + hydrochlorofluorocarbons. Halocarbons absorb infra red radiations. 

Stratospheric Ozone has no direct emissions 

Source: Data from IPCC 2001 & 2005  

Water 
vapor
55%

Other 
Greenhouse Gas 
(CO2+Ozone+CH4+N2O)

30%

Clouds
15%

CH4

** including a negative (= cooling) feedback from aerosols of ~ 1,1  W/m2 
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Basic simple elements to keep in mind
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CO2 Emissions vs type of Fuels
Simple chemical formulas

Combustion of carbon 

C + O2 CO2

CH4 + 2O2 CO2 + 2H2O

C8H18+ 25 O2 8CO2 + 9H2O
2

Combustion of methane (natural gas)

Combustion of alcanes (petroleum product)

CO2/t

X 3,67

X 2,75

X 3,09 Fossil Energy 
combustion of 1t of fossil 

generates between
2,7 and 3,7 t of CO2

(12g) (44g)  

(16g) (44g)

(352g) (114g) 

Those equations are applicable to simple molecules. In the real 

world, coal, natural gas and petroleum products contain different  

impurities, present variable qualities depending upon countries and 

usages. Therefore numbers can vary upwards and downwards.  
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CO2 Emissions vs type of Fuels
Combustion – Real figures 2024

➢ Combustion of Natural Gas

148 EJ # 4,2 T.m3 # 3,5 Gtoe 7,8 GtCO2

➢ Combustion of Oil

193 EJ # 92 Mboe/d # 4,6 Gtoe 11,5 GtCO2

tCO2/tFossil

X 2,7 tCO2/tce

X 3,7 tCO2/toe

X 2,2 tCO2/toe

X 2,5 tCO2/toe

➢ Combustion of Coal

178 EJ # 5,9 Gtce # 4,2 Gtoe 15,7 GtCO2

Data from IEA WEO 2025

tce : tonne of coal equivalent

toe : tonne of oil equivalent

1 TJ = 1012 J = 23,88 toe 
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Fossil
79%

Other
21%

CO2 Emissions VS type of Fuels
Simple chemical formulas

tCO2/tFossil

2,84 tCO2/tfossil

World 2024 Primary Energy Consumption:

15,6 Gtoe

12,4 Gtoe

3,2 Gtoe

World 2024 CO2 Energy Emissions

≈ 35,2 Gt

X 3,67

X 2,75

X 3,09

Carbon 

Methane

Alcanes
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Reminder - Composition of  Atmosphere

A minor variation of CO2 content in the atmosphere has 

important consequences in term of greenhouse effect.

Argon                            : 0,9%

Carbon Dioxyde (CO2) : 0,04% (400 ppm)

280 ppm in 1750

432 ppm in May 2026 (+54%)
(Mauna Loa Observatory - Hawaï)

CO2  Concentration is increasing  after a slight 

decrease in 2020 due to the Covid 19.

CO2 concentration

Oxygen (O2)

     21%

Nitrogen (N2)

          78%

Others

     1%
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Carbon Footprint vs CO2 Emissions

A Carbon Footprint is the total Greenhouse Gas (GHG) emissions caused directly and

indirectly by an individual, event, organization, service, site or product, expressed as CO2eq.

Greenhouse gases, including the carbon-containing gases Carbon Dioxyde (CO2) and Methane

(CH4), can be emitted through the burning of fossil fuels, land clearance and the Production

and Consumption of food, manufactured goods, materials, wood, roads, buildings,

transportation and other services.

It includes:

➢ Direct Carbon/CO2 Emissions coming from sources that are directly from the site which is

producing a product or delivering a service.

➢ Indirect Carbon Emissions coming from external sources and consumed by the concerned

individual, company, organization or site.

It is also represented by the quantities of Consumption – based CO2 emissions and equal to:

National emissions – emissions embedded in exports + emissions embedded in imports.
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Source: Our World in Data/Global Carbon Project/IEA/BP – Figures may differ vs sources
*France: Carbon Footprint all GHG in 2024 # 9 tCO2eq/capita (source: France CGDD)   

Carbon Footprint vs CO2 Emissions (excludes other GHG)
International comparison – Year 2023

Carbon Footprint (Consumption based) = Production based emissions minus emissions embedded in exports plus emissions embedded in imports 
Worldwide, Net Exports balance Net Imports. Includes combustion activities & industrial processes.

Countries Carbon Footprint (Consumption based)
(CO2/capita)

CO2 Emissions (Production based)
(CO2/capita)

Australia 14,1 14,5

Canada 13,2 13,9

China 7,6 8,6

EU 27 7,3 5,5

France* 6,1 4,1

Germany 9,1 7,0

India 1,8 2,1

Japan 9,2 7,9

Luxembourg 11,0 10,3

Qatar 27,6 40,1

US 15,8 14,3

World 4,4 4,4
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Various anthropogenic effects

➢ Various effects: CO2 Energy is the most important. 

According to different sources, life time of CO2 in 

the atmosphere is between 30 and 100 years.

     

➢ Other contributors: CO2 other industrial processes 

(cement manufacture,….), CH4, Ozone, N2O, F-

gases (HFC’s, PFC’s, SF6,…)

➢ Contribution of land use, land use change and 

forestry. 

➢ In this document, focus is done on CO2 Energy.

➢ To convert tC into tCO2, multiply by 3,67 

Note: FOLU: Forestry and other land use



TPA Toolbox Energy Book 3 - GHG88

History & Evolution of annual IPCC reports
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The IPCC 5th Assessment Synthesis Report 

November 2014 served as a basis for the 

COP 21 in Paris (December 2015)
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Radiative Forcing is increasing

Source: IPCC 5th Assessment Synthesis Report November 2014
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Energy Accumulation on Earth 

Source: IPCC 5th Assessment Synthesis Report November 2014
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Global Anthropogenic GHG Emissions
CO2 Energy is the most important contributor

Source: IPCC 5th Assessment Synthesis Report November 2014
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GHG Emissions by Sectors in 2010

Source: IPCC 5th Assessment Synthesis Report November 2014
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Global Anthropogenic CO2 Emissions

Source: IPCC 5th Assessment Synthesis Report November 2014

In 2011:

CO2 Energy # 31 Gt

CO2 FOLU   #    4 Gt
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Global Anthropogenic CO2 Emissions
IPCC Projections – ASR 2014

Source: IPCC 5th Assessment Synthesis Report November 2014

RCP: Representative Concentration Pathway (W/m2)
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Global Anthropogenic CO2 Emissions
IPCC Projections – ASR 2014

Source: IPCC 5th Assessment Synthesis Report November 2014

RCP: Representative Concentration Pathway (W/m2)
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GHG Concentrations

Source: IPCC 5th Assessment Synthesis Report November 2014
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RCP: Representative Concentration Pathway as per Radiative Forcing  

due to human activities  (W/m2)

Source: IPCC 5th Assessment Synthesis Report November 2014

Climate Change
RCP & Radiative Forcing – IPCC Projections
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Global Anthropogenic CO2 Emissions
IPCC Projections – ASR 2014

Source: IPCC 5th Assessment Synthesis Report November 2014
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RCP: Representative Concentration Pathway as per Radiative Forcing  

due to human activities  (W/m2)

Source: IPCC 5th Assessment Synthesis Report November 2014

Climate Change:
the Earth’s temperature – IPCC Projections
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Climate Change
the Earth’s temperature – IPCC Projections

Volcanoes eruptions effects : reduction of Radiative Forcing

Dust & SO2 emitted by volcanoes reduce Radiative Forcing and increase the cooling of atmosphere   

Source: IPCC AR6 WG1 - Summary for Policy Makers - August 2021

Volcanoes eruptions

1963:

 Mont Agung (Bali)

1980/1982:

Mont Saint-Hélène (US)

El Chichon (Mexico)

1991:

Pinatubo (Philippines)

Already # +1,3/1,4°C
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Source: IPCC 5th Assessment Synthesis Report November 2014

Climate Change:
the Earth’s temperature – IPCC Projections
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Climate Change:
the Earth’s evolving temperature

Source: IPCC 5th Assessment Synthesis Report November 2014



104 TPA Toolbox Energy Book 3 - GHG

Climate Change:
the Earth’s temperature – IPCC Projections

Source: IPCC 5th Assessment Synthesis Report November 2014
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Global Impacts on Land & Ocean

Source: IPCC 5th Assessment Synthesis Report November 2014
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Impacts on surface temperature, sea ice extent 
and mean sea level

Source: IPCC 5th Assessment Synthesis Report November 2014

+ 2/3 mm per year
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However, it must be noted that extension and retraction of glaciers 
have been a known phenomena during the previous centuries.

Example: Great Aletsch glacier – Alps of Valais – 23 km
Various phases of extension and retraction since 1300 BC

Reference period = 0 = Period of maximum extension: 1856-1860

Source: Holzhauser & Zumbühl 2003
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Scenarios IPCC – Temperature, Sea Ice extent, Sea level, 
Ocean PH

Source: IPCC 5th Assessment Synthesis Report November 2014
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Global Sea Level Rise

Source: IPCC 5th Assessment Synthesis Report November 2014
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Impact on Ocean Acidity

Source: IPCC 5th Assessment Synthesis Report November 2014



111 TPA Toolbox Energy Book 3 - GHG

Effects are not homogeneous in regions

Source: IPCC 5th Assessment Synthesis Report November 2014
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CO2 content Long term scenarios IPCC

Source: IPCC 5th Assessment Synthesis Report November 2014

RCP: Representative Concentration Pathway as per Radiative Forcing
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CO2 content Long term scenarios IPCC

Source: IPCC 5th Assessment Synthesis Report November 2014
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Conclusions from IPCC

Source: IPCC 5th Assessment Synthesis Report November 2014
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Temperature & CO2 concentration
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Climate Change:
the Earth’s evolving temperature

◆ Variation in global temperatures over 1000 years (in °C)

The zero reference is the period 1961-1990

1 000 1 200 1 400 1 600 1 800 2 000

- 1.0

-0.5

0.0

0.5

NORTHERN HEMISPHERE

Données provenant de thermomètres (en rouge), de cercles
de croissance des arbres, de coraux, de carottes

glaciaires et d’enregistrements historiques (en bleu)
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World 

emissions 

remain 

constant

10 billion 

humans 

raise their 

average 

emissions 

to those of 

a Pole of 

2000

Temperature evolution - Projections are heavily scenario-dependant
(This graph has been the subject of contreversery, but is useful for the purpose of illustration)

Source: The « Hockey stick graph », Mann, 

Bradley, Hughes 1999 
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Climate Change – CO2 concentration & the Earth temperature
History of long-term evolution

Source: IPCC AR6 WG1Technical Summary - August 2021
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CO2 concentration in the atmosphere

• Pre industrial revolution   # 280 ppm

• 1958                                     # 320 ppm

• 2019                                     # 414 ppm

• May 2026                      # 432 ppm (+54% vs 1800) 
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CO2 concentration in the atmosphere
Measures taken at Mauna Loa observatory – Hawai - Evolution 2020 – 2025 

Source: NOAA (National Oceanic & Atmospheric Administration) 
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Source: NOAA (National Oceanic & Atmospheric Administration) 

CO2 concentration in the atmosphere
Measures taken at Mauna Loa observatory – Hawai - Evolution 1960 – 2025 
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CO2 Concentration in the Antarctic (Dôme C)
and Evolution of Temperature up to 800 000 

years BC

0

430 

ppm 

in 

2025

Source: EPICA Dôme C (European Project for Ice Coring in Antartica) and NOAA
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Correlation CO2 Concentration and Temperature records
12 months changes - 1960 - 2023
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Correlation growth rate of CO2 Concentration and Oceanic Nino Index
1960 - 2024

Source: Mauna Loa & NOAA. The Oceanic Nino Index (OCI) is NOAA’s primary indicator for monotoring the ocean part of the seasonal 

climate pattern. The ONI tracks the running 3 months average sea surface temperature in the east-central Pacific and whether they are 

warmer or cooler than average
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Human activities modify Greenhouse Effect

Carbon dioxyde

Oxygen

It is indeed a combustion !
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Climate Change:
the Earth’s evolving temperature

◆ Variation in global temperatures over 120 years (in °C)

The zero reference is the period 1951-1990



127 TPA Toolbox Energy Book 3 - GHG

Temperature Evolution by NASA monitoring system 
based on US Climate Reference Network

0 reference period: 1981 - 2010
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Climate Change – The Earth temperature

Source: World Meteorological Organization (WMO) 2025

State of Global Climate

The global average surface

temperature was 1.55 °C (with a

margin of uncertainty of ± 0.13

°C) above the 1850-1900

average, according to WMO’s

consolidated analysis of the six

datasets.

This means that we have likely

just experienced the first

calendar year with a global

mean temperature of more than

1.5°C above the 1850-1900

average.
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Climate Change – The Earth temperature
Impact on Greenland Ice Sheet
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What do we mean by
Representative Concentration Pathways (RCP)
and Shared Socio-economic Pathways (SSP)?
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What is a Representative Concentration Pathway (RCP)? 

➢ A Representative Concentration Pathway (RCP) is a 

Greenhouse Gas trajectory adopted by the International 

Panel for Climate Change (IPCC)

➢ Four pathways were used for Climate Modeling and 

Research for the IPCC 5th Assessment Report in 2014 (AR5).

➢ The pathways describe different climate futures, all of which 

are considered possible and are labelled after a possible 

range of Radiative Forcing values in the year 2100 (RCP 

1,9/2,6 W/m2, RCP 4,5 W/m2, RCP 7,0 W/m2, RCP 8,5 W/m2) 
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What is a Shared Socioeconomic Pathway (SSP)?

➢ SSPs are  possible futures  that climate researchers in the IPCC 

consider in their 6th Assessment Report (AR6 WG1 - August 2021)

➢ Five pathways are shown : SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-

7.0, and SSP5-8.5, covering a broad range of greenhouse gas and 

air pollutant futures.

➢ SSPx-y meaning :

➢ x refers to SSP describing the socio-economic trends 

underlying the scenario 

➢ y refers to the approximate target level of radiative forcing (in 

W/m2) resulting from the scenario in the year 2100
Reminder : current level of radiative forcing ~ 2,8 W/m2
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Shared Socio-Economic Pathways (SSP) vs Representative 
Concentration Pathway (RCP) 

➢ SSP: a range of new pathways that examine how global

society, demographics and economics might change over

the next century. They have been developed in the IPCC 6th

Assessment Report (AR6) in 2020/2021.

➢ Five pathways have been used and can be combined with 

the RCP effects deriving from the Climate Modelling. 

➢ The pathways describe different climate futures, all of which 

are considered possible and are labelled after a possible 

range of societies development and Radiative Forcing 

values in the year 2100 (RCP 1,9/2,6 W/m2, RCP 4,5 W/m2, 

RCP 7,0 W/m2, RCP 8,5 W/m2) 
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The Five SSP narratives 

➢ SSP1: Sustainaibility - Taking the Green Road - Low challenges to 

mitigation (resource efficiency) and adaptation (rapid development)

➢ SSP2: Middle of the Road - Medium challenges to mitigation and 

adaptation 

➢ SSP3: Regional Rivalry – A Rocky Road - High challenges to mitigation 

(regionalized energy/ land policies) and adaptation (slow development)

➢ SSP4: Inequality – A Road Divided - Low challenges to mitigation 

(global high tech economy), high challenges to adaptation (regional 

low tech economies)

➢ SSP5: Fossil-fueled Development – Taking the Highway - High 

challenges to mitigation (resource/fossil fuel intensive), low challenges 

to adaptation (rapid development) 
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The Five SSPs

Source: IPCC AR6 WG1 Full Report – August 2021
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The evolutive IPCC Assessment Reports 

from 2023 to 2016 (No update for 2025)
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IPCC Report March 2023
Climate Change 2023

Synthesis Report (WG I,II & III)
Summary for Policymakers
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Global Warming Level and its consequences

Source: IPCC Report March 2023

Synthesis Report – WG I,II & III – Summary for Policymakers
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Risks are increasing with every increment of warming

Source: IPCC Report March 2023

Synthesis Report – WG I,II & III – Summary for Policymakers
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Global emissions vs Scenarios
Need for rapid, deep, immediate actions 

Source: IPCC Report March 2023

Synthesis Report – WG I,II & III – Summary for Policymakers
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Potential contributions to Emissions reduction
by sector and by costs (1)  

Source: IPCC Report March 2023

Synthesis Report – WG I,II & III – Summary for Policymakers
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Potential contributions to Emissions reduction
by sector and by costs (2)  

Source: IPCC Report March 2023

Synthesis Report – WG I,II & III – Summary for Policymakers
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IPCC Report March 2022
6th Assessment Report
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Source: IPCC Report March 2022 WG II
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IPCC Report 2022
Climate Change – Limiting Global Warming

Source: IPCC Report March 2022 WG II
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IPCC Report 2022
Impacts of Climate Change

Source: IPCC Report March 2022 WG II
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IPCC Report 2022
Impacts of Climate Change

Source: IPCC Report March 2022 WG II
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IPCC Report 2022 – Risks & Threats (1)

Source: IPCC Report March 2022 WG II

SSP: Shared Socio-economic Pathways as per Radiative Forcing 
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IPCC Report 2022 – Risks & Threats (2)

Source: IPCC Report March 2022 WG II
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IPCC Report 2022 – Climate Resilient Development
The Challenge

Source: IPCC Report March 2022 WG II
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Source: IPCC Report March 2022 WG III
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Source: IPCC Report March 2022 WG III

Global anthropogenic GHG emissions 1990 - 2019
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Source: IPCC Report March 2022 WG III

Global anthropogenic GHG emissions 1990 - 2019



154 TPA Toolbox Energy Book 3 - GHG
Source: IPCC Report March 2022 WG III

Costs reductions & Contributions increase 

of Renewable Energy 2000 - 2020
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Source: IPCC Report March 2022 WG III

IPCC various Scenarios  2010 - 2050
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Source: IPCC Report March 2022 WG III

Potential contributions to Emissions reduction

by sector and by costs (1)  
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Source: IPCC Report March 2022 WG III

Potential contributions to Emissions reduction

by sector and by costs (2)  
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Mitigation of Climate Change : Behaviour

Low-carbon lifestyle 

transition can be 

classified into :

- Avoid

- Shift

- Improve

options; individual 

potential to reduce 

emissions is highest 

in mobility systems

 

Source: 

IPCC AR6 WGIII –Technical Summary April 2022

Source: IPCC Report March 2022 WG III
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IPCC Report August 2021 – AR6
(Available for COP 26 Meeting)
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IPCC Report August 2021
Confirmation of a forthcoming climate disaster

Source: IPCC Report August 2021
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IPCC Report August 2021
Confirmation of a forthcoming climate disaster

Source: IPCC Report August 2021
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IPCC Report August 2021
Confirmation of a forthcoming climate disaster

Source: IPCC Report August 2021
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IPCC Report August 2021
Confirmation of a forthcoming climate disaster

Source: IPCC Report August 2021
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IPCC Report August 2021
Confirmation of a forthcoming climate disaster

Source: IPCC Report August 2021
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IPCC Report August 2021
Confirmation of a forthcoming climate disaster

Source: IPCC Report August 2021



166 TPA Toolbox Energy Book 3 - GHG

IPCC Report 2019
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Climate Change:
the Earth’s temperature – Decades 2006 - 2015

Source: IPCC Report 2019
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Climate Change: the Earth’s evolving temperature from pre – 
industrial period

Source: IPCC Report 2019
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Climate Change: the Earth’s evolving temperature. The Trend 
vs Objective……

Source: IPCC Report 2019
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IPCC Report October 2018
(Available for COP 24 Meeting)
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Source: IPCC Report October 2018
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IPCC Report 2018

Source: IPCC Report October 2018
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IPCC Report 2018

Source: IPCC Report October 2018
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IPCC Report 2018 – Risks & Threats (1)

Source: IPCC Report October 2018
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IPCC Report 2018 – Risks & Threats (2)

Source: IPCC Report October 2018



176 TPA Toolbox Energy Book 3 - GHG

IPCC Report 2018
Various Scenarios for Total Net Emissions

Source: IPCC Report October 2018
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IPCC Report 2018
Various Scenarios for Total Net Emissions

Source: IPCC Report October 2018

Nota: CDR: Carbon Dioxyde Removal, BECCS: Bioenergy with Carbon Capture and Storage  
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The Feedbacks effects
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CO2 emissions, Temperature increase & Feedbacks effects 

➢ The CO2 content in the atmosphere is not the only parameter which 

increases the Earth temperature. The increase of the Earth temperature 

generates additional processes which amplify the consequences: the 

positive feedbacks. If  the amount of CO2 in the atmosphere doubled 

compared to pre-industrial levels, the Earth’s temperature would eventually 

balance out of about 1,5°C warmer. The feedbacks effects increase 

substantially this figure. Feedbacks can be positive or negative. The 

combined effects of all feedbacks is significantly positive (IPCC), they are 

incorporated in the IPCC analysis, taking into account some uncertainty 

around the magnitude of these feedbacks. Among these feedbacks effects:

➢ As temperature rises, more water evaporates. Water vapour is a 

greenhouse gas, and has an effect on clouds formation                     positive 

feedback.

➢ Melting away of sea ice and snow cover on land (high albedo) leads to less 

reflection of sun energy                  positive feedback.

➢ Artic declining sea ice is causing the artic to warm           positive feedback.

➢ Melting permafrost in artic and siberian region generates release of organic 

carbon                    positive feedback.
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Climate issues - the feedback effects 

CO2 content in the atmosphere
is not the only parameter which increases the Earth 

temperature. 

The increase of earth temperature generates 

additional processes which amplify the 

consequences.

In IPCC analysis, so-called positive feedbacks

with some uncertainty around the magnitude
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Climate issues - the feedback effects 

Feedbacks effects

Water evaporation
effect on clouds formation

Melting away of sea ice 

and snow covering land 
Lower albedo → less 

reflection of sun energy

Artic declining sea ice

causing the artic to warm

Melting of permafrost
CO2

in artic and Siberian region 

releases of organic carbon 

Nota: Albedo is the fraction of sunlight that is diffusely reflected by a body

= Reflected Energy/Incident Energy
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A minor variation of CO2 content in the atmosphere has important consequences in term of greenhouse effect, 

increase of Radiative Forcing (RF) and consequently increase of Temperature (T). The additional Feedbacks effects 

substantially amplify this phenomena. 

This can be proven by the Myhre formula. Gunnar Myrhe is a Norwegian scientist, ex-IPCC member 

ΔRF (Wm-2) = 5,35 Ln C(t)/C(t0) with C(t) = CO2 concentration, Ln =  Natural logarithm.

Energy emitted per surface unit depends only upon temperature: RF = σT4 , σ: Stefan-Boltzmann constant.

              ΔT = ¼ *T/RF*ΔRF = ¼*(273°C-18°C)/235 Wm-2*RF = 0,27*ΔRF (Earth/Atmosphere thermodynamical balance 

is effective with Energy input/output # 235 W/m-2 and Temperature # -18°C)    

              ΔT (°C)= 1,44 Ln C(t)/C(t0) with C(t) = CO2 concentration, Ln =  Natural logarithm.

This experimental formula gives the temperature increase according to the CO2 concentration in atmosphere 

(Reference : beginning of industrial age -  C(t0) = 280 ppm)  

For C(t) = 425 ppm, 

ΔRF # 2,3 Wm-2

ΔT # 0,6°C and not 1,4°C. Additional Feedbacks effects account for more than 50%.

 

                                                                                          

Climate issues - the feedback effects – Myhre formula 
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Human activities are estimated to have caused today 
approximately 1,3/1,4°C of global warming above pre-
industrial level.

Warming greater then the global annual average is 
being experienced in many land regions and seasons.

Warming is generally higher over land than over the 
ocean.

Global warming is likely to reach 1,5°C between 2030 
and 2050 if it continues to increase at the current rate.
It is expected to reach 3,4 to 3,9°C at the end of the 
century if no progress is made. 
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World Meteorological Organization (WMO) 
2026 Report 

State of the Global Climate 2025
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CO2 concentration, Ocean Heat Content & Mean Ocean 
PH evolution – WMO 2026

Source: World Meteorological Organization (WMO)

State of Global Climate 2026

CO2 Concentration (ppm) Global Ocean Heat content (ZJ)

Global Mean surface ocean PH  
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Climate Change – The Earth temperature -  WMO 2026

Source: World Meteorological Organization (WMO)

State of Global Climate 2026
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Climate Change -  Global Sea Level Rise -  WMO 2026

Source: World Meteorological Organization (WMO)

State of Global Climate 2026
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Climate Changr – The Earth Energy Imbalance -  WMO 2026

Source: World Meteorological Organization (WMO)

State of Global Climate 2026
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Climate Changr – The Earth Energy Imbalance -  WMO 2026

Source: World Meteorological Organization (WMO)

State of Global Climate 2026
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1 t of CO2
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Emissions amounting to # 35 Gt CO2 mean
# 95 Mt added per day to the atmosphere!
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The Impact of Forest and Land Uses
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The Impact of Deforestation – Amazonia

Forest coverage # 550 Mha

Source: Courrier International 29 september 2022

13 000 km2 = 1,3 Mha in 2021

80 000 km2 over 20 years = 15% of 

forest coverage!

Some progress in 2025:

 1,0 Mha deforested (-21% vs 2024) 
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Among the 10 first countries by CO2Energy /capita emissions
 Year 2025

tCO2/capita

Source:  Data from  EI Stat. Review 2026
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CO2 Energy Emissions* & Temperature rise

Source: IEA WEO 2025. Figures may slightly differ according to sources

* Includes Industrial Process & Flaring
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Economic consequence
for energy and industries

2
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TABLE OF CONTENTS

1. What is science telling us about climate change ?

2. Economic consequences for energy and industries

3. The Kaya Equation

4. Agenda for Climate Change Negotiations

5. CO2 Markets, Pricing and Trading

6. Carbon Capture and Storage technologies

7. What implications for oil companies:

the case of TotalEnergies
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International Energy Agency (IEA) Perspectives
World Energy Outlook (WEO) 2025

See Book 2  
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(Gtoe)

Primary Energy Demand
IEA 2025 CPS and STEPS Scenarios (Gtoe)

Source: Ch.Guéritte/Data from IEA WEO 2025 

1 EJ = 1018 J = 23,88 Mtoe 

Current Policies 
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1toe Coal # 3,70 tCO2
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In the STEPS, Energy Demand continues to 

grow but CO2 Emissions decline as from 

2024 till 2050 thanks to CCS deployment

Current Policies 

Scenario
(GtCO2)

Stated Policies 
Scenario

Carbon Intensity in 2024

26,6 GtCO2 WEO STEPS 2025 vs 

25,6 GtCO2 WEO STEPS 2024  

1toe Gas # 2,20 t CO2

1toe Oil # 2,48 tCO2 
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Three IEA Scenarios vs their consequences in term of 
temperature rise in 2100

Source: IEA WEO 2025
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Reminder: IEA WEO 2012 - CO2 Emissions  Abatement 

450 Scenario vs Central Scenario

Source: IEA 2012 World Energy Outlook

400 ppm

32,2 GtCO2

 in 2013

450 ppm, +2°C 

660 ppm, +3,6°C
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Energy related CO2 Emissions
A Long Term vision till Year 2200
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Energy related CO2 Emissions with different RCP 
Scenarios and Fossil Fuels (FF) Production

A Long Term vision till Year 2300

RCP: Representative Concentration Pathway

As per Radiative Forcing
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Reminder - Energy related CO2 Emissions
A view by Shell 2017

Source: Shell scenarios 2017

Nota: Oceans and Mountains correspond to two  different scenarios developped by 

Shell regarding the evolution of the world economy.  
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Cumulative CO2 Emissions
Various scenarios vs Radiative Forcing

Source: IPCC Report 2019

RCP: Representative Concentration 

Pathway as per Radiative Forcing
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GHG Emissions Scenarios by McKinsey

Source: McKinsey & Company 2024
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History of CO2 Emissions & Remaining Budget
Need to reverse the trend, drastically!
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History of CO2 Emissions & Remaining Budget at 01/01/2020
(Fossil Fuels combustion, Cement, Flaring, Land Use)

(GtCO2)

Carbon «Budget »

to respect until 2100

+2° ≈ 1350 GtCO2

+1,5°C  ≈     500 GtCO2

Source: Ch.Guéritte/Data from Global Carbon Budget 2023

Protocol  on climate in Dec. 2015 – COP 21 Paris 

Agreement, involving all countries, effective 2020

There exists a large degree of uncertainties on the Carbon

Budget figures vs temperatures (IPCC) The figures correspond

to a probability of occurrence of 50% (Mean value)

Differences are important between the case 1,5°C vs the case

2°C which is less ambitious.

For 2°C, the Remaining Carbon Budget of 1350 GtCO2 is a

mean value.

For the scenario 1,5°C, a relevant Remaining Carbon Budget

as from 01/01/2020 is closer to 500 GtCO2.

# 2 400 GtCO2

from 1750 to end 2019

500 GtCO2

80 years
6 GtCO2/y
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History of CO2 Emissions & Remaining Budget at 01/01/2025
The Remaining Carbon Budget is melting every year

(GtCO2)

Carbon «Budget »

to respect until 2100

+2° ≈ 1100 GtCO2

+1,5°C ≈ 170 GtCO2

Source: Ch.Guéritte/Data from Global Carbon Budget 2025

Protocol  on climate in Dec. 2015 – COP 21 Paris 

Agreement, involving all countries, effective 2020

There exists a large degree of uncertainties on the Carbon

Budget figures vs temperatures (IPCC) The figures correspond

to a probability of occurrence of 50% (Mean value)

Differences are important between the case 1,5°C vs the case

2°C which is less ambitious.

For 2°C, the Remaining Carbon Budget of 1100 GtCO2 is a

mean value.

For the scenario 1,5°C, a relevant Remaining Carbon Budget

as from 01/01/2025 is closer to 170 GtCO2.

# 2 890 GtCO2

from 1750 to end 2024

170 GtCO2 : Extinction in 4 years! 
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Cumulative Emissions and Carbon Budget (GtCO2)
A view by Global Carbon Project 2025

170 GtCO2 1 055 GtCO2

Source: Global Carbon Budget November 2025

525 GtCO2
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Carbon Budget & Emissions – IPCC 2023

Source : IPCC AR6 – Final long report – March 2023 
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More emissions → less absorption by land/oceans

Source : IPCC AR6 – WG1 SPM – August 2021 

The proportion of CO₂ emissions taken up by 

land and ocean carbon sinks is smaller in 

scenarios with higher cumulative CO₂ emissions
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CO2 Emissions - Net Zero in 2050 - To achieve 1,5°C
An illustration (Based on budget 01/01/2020)

((GtCO2)

Area of the yellow rectangle # 500 GtCO2

Profile of IEA NZE 2050 (Orange area) # 500 GtCO2

Area of the triangle # 500 GtCO2

IEA Net Zero 2050 Scenario May 2021
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Total Final Energy Consumption by sectors
The new IEA 2021 Scenario NZE2050

IEA Net Zero 2050 Scenario May 2021
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CO2 Energy Budget: need to reverse the trend
CO2 Budget 2015 - 2100 
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A view by the « Conseil Français de l’Energie »
2012/2013 Vision
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Heat Periods in France 1947 - 2013

Source: Ministère de  l’Ecologie, du Développement 

Durable et de l’Energie – France 2015
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For those who do not believe in Science…
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Source: ACIA, Impacts of a Warming Arctic, Climate Impact Assessment Report, Cambridge University Press, 

Défis environnementaux :
le réchauffement climatique

Janvier 2000 Décembre 2010

Banquise arctique
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Source: NASA 

Défis environnementaux :
le réchauffement climatique

Banquise arctique
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Source: World Meteorological Organization (WMO)

State of Global Climate 2023

Climate Change challenges - Greenland
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Potential melting of ice caps: Groenland only



228 TPA Toolbox Energy Book 3 - GHG

Potential melting of ice caps:
Groenland and Antarctic
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Cryospheric data Mean/Rounded figures ChG March 2018

Density kg/m3

Density of ice 916,7

Density of fresh water 1000,0

Density of sea water 1027,0

Characteristics Surface Aver. Thickness Volume Mass                                Sea Level Equivalent (SLE) Observed losses SLE

Mkm2 % m Mkm3 % 1000 Gt Calculat. m IPCC    m Period Gt/year Cumul. Gt % Cum. mm mm/year

Earth 510,00 100,0% 1080000,00 100,0%    5,97 109

Out of which oceans 362,00 71,0% 3600,00 1320,00 0,1% 1360000

Out of which  land 148,00 29,0% 1078680,00 99,9%

Quantity of free water 1360,00 100,0%

Out of which salted water 1320,00 97,1%

Out of which fresh water 40,00 2,9%

Quantity of fresh water 40,00 100,0%

Out of which surface waters 0,04 0,1%

Out of which subsurface waters 6,96 17,4%

Out of which ice 33,00 82,5%

Land 148,00 100,0% 1078680,00

SLE ice cap & glaciers + thermal expansion 14,47 9,8% 2300 33,00 100,0% 30251 81,4 65,8 2002 - 2011 2,8

Out of which ice cap antarctica 12,00 8,1% 2500 30,00 90,9% 27501 74,0 58,0 1992 - 2001 30 300 0,00% 0,8 0,1

2002 - 2011 147 1470 0,01% 4,0 0,4

1992 - 2012 180 2000 0,01% 5,4 0,5

Out of which ice cap arctic (Greenland) 1,74 1,2% 1600 2,80 8,5% 2567 6,9 7,4 2003 - 2010 185 1500 0,06% 4,0 0,5

1992 - 2001 34 340 0,01% 0,9 0,1

2002 - 2011 215 2150 0,08% 5,8 0,6

1992 - 2012 270 3000 0,12% 8,1 0,7

Out of which glaciers & small ice caps 0,73 0,5% 300 0,20 0,6% 183 0,5 0,4 2003 - 2009 260 1800 0,98% 4,8 0,7

SLE due to thermal expansion 1992 - 2016 30,0 1,1

Climate Change consequences - Sea Level rise 
Sea Level Equivalent (SLE) - Compilation of various data

Nota:

200 000 glaciers on earth

Antartica +  Greenland = Inlandsis

Source: IPCC, GRACE, ICESat., WGMS, etc. 

Source: various – Compilation: Ch.Guéritte



230 TPA Toolbox Energy Book 3 - GHG

Carbon Emissions for different Products
g CO2eq per kWhe 

Nota:

The table shows the implied 

CO2 emissions from 

electricity generation 

deriving from combustion of 

various fossil fuels.

The values represent the 

average amount of CO2 per 

kWh of electricity produced 

in OECD between 2010 and 

2014. They are indicative 

values,  Actual values 

depend upon each specific 

case.

* These products represent a 

very minor part used for 

electricity generation.

Source: IEA Report  CO2 emissions  from fuel combustion 2016
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CO2 Emissions: Gas emits half as much as Coal
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0 500 1000 1500 2000

Lignite

Oil

CCS

PV

Wind

Min

Max

Coal

Gas

Wood

Hydro

PWR

Ranges reflect differences in assessment technology, conversion efficiency,

assessment boundary, etc.

Life Cycle GHG Emissions, g CO2eq per kWhe 

D. Weisser IAEA May 2006
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Life Cycle GHG Emissions, g CO2eq per kWhe 
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Life Cycle GHG Emissions for different Technologies
Coal & Natural Gas – gCO2eq./kWhe
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Carbon Intensity of Electricity Production 
(g CO2eq per kWhe) 

0                                     200                                   400                                   600        800                 TWh
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The main issue:
Constraints on CO2 and CH4 Emissions

◆ The main culprits for global warming:

◼ Water in the atmosphere (vapor or dropplets)

◼ CO2: the focus of last 10 years

◼ CH4: an underestimated culprit (methodology issues)

◆ The potentiel constraint on emissions:

◼ Taxation systems

◼ Emission prices (CO2 markets)

◼ Emission Trading System (ETS) established by UE in 2005, but CO2 prices 

evolve up and down timewise. No international Carbon price today…..

◆ The major issue:

◼ What marginal and average costs in 2010 – 2020 – 2050 for CO2 and CH4 

emissions ?

◼ 20 to 50 S/tCO2 or 200 to 500 $/t ? Are CCS estimated costs relevant ? 

Additional energy costs for CCS facilities?
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The Kaya Equation
See Book 2 – Chapter 7

3
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*Yoichi Kaya is a japanese energy economist

The Kaya* Equation
(One tool among others)

THE DILEMMA

Carbon emissions 

Chemical and thermo-

dynamical effects 
Global Economy 

Demography

?
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The Kaya Equation

CO2 = Carbon Intensity x Energy Intensity x Purchasing Power x Population

CO2
CO2 Pop

Pop

GDP

GDP

Energy

Energy * * *

tCO2

tCO2

toe

toe

k$

k$

Pop
Pop* * *

Nota: GDP is expressed in constant money 



241 TPA Toolbox Energy Book 3 - GHG

Agenda for Climate Change Negotiations

4
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Agenda for Climate Change negotiations
The Origin

United Framework Convention on Climate 

Change (UNFCCC)

➢ Adopted during the « Earth Summit » in Rio de Janeiro in 1992.

➢ Put into force on 21 March 1994 by 197 states.

➢ Ultimate Objective: to stabilize GHG concentrations in the atmosphere at a level 

that would prevent dangerous anthropogenic interference with the climate 

system, through mitigation and adaptation. The parties should act to protect the 

climate system on the basis of common but differentiated responsabilities. 

Developed countries parties should take the lead in addressing climate change. 

Developing countries parties implementation of  their commitments will depend 

on the effective implementation by developped countries parties of their 

commitments related to financial resources and transfer of technology. Full 

account will be taken that economic and social development and poverty 

eradication are the priorities of developping countries parties.
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Agenda for Climate Change negotiations

➢ 1992: Earth Summit – Rio de Janeiro. Intervention of Severn Cullis-Suzuki, 12 

years old. Adoption of the UNFCCC.

➢ 1995: COP 1 – Berlin. Preparation of the Kyoto Protocol.

➢ 11 December 1997: COP 3 - Kyoto Protocol Signature. 37 developped countries, 

excl. USA

➢ 16 February 2005: Kyoto Protocol Effective. Emissions reductions in two periods. 

2008-2012 : Kyoto Protocol 1st commitments period. 2013-2020 : Kyoto Protocol 

2nd commitments period

➢ 2009: COP 15 -  Copenhagen. Objective: to limit increase of temperature at 2°C. 

Developped and developping countries are parties of the agreement. No real 

commitments at stake.

➢ December 2010: COP 16 - Cancun Agreement. Creation of the Green Climate Fund 

(GCF). Creation of the Standing Committee of Finance (SCF). To finance the 

developing countries at the level of 100 G$ per year as from 2020

➢ 2012: Doha (Amendments)

Nota: COP : Conference Of the Parties
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Agenda for Climate Change negotiations

➢ 2015: COP 21 – Paris. Agreement to be in force as of 2020, based on 5th GIEC 

report - 195 countries involved, including US and China. To limit temperature 

increase at a level of 2°C vs pre-industrial levels. Efforts to be made to limit at 

1,5°C. To reinforce adaptation measures.To optimize the financial flows towards 

low carbon emissions developments. To keep a relevant balance between 

« mitigation » and « adaptation ». For each country, to define their « Nationally 

Determined Contribution ». Paris Agreement put into force on 4 November 2016, 

ratified by 55 parties representing at least 55% of total world GHG emissions. Any 

Party can exit the agreement 3 years after the date of ratification, with an effective 

date one year after. Date for effective exit: 4 november 2020. On 1st June 2017, D. 

Trump decided that USA will exit the Paris Agreement, for the reason of potential 

economic disadvantages for the country. A majority of Countries (186) have today 

ratified the Paris Agreement. Concrete actions proposed, but no real commitments 

and no sanctions if proposed programmes are not met. New more ambitious plans 

to be proposed every 5 years in order to meet carbon neutrality by 2050.

➢ 2016: COP 22 - Marrakech. Consolidation of Paris Agreement.

➢ 2017: On 1st June 2017, D. Trump decided that USA will exit the Paris Agreement, 

for the reason of potential economic disadvantages for the country. 

Nota: COP : Conference Of the Parties
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Agenda for Climate Change negotiations

➢ 2017: COP 23 - Bonn. Disappointment, measures taken not effective enough.

➢ 2018: COP 24 – Katowice. Publication of alarming reports by IPCC. Coal demand  

slightly increased, CO2 emissions continue to grow. Brazil refuses to organize the 

next COP. It will be held in Chile, with the cooperation of Costa-Rica.The IPCC 

report on the 1,5°C scenario has not been favorably welcomed by certain 

countries. Globally, loss of ambition has been noted. On the reporting, decision to 

fix a rulebook, define clear rules for emissions accounting, financial flows follow-

up, global stocktake. Next global stocktake in 2023. Has validated COP 21 

application rules. No real operationnal measures proposed.

➢ December 2019: COP 25 – Madrid (Previously scheduled in Santiago de Chile). 

Disappointing Results

➢ 1st to 12 November 2021: COP 26 – Glasgow. No strong new commitments. 4 

countries, including India announced  new objectives for Net Zero Emissions after 

2050.

➢ November 2022: COP 27 – Sharm El Sheikh/Egypt. No progress on measures to 

mitigate the effects of the Climate Change. Discussions on financial transfers 

from developed countries to emerging countries 

Nota: COP : Conference Of the Parties
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Agenda for Climate Change negotiations

➢ 2023: COP 28 – Dubaï : 30 November - 12 December. In particular, decisions on 

phasing out inefficient fossil fuel subsidies that do not address energy poverty or 

just transitions, as soon as possible. Recognizing that transitional fuels can play 

a role in facilitating the energy transition while ensuring energy security. 

Recalling that developed country Parties shall provide financial resources to 

assist developing country Parties with respect to both mitigation and adaptation. 

➢ 2024: COP 29: Baku – Azerbaïdjan: November 2024. Difficult negociations 

atmosphere. Developed nations have agreed to help channel “at least” 300 G$ a 

year into developing countries by 2035 to support their efforts to deal with climate 

change.

➢ 2025: COP 30:  Belem - Brazil

Nota: COP : Conference Of the Parties
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COP 30 – Belem – Brazil
10 – 22 November 2025
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COP 30 in Belem - Main conclusions of final Report

Context:

➢ Trump’s administration decided to quit the Paris Agreement.

➢ No US participation at COP 30.

➢ Many countries did’nt provide theit updated National Determined 

Contributions (NDC’s) 

Conclusions:

➢ Disappointing global results. Not ambitious enough.

➢ No mention to fossil energies, indirect reference to the COP 28 in Dubaï.

➢ Adaptation: efforts to be made to triple the financial assistance to 

developing countries (objective: 120 G$ per year)

➢ No commitments from developed countries to increase the global financial 

envelop (300 G$ per year in 2035) to developing countries to combat 

climate change through Energy Transition and build-up related adaptation.  
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COP 30 in Belem - Main conclusions of final Report

Source: Courrier International n°1830 du 25 novembre 2025
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Conclusions of the COP 26 
Glasgow

COP 29 – Baku
11 - 22 November 2024
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Conclusions of the COP 26 
Glasgow

COP 29 – Baku
11 - 22 November 2024

Difficult negotiations atmosphere. Developed nations have agreed to help channel “at 

least” 300 G$ a year into developing countries by 2035 to support their efforts to deal 

with climate change.
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COP 29 -  November 2024 BAKU
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COP 29 -  Main Achievements 

200 countries in Baku, Azerbaijan, reached a breakthrough agreement that will:

• Triple finance to developing countries, from the previous goal of USD 100 billion 
annually, to USD 300 billion annually by 2035.

• Scale up finance to developing countries, from public and private sources, to the amount 
of USD 1.3 trillion per year by 2035.

• Secure Carbon markets: countries have agreed on the final building blocks that set out 
how carbon markets will operate under the Paris Agreement, making country-to-
country trading and a carbon crediting mechanism fully operational.

• Reach on transparent climate and adaptation reporting .
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COP 28 – Dubaï
30 November – 12 December 2023
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COP 28 – Dubaï
30 November – 12 December 2023
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COP 28 – Dubaï
30 November – 12 December 2023
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➢ Respecting  the commitments of the Paris Agreement to limit temperature increase at 1,5°C vs pre-

industrial levels.

➢ Concluding the first Global Stocktake with reference to the objectives of the Paris Agreement.

➢ Tripling renewable energy capacity globally. 

➢ Doubling the global average annual rate of energy efficiency improvements by 2030.

➢ Accelerating efforts towards the phase-down of unabated coal power. Accelerating efforts globally 

towards net zero emission energy systems, utilizing zero- and low-carbon fuels well before or by 

around mid-century.

➢ Transitioning away from fossil fuels in energy systems, in a just, orderly and equitable manner, 

accelerating action in this critical decade, so as to achieve net zero by 2050 in keeping with the science.

➢ Accelerating zero- and low-emission technologies, including, inter alia, renewables, nuclear, 

abatement and removal technologies such as carbon capture and utilization and storage, particularly in 

hard-to-abate sectors, and low-carbon hydrogen production.

COP 28 Dubaï - 30 November – 12 December 2023
Final Decisions – Governments guidance for their Energy policy
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➢ Accelerating and substantially reducing non-carbon-dioxide emissions globally, including 

in particular methane emissions by 2030. 

➢ Accelerating the reduction of emissions from road transport on a range of pathways, 

including through development of infrastructure and rapid deployment of zero and low-emission 

vehicles.

➢ Phasing out inefficient fossil fuel subsidies that do not address energy poverty or just 

transitions, as soon as possible.

➢ Recognizing that transitional fuels can play a role in facilitating the energy transition while 

ensuring energy security.

➢ Recalling that developed country Parties shall provide financial resources to assist 

developing country Parties with respect to both mitigation and adaptation.

COP 28 Dubaï - 30 November – 12 December 2023
Final Decisions – Governments guidance for their Energy policy
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Conclusions of the COP 27  
Sharm El Sheikh
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Main conclusions COP 27 Sharm El Sheikh

➢ No progress on measures to mitigate the effects of 

Climate Change.

➢ Basic global agreement related to the financial 

compensations to be delivered from developped 

countries to poorest countries for the detrimental 

effects of Climate Change and for adaptation 

measures. Operational details to be worked out. 
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Cartoon by Marian Kamensky - Austria

Main conclusions COP 27 Sharm El Sheikh
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Conclusions of the COP 26 
Glasgow
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Reminder: Summary of global announced commitments
as of mid-2021 following COP 26 – Glasgow, Nov. 2021

2050
US, EU, Japan & South Korea 

Net Zero Emissions 

2060 Carbon neutrality

China, Brazil, UAE, Australia, 
Russia & Saudi Arabia

2070 Net Zero Emissions 

India

& to enhance policy targets by 2030
>100 countries signed the Global Methane Pledge

(collective target to reduce Methane Emissions from Industry and Agriculture by 

30% by 2030 compared to 2020 situation)

Carbon markets « Rule book » setting up, but no voluntary trade imposed 
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Following the COP 26 meeting, IEA has 
developped an additional scenario called 

Updated Announced Pledges Scenario (APS)
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COP 26 – IEA Scenarios with Updated APS
CO2 Energy + Industrial Process Emissions 

Some countries have proposed new commitments (notably India) 

Source: Technical note on the emissions and temperature 

implications of COP26 pledges – November 2021 
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COP 26 - Updated APS 
Global Methane Emissions from Energy, 
Agriculture and Waste have been revised

Source: Technical note on the emissions and temperature 

implications of COP26 pledges – November 2021 
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Temperature Increase vs IEA Scenarios
(Compared with the pre-industrial levels) 

Source: Technical note on the emissions and temperature 

implications of COP26 pledges – November 2021 
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CO2 + Industrial Process Emissions 
& relativeTemperature Increase in 2100 vs IEA Scenarios

(Compared with the pre-industrial levels) 

Source: Technical note on the emissions and temperature implications of 

COP26 pledges – November 2021 & IEA WEO 2022 

Scenarios

CO2 Energy 

Emissions 2030 

(GtCO2)

CO2 Energy 

Emissions 2050 

(GtCO2)

Temperature 

Increase in 2100

(Mean Value)

STEPS 36 34 2,6 °C

APS 32 12 2,1 °C

Updated APS 2021 32 16 1,8 °C

SDS 2021 28 8 < 2,0 °C

NZE 23 0 1,5 °C
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RCP: Representative Concentration Pathway as per Radiative Forcing due to human activities  (W/m2)

Source: IPCC 5th Assessment Synthesis Report November 2014

Mini: 10th percentile – Max: 90th percentile

Climate Change - Reconciliation
RCP’s, CO2 concentrations, Temperatures – IPCC Projections

RCP

(W/m2)

CO2 

Concentration 

Range in 2100

(ppm CO2 eq.)

CO2 

concentration

Mean in 2100

(ppm CO2 eq.)

GHG Emissions

Range in 2100

(GtCO2 eq.)

GHG Emissions

Median in 2100

(GtCO2 eq.)

Temperature 

Change

Mean over 

2081-2100 (°C)

Temperature 

Change 

Max In 2100 

(°C)

2,6 430-480 450 -7,0-7,0 0,0 0,3-1,6 1,6

4,5 580-720 650 5,0-30,0 20,0 1,0-2,5 3,0

6,0 720-1000 860 45,0-85,0 65,0 1,5-3,0 3,5

8,5 > 1000 > 1000 85,0-140,0 105,0 2,5-5,0 5,5
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Agenda for Climate Change negotiations

2019

Many demonstrations in various countries 

in the world requesting urgent actions 

from governments
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Reminder - Conclusions of COP 21 – Paris 12/12/2015

➢ To limit the temperature increase below 2° C vs pre-industrial period, ideally to + 

1,5 °C.

➢ To reach the peak of carbon emissions « as soon as possible ».

➢ To allocate a part of the « Green Funds » to the adaptation process (transfert of 

funds and technology from developped countries to developping countries)

➢ To accept a shared but differentiated responsibility for developped and 

developping countries, and not to put at risk the economic development of the 

last ones. 

➢ To allocate 100 G$ per year, as from 2020, to mitigate emissions and to finance 

projects for adaptation measures. 

➢ To review every 5 years the commitments.

➢ Regarding carbon pricing, to consider useful to build-up mechanisms aiming et 

emissions reductions.
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Reminder - COP 21 – Paris 12/12/2015
Far too optimistic!
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Conclusions of COP 21 – Paris 12/12/2015

To be effective in 2020, the Paris 

Agreement must be ratified by at least 55 

countries representing at least 55% of 

worldwide greenhouse gas emissions.

Done. 
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COP 21 Pledges not ambitious enough!

Source: IEA WEO 2016
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COP 21 Pledges not ambitious enough!

Source: IEA WEO 2016
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CO2 Markets, Pricing and Trading

5
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CO2 Pricing is one essential element to mitigate 
the effects of Carbon emissions
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Source:
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Source:
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Carbon Pricing
Two main instruments:

Emission Trading Systems (ETS) & Carbon Tax (CT)
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Emissions Trading System (ETS): How does’it work?

➢ Emissions Trading Systems are managed by a governing 

juridiction that sets a cap on the total level of GHG emissions. 

➢ In order to get an efficient result on the long term, the cap must 

not be to relaxed, and need to be revised downwards, from time 

to time.  

 

➢ The allowances to emit are either auctioned or allocated for free 

to eligible industrial entities, with the possibility to trade 

allowances. It is a Cap and Trade (CaT) system.

➢ The overall emission cap corresponds to the sum of distributed 

or auctionned allowances.

➢ The entities involved can buy or sell allowances.

➢ This create a market which sets a price for CO2
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Three Mecanisms to reduce emissions

➢ Allocated Amount Units (AAU) allocated to each enterprise in 

each country, which surplus can be traded through Emission 

Trading Systems (ETS)

➢ Certified Emissions Reductions (CER), linked to Clean 

Development Mecanisms (CDM), derived from Projects 

financed by developped countries to reduce emissions in 

developping countries. These credits certified by UN can be 

traded.

➢ Emissions Reduction Units (ERU) related to joint projects 

aiming at reducing emissions.  These credits can be traded.
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Emissions Trading System (ETS): How does’it work?
The Fixing Mecanism – One Example (1)

Sellers of Surplus Buyers of Deficits

Quantity Price Cumul. Quantity Price Cumul.

kt CO2 €/t CO2 kt CO2 kt CO2 €/t CO2 kt CO2

Company A 80 16 530 Company K 50 13 50

Company B 20 17 450 Company L 60 14 110

Company C 100 18 430 Company M 80 15 190

Company D 50 19 330 Company N 30 16 220

Company E 60 20 280 Company O 30 17 250

Company F 10 21 220 Company P 50 18 300

Company G 20 22 210 Company Q 150 19 450

Company H 150 23 190 Company R 20 20 470

Company I 30 24 40 Company S 50 21 520

Company J 10 25 10 Company T 10 22 530

Total 530 530 530 530



286 TPA Toolbox Energy Book 3 - GHG

Emissions Trading System (ETS): How does’it work?
The Fixing Mecanism – One Example (2)
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Carbon Tax (CT): How does’it work?

➢ Carbon Taxes are directly applicable to level of GHG emissions, 

expressed as a value per tonne of CO2.

➢ In order to be efficient and accepted on the long term, the 

CarbonTax must be introduced and implemented incrementally 

to allow eligible users to adapt to rising energy prices.

➢ Carbon Tax doesn’t guarantee  the resulting overall level of CO2 

emissions. 

➢ However, putting a price/penalty on each tonne of CO2 emitted 

should motivate industrial companies to increase their energy 

efficiency and invest more in cleaner technologies..
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ETS vs CT

➢ The two policy options have different targets and 

different impacts

➢ For different reasons, they tend to apply to different 

sectors. ETS usually target large energy - intensives 

activities and sectors. CT are applicable to more 

diffuse source of CO2 emissions such as road 

transport, air transport, etc.

➢ But, actually, both systems could apply to all emitting 

sectors.
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Carbon Pricing in 2026
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Carbon Pricing in 2026

Source: State and Trends of Carbon Pricing – World Bank May 2026
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State & Trends of Carbon Pricing – World Bank 2026

Source: State and Trends of Carbon Pricing – World Bank May 2026

PACM: Paris Agreement Credit Mechanism –

CORSIA: Carbon Offsetting & Reduction Scheme for International Aviation
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Global Emissions Coverage

Source: State and Trends of Carbon Pricing – World Bank 2025
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Global Emissions Coverage

Source: State and Trends of Carbon Pricing – World Bank 2026
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Global Emissions Coverage

Source: State and Trends of Carbon Pricing – World Bank May 2026
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Global map of ETS & Carbon Taxes systems 2026

Source: State and Trends of Carbon Pricing – World Bank May 2026
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Economic sectors covered by a Carbon Pricing system

Source: State and Trends of Carbon Pricing – World Bank 2025
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Economic sectors covered by a Carbon Pricing system

Source: State and Trends of Carbon Pricing – World Bank May 2026
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Carbon Price from ETS & CT system 1st April 2026 

Source: State and Trends of Carbon Pricing – World Bank May 2026
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Average Carbon Price from ETS & CT system 2016 - 2026 

Source: State and Trends of Carbon Pricing – World Bank May 2026
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Carbon Price for existing ETS – 2026

Data from World Bank - State & Trends in Carbon Pricing 2026
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Carbon Price for existing CT Systems - 2026
($/tCO2)

Data from World Bank - State & Trends in Carbon Pricing 2026
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Evolution of Emissions-weighted Carbon Price vs Global Emissions 

Source: State and Trends of Carbon Pricing – World Bank 2025
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Total Revenues from ETS & CT systems 

Source: State and Trends of Carbon Pricing – World Bank 2025
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Total Revenues from ETS & CT systems 2024 - 2025 

Source: State and Trends of Carbon Pricing – World Bank May 2026
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Carbon Crediting Mechanism

Source: State and Trends of Carbon Pricing – World Bank 2024
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Carbon Credit Markets 

Source: State and Trends of Carbon Pricing – World Bank 2025
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Carbon Credit Markets 

Source: State and Trends of Carbon Pricing – World Bank 2025
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Map of government crediting mechanisms 1st April 2026 

Source: State and Trends of Carbon Pricing – World Bank May 2026



309 TPA Toolbox Energy Book 3 - GHG

Exchange-traded Carbon Credit Prices 2022 - 2025 

Source: State and Trends of Carbon Pricing – World Bank 2025
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Exchange-traded Carbon Credit Prices vs Over-The-Counter transactions 2023-2024 

Source: State and Trends of Carbon Pricing – World Bank 2025
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Carbon Pricing used by Companies in the past
Carbon Pricing then has been revised upwards

Microsoft

Google

Walt Disney

Devon Energy

ConocoPhilips

Cairn Energy

BP

Shell

Total

Encana Azko Nobel

ExxonMobil

0 – 20 $/t 20 – 40 $/t 40 – 60 $/t 60 – 80 $/t
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Carbon Pricing within TotalEnergies - 2023
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Carbon Pricing within TotalEnergies - 2025

Even though CO2 pricing does not

currently apply in all the countries where

the Company operates, TotalEnergies

includes as base case in its investment

criteria a minimum CO2 price of 100 $/t

(or the prevailing price in a given country

if higher) and beyond 2030, the CO2 price

is increased by 2% per year.

Source: TotalEnergies Sustainabilty & Climate 2025 Progress Report
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Carbon Pricing Scenarios by IEA WEO 2025 ($/tCO2)

Source: IEA WEO 2025
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Carbon Pricing in 2025
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State & Trends of Carbon Pricing – World Bank 2025

Source: State and Trends of Carbon Pricing – World Bank 2025
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Global Emissions Coverage

Source: State and Trends of Carbon Pricing – World Bank 2025
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Global map of ETS & Carbon Taxes systems 2024/2025

Source: State and Trends of Carbon Pricing – World Bank 2025



319 TPA Toolbox Energy Book 3 - GHG

Economic sectors covered by a Carbon Pricing system

Source: State and Trends of Carbon Pricing – World Bank 2025
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Carbon Price from ETS & CT system 1st April 2025 

Source: State and Trends of Carbon Pricing – World Bank 2025
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Carbon Price for existing ETS – 2025

Data from World Bank - State & Trends in Carbon Pricing 2025
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Carbon Price for existing CT Systems - 2025

($/tCO2)

Data from World Bank - State & Trends in Carbon Pricing 2025
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Evolution of Emissions-weighted Carbon Price vs Global Emissions 

Source: State and Trends of Carbon Pricing – World Bank 2025
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Total Revenues from ETS & CT systems 

Source: State and Trends of Carbon Pricing – World Bank 2025
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Carbon Credit Markets 

Source: State and Trends of Carbon Pricing – World Bank 2025
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Carbon Credit Markets 

Source: State and Trends of Carbon Pricing – World Bank 2025
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Map of government crediting mechanisms 1st April 2025 

Source: State and Trends of Carbon Pricing – World Bank 2025
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Exchange-traded Carbon Credit Prices 2022 - 2025 

Source: State and Trends of Carbon Pricing – World Bank 2025
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Exchange-traded Carbon Credit Prices vs Over-The-Counter transactions 2023-2024 

Source: State and Trends of Carbon Pricing – World Bank 2025
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Carbon Pricing in 2024
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Carbon Pricing, Emission coverage & Carbon credits

Source: IEA World Energy Investment 2024 – June 2024
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Carbon Pricing, Emission coverage & Use of Carbon Revenues

Source: IEA Strategies for Affordable and Fair Clean Energy Transition -  June 2024 
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Pricing Policy Ecosystem

Source: State and Trends of Carbon Pricing – World Bank 2024
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Global total Carbon Price 2015 – 2021 ($2023)

Source: State and Trends of Carbon Pricing – World Bank 2024
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Map of Carbon Tax & ETS

Source: State and Trends of Carbon Pricing – World Bank 2024
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Map of Carbon Tax & ETS – A Zoom on Europe & Asia

Source: State and Trends of Carbon Pricing – World Bank 2024



337 TPA Toolbox Energy Book 3 - GHG

Global Emissions Coverage

Source: State and Trends of Carbon Pricing – World Bank 2024
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Global Emissions Coverage

Source: State and Trends of Carbon Pricing – World Bank 2024
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Carbon Price needed to limit Temperature increase

Source: State and Trends of Carbon Pricing – World Bank 2024
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Carbon Price for existing ETS – 2024

Data from World Bank 

State & Trends in Carbon Pricing 2024

($/tCO2)
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Carbon Price for existing CT Systems - 2024

($/tCO2)

Data from World Bank 

State & Trends in Carbon Pricing 2024
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Nominal Prices in the largest ETS & CT 2017 - 2024

Source: State and Trends of Carbon Pricing – World Bank 2024
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Global Revenues for juridictions for ETS & CT 2017 - 2023

Source: State and Trends of Carbon Pricing – World Bank 2024
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Carbon Crediting Mechanism

Source: State and Trends of Carbon Pricing – World Bank 2024
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Carbon Credits used in ETS & CT in 2023

Source: State and Trends of Carbon Pricing – World Bank 2024
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Map of Governmental Crediting Mechanisms

Source: State and Trends of Carbon Pricing – World Bank 2024
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Carbon Pricing in 2023
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Price evolution of selected ETS 2018 - 2023

Source: World Bank State & Trends in Carbon Pricing 2023
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Key drivers of recent evolution for ETS & CT systems

Source: World Bank State & Trends in Carbon Pricing 2023
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Map of ETS & CT systems

Source: World Bank State & Trends in Carbon Pricing 2023
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Map of ETS & CT systems

Source: International Gas Union (IGU) Global Gas Report 2023/Rystad Energy
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Carbon Prices for ETS & CT systems - April 2023

Source: World Bank State & Trends in Carbon Pricing 2023
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Share of global GHG covered by ETS and CT

Source: World Bank State & Trends in Carbon Pricing 2023
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Global revenues generated by ETS and CT over time

Source: World Bank State & Trends in Carbon Pricing 2023
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CO2 Prices by IEA WEO 2023 by Scenarios

Source: IEA WEO 2023
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Carbon Credit Market mechanisms

Source: World Bank State & Trends in Carbon Pricing 2023
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Prices of standardized Carbon Credit contracts

Source: World Bank State & Trends in Carbon Pricing 2023
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Carbon Pricing in 2022
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The Carbon Pricing situation in 2022/2021

◆ Progress in Carbon Pricing has been made during the last 15 years.

◆ Beginning 2022, about 68 national juridictions have put a price on carbon. These 

juridictions are responsible for about 23% of carbon emissions. Number of 

juridictions putting a price on carbon has more than doubled over the past 

decades.

◆ In 2022, 68 carbon pricing instruments are operational compared to 64 carbon 

pricing initiatives in 2021 (in place plus those scheduled for implementation)

◆ Global quantity of carbon emissions under existing Carbon Pricing instruments: 

13 GtCO2eq. This represents about 23% of global worlwide GHG emissions (CO2 + 

other GHG)

◆ # 84 G$ raised in carbon pricing revenues in 2022.

◆ However, in a number of ETS markets, the price of CO2 has decreased 

significantly and is characterized worlwide by a wide range of value (from less 

than 1$/tCO2e to 137 $/tCO2e) IMF calculated that the global average carbon price 

is 2$/tCO2.
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International CO2 markets – Main features
Situation & projects in year 2022 

Source: World Bank 

State & Trends in Carbon Pricing 2022
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International CO2 markets
Situation & projects in year 2022 

Source: World Bank 

State & Trends in Carbon Pricing 2022
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Carbon Pricing initiatives: Share of global GHG emissions 
covered by Carbon Pricing instruments – Year 2022

Source: World Bank 

State & Trends in Carbon Pricing 2022
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Carbon Pricing Initiatives: Emissions coverage, share of 
Emissions covered & Carbon Prices – Year 2022

Source: World Bank 

State & Trends in Carbon Pricing 2022
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Prices evolution in selected ETS 2008 - 2021

Source: World Bank 

State & Trends in Carbon Pricing 2022
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EU’s Carbon Border Adjustment Mechanism (CRAM)

Source: World Bank 

State & Trends in Carbon Pricing 2022
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Carbon Tax Rates 2008 – 2022 & Projections

Source: World Bank 

State & Trends in Carbon Pricing 2022
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Carbon Prices as of April 2022

Source: World Bank 

State & Trends in Carbon Pricing 2022
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Carbon Prices as of April 2022

Source: World Bank 

State & Trends in Carbon Pricing 2022
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Carbon Credit Markets

Source: World Bank 

State & Trends in Carbon Pricing 2022
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Carbon Price for existing ETS – 2022

Data from World Bank 

State & Trends in Carbon Pricing 2022
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Carbon Price for existing CT Systems - 2022

($/tCO2)

Data from World Bank 

State & Trends in Carbon Pricing 2022
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Carbon Pricing in 2021
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International CO2 markets
Situation & projects in year 2021 

Source: World Bank 

State & Trends in Carbon Pricing 2021
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Carbon Pricing initiatives: share of global 
emissions (GHG) covered – Year 2021 adjust.

Source: World Bank 

State & Trends in Carbon Pricing 2021
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Carbon Pricing 2021

Source:  World Bank 

State & Trends in Carbon Pricing 2021

($/tCO2)
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Carbon Price for existing ETS – 2021

Data from World Bank 

State & Trends in Carbon Pricing 2021

($/tCO2)
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Carbon Price for existing CT Systems - 2021

($/tCO2)

Data from World Bank 

State & Trends in Carbon Pricing 2021
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International CO2 markets
Situation & projects in year 2020 

Source: World Bank 

State & Trends in Carbon Pricing May 2020
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International CO2 markets
Situation & projects in year 2020 

Source: World Bank 

State & Trends in Carbon Pricing 2020
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International CO2 markets
Situation & projects in year 2020 

Source: World Bank 

State & Trends in Carbon Pricing 2020
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List of Countries/Entities developing Carbon Pricing
Regional & National Initiatives - Situation 2020

Source: World Bank 

State & Trends in 

Carbon Pricing 2020

CCIR: Carbon Competitive Incentive Regulation, SGER: Specified Gas Emitters Regulation, OBPS: Output-Based 

Pricing System, ERF: Emissions Reduction Fund, RGGI: Regional Greenhouse Gas Initiative N W USA, Australia 

CPM: Carbon Pricing Mechanism till 2014 
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Carbon Pricing initiatives: share of global 
emissions (GHG) covered – Year 2020

EU ETS (2005-)

Australia CPM (2012-2014)
Japan Carbon Tax(2012-)

Nota: CPM: Carbon Pricing Mecanism

Quebec CaT (2013-)

Kazakhstan ETS (2013-)

China Sub-National ETS Pilots (2013/2014-)

South Korea Carbon Tax (2015-)

South Africa Carbon Tax (2019-)

China National ETS (2021-)

Share of global GHG emissions

Programmes may evolve upon time 

Source: World Bank 

State & Trends in Carbon Pricing 2020

Germany ETS (2021 -)
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Carbon Pricing and Emissions Coverage
Year 2020

Source: World Bank 

State & Trends in Carbon Pricing 2020
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Carbon Price for existing ETS – 2020

Data from World Bank 

State & Trends in Carbon Pricing 2020

($/tCO2)

0

5

10

15

20

25

30

35



385 TPA Toolbox Energy Book 3 - GHG

Carbon Price for existing CT Systems - 2020

($/tCO2)
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The EU example
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By 2020   - 20% GHG vs 1990

+ 20% by 2020

EFFICIENCY

BIO-FUELS

10 %  2020

binding

E-ELECTRICITY HEATING & COOLING

By 2020   20%  RENEWABLES

(France: 23%) 

NATIONAL TARGETS and ACTION PLANS 

EU: The Key Drivers - 3x20% by 2020
European Council March 2007, integrated in tle law in 2009
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By 2030   - 40% GHG vs 1990

+ 32,5% by 2030

EFFICIENCY

BIO-FUELS E-ELECTRICITY HEATING & COOLING

By 2030   32%  RENEWABLES 

NATIONAL TARGETS and ACTION PLANS 

EU: The Key Drivers - 32%x40%x32% by 2030
New objectives of European Council 2018, for the period 2021-2030

➢ 1st Generation Biofuels 

frozen at their 2020 level 

and < 7%

➢ Palm Oil: 0 as from 2030

➢ Other modern Biofuels 

and Biogas > 3,5%
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New objectives of European Council 2021
-55% GHG Emissions by 2030 vs 1990
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History of EU ETS
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International/EU CO2 markets

During Kyoto 1, 8 markets have been created: Korea-China, EU-Switzerland,   Australia-New-Zeland, California-Quebec, 

Kazakhstan, South America.

In Europe, Establishment of ETS (EU-Emission Trading System), EU-28 + Iceland, Norway and Liechtenstein.

2005-2007 (EU-ETS Phase 1): Pilot phase/Definition of quotas.

2008-2012 (EU-ETS Phase 2) : 79 Gt AAU’s allocated worldwide, surplus of 13 Gt. 2,1 Gt allocated yearly to EU. EU : Inclusion of 

civil aviation in quotas allocations as from 2012.

2013-2020 (EU-ETS Phase 3) : 2,0 Gt allocated yearly to EU.

                                                 

Price of CO2 (Monthly average & maximum, yearly average): 

           2005: 30 €/t

           2008: 22 €/t, maximum 30 €/t

           2011: 13 €/t, maximum 17 €/t

           2012:   7 €/t, maximum   9 €/t 

           2013:   4 €/t, maximum   7 €/t

           2015:   7 €/t, maximum   8 €/t

           2017:   5 €/t, end 2017, rebound in 2018

           2018:   23 €/t, end 2018

           2019:   17 €/t, end 2019

           2021:    50 €/t, Average

           2022:    81 €/t, Average

           2023:    83 €/t, Average

           2025:    84 €/t, December 2025

                     

AAU: Assigned Amount Unit
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Reminder - CO2 UE-ETS price evolution 2008 - 2014

EUA: European Union Allowances

CER: Certified Emissions Reduction
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Reminder - CO2 EU-ETS Price Evolution
From January 2018 to mid-December 2018

The Rebound: Allowances to be reduced in EU)

Source: Marketsinsider

(€/tCO2)

From 6 €/tCO2 end 2017 to

    23 €/tCO2 end 2018
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CO2 EU-ETS Price Evolution
From January 2022 to November 2024

Source: Statista

(€/tCO2)

From 85 €/tCO2 beginning 2022 to 68 €/tCO2 beginning December 2024
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CO2 EU-ETS Price Evolution
From January 2020 to beginning December 2024

Source: Trading Economics

(€/tCO2)

From 6 €/tCO2 end 2017 to

    23 €/tCO2 end 2018

   

From 25 €/tCO2 beginning 2020 to 68 €/tCO2 

beginning December 2024

   

(€/tCO2)
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Past, present and future Evolution of EU ETS

❑ From 2005 to 2013, the sectors covered by emissions trading have 

reduced their emissions by 13%. EU ETS has raised Companies 

awareness of carbon costs and mitigation potential.

❑ But, after a peak mid-2008, CO2 spot price decrease substantially 

following the 2008/2009 financial and economic crisis, further later due 

to the debt crisis of euro zone states. 

❑ These events generated important accumulated surplus allowances 

resulting in a decrease of spot prices.

❑ Third Trading period started in 2013. The system has been unified 

under a common cap, instead of national allocation plans. CO2 prices 

are going to increase.

❑ Fourth Trading period is deemed to start from 2021. 

❑ Proposal for a Market Stability Reserve (MSR)

❑ Important increase of EU Carbon Price in 2021, 2022 & 2023.

❑ Impact of russian invasion of Ukraine in 2022.
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Carbon Tax in France

➢ Contribution Énergie Climat (CCE): implementation in 2014.

➢ 7,0 €/tCO2 in 2014

➢ 14,5 €/tCO2 in 2015, 22 €/tCO2 in 2016, 30,5 €/tCO2 in 2017

➢ 44,6 €/tCO2 in 2018

➢ Unchanged since then

➢ Initial Objective: 100 €+/tCO2 in 2030?

➢ Applied on all fuels consumption: gasoline, diesel, fuel, gas, coal.

➢ Short term consequence: gasoline and diesel prices will substantially 

increase in the years to come. 
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Carbon Tax in France
(On Fuels Consumption)

Gasoline (Alcane) Diesel (Hexadecane)

Carbon Tax 2018

Unchanged since then 

44,6 €/tCO2 44,6 €/tCO2

Volumic mass 0,74 kg/l 0,85 kg/l

CO2 Emissions 3,09 tCO2/t 3,16 tCO2/t

CO2 Emissions 2,28 kg/l 2,68 kg/l

Carbon Tax/Volume 0,10 €/l 0,12 €/l
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Carbon Pricing used by Companies in the past
Carbon Pricing has been revised upwards

Microsoft

Google

Walt Disney

Devon Energy

ConocoPhilips

Cairn Energy

BP

Shell

Total

Encana Azko Nobel

ExxonMobil

0 – 20 $/t 20 – 40 $/t 40 – 60 $/t 60 – 80 $/t
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Carbon Pricing within Total - Evolution 2008 - 2017
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Carbon Pricing within Total – 2023/2024
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CO2 Price in selected Regions vs Scenarios
IEA WEO 2025 ($/tCO2)

Source: IEA WEO 2025
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Lack of confidence in the collective objective to reduce 
the GHG emissions and lack of credibility on the « price » 

of CO2 discourage large investments to mitigate 
emissions.

Necessity to build-up a system leading to an 
« international » Price of CO2. But such a system will be 

difficult to implement due to the diversity of situations and 
countries policies. 

However, the increasing real concerns in relation with 
Climate Change challenges could promote new efforts to 

build-up a high level for Carbon pricing.  
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Reminder
Summary Policies, Mitigation & Adaptation

IPCC – 5th Assessment Synthesis Report November 2014
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Need for a efficient international cooperation and management & control

Source: IPCC 5th Assessment Synthesis Report November 2014
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Need for a efficient international cooperation and management & control

Source: IPCC 5th Assessment Synthesis Report November 2014
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Levelized Cost of Electricity
the Impact of a CO2 penalty pricing

See also Book 2
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LCOE 2023/2024 Environment @ 5%
 (excluding & including CO2 Penalty) (€/MWh)

Excluding CO2 penalty Including CO2 penalty

Source: Ch.Guéritte
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From 2013 to 2025, LCOE have evolved very 
much, in particular for Renewable Energy, 
following the changes of the technical and 

economical environment
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Carbon Capture and Storage (CCS) 
technologies

Carbon Capture Use and Storage (CCUS)

6
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TABLE OF CONTENTS
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CCS/CCUS – Carbon Capture Utilization & Storage
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CCS: Carbon Capture and Storage

CCUS: Carbon Capture Utilisation and Storage
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CCS basis principle
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The Role of CCUS

Source: April 2024
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The Role of CCUS

Source: April 2024
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Capture.NowTM & CO2 value chain

Source: EVOLEN 2023
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CCUS Value Chain

Source: Nicolas Nosjean
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CCUS Value Chain

Source: Global CCS Institute January 2025

Advancements in Technology and Costs
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CCUS Value Chain

Source: IGU/Rystad Energy
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Carbon Capture (& Transport & Storage) 

Three main Technologies

Source: Natural Resources Canada

Fuel
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CCS (Carbon Capture & Storage) and CCUS (+ Utilization)

To Reduce CO2 Emissions: Various options for geological storage
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Various options for geological storage

Source: Nicolas Nosjean
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Geosciences for CCUS

Source: Nicolas Nosjean
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CCS Projects – Important challenges

Source: Institute for Energy Economics and Financial Analysis - June 2023
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Example of a CCS Project

Source: European Technology Platform for Zero Emission 

Fossil Fuel Power Plants
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Typical LCOE of Projects with and without CCS

Source: European Technology Platform for Zero Emission 

Fossil Fuel Power Plants
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A number of « paper » projects in the past 
years, but recently some important industrial 

realizations emerge
Some examples below, new projects emerge 

regularly, depending upon their economic 
viability
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CCUS Projects in Europe

Source: April 2024
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CCUS Projects in Europe

Source: April 2024
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CCUS Projects in Europe

Source: TotalEnergies EP Data Book 2023
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CCUS Projects outside Europe

Source: TotalEnergies EP Data Book 2023
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CCUS Capture Capacities 2020 – 2025 by Energy Institute
From 180 MtCO2/year to 260 MtCO2/year ( # 0,7% of emissions

Source: EI Stat. Review of World Energy 2026. Figures may differ according to 

sources & categorization/status of projects 
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Some existing projects for CO2 Storage & EOR, not forgetting technical challenges

Sleipner   Norway    Natural Gas Processing   Start-up: 1996  1,0 Mt/year 16 MtCO2 injected at end 2016

 Snovhit    Norway    Natural Gas Processing   Start-up:  2008  0,7 Mt/year   3 MtCO2 injected at end 2016

 In Salah   Algeria     Natural Gas Processing   Start-up:  2004  1,0 Mt/year   suspended since 2011

 Rangely   US            Natural Gas Processing   Start-up:  1980

 Weyburn  Canada   Synthetic Natural Gas       Start-up:  2000  3,0 Mt/year 26 MtCO2 injected at end 2016 
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A Zoom on Sleipner Project - Norway 
and Weyburn - Canada
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Sleipner Project in Norway

Source: Institute for Energy Economics and Financial Analysis - June 2023
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Sleipner Project in Norway

Source: Institute for Energy Economics and Financial Analysis - June 2023
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Sleipner Project in Norway

Source: Institute for Energy Economics and Financial Analysis - June 2023
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Sleipner Project in Norway
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Weyburn Project in Canada

Courtesy Cenovus Energy Inc.

The world’s largest industrial demonstration 

project for CO2 enhanced recovery

• 25 000 b/d, 6500 tCO2/day

• 320 miles pipelines

• 40 MtCO2 captured from Dakota 

Gasification Company synfuels plant 

along the life of the project
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➢ Two types of CCS projects: 

    1) allocated to the power sector and 

    2) allocated  to other industrial sectors.

➢ End 2019, 19 large-scale CCS projects are in operation and 4 projects are 

under construction. Overall Capture capacity end 2019 # 40 Mt/year.

➢ 10 more CCS projects are at an advanced stage of development planning.

➢ The first large scale commercial project involving coal based emissions 

was commissioned in October 2014 in Saskatchewan, Canada: Saskpower 

Boundary Dam involves the addition of post-combustion capture to an 

existing pulverized coal unit for power generation. Power 110 MW, 

1MT/year CO2, the CO2 is sold to oil operators for EOR.

➢ To comply with the proposed US regulations, new coal fired power plants  

would need to be equipped with CCS within 10 years

Projects for CO2 Capture and Sequestration
Situation end 2019
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Boundary Dam, Saskatchewan, Canada
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Some large commercial CCUS Projects 1980 - 2020

Project Location Start-up Industry 

type

Capture 

Capacity

Storage type

Terrell natural

Gas plant

US 1972 Natural Gas

Processing

0,5 MtCO2 EOR

Enid fertiliser US 1982 Fertiliser 

Production

0,7 MtCO2 EOR

Shute Creek 

Gas process.

US 1986 Natural Gas 

Processing

7,0 MtCO2 EOR

Sleipner CO2

Storage proj.

Norway 1996 Natural Gas

Processing

1,0 MtCO2 Geological Storage

Weyburn/

Midale

US/Canada 2000 Synthetic

Natural Gas

3,0 MtCO2 EOR

Snovhit CO2

Storage proj.

Norway 2008 Natural Gas

Processing

0,7 MtCO2 Geological Storage

Century Plant US 2010 Natural Gas

Processing

8,4 MtCO2 EOR

Ordos

Inn. Mongolia

China 2011 Coal Liquef.

Plant

0,1 MtCO2 Geological Storage

(Deep saline form.)

Source: Global CCS Institute

& IEA Special Report on CCUS 2020



444 TPA Toolbox Energy Book 3 - GHG

Project Location Start-up Industry 

type

Capture 

Capacity

Storage type

Air Products

Steam methane

US 2013 Hydrogen

Production

1,0 MtCO2 EOR

Lost Cabin

Gas Plant

US 2013 Natural Gas

Processing

0,9 MtCO2 EOR

Coffeyville US 2013 Fertilizer

Production

1,0 MtCO2 EOR

Pre-salt Oil 

Field CCS

Brazil 2013 Natural Gas 

Processing

3,0 MtCO2 EOR

Boundary Dam 

CCS

Canada 2014 Power Gen.

(Coal)

1,0 MtCO2 EOR

Uthmaniyah Saudi 

Arabia

2015 Natural Gas

Processing

0,8 MtCO2 EOR

Quest Canada 2015 Hydrogen 

Production

1,0 MtCO2 Geological Storage

(Deep saline form.)

Abu Dhabi

CCS Project

Abu 

Dhabi

2016 Iron and 

Steel Prod.

0,8 MtCO2 EOR

Source: Global CCS Institute

& IEA Special Report on CCUS 2020

Some large commercial CCUS Projects 1980 - 2020
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Project Location Start-up Industry 

type

Capture 

Capacity

Storage type

Tomakomai Japan 2016 Hydrogen

Production

0,1 MtCO2 Geological Storage

Kemper IGCC US 2016 Power 

Generation

3,0 MtCO2 EOR

Petra Nova US 2017 Power Gen.

(Coal)

1,4 MtCO2 EOR

Illinois 

Industrial

US 2017 Ethanol

Production

1,0 MtCO2 Geological Storage

Sinopec 

Qilu

China 2017 Chemical 

Production

0,5 MtCO2 EOR

Jilin Oil Field

CO2 EOR

China 2018 Natural Gas

Processing

0,6 MtCO2 EOR

Sinopec 

Shengli

China 2018 Power 

Generation

1,0 MtCO2 EOR

Gorgon Australia 2019 Natural Gas 

Processing

4,0 MtCO2 Geological Storage

(Onshore saline)

Source: Global CCS Institute

& IEA Special Report on CCUS 2020

Some large commercial CCUS Projects 1980 - 2020
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Project Location Start-up Industry 

type

Capture 

Capacity

Storage type

ROAD

(Barendrecht)

Netherlands 2019/2020 Power 

Generation

1,1 MtCO2 Geological Storage

(Suspended)

Peterhead UK 2019/2020 Power 

Generation

1,0 MtCO2 Geological Storage

Goldeneye

Alberta Carbon 

Trunk Line

Canada 2020 Fertiliser

Production

0,3-0,6

MtCO2

EOR

Alberta Carbon 

Trunk Line

Canada 2020 Hydrogen

Production

1,2-1,4 

MtCO2

EOR

White Rose UK 2020/2021 Power 

Generation

2,0 MtCO2 Geological Storage

Source: Global CCS Institute & IEA Special Report on CCUS 2020

Some large commercial CCUS Projects 1980 - 2020
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Global Status of CCS 2025 by Global CCS Institute
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CCS projects in the World - 2025

Source Global CCS Institute Global Status Report 2025 
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CCS projects Capture Capacity 2010 – 2025
513 MtCO2 in 2025 vs # 35 GtCO2 worldwide emissions (1,5 %)

Source Global CCS Institute Global Status Report 2025 
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CCS projects Capture Capacity 2024 – 2025

Source Global CCS Institute Global Status Report 2025 
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CCS projects Capture Capacity Developments 2025 – 2030

Source Global CCS Institute Global Status Report 2025 
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Some large operational CCUS Projects 2015 – 2025 (1)

Source: Global CCS Institute Global Status Report 2025 
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Some large operational CCUS Projects 2015 – 2025 (2)

Source: Global CCS Institute Global Status Report 2025 
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CCS projects – Europe 2025

Source Global CCS Institute Global Status Report 2025 
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CCS projects – US & America 2025

Source Global CCS Institute Global Status Report 2025 
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CCS projects – Middle East & Africa 2025

Source Global CCS Institute Global Status Report 2025 
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CCS projects – Asia/Pacific 2025

Source Global CCS Institute Global Status Report 2025 
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CCS projects – Europe 2025

Source Global CCS Institute Global Status Report 2025 

Nota: 

EEAGs: Energy and Environment Aid Guidelines

BECCS: Bioenergy with Carbon Capture and Storage

CCfD: Carbon Contract for Difference
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CCS projects in Europe - Status as of 01/03/2023

Source: Institute for Energy Economics and Financial Analysis - June 2023
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Source: Institute for Energy Economics and Financial Analysis - June 2023

CCS projects in Europe - Status as of 01/03/2023
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Source: Institute for Energy Economics and Financial Analysis - June 2023

CCS projects in Europe - Status as of 01/03/2023
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Difficulties to implement CCS in Europe: Past years evolution

➢ Six potential projects for CCS were scheduled in Europe: in Poland, Netherlands, Italy, 

Germany, Spain and UK.

➢ Program NER 300: due to technical and steel market difficulties, Arcelor Mittal decided to put 

on hold its « Ulcos » project at Florange steel manufacture (France)  

➢ European Commission decided to suspend the financing of CCS 2012 projects in Europe (1,5 

G€ were available for that purpose)

➢ P.m. Rotterdam Climate Initiative Project in the Netherlands:  ROAD-CCS Project by E.ON & 

GdF-Suez: Construction of a Coal Power Plant, 1100 MW equipped with a CO2 capture facility 

(1 Mt/year). The CO2 will be transported in a 16 inches pipeline and injected in a depleted gas 

field (Total CO2 storage = 35 Mt). Investment # 400 M€. Project estimated start-up: 2016. 

Financing not yet completed due to the low price of CO2. Project redesigned.

➢ France Nord Project (BRGM, ADEME, Total, EDF, Air Liquide, Engie and others): CO2 storage 

in a salt aquifer in the Paris basin. Objective: 200 MtCO2 injected over 50 years.  Project 

abandoned after negative technical evaluation.

➢ Cancellation of 2 power plants based CCS program in UK in 2015: White Rose (coal) and 

Peterhead (natural gas)

➢ The recent increase of Carbon Price in Europe could reactivate new CCS projects in the area. 
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October 2017 : Equinor (ex Statoil), Shell and TotalEnergy 
enters Norway CO2 Storage Partnership (See also below)

Current contracts with:

Yara (fertilizers)

Orsted ex DONG Energy 

(Energy)

Heidelberg Material, Norcem 

shareholder (Cement)

Storage capacity:

1,5 Mt CO2/year

5,0 Mt in a second phase

Injection in a salin aquiler

1st phase financed by 

Norwegian Government (80%): 

500 M$

Second phase: 700 M$



464 TPA Toolbox Energy Book 3 - GHG

Global CO2 Storage Potential Capacities

Type CO2 Storage Capacity

( Gt)

Depleted Oil and Gas Reservoirs 675 - 900

Saline Aquifers 400 - 10000

Un-minable Coal Seams 10 - 200

Total # 1100 - 11000

# Nb of years of emissions

2025: # 35 Gt

31 - 310

Source: IEA 2016 Report on CCS 

              IPCC 2005 Special Report on Carbon Dioxyde Capture and Storage

              Petrochina
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5 G$ spent in 2025 worldwide for CCUS Projects (Source: IEA)
A relevant price of CO2 is the must!
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5+ G$ spent in 2025 worldwide for CCUS Projects (Source: IEA)
A relevant price of CO2 is the must!

Source:IEA Financing CCUS at scale 2026
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Problematic of Financing CCUS Projects
Public Support vs Risks

Source:IEA Financing CCUS at scale 2026
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CCS – A view by DNV
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CCS – A view by DNV

Source: DNV Energy Transition Outlook June 2025  – CCS to 2050 
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CCS – A view by DNV – Capacity additions & Uses

Source: DNV Energy Transition Outlook June 2025  – CCS to 2050 
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CCS – A view by DNV – Captured Emissions  

Source: DNV Energy Transition Outlook June 2025  – CCS to 2050 
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CCS – A view by DNV – Selected Projects

Source: DNV Energy Transition Outlook June 2025  – CCS to 2050 
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CCS – A view by DNV – Selected Projects

Source: DNV Energy Transition Outlook June 2025  – CCS to 2050 
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CCS – A view by DNV Pipeline & Shipping Value Chain

Source: DNV Energy Transition Outlook June 2025  – CCS to 2050 
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CCUS Technologies & Costs
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Main Technologies for CO2 Capture

➢ Chemical absorption: Reaction between CO2 and a chemical solvent 

(amine,….) 

➢ Physical separation: Adsorption, absorption, cryogenic separation, 

dehydration and compression

➢ Oxy-fuel separation: Combustion of fuel with pure oxygen, capture and 

dehydration

➢ Membrane separation: Polymeric or inorganic membranes with high 

CO2 selectivity from the gas stream

➢ Calcium looping: CO2 capture at high temperature with CaO used as a 

sorbent

➢ Chemical looping: Formation of a metal oxyde from the air followed by 

a reaction with fuel generating a concentrated flow of CO2 

➢ Direct separation: In the cement industry, direct CO2 stripping from the 

limestone
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Main Technologies for CCUS Applications

Source:IGU Gas Report 2022
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CO2 Capture Costs for current technologies
60 – 100 $/tCO2
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CO2 Flows and Capture Costs: 110 – 130 $/t CO2

Source: Global CCS Institute January 2025
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CO2 Capture Costs for a Gas-fired plant – Evolution 2010 - 2030 

Source: Global CCS Institute January 2025
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Reminder – IEA Special Report on CCUS 2020 
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Additional Carbon Removal Technologies
to get an objective of 0 Net Carbon Emissions

Technology Current 

maturity

Carbon removal

potential

Cumul to 2100 

(GtCO2)

CO2 

capture

Cost

($/tCO2)

Bioenergy with CCS

BECCS

Demonstration 100 - 1200 10 - 90

Direct Air Capture 

and Storage - DACS

Demonstration 100 - 1000 130 - 350

Land Management

and Biochar 

Production

Early adoption 80 - 1500 30 - 150

Afforestation

Reforestation

Early adoption 80 - 300 5 - 50

Source: IEA Special Report on CCUS 2020
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Additional Carbon Removal Technologies
to get an objective of 0 Net Carbon Emissions

Source: IEA Special Report on CCUS 2020
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CO2 Transportation  Costs
Shipping & Offshore Pipelines 

Maximum optimized Cost # 30 $/tCO2

Source: IEA Special Report on CCUS 2020
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CO2 Storage  Costs
Indicative Costs fue CO2 Storage in the US 

In average from # 10 $/tCO2 onshore to # 30 $/tCO2 offshore

Source: IEA Special Report on CCUS 2020



486 TPA Toolbox Energy Book 3 - GHG

CO2 Storage Capacity by Regions

Source: IEA Special Report on CCUS 2020
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What decision to be taken?

Source: IGU 2022/Rystad Energy
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Conclusions for CCUS Costs:

The overall Costs for CCUS including Capture, 
Transportation & Storage is in the range of

100 to 200 $/tCO2 based upon current 
Technologies

This gives an indication of the level of a 
potential Carbon Tax to economically justify 

investments in CCUS

A huge challenge!
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Reminder: IEA 2021 Carbone Capture Sources in NZE 2050 
Scenario

Source: IEA Net Zero by 2050 - October 2021
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Volontary Carbon Offsetting
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Ways for remaining Carbon offsettings
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March 2018: Chinese – European Emissions -
Reducing Solutions (CHEERS) Project

Source: Total 2018

➢ Objective: to develop a plant that will capture virtually all CO2 and use it 

to produce electricity and steam.

➢ Capacity of the plant: 3 MWth

➢ Chemical Looping Combustion (CLC) technology will be used

➢ CO2 produced will be relatively pure and ready for storage or utilization.

➢ The plant will produce electricity and steam that will be used on an 

industrial site.

➢ The plant will be located at the technical center of the chinese partner: 

Chinese thermal power equipment manufacturer, Dongfang Boiler

➢ Partnership of the project: Total, Dongfang Boiler, IFP Energies 

Nouvelles, SINTEF (Norway), Silesian University of Technology (Poland), 

Bellona (NGO Norway)
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Basic principle of CLC

Air reactor Fuel reactor

Metal
Air

N2

Metal

Oxyde

Air reactor: At high temperature, the metal will absorb air oxygen 

Fuel reactor: Combustion of oxygen from metal oxyde generates pure CO2

Pure 

CO2

Supply of 

steam and 

electricity
Air 

N2/O2

O2 O2

Fuel (CH4)

Me + ½ O2           MeO

CO2 + H2O

Condenser

H2O

CH4 + 4MeO          CO2 + 2H2O + 4Me         

Supply of 

steam and 

electricity
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Chinese – European Emissions - Reducing 
Solutions (CHEERS) Project

Source: Total 2020
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Other CCUS Project

Source: Total 2020
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Climate change
What implications for oil companies:

the case of TotalEnergies

7
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Climate Change:
what can an oil company do about it ?

◆ Promote a better understanding of climate change mechanisms 

and use it’s industrial competences to develop potential 

solutions

◆ Manage a better control greenhouse gas emissions from its 

own facilities

◆ Help its clients to manage their greenhouse gas emissions

◆ Promote alternatives: renewable energies non CO2 or low CO2 

emitting and nuclear energy

◆ Imagine and validate efficient and reliable solutions to capture 

and sequestrate CO2 (Lacq Pilot scheme and others)

✓… while continuing to meet the world’s energy demand

(deep offshore, unconventional oil, mature fields, LNG…)
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➢ Promote Natural Gas supply. Substitute Coal by Natural Gas in 

the energy mix (Coal CO2 emissions = 2 times Natural Gas CO2 

emissions for each kWh produced) 

➢ Promote and Develop Renewables: solar energy and biofuels 

(La Mède: 1st bio refinery in Europe)

➢ Improve energy efficiency in TotalEnergies industrial units and 

final products consumption.  Promote energy efficiency for 

TotalEnergies clients (Total Eco Solutions)

➢ Promote individual solutions to get access to energy. Example: 

Africa, more than 1 million individual solar lamps already 

provided, reaching more than 5 million people in 25 countries.

➢ Stimulate sectorial initiatives, leading to international 

commitments (Price of CO2)

Climate Change: 5 priorities for TotalEnergies
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2022 2021 2020 2019 2018 2017 2016 2015 2014 2013 2012 2011

Oil & Gas Production

(Mboe/d)

(Mtoe)

2,76

138

2,82

141

2,87

143

3,04

150

2,78

138

2,57

128

2,45

122

2,35

117

2,15

107

  2,30 

   115

 2,30

 115

 2,35

  117

Net primary Energy 

Consumption

Operated (TWh)

                 (Mtoe)

166

14,1

148

12,6

147

12,5

160

13,6

143

12,2

142

12,2

150

12,8

153

13,1

153

13,1

157

13,4

         

  159

  13,6

      

  158

 13,5

GHG emissions O&G*

Operated (MtCO2eq)

Group share (Direct 

emissions) (MtCO2eq)

40

56

37

54

36

52

41

55

40

54

38

50

41

51

42

50

44

54

  46

  51

  47

  55

   46

    53

Flaring

Total flaring (Mm3/d)

Routine flaring (Mm3/d)

3,3

0,5

3,6

0,7

4,2

0,6

5,7

0,9

6,5

2,1

5,4

1,8

7,1

2,3

7,2

2,3

9,8

3,1

  10,8

   3,4

  10,8

    3,4

 10,0

   3,1

Reminder - Some operational criterias
TotalEnergies performance – From 2011 to 2022 

Source: TotalEnergies

*Scope 1: Direct GHG emissions

*Scope 1+2 as from 2021 including CCGT
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An example: Angola LNG Project
From a flaring issue to gas valorization scheme

◆ Common target: to keep 

developing oil production and 

value gas to avoid flaring as from 

2012.

◆ A strong commitment from all 

stakeholders and a partnership 

Sonangol – Oil Companies

◆ A pool of all gas resources

◆ A legal and commercial frame 

adapted to project characteristics
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Carbon Price: 6 European Companies are calling for a CO2 
Price

Mid 2015, 6 European Companies jointly signed a letter adressed 

to Heads of States, to CCNUCC (Convention - Cadre des Nations 

Unies sur les Changements Climatiques) Executive Secretary , 

and to the COP21 President  requesting the establishment of 

mecanisms to build-up an efficient Carbon Pricing. 
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Oil and Gas Climate Initiative (OGCI)

On 16 october 2015 in Paris, 10 

National and International Oil & Gas 

Companies jointly declared their 

support for a worldwide agreement to 

be reached at COP 21 to limit global 

warming to 2°C
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Oil and Gas Climate Initiative (OGCI)

Creation of the OGCI Climate Investments

Fund of 1G$ over 10 years

Covering CCS, CO2 valorisation, Methane 

emissions reduction, Energy efficiency.
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Oil and Gas Climate Initiative (OGCI)
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OGCI Objective 2025

➢ To reduce Methane emissions by 22% vs 2017

➢ OGCI Partnership in 2018 - 13 companies:

BP, Chevron, CNPC, ENI, Equinor, ExxonMobil, 

Occidental, Pemex, Petrobras, Repsol, Saudi Aramco, 

Shell, TotalEnergies.

➢ 2018 activity mainly oriented towards methane 

emissions reduction and CO2 recycling & storage. 

➢ Agreement signed with CNPC to establish a 

investment fund dedicated to China.
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OGCI Targets
Commitments of Industry is necessary
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TotalEnergies:
Development of CCS Technology
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Total’s objectives in reducing Carbon Intensity

Source: Total 2020
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Total’s objectives in reducing Carbon Intensity

Source: Total 2020
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Total’s involment in CCS projects in Europe

Source: Total 2020
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The start-up: A TOTAL Project :
CCS pilot project in Lacq - General Objectives.

1 - Contribute to a potential climate change mitigation technology

2 - A 30 MWth oxycombustion scheme with CCS

3 - A pilot to validate industrial size CCS schemes worldwide

4 – Total cost = 60 M€, entirely funded by Total

CO2 capture
CO2 transport 

and injection
CO2 storage
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Pilot location:
Total Exploration & Production in France
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The Lacq plant - South-West of France
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Carbon Capture & geological Storage
in the Lacq region
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CO2 injection into a depleted gas reservoir



517 TPA Toolbox Energy Book 3 - GHG

Installations for CO2 Capture at Lacq
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                 Oxygène 

                 Combustible 

                 Fumées d’oxy-combustion 

                 Eau d’alimentation 

                 Vapeur produite  

 

 

 

Ventilateur booster vers 

traitement de fumées 

Traitement 

des fumées 

Registre 

Ventilateur de 

recycle des fumées Cheminée 

 

Boiler revamping

➢  Existing boiler revamping with 

CO2 recycling

➢  40 t/h ot steam 60bar/450°C

(30 MWth) to HP steam network

➢ ALSTOM in change of boiler 

revamping study

➢ Air Liquide developing and 

providing oxyburners

➢ 1MW prototype tested

➢ 4 x 8 MWth required

➢ 204 t/day oxygen required
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Lacq CCS oxycombustion basic process

◆Combustion using pure oxygene releases flue gas with a high 

concentration of CO2 and water vapor

◆ The flue gas is purified and dehydrated. The wet CO2 (concentration of 

90 to 93%) is compressed at 27 bar then dried for transport (27 km)

◆ The CO2 is then compressed at a pressure of over 40 bar before being 

reinjected to a depth of 4500 m into the Rousse reservoir

◆Rousse reservoir has already demonstrated its integrity for several 

million years



520 TPA Toolbox Energy Book 3 - GHG

CO2 injection at Lacq: volume and pressure of CO2

Pre-project estimates
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Monitoring System of the CO2 Lacq injection
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Monitoring System  includes:

◆ Composition of the injected CO2 and flow measurement

◆ Surface CO2 detectors

◆ Well annulus pressure

◆ Pressure and temperature of the injector

◆ Pressure and temperature in the reservoir

◆ Microseismic equipment

◆ Soil gas measurement

◆ Groundwater quality

◆ Surface water quality

◆ Biodiversity-fauna and flora

Monitoring System of the CO2 Lacq injection
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Project Planning - History

Source: Total

Over 3 years, more than 50 000 metric tons of CO2 have been injected.

Injection process ended at mid march 2013. After a 3 years observation period, 

positive results achieved, paving the way for future full scale implementation.
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Other Lacq CCS Project features

◆ Independent Scientific Committee

◆ Voluntary Public consultation

◆ Helping to prepare the future European directive on CO2 storage

◆ Sharing the results with Indonesian authorities (December 2007 Agreement signed in 

Bali)

◆ Many visits of international companies and organisations
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October 2017 : Equinor (ex Statoil), Shell and 
Total enter Norway CO2 Storage Partnership

Source: Total, Shell, Statoil
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October 2017 : Equinor (ex Statoil), Shell and 
Total enter Norway CO2 Storage Partnership
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October 2017 : Equinor (ex Statoil), Shell and TotalEnergy 
enters Norway CO2 Storage Partnership

Current contracts with:

Yara (fertilizers)

Orsted ex DONG Energy 

(Energy)

Heidelberg Material, Norcem 

shareholder (Cement)

Storage capacity:

1,5 Mt CO2/year

5,0 Mt in a second phase

Injection in a salin aquiler

1st phase financed by 

Norwegian Government (80%): 

500 M$

Second phase: 700 M$
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Northern Lights project – Øygarden Norway

Source: Northern Lights
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DISCLAIMER
TotalEnergies Professeurs Associés (TPA) and/or any of its Professors, 
accept no liability whatsoever for the content of this 
course/presentation, or for the consequences of any actions taken on 
the basis of the information provided under such course/presentation. 
This course/presentation is for information only and is not intended to 
create a contractual relationship between Professor and user .
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