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Sharing Experience

Building bridges between the oil industry and academic circles by delivering
technical or business-related presentations by professors or experts.
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OIL & GAS and ENERGY GLOBAL ISSUES
A Toolbox to understand the World of Energy
in the Global Economy

The Toolbox is updated twice a year and benefits from the
contributions of TPA Professors:

Coordination: GUERITTE Christian

LUC Benoit, PERSILLON Philippe, CORDIER Jean-Pierre, PAPEE Jean, MULLER Isabelle,
DEUTSCH Denis, FOURCADE Bernard, MICHAUD Olivier, SAINCRY Daniel, FOURNIE Francois,
CHOUX Jean-Claude, BERA Jean, GUYS Philippe, DE MERVILLE Eric, DUMAY Jean-Michel,
VALDELIEVRE Michel, FONTAINE Jean-Marc, FERRIER Jéréme, BITEAU Jean-Jacques, PETTEAU
Pascal, NOSJEAN Nicolas
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OVERALL TABLE OF CONTENTS

BOOK 1 Projects Economic Evaluation and Investment Decision
BOOK 2 Energy Industry Fundamentals

BOOK 3 Climate Change Challenges

BOOK 4 Oil Industry Fundamentals

BOOK S5 Gas Industry Fundamentals

BOOK 6 Unconventional Hydrocarbons

BOOK 7 Renewables (except hydropower)

BOOK 8 Hydropower

BOOK 9 Coal Industry Fundamentals

BOOK 10 Nuclear Industry Fundamentals
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What does that mean for you?

i i |
Climate words jungle : Carbon neutrality UNFCCC TPA
Climate extremes Blah-Blah-Blah S s s
Fridays for future
Climate change Climate inertia EcoanXIth Geo-engineering
Radiative forcing Rebond effect Compound extreme event
Carbon tax LULUCF

Energy efficiency NDC Disruption

Climate justice

Fit for 55 Climate urgency Climate norms

Reorientation of use
Greenhouse effect GHG

Global warming

GIEC Anthropocene

Markets expansion Green deal

CO., emmission
Carbon footprint 2 emmissions

Energy substitution
Energy transition _

Energy sobriety
Climate adaptation
CCNUCC

10 | COP Climate mitigation
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It also creates nuisance in relation with the Climate change

Energy and Life: Carbon is a Vital Element for the day to day Life.

" Photosvnthesis

-

. ™~ Natural Carbon / -_ Respirati0;1_""""""""\‘_
. 6CO2+6H,0 m—) \:I Capture and Storage C5H1206+602_
. CeH1,06+60: e . 6C0,+6H,0
Herbivores -
Carnivores DEAD ORGANIC

DECOMPOSERS mommses) MATERIALS

Fermentation
CGleoE E—
3C0O,+3CH,

Combustion Alcanes

CgH45125/20, )
8C0,+9H,0

CO, in atmosphere

1750 280 ppm (0.028%)
1999 367 ppm

CO2
Anthropic Emissions

2005 380 ppm O .
May 2026 432 ppm E
Carbon release (Fossil Fuels)
' COAL, OIL AND GAS
(o

HYDROCARBONS

BURNING

100 — 300 years Nota : C.H,,0; : Carbohydrates

200
million
years
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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

End hunger, achieve
food security and
improved nutrition

@ @ “‘ :;ﬁcpjﬁﬂ:zm sustainable @
w er Il 66
®@®

Achieve gender CLEAN

equality and WATER AND

empower all SANITATION
women and girls

OOOO®

Ensure healthy lives
and promote well-
being for all at all ages

End poverty in all its
forms everywhere

GOOD
HEALTH AND
WELL-BEING

2 ZERD HUNGER

Ensure availability
and sustainable
management of water
and sanitation for all

OEE

Ensure inclusive
and equitable
quality education
and promote
lifelong learning
opportunities

QUALITY
EDUCATION

o 0lolo]o
Ensure access to Build resilient
affordable, reliable, @ :::mﬁlﬂn infrastructure, promote
sustainable and Promote sustained, inclusive and sustainable
DECENT WORK N : FRASTRUCTUR
modern energy for all Py et nclusiveand sustainable . & industrialization and

economic growth,
full and productive
employment and

00/0/00) cecertwork o
soce [T olcle 566
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United Nations 2030 Agenda

Reduce inequality within Make cities and human
1 REDUCED and among countries settlements inclusive,
INEGQUALITIES safe, resilient and

OJCICIC Y

®O®E

Conserve and
1 LIFE BELOW susiainably use 15 UFEGN LAND

Take urgent action to
combat climate change
and its impacts

OOO®®

the oceans, seas

and marine resources
for sustainable
development

0J0J0[C

Promote peaceful and

1 PEACE, inclusive societies for

JUSTICE AND sustainable develop-

STRONG ment, provide access to

INSTITUTIONS — )
justice for all and build _ RE |EtE‘d 'Dal

2 effective, accountable - g

and inclusive institutions
at all levels

0OIO

TPA Source: UN Annual Report 2015 o
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Ensure sustainable
consumption and
production patterns

OOE
OICIC)

Protect, restore and
promote sustainable use
of terrestrial ecosystems,
sustainably manage
forests, combat
desertification, and

halt and reverse land
degradation and halt
biodiversity loss

0JOJ0]O,
OO
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United Nations 2030 Agenda

|

IMPROVE
SOIL & WATER

HEALTHY
ECOSYSTEMS

SAFEGUARD
THE OCEANS

ENVIRONMENTAL
DIMENSION OF
SUSTAINABLE

DEVELOPMENT

GOVERN THE
ENVIRONMENT

REDUCE
POLLUTION
& WASTE

Source: UN Annual Report 2015 10
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TABLE OF CONTENTS

. What is science telling us about climate change ?
Economic consequences for energy and industries
The Kaya Equation

Agenda for Climate Change Negotiations

CO2 Markets, Pricing and Trading

. Carbon Capture and Storage technologies

N o oo s w N s

. What implications for oil companies:
the case of TotalEnergies
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What is science telling us
about climate change ?
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TABLE OF CONTENTS

What is science telling us about climate change ?
Economic consequences for energy and industries
. The Kaya Equation

Agenda for Climate Change Negotiations

. CO2 Markets, Pricing and Trading

Carbon Capture and Storage technologies

N o oo A w N R

. What implications for oil companies:
the case of TotalEnergies
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The Light : A Electromagnetic Wave

\E
A = Wave lenght

A = longueur d’onde

-

E champ électrique ondulatoire { \

B champ magnétique ondulatoire \Ly/‘/
E = Wave electric field

B = Wave magnetic field 14
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Sun and Earth emit electromagnetic radiations (1)

W
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Sun and Earth emit electromagnetic radiations (2)

Radiation Transmitted by the Atmosphere

2 1 10 70
Downgoing Solar Radiation Upgoing Thermal Radiation
70-75% Transmitted 15-30% Transmitted

Spectral Intensity

Visible Infrared

Percent
N O« E;
O O O

o

Carbon Dioxide

Oxygen and Ozone

Methane

l Mitrous Oxide
. . A o

Major Components
|

Ravleigh Scattering

10 70
Wavelength (pum)
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The Greenhouse Effect - Basics (1)

Solar radiation
warms the Earth

gases trap some of the

Infrared radiation Infrared radiation

cools the Earth

Nota: Assuming no air move
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O

A&

-



TPA

Sharing Experience

The Greenhouse Effect - Basics (2)
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Solar Radiation or Total Solar Irradiance
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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 = 0T4, 0 = Stephan-Boltzmann constant = 5,67x10 8 Wm=2K-4
Sun radiation:

Sun temperature at surface : Tg = 5777 °K

Mgtot = oT4* = 6,32x107” Wm2 = 63 MWm*2

Sun radius =rg = 695 700 km

Global power emitted by sun at surface:

Ps = Mgtotx4mrg? = 3,84x1025W
Sun radiation received on Earth’s orbit = Pg ¢

Distance Sun-Earth = dg ¢ = 149,6x10¢ km

Surface of Earth’s orbit sphere = 4mwdg 2 = 2,81x1022 m2=S__,

Pse=Pg/S,., = 1367 Wm-2

Sun radiation received by Earth by surface unit at surface = E¢
Eg = Pg /4 = 342 Wm™
Earth temperature at surface:
Thermal balance implies that energy received equals energy emitted:
Energy received by Earth = 342 Wm*2

oTg4 = (1-A)Eg

A = Albedo = reflectivity # 0,30

T, =% (1—-AE. o Tg = 255°K = -18°C
Role of atmosphere:

Energy emitted by Earth at surface = 390 Wm2, not 342 Wm<2

T, = /E;/o 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.

TPA Toolbox Energy Book 3 - GHG {9@
b



Solar Radiation or Total Solar Irradiance

Incoming solar
radiation

1368 W/m?

Non-rotating disk
surface area = 1tr?

average radiation

at surface:
1368 W/m?

Rotating sphere

surface area = 47tr?

average radiation

at surface:
342 W/m?2
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Solar Irradiance is evolving upon time due to
uneven movement of earth around the sun

Precession
26,000 years

Eccentricity
100,000 - 413,000 years

-

Tilt
41,000 years

&

\)
21.5° - 24.5°
Currently 23.5°
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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

Sharing Experience

Degrees

25 B0 NS
l

Watts/m2
440 460 480 500 520 540 004 000 002 004

001 002 003 004 005

V VA

A VAASY
oA o
e

S

1 1 1 1
10000 10200 10400 10600
kilovears from present

I
10800

22

I
11000

—

—> 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 22.5° and 24.5° over a
period of 40 kyears (currently ~ 23.5°)

— 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/m?2

(simulation Laskar & al — 2011)
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Total Solar Irradiance is also slightly varying over decades

———'_'—_—!_'—_F
Q» The total solar irradiance {
g- ‘ 11366
o g ‘
g-: J: : 1364
: L e
3| " ,
£t \eeen 11360
st 0547 {

e e A—— e — e ——— e ——————rese— e ee—
1600 1700 1800 1900 2000 Years
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Average Solar Radiation on Earth = 342 W/m?

TPA 24 TPA Toolbox Energy Book 3 - GHG ‘9@
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Global Energy Flows (W/m?)
Natural Greenhouse Gas Effect # 155 W/m?

107 Reflected Solar Incoming Qutgoing
0 Radiation 342 Solar Longwave
107 Wm—2 Radiation Radiation
, 342 Wm—2 235 Wm™2
Reflected by Clouds,
Aerosol and ’ f4D
Atmosphere Eritted by Atmospheric
Atmosphere 165 30 Window
\ Absorbed by Grsgnhouse
67 Atmosphere 2585
Anthropic
Emissions A
350 Back
Radiation

3 Radiation 324
transpiration

Absorbed by Surfﬁ'c:‘e-—-.._,____ﬁ

Source: Kiehl & Trenberth 1997 Bulletin of Meteorological Association
There are some minor timewise variations and uncertainties on the energy flows
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Earth/Atmosphere Global Energy flows (Wm-2) — Simplified illustration

+342 Wm~2 -390 Wm-2 (Heat — Long wave

+342 Wm-2 -235 Wm-2 (Short wave +235 Wm-2 -350 absorbed by atmosphere
radiation) + 155 Wmn-2 -40 directly to space (Atmospher

- 155 Wm-
-107 Wm~2 —
- -2 (Short wave

107 Wm JE— radiation) -235 Wm-2

N aput flow
::> Input flows AN Output flow
N 5 3 : =155

|:> Output flows

Atmosphere
Power emitted/absorbed (W/m=2) = oT#

o: Stefan-Boltzmann constant

If no atmosphere opaque to solar radiation (No Green With atmo sen House Gas
House Gas effect) Earth Temperature: 255°K = -18°C effect, Earth Temperature: 288°K = 15°C

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. o = 5,67x10 8 Wm=2K-+4
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Global Energy Flows (W/m?)
Natural Greenhouse Gas Effect # 155 W/m?

The incoming solar radiation = 342 W/m? is splitted into:

> 77 W/m? reflected by atmosphere

> 30 W/m? reflected by Earth surface
Total reflected = 107 W/m? (Albedo = 30,6%)

» 67 W/m?2 absorbed by atmosphere by air molecules and clouds (UV are absorbed by O, infrared are
absorbed by water vapor and CO,)

> 168 W/m?2 absorbed by Earth surface (land and oceans)

> Net Energy flow arriving on Earth including its atmosphere = 235 W/m?

The Atmosphere receives 519 W/m? splitted into:

» 67 W/m? from incoming solar radiation

> 78 W/m? from latent heat of evaporation when water vapor condenses to form the clouds. This energy is
transformed into heat

> 24 W/m? from air convection at the Earth surface

> 350 W/m?2 by absorption of infrared variation emitted by Earth surface

The Atmosphere re-emits 519 W/m? splitted into:
> 324 W/m? re-emitted to Earth surface through infrared radiation to warm the Earth surface
> 195 W/m? re-emitted to the space through infrared radiation
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Global Energy Flows (W/m?)
Natural Greenhouse Gas Effect # 155 W/m?

The Earth surface receives = 492 W/m?2 is splitted into:
» 168 W/m? coming from incoming solar radiation arriving at Earth surface
> 324 W/m? coming from Atmosphere as infrared variation

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

> 78 W/m? in the form of latent heat of evaporation

> 24 W/m? in the form of air convection at the Earth surface

> 350 W/m? in the form of infrared radiation emitted by Earth surface
> 40 W/m? in the form of infrared radiation directly to the space

The space receives 342 W/m? splitted into:

> 107 W/m? reflected by the Atmosphere and the Earth surface

> 195 W/m? emitted by the Atmosphere to the space through infrared radiation
> 40 W/m? in the form of infrared radiation directly to the space

TPA 28 TPA Toolbox Energy Book 3 - GHG ‘9@
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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/im2
- 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.

29 TPA Toolbox Energy Book 3 - GHG
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Global Energy Flows (W/m2)
Trenberth’s update (2012)

Global Energy Flows W m™

02\ Reflected Solar 341 [Incoming Outgoing
Radiation Solar Longwave
101.9W m™ Radiation Radiation

‘ 341.3Wm? 238 5Wm™

Reflected by
Clouds and

f 22 Atmospheric

Atmosphere
ph Emitled by 187 Window
\ Atmosphere
Greenhouse
- Absorbed by
78 Atmosphere Gases
{
Latent
17
& 2 333
Reflected by % \ Downwelling
Surface, 2 Radiation

23

<

161
’ 17

Absorbed by Thermals Surface 333
Surface transpiration Radiation Absorbed by
Surface

3lIINARLN

Net absorbed
0.9
Wm?

Source:Trenberth/Fasullo 2012 Surv. Geophysics (based on Trenberth 2009)
There are some variations and uncertainties on the energy flows
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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.

CO, emissions increase the Earth’s temperature.

More CO, (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.

31 TPA Toolbox Energy Book 3 - GHG
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Climate issues — More Basics (1 bis)
Positive water vapor feedback loop

Global Air
Temperature
~ Increases
vaporation increases

Credit : Nasa - August 2022
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Climate issues — More Basics (2)

Max Planck
Germany

1858 - 1947

Ludwig Boltzmann
Austria

1844 - 1906

The Physicians/

Founders
Quantum mechanics
Statistical physics

Jozef Stefan Wilhem Wien
Austria/Hung. Germany
1835 - 1893 1864 - 1928
33 TPA Toolbox Energy Book 3 - GHG
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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:
2hv? v
per unit frequency I(v,T) = = *1/(ekr — 1) (Wm2sr'Hz")
2hc? itch
or per unit wavelenght I(A, T) = 5 1/(exr — 1) (Wm-3sr)

| = Energy emitted by surface unit and spectral unit
V = Frequency (Hz, s)
A = Wavelength = c/v (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-’
k = Boltzmann constant = 1,38x10-23 JK-1

34 TPA Toolbox Energy Book 3 - GHG

&



Climate issues — More Basics (4)

» The two previous equations are related through:

I, T)dv =-1I(A\T)dA (vA=c)
dv =d(c/)) = cd(1/)) = - c/\? d)\
IAAT)=cl21(v,T)

» Frequency at which the black body emits the most:

Maximum of 7/(v,T) is reached when:

hv hv
3(eit—1)= e or (x—3)e*+3 =0with =x

) /v max = 2,82 KT = 2,82x1,38x1023 T = 3,89x102 T
v max = 3,89x1023/ 6,63x1034 T = 5,88x10"° T

TPA 35 TPA Toolbox Energy Book 3 - GHG F@
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Climate issues — More Basics (5)

» The two previous equations are related through:

I(v,T)dv =- I(\,T) dX (vA=c)
dv =d(c/)A) = cd(1/)) = - c/\? d)
IAT)=c/A2I(v,T)

» Wavelength at which the black body emits the most:

Maximum of /(A, T) is reached when:

hc hc

5(em—1)=;;(—cT emor(x—5)8x+5=0with;;(—cT=x

mmsss) )\ max = o, /T

o, = Wien constant = 2,90x10-3 mK

TPA 36 TPA Toolbox Energy Book 3 - GHG F@
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Climate issues — More Basics (6)

Energy vs Wavelenght
T
B T=5500K -
800 |- —
— 600 |- o
= _ T=5000K |
=
= - 2
< 400 |- =
200 ~— //‘ T=4000K _—
i T=3500K i
e -7 b 1 1 2 2 . : 1 2 L 2 L | N L X 2
O 500 1000 1500 2000
A [nm]
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Climate issues — More Basics (7)

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

r=1,d) = dOsin6do

A
k.
|

roen @, dd

38
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Climate issues — More Basics (8)

» Spectral radiance emitted by a surface area dA, in a range of frequency
between v and v + dv, in a solid angle dQ:

I(v,T)cos6dAdvd? = Zhv

* 1/ (ekT — 1) cos6dAdvd(2

> Total power emitted by the surface dA of a black body over the solid
angles corresponding to a hemisphere (h) above the surface dAis
obtained by integrating the spectral flux over all frequencies :

00 os) 2m /2
P(T)dA =f I1(v, T)dvdAf cos0dosinodd =j I1(v, T)dvdAf dCDj cos0sin6do
0 h 0 0 0

0 00 hv
Per unit of surface: P(T) = nfo I(v,T)dv = 21th/c? fo v3+1/(ext — 1)dv

With x = hv/kT, P(T) = 2tk*T*/c?h3 foo dx = 2m°k*T*/15c*h3 = oT*
o = 21m°k4/15¢c2h?® # 5,67x108 Wm2K+4 : Stefan BoItzmann constant

Nota: dx = 1'[4/1 5 39 TPA Toolbox Energy Book 3 - GHG
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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 = o T4, o = Stefan-Boltzmann constant = 5,67x10 8 Wm-2K-4
Sun radiation:

Sun temperature at surface : Tg = 5777 °K

Mgtot = 0T¢* = 6,32x10” Wm-2= 63 MWm-2

Sun radius =rg = 695 700 km

Global power emitted by sun at surface:

Ps = Mgtotx4mrrg? = 3,84x1025W
Sun radiation received by Earth = Pg ¢

Distance Sun-Earth = dg_ = 149,6x10° km

Earth radius = rg = 6371 km

Ps e = Psxmirg?/4mdg (2 = 1,74x1017"W

Equivalent at the level of Earth: Eg = M_totx(rg/dg ¢)? = 1367 Wm-?

40 TPA Toolbox Energy Book 3 - GHG
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Climate issues — More Basics (10)

> Sun radiation received by Earth by surface unit at surface = E¢
Ec = Pg /4mr?2 = 342 Wm-2
> Earth temperature at surface:
Thermal balance implies that energy received equals energy emitted:
Energy received by Earth = 342 Wm-2
oTg* = (1-A)E¢
A = Albedo = reflectivity # 0,30 mmm) oT*# 235 Wm™
T,=1(1—AE./oc ) T = 255°K = -18°C
> Role of atmosphere:
Energy emitted by Earth at surface = 390 Wm-2, not 342 Wm-2
T, = f/EE/G —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.

M TPA Toolbox Energy Book 3 - GHG
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Atmospheric contributions to greenhouse effect Radiative
Forcing (2,8 W/m? from human activity) - Period 1750-2000

Halocarb  Tropospheric
12% Ozone

13%

Other
Greenhouse Gas
(CO ne+CH,+N,0O)

Natural 155 W/m?2 * Anthropogenic 2.8 W/m?™

** including a negative (= cooling) feedback from aerosols of ~ 1,1 W/m?2

* Figures & percentages can slightly change upon time or sources.
Halocarbons: chlorofluorocarbons + hydrochlorofluorocarbons. Halocarbons absorb infra red radiations.

Stratospheric Ozone has no direct emissions
TPA Source: Data from IPCC Climate Change 2001 & 2005 42 TPA Toolbox Energy Book 3 - GHG ‘9@
b
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Atmospheric contributions to greenhouse effect Radiative
Forcing (2,8 W/m? from human activity) - Period 1750-2000

TPA

Sharing Experience

Anthropogenic and natural forcing of the climate for the year 2000, relative to 1750
Global mean radiative forcing (Wm-2)

3 Greenhouse gases
|

2 NzO

Halocarbons Aerosols + clouds
CH,4 ;lack
from
L T heri -
co, ropospheric fuel Mineral —
| ozFone buming dust Aviation Solar
I I -l- Contrails Girrus I

. -

g Sratotorc T ogme [ | |

Warming

ozone carbon g; s Land use
= ] Sulfate from  pymi (albedo only)
£ - fossil- =i

o fuel
o 4

L& ] burming

-2 -
The height of a bar indicates a best estimate of the forcing, and the Aemsd
accompanying vertical line a likely range of values. Where no bar is present indirect
the wvertical line only indicates the range in best estimates with no likelihood. effect

LEVEL OF SCIENTIFIC : ! Very Vary Vary Vary Very Very Very
UNDERSTANDING High Medium Medlum Low low low low lovwe low low how

Source: IPCC Climate Change 2001 — Synthesis report TPA Toolbox Energy Book 3 - GHG
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Anthropogenic Effective Radiative Forcing (ERF)

and Solar + Volcanoes

Sharing Experience

Effective Radiative Forcing [W m™]

L] ' L] L] L] L] ' L . L] L] [ L

Source ;: GIEC

N

| BC on Snow + Contrails

Trop. Oy

o

’ ’ N ’ 5 =R
o . 11 g !

Effet de serre

— a,nmﬂ‘ﬂj{ ' ‘L

L'J

Aérosols

Padaive forckllh) (W =™
-

; Aer—rKad It :
=21 2,3 W/m?
Total
F Total Anth
-4 a .I R | S Sy v U O ML Lrlrlop_)qer(:
1750 1800 1850 1800 1850

1900 2000 2100

2,3 W/m?
was the

value in
2020

currently
~ 2,8 W/m?

44 TPA Toolbox Energy Book 3 - GHG ‘9@
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Anthropogenic Effective Radiative Forcing (ERF)
and Solar + Volcanoes — update 2021

The increase in effective radiative forcing (ERF) since the late 19th century is driven predominantly by
warming GHGs and cooling aerosol. ERF is changing at a faster rate since the 1970s

Carbon dioxide (CO,) Halogenated gases Volcanic
2 — Methane (CH,) Tropospheric Aerosol
Nitrous oxide (N-O) @ P
0—PVA L
£
=
-2 — N
=
3I
3
_4_ é
1750 1800 1850

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

TPA 45 TPA Toolbox Energy Book 3 - GHG ‘9@
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Impact of GHG on Radiative Forcing

2.5 —

2.0 —

1.5-—

1.0 -

0.5 —

Radiative Forcing (W m)

0.0 —

0 N,O
= CH,
m CO,

—0.5 —

1750-2000

[ Other halocarbons

[ CFC-12
mm CFC-11

Bl Tropospheric ozone
B Stratospheric ozone

Period

Source: IPCC/TEAP (Technology and Economic Assessment Panel) 2005
TPA Special Report Ozone and Climate - Interconnections
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Stratospheric vs Tropospheric Ozone - The protective role of Ozone layer

THE LIGHT SPFECTRUM
. / \

Ultraviolet Visible Infrared

290 320 400
Wavelength (nm)

UV Spectrum & our skin...
uvC UVB UVA

Stratospheric Ozone (0zone layer)

e &

- . ———

L :

Stratosphere

Troposphere
Skin Surface

O

TPA 47 TPA Toolbox Energy Book 3 - GHG ‘_@
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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.

TPA Toolbox Energy Book 3 - GHG
TPA A
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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~2from 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 TPA Toolbox Energy Book 3 - GHG ‘9@
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Contribution of Anthropogenic GHG Direct Emissions
(% in CO,eq based on GWP)

Sharing Experience

Year 2004 (# 44 GtCO,eq.) Year 2019 (# 59 GtCO,eq. +/- 6,6 GtCO.,eq.)

Halocarbons Halocarbons

1% 2%

Nit g
Methane Methane ‘
15% CO2 Fossil Fuels LuE CO2 Fossil Fuels

CO2 Deforestatic & Industry . CO2 Deforestatic & Industry

59% 64%

Source: IPCC 2007 Source: IPCC 2022

GWP: Global Warming Power
50 TPA Toolbox Energy Book 3 - GHG ‘9@
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Contribution of Anthropogenic GHG Direct Emissions
(% in CO,eq based on GWP)

Global net anthropogenic emissions have continued to rise across all major groups of greenhouse gases.

a. Global net anthropogenic GHG emissions 1990-2019™

Gt 26t E3Gt SOGE 59 + 6.5 Gt I Fluorinated
60 £07% £2.1% yr +1.3% 2% gases (F-gases)
T Nitrous
-:l?' oxide (N, 0)
S B Methane (CH,)
o
z [ Net COy from land
= use, land-use
E change, forestry
2 {CO,-LULUCF)
£
I CO. from fossil
fuel and industry
{(CO,-FFI)
1990 2000 2010 2019 2019
b. Global anthropogenic GHG emissions and uncertainties by gas — relative to 1990
CO,-FFI CO-LULUCF CH, N0 F-gases
250 5040 i
2019 1990-2019 Emissions
— 200 A00 emissions increase in 2019,
= (GtC0;-eq) (GECO;-eq)  relative
g 150/ 300 to 1990 (%)
] i | ___.--""_‘- COy-FEI 38+3 15 167
g 100 —a"m’"“u"‘“’/u 200 CO-LULUCF 66+46 16 133
g CHs 1M+37 24 129
50 100 N2 27+16 085 12
0 0 F-gases 14+04 097 354
I 1 T 1 T 1 T 1 | ———
1990 2019 1990 2019 1990 2019 1990 2019 1990 29 Total e LR 154
The solid line indicates central estimate of emissions trends. The shaded area indicates the uncertainty range.
TP A Source: IPCC AR6 WGIII 51 TPA Toolbox Energy Book 3 - GHG
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Anthropogenic Sources of GHG — IPCC AR6 WGIII

2019 1990-2019 1990-2019

emissions increase
(GtCOzeq)  (GtCO:eq)

CO; FFI 38+3 15
CO; LULUCF 6.6+4.6 1.6
CH4 11+3.2 2.4
N20 2.7+£1.6 0.65
F-gases 1.4+0.41 0.97
Total 59+6.6 21
Tpa S oAt wen )

Sharing Experience

Increase
(%)

67

33

29

33

250

54
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The three most important Greenhouse Gases

The three most important Greenhouse Gas (GHG) are:

Atmospheric CO; at Mauna Loa Observatory

| Scripps Institution of Oceanography
NOAA Global Monitoring Laborato

» Carbon Dioxide — CO,
» Methane - CH,
» Nitrous Oxide — N,O

€O, mole fraction (ppm)

.S(mm‘s‘.“».,,.‘, 15
OCEANOGRAPHY ‘ '

UC San Diego

1960 1970 1980 1990 2000 2010 2020
Year

Source: NOAA Global Monitoring Laboratory — November 2025

In order to illustrate the global effects of GHG, it is usual
to convert the mass of CH, and N,O in mass of CO,
equivalent (CO,eq.)

53 TPA Toolbox Energy Book 3 - G
TPA Nota: NOAA: National Oceanic & Atmospheric Administration
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Greenhouse Gas Lifetimes &
Global Warming Potentials (GWPs)

Chemical | Lifetime 100 years  BNE:T(o}ey Dloxtde RemdenceTme
Formula Years GWP = 100+——
% New Equ:llhnum is Achleved
Carbon Dioxyde co, > 100 1 g7 After A Few Centuries |
3 -
£
Methane CH, 12 28 P
é 20-
Nitrous Oxyde N,O 114 300 e 4 — —
0 S0 100 150 200 250 300
Years Since CO, Release

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

Source: Data from Climate Change Connection
IPCC 4th Assesment Report (AR4) R.A. Rohde TPA Toolbox Energy Book 3 - GHG

TPA GWP 28 years for Methane recommended by IPCC (ARS, 5th Assessment Report vs 25 years in AR4) ‘?@
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Composition of Atmosphere

Others

1% Argon : 0,9%
Carbon Dioxyde (CO,) : 0,04% (# 400 ppm)

<

CO, concentration

Oxygen (O,)
21%

Nitrogen (N,)

78% /i I 280 ppm in 1750
432 ppm in May 2026

(Mauna Loa Observatory - Hawai)
CO, Concentration is increasing after a slight
decrease in 2020 due to the Covid 19.

A minor variation of CO, content in the atmosphere has
important consequences in term of greenhouse effect.

. i @)
TPA 55 July 2024 Climate change - Energy transition ‘ﬁ

Sharing Experience



Focus on Methane

Methane is the second-largest GHG after CO,. 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 MtCH, # 17 GtCO,eq. (Natural + Anthropogenic) __Global Monthly Mean CH

1950

1900

1850

®m Natural origin

1800

m Agriculture

1750

CH4 mole fraction (ppb)

1700

®m Energy sector

1650

A

1990 2000 2010 2020

Other origins Year
Source: NOAA Global Monitoring Laboratory — November 2025

(rs - 3 M0 O T O = I ~+ > :DV\

28%

TPA Source: Data from IEA Global Methane Tracker 2025, NOAA 56 TPA Toolbox Energy Book 3 - GHG ‘9@
. b
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Anthropogenic Methane Emissions 2024
Agriculture + Energy + Waste # 390 GtCH,

Methane emissions from human activity and their abatement potential

Main sources of methane emissions Methane abatement potential to 2030
Agriculture Agriculture
Waste Waste
d 40 80 120 160 200 40 80 120 160 200
Mt

oAll sources mOil oNatural gas @mCoal 0OBioenergy
EA. CCBY 4.0

Sources: Methane emissions for agriculture and waste are based on data from the Global Methane Budget (2024).
Methane abatement for agriculture and is waste is taken from UNEP’s Global Methane Assessment (2021).

Source: Global Methane tracker 2025

TPA 57 TPA Toolbox Energy Book 3 - GHG ‘9@
b
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Methane Emissions from Fossil Fuels sector - 2024
by selected countries

Methane emissions from fossil fuel operations for the top eight emitters and from
abandoned facilities globally, 2024

— 25

=
»

15
10
| H ._.
Zhina United Russia Global Iran Turkme- India YWenezuela Indonesia
States abandoned nistan
facilities

oCoal operations ®@Oil and gas operations 0OCoal mines @0il and gas wells

IEA. CC BY 4.0.
Mote: Emissions from abandoned facilities are not included in fossil fuel operations. Abandoned facilities refer to facilities
that have been closed and where there are no plans to restart production.

Source: Global Methane Tracker 2025

TPA 58 TPA Toolbox Energy Book 3 - GHG ‘9@
Y
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Reminder - Global Methane emissions by sources — Year 2017
# 600 MtCH, # 16 GtCO,eq., out of which # 60% anthropic

Global Sources of Methane

Fossil fuels Biomass & Biofel

107 Mt Burning
18% i 29 Mt

Wetlands
196 Mt
33%

Hashed areas are
natural sources. Solid
areas are anthropogenic
sources.

Enteric fermentation &

manure Source: Based on data in Saunois, M. et
Y al. (2020) ‘The Global Methane Budget
121 Mt 20002017, Earth System Science Data

20% : 12(3): 1561-623.

Other natural sources

41 Mt
7%

Source: Global Methane Budget 2000-2017/Saunois 59 TPA Toolbox Energy Book 3 - GHG ‘9@
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Focus on Nitrous Oxide

N,O is a important GHG, the third one after CO, and Methane, with potential negative
effects on Climate Change.
Concentration July 2025 = 339 ppb.

Global Monthly Mean N0

335

Agriculture causes around 70% of global N,O emissions,
due to the use of nitrogen in synthetic fertilisers.

Other human sources of N,O include chemical industry,
waste waters and the burning of fossil fuels.

W
W
o

N2O mole fraction (ppb)
w
M
(9.}

320

N,O emissions in 2023 # 10 Mt # 3,0 GtCO, eq. gl . . 9|

Source: NOAA Global Monitoring Laboratory — November 2025

TPA Source: Data from World Bank & Global Carbon Project 60 TPA Toolbox Energy Book 3 - GHG ‘9@
Y
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Stocks & Flux of Carbon

TPA 61 TPA Toolbox Energy Book 3 - GHG ‘9@
b
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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 CO, emissions can differ slightly depending upon
various sources: International Energy Agency (IEA), Energy
Intelligence (El), 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 CO, GHG plus non-
CO, GHG (Methane, nitrous Oxide, halocarbons, troposheric ozone)

TPA 62 TPA Toolbox Energy Book 3 - GHG
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Categorization of CO, and GHG elements used by various
organizations and study groups

Energy combustion Industrial processes & Flarmg

co, Coal (o]]| Gas Bioenergy | Cement Methane & | FOLU Nitrous
Emissions combustion | combustion | combustion | & Waste Industrial Oxide
include Process

Energy
Institute

Global X X X X X X X

Carbon
Project

1A X X X X X X X X

tpec X X X X X X X X X X

World Bank X X X X X

TPA 63 TPA Toolbox Energy Book 3 - GHG
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Stocks & Net Carbon Flux Earth/Atmosphere
IPCC Analysis 2001(GtC for stocks, GtCl/year for flux)

Global Gross Primary } Fossil Fuel
Production and * Combustion and
Respiration * Industrial
~ 6.3 “ Processes
"

T wr mr e mar e on e omar’ mer omar e e e e’ e Cwar war

Carbon Flux Indicated by Arrows: Natural Flux = Anthropogenic Flux stinmminje

Source: Intergovernmental Panel on Climate Change, Climate Change 2007: The Scientific Basis (UK., 2001)

TPA Nota: 1t C = 3,667t CO, 64 TPA Toolbox Energy Book 3 - GHG
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Stocks & Net Carbon Flux Earth/Atmosphere
Situation 2011 (GtCO2 for stocks, GtCO2/year for flux)

Today, Mass CO2 in the
Atmosphere # 3 200 Gt

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

Unités :
Flux : Gt COzeq./an
Stocks : GtCO2eq

Source: IPCC 2013/Ministére de I’Ecologie, du Développement Durable et de
’Energie — France 2015 Nota: 1t C = 3,667t CO,

TPA 65 TPA Toolbox Energy Book 3 - GHG ‘_@
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Stocks & Net Carbon Flux Earth/Atmosphere - Situation 2021 from IPCC ARG

N
Atmosphere
591+279%5

" Carbon (CO,) Budget
(CO,) Budg 11 Gt anthropic

Average increase 5.1+0.02

Net land flua
01 03 1.4 34+09 1.5 1.6+0.7 94+05

- E
Gz L LA u
Ocean-atmosphere gas exchange

111.1 Total respiration and fire 25.6 I ~ 0 Gt 54.6 23
e '
numbers —
are for I I
1 H
carbon e — - ——— -
113 Gross photosynthesis 29 54.0 25.5
italic
stands for 25 02 0.8
C:C)z FQXEFS

Freshwater Net Fossil fuels
land-use (Coal, oil, ?as)
change  Cemen

Volcanism Rock

Export from
weathering i

soils to
rivers Burial

Surface

ocean
production : ' 900 275

- 0, : @i‘ o Vegdefatlon Ffosis:l 2.0
erma etation oils and soils uels -
5 Dissolved
- Flux: Billion tonnes of Carbon per year (PgClyr) %ragrggﬁ Intermediate
™ Natural ™ Anthropogenic @ and
deep sea
Stocks: Billion tonnes of Carbon (PgC) Coal Oil Gas Ocean fioor 37,100

OStocks 1 3+ Anthropogenic change Reserves sediment +#73+23

TPA .
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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

TPA Toolbox Energy Book 3 - GHG
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Net Carbon Flux Earth/Atmosphere - Situation 2011
# 50% of gross Emissions are absorbed by oceans and biosphere
(GtCO,l/year)

35

30
I Incertitude

25
20
=
Jm 15
o
o
&5 10
Réservoirs
S terrestres océanique
-9,5
0
Combustion Changement Reésultante
_5 d'énergies d'usage des des flux vers
fossiles et sols I'atmosphére
prod uction 4.0 14,7
— 10 de ciment )
28,6
—15
— 20
Source: IPCC 2013/Ministére de I’Ecologie, du Développement Durable et de
’Energie — France 2015 Nota: 1”TC =3,667 T CO,
TP a 67 TPA Toolbox Energy Book 3 - GHG
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Global Gross Carbon Emissions are partly absorbed by the environment.
Net Carbon Emissions remaining in the atmosphere increase its CO, content

Annual Carbon Emissions (+ve) and their Partitioning (-ve)

15
- Fossil Emissions (Esos)
: ‘ Net Land-use Change Emissions (E )
Atmospheric Growth (Garm)
101 Land Sink (S, asn)
Ocean Sink (Sorsan)
S .
%
>
bt
& "
b 0
>
2 P
A
o) i e, *
o “
_5 " / s S
Total estimated sources do
not match total estimated
-10 sinks. This imbalance is an
active area of research.
|
-15 - v y
1850 1900 1950 2000
Year
TP A Source: Global Carbon Project 2025 68
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Combined components of the
Global Carbon Budget as a
function of time,

for fossil CO, emissions (E.g,
including a small sink from
cement carbonation) and
emissions from land-use
change (E_yc),

as well as their partitioning
among the atmosphere (G ),
ocean (Sycean), and land

(Scanp)

0,
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Global Gross Carbon Emissions are partly absorbed by the environment.
Net Carbon Emissions remaining in the atmosphere increase its CO, content

The cumulative contributions to the global carbon budget from 1850
The carbon imbalance represents the gap in our current understanding of sources & sinks

Sources and Sinks of CO» ;
ement

carbonation|_and
sink sink

-12

600 ppm -
P +105| PP

ppm

Imbalance

Cement Others
+1

=y
LAas

500 - opm
400 - ;,]g
300 -
200
Atmosphere Atmosphere
in 2023

in 1850

69 TPA Toolbox Energy Book 3 - GHG

TP A Source: Global Carbon Project 2024/Friedlindstein et al 2024
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Carbon Stocks and Flux Earth/Atmosphere
Basic figures current period 2020 - 1ppm # 8GtCO,

Volume Earth + Atmosphere 1,08737x1012 k.m3

Volume Earth 1,08330x10'2 k.m?

Volume Atmosphere 4,05x10° k.m3

Mass Atmosphere 5,15x10"'8 kg

CO, Energy content: # 400 ppm 1,62x10 k.m3

1 mole C/CO, (22,41 = 22,4 dm3) 12 g/44 g

Mass Carbone in Atmosphere # 870 Gt

Mass CO, in Atmosphere # 3200 Gt

Yearly CO, Emissions 34 Gt

Net yearly Emissions assuming 50% 17 Gt

absorption in oceans/biosphere

Potential impact on CO, content + 2,1 ppm/year
70 TPA Toolbox Energy Book 3 - GHG
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Global anthropogenic related GHG emissions 1959 - 2024
CO, Energy is the most important contributor

(GtCO, eq.)
60 —
CO, Energy Emissions 2%
55 due to combustion: 5(; W F gas
0 30,6 GtCO, in 2010 0
5 33,5 GtCO, in 2018 . .
33.5 Gtcoz in 2019 18% B Nitrous Oxide
45 31,6 GtCO, in 2020
33,7 GtCO, in 2021 8% B Methane
40 34,3 GtCO, in 2022 °
. o)
35 34,8 GtCO, in 2023 4% ® Forest & Land use
35,2 GtCO, in 2024 y
Source: IEA 14% .
30 Cement & Flaring
25
20 21% M Gas
15 m Oil
10
27% M Coal
5

TPA
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D =S N NN O = N N
Nn O W O W O NNMNIDMN
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L T B O T O I B B |

1981

M n N O
00 0 00 o0

(=)}
= =l el -

1991
1993
1995
1997
1999
2001

03

05
2007
2009
2011
2013
2015

Figures slightly differ
according to sources

Source: Ch. Guéritte. Data from Global Carbon Project (Global Carbon Budget) , World Bank, IPCC, Our World in Data 2025
Forest & Land Use Includes CH, 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

hat) (9]
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The Global Carbon Cycle (GtC)

Schematic representation of the overall perturbation of the global carbon cycle caused by
anthropogenic activities, averaged globally for the decade 2015-2024

TPA
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The global carbon cycle

98+0.

Gas reserves
115 GiC

®
Oil reserves
230 GiC

Coal reserves
560 GtC

Anthropogenic fluxes
2015-2024 average
GtC per year

Source: Global Carbon Project 2025

Organic carbon Marine
permatrost @ N‘ 200 Gic ~ Y\ biota
Soils  and lakes Coasts ® \ 3GtC

*Atmospheric CO,

+5.6
885 GIC

24+038

@& 3.2+04

Vegetation
450.GtC Dissolved
O inorganic carbon
- (W, 37,000 GtC

1700 GtC 10-45 GtC  Surface
sediments

1750 GIC

» Budget imbalance 0 4

P» Budget Imbalance B,

’T\ Fossil CO, E \1, Land uptake S,
Land-use change E J, Ocean uptake S__._,, Stocks GtC
+ Atmospheric increase G, Natural carbon fluxes in GtC

{4 CDR not included in E,

72 TPA Toolbox Energy Book 3 - GHG
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The Global Carbon Cycle (GtCO,)

Schematic representation of the overall perturbation of the global carbon cycle caused by
anthropogenic activities, averaged globally for the decade 2015-2024

The global carbon cycle

Atmospheric CO,

¢ 3290 GICO, \l/

® 11.8 4
000
Vegatation
7™ Dessotvad
Gas reserves .9 inorganic
. > carbon
® Organic Marine
OHl reserves Parmafrost . Rivers . c::on biota
Solls  and lakes Coasts 9
Surface
£ sodiments

Coal reserves \

» Budget imbalance 0.1 4

Anthropogenic fluxes P Fossl CO, E, J e -
2015-2024 average R : :
GICO, per year : T W Ooeen wptehs 8 -~
} CDR 0 ¢ Al neric 1Ncreas '
TPA Source: Global Carbon Project 2025 73 TPA Toolbox Energy Book 3 - GHG
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Fossil CO, Emissions (GtCO,)

Global fossil CO, emissions have risen steadily over the last decades.
Emissions are set to grow 1.1% in 2025, after growing 1.1% in 2024, and 0.8%/yr from 2015 to 2024.

Global Fossil CO, Emissions

Projection 2025

38.1 Gt CO,

A 1.1% (0.2% 10 2.2%)

40 Gt
CO,
30 Y
» Global —* COVID-19
financial pandemic
crisis ves
20 1 * Dissolution of
- SQecond  Soviet Union
Oil crisis
10 . = First
Qil crisis
0 -
1960 1970 1980 1990 2000 2010 20215
.']I"f]]f—]('. e
Source: Global Carbon Project 2025 74
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Fossil CO, Emissions (GtCO,)

Global fossil CO, emissions: 37.8 + 2 GtCO, in 2024, 69% over 1990
® Projection for 2025: 38.1 £ 2 GtCO,, 1.1% [0.2% to +2.2%] higher than 2024

Global Fossil CO, Emissions

2015-24
4%8t 1 +0.8%/yr Projection 2025
s 38.1 Gt CO
23?2: 1,4r A 11%(0.2% 1022.2%)
+2.1%lY
35 -
30 - 1995-2004 =~ COVID-19
+1.9%/yr -+ Global pandemic
financial o
crisis
25 4 V¥ 1.5%
o0 A "~ Dissolution of
Soviet Union
| ¥ 3.3%
1990 1995 2000 2005 2010 2015 2020 202t51
projectec
Source: Global Carbon Project 2025 75
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Uncertainty is £5% for
one standard deviation
(IPCC “likely” range)
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Fossil CO, Emissions (GtCO,)

Projected Gt COs in 2025

Rest of World 13.7
A 11% (-1.1% to +3.3%)

Annual Fossil CO, Emissions

Projected global emissions growth: +1.1% (+0.2% to +2.2%)

12 Gt
CO,

8
4 A 1.4% (-0.3% to +3.1%)
India 3.2
EU27 2.4 tF?"iiﬂln +2.8%)
0 & L e S W 2.2% (-8.1% to +3.7%)
1960 1970 1980 1990 2000 2010 20215
projecied
TPA Source: Global Carbon Project 2025 76 TPA Toolbox Energy Book 3 - GHG ‘?@
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Fossil CO, Emissions (GtCO,)

Annual CO- Emissions

Nl
Jl) al

CO,
- @ Total
: Fossil carbon
Includes cement
- » carbonation sink
30

-II:-: _‘::/ » i ) T ) KA = - N

.....-.""1-1--.1-"-.... _.".,.“-"-.__ I.h_“.d----l r‘-"h'lri-‘. -y

- — -,_. ~ s .m' Land-use change

1960 1970 1980 1990 2000 2010 2lzo

Source: Global Carbon Project 2025
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Fossil CO, Emissions (GtCO,)

Changes in Global Fossil CO> Emissions

38.2 Gt -
COE Others

38.0 -

IndiaJapan
ChinaEU27 -

+0.00+0.04 ~0.02+0.08

+0, 0

3?8 ] Others

37.6 -

aviati
SA

Indladapanu

37.4 -

37.2

2023 2024 2025

projected
@ @® Global Carbon Project

TP A Source: Global Carbon Project 2025 78 TPA Toolbox Energy Book 3 - GHG ‘9@
b
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Atmospheric contributions to greenhouse effect Radiative
Forcing (2,8 W/m2 from human activity) - Period 1750-2000

Halocarb  Tropospheric
12% Ozone

13%

Other
Greenhouse Gas
(CO ne+CH,+N,0O)

Natural 155 W/m?2 * Anthropogenic 2.8 W/m?™

** including a negative (= cooling) feedback from aerosols of ~ 1,1 W/m?2

* Figures & percentages can slightly change upon time or sources.
Halocarbons: chlorofluorocarbons + hydrochlorofluorocarbons. Halocarbons absorb infra red radiations.

Stratospheric Ozone has no direct emissions
TPA Source: Data from IPCC 2001 & 2005 79 TPA Toolbox Energy Book 3 - GHG ‘9@
b
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Basic simple elements to keep in mind

TPA 80 TPA Toolbox Energy Book 3 - GHG ‘9@
b
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CO, Emissions vs type of Fuels
Simple chemical formulas

Combustion of carbon
C +0, m CO,
(129) (449)

Combustion of methane (natural gas)
CH, +20, = CO, +2H,0

(169) (44g)
Combustion of alcanes (petroleum product)

CgH,.+25 O, ™ 8CO, + 9H,0
(114g) 2 (352g)

)X 3509 Fossil Energy

combustion of 1t of fossil
generates between
2,7 and 3,7 t of CO,

TPA Toolbox Energy Book 3 - GHG ‘9@
b

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 downwaqu&
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CO, Emissions vs type of Fuels
Combustion — Real figures 2024

tcozl t"Fossil

X 2,7 tCO,/tce
X 3,7 tCO,/toe

» Combustion of Coal

178 EJ # 5,9 Gtce # 4,2 Gtoe :> 15,7 GtCO,

» Combustion of Natural Gas

X 2,2 tCO,/toe
148 EJ # 4,2 Tm?®# 3,5 Gtoe %) 7,8 GtCO,

» Combustion of Oil

1/ X 2,5 tcozltoe

193 EJ # 92 Mboe/d # 4,6 Gtoe :> 11,5 GtCO

Data from IEA WEO 2025
tce : tonne of coal equivalent
toe : tonne of oil equivalent .

TpA 1TJ=10"2J = 23,88 toe

Sharing Experience
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CO, Emissions VS type of Fuels
Simple chemical formulas

tCO, /e ssi
World 2024 Primary Energy Consumption: /~ <\ .100n 2/ Fossil
15,6 Gtoe N X 3,67

3,2 Gtoe
12,4 Gtoe

World 2024 CO, Energy Emissions X 3,09

~ 35,2 Gt == 284 tCO,/t. ..
TPA 83
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Reminder - Composition of Atmosphere

Others

1% Argon : 0,9%
Carbon Dioxyde (CO,) : 0,04% (400 ppm)

<

CO, concentration

Oxygen (O,)
21%

Nitrogen (N,)

78% /i I 280 ppm in 1750

[] 432 ppm in May 2026 (+54%)

(Mauna Loa Observatory - Hawai)
CO, Concentration is increasing after a slight
decrease in 2020 due to the Covid 19.

A minor variation of CO, content in the atmosphere has
important consequences in term of greenhouse effect.

TPA 84 TPA Toolbox Energy Book 3 - GHG ‘9@
b
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Carbon Footprint vs CO, 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 CO,eq.

Greenhouse gases, including the carbon-containing gases Carbon Dioxyde (CO,) and Methane
(CH,), 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/CO, 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 CO, emissions and equal to:
National emissions — emissions embedded in exports + emissions embedded in imports.

TPA 85 TPA Toolbox Energy Book 3 - GHG ‘9@
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Carbon Footprint vs CO, 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) | CO, Emissions (Production based)
(CO,/capita) (CO,/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

TPA Source: Our World in Data/Global Carbon Project/IEA/BP — Figures may differ vs sources ' -
*France: Carbon Footprint all GHG in 2024 # 9 tCO,eq/capita (source: FPance CGDD) July 2025 Climate change - Energy transition
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Various anthropogenic effects

» Various effects: CO, Energy is the most important.
According to different sources, life time of CO2 in
the atmosphere is between 30 and 100 years.

» Other contributors: CO, other industrial processes
(cement manufacture,....), CH,;, Ozone, N,O, F-
gases (HFC’s, PFC’s, SF,...)

» Contribution of land use, land use change and
forestry.

» In this document, focus is done on CO, Energy.

» To convert tC into tCO,, multiply by 3,67

TPA Note: FOLU: Forestry and other land use 87 TPA Toolbox Energy Book 3 - GHG {9@
b
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History & Evolution of annual IPCC reports

TPA 88 TPA Toolbox Energy Book 3 - GHG ‘9@
b
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The IPCC 5th Assessment Synthesis Report
November 2014 served as a basis for the
COP 21 in Paris (December 2015)

TPA 89 TPA Toolbox Energy Book 3 - GHG ‘9@
b
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Radiative Forcing is increasing

Radiative forcing in 2011 relative to 1750

COy CHs N0

[ lacarhine
'\ .
A !
' . . l'

WMGHG |-

Other Anthrop. |

Total Anthrop. |

Natural |- H

A ] il . |

=2 ) 0 1 2 3 4
(Wm?)

Source: IPCC 5th Assessment Synthesis Report November 2014

TPA .
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Energy Accumulation on Earth

Energy accumulation within the Earth’'s climmate system

300 s 2 2 .
B Upper ocean ”
B Dcep ocean 7

250 - i ] Ice /'
I L and =
B Atmosphere .

Uncertainty

— 1 OO L] L 3
1280 1990 2000

Year

Source: IPCC 5th Assessment Synthesis Report November 2014

TPA :
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Global Anthropogenic GHG Emissions
CO2 Energy is the most important contributor

Total Annual Anthropogenic GHG Emissions by Gases 1970-2010

8
g
..g.. 50 4.96!
@ 2.0%
= 2.2%
=
S
=
3 a0 1%
119
30
20
Gas .
m F-Gasss S
m NO
10 , © CH,
* m CO,FOLU
w CO, Fossil Fuel and
Industrial Processes
0
1970 1975 1980 1985 1990 1995 2000 2005 2010

Source: IPCC 5th Assessment Synthesis Report November 2014

TPA 92 TPA Toolbox Energy Book 3 - GHG ‘9@
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GHG Emissions by Sectors in 2010

Electricity
and Heat Production E
5% 1A%
AFOLY
24%

Ind
Bulldings e
64%

= Transport

Transport Total: 49 Gt CO,eq 0.3%
Ls e (2010)
Industry
21% — Bulldings

12%
Other
Energy J
95% AFOLU

0.87%

Direct GHG Emissions Indirect CO, Emissions
Source: IPCC 5th Assessment Synthesis Report November 2014
93 TPA Toolbox Energy Book 3 - GHG
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Global Anthropogenic CO2 Emissions

(@) Global anthropogenic CO, emissions b) Cumulative C02
Quantitative information of CH, and Ny0 emission time series from 1850 to 1970 s limited emissions
40 " T T T T T T T P S—— T T — g —~ T
35 | W Fossil fuels, cement and flaring 2000 |
30 * Forestry and other land use
T o9 L 1500
s 2 %
o 20+ In 2011: v
Y CO2 Energy # 31 Gt G 1000 |
© 15  |co2FoLu # 4Gt q
i 500 |
5t |
0 4 0L
1850 1900 1950 2000 1750 1750

Yeat 1970 2011

Source: IPCC 5th Assessment Synthesis Report November 2014

TPA 94 TPA Toolbox Energy Book 3 - GHG ‘9@
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Global Anthropogenic CO2 Emissions
IPCC Projections — ASR 2014

(a) Annual anthropogenic CO, emissions
200 I I
WGIII scenario categories: -1
= >1000
 720-1000
— m
= 580—720 < S
o' 100 |- 530580 =~
< w =
& B 480530 = g
W @ (O
= 430-480 =8
5 o ©
v =]
2 &> o
- A
s O ~-—>—>=—=-=-=- - - - - - === > =
<< — Historical RCP scenarios:
emissions ——— RCP85
- RCP6.0 -
——= RCP4.5
- RCP2.6
—-100 : '
1950 2000 2050 2100
Year
Source: IPCC 5th Assessment Synthesis Report November 2014
RCP: Representative Concentration Pathway (W/m2)
TPA 95 TPA Toolbox Energy Book 3 - GHG
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Global Anthropogenic CO2 Emissions
IPCC Projections — ASR 2014

—_—
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140
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0
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GHG emission pathways 2000-2100: All AR5 scenarios
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Source: IPCC 5th Assessment Synthesis Report November 2014
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GHG Concentrations

Globally averaged greenhouse gas concentrations

400 T - - v '
— 370 ' *® == Ice cores i
= —— Atmospheric measurements
= 340 ‘-/ﬂ ~
or\—.
- 310 = =5 =i
280 P = = s = g VRensses 1
1 SO
- £ R
| P | 600 =
/ 1300 =
—® R
R N S
L -4 < - e .- JO0
320 F /-
B % Mf"" “
— ®
ZN 280 ce®” P’ = s ¥
- -2 s .... o ™ T
260 . . - L L
1750 1800 1850 1900 1950 2000
Year

Source: IPCC 5th Assessment Synthesis Report November 2014
TPA 97 TPA Toolbox Energy Book 3 - GHG
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Climate Change
RCP & Radiative Forcing — IPCC Projections

a0 RCPS8.5
=

Q.

2 1000

c

S 800

S RCP6.0
== |

£ Gl RCP4.5
O 400 RCP2.6
O | | | | |

| | | l
2000 2020 2040 2060 2080 2100

RCP: Representative Concentration Pathway as per Radiative Forcing
due to human activities (W/m2)
Source: IPCC 5th Assessment Synthesis Report November 2014

TPA 98 TPA Toolbox Energy Book 3 - GHG ‘9@
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Global Anthropogenic CO2 Emissions
IPCC Projections — ASR 2014

(b) Warming versus cumulative CO, emissions
5
o i Total human-induced warming |
% 4r baselines
‘T —
< _ : : il
co
2 3r -
@
=
= " 580—720 il
Lok
2 2r 530-580 -
= %
wr
= i 430-480
™
s 1f :
j
= L
— - observed 2000s =
1000 GtC 2000 GtC
0 1 1 | l I | I | l 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Cumulative anthropogenic CO, emissions from 1870 (GtCO,)
Source: IPCC 5th Assessment Synthesis Report November 2014
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Climate Change:
the Earth’s temperature — IPCC Projections

U by
c o

=
BN
S|
il g 4 p
™
S 7
%0
& 8 — (Observed
v
28| | == oS
X
3 B Overlap
c =

W
52 ol B RCPL6
E
[
K=
g -
u | | | | | | | I | | | | | | | I | | | | | | | | I | | | | | | | |

1900 1950 2000 2050 2100
RCP: Representative Concentration Pathway as per Radiative Forcing
due to human activities (W/m2)
Source: IPCC 5th Assessment Synthesis Report November 2014
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Climate Change

the Earth’s temperature — IPCC Projections
Volcanoes eruptions effects : reduction of Radiative Forcing

a) Global surface temperature change relative to 1850-1900

°C

> o SSP5-8.5
Already # +1,3/1,4°C
4 SSP3-7.0
3 1980/1982:
Mont Saint-Héléne (US)
) El Chichon (Mexico)
1991: SSP1-2.6
1, 1t9§3: - I_)Pinatubo(PhiIippine 55P1-1.9
ont Agung (Bali
0
-1
1950  Volcanoes eruptions 2000 2015 2050 2100

Dust & SO, emitted by volcanoes reduce Radiative Forcing and increase the cooling of atmosphere
Source: IPCC AR6 WG1 - Summary for Policy Makers - August 2021

TPA 101 TPA Toolbox Energy Book 3 - GHG {9@
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Climate Change:
the Earth’s temperature — IPCC Projections

Global average surface temperature change

(a) (relative to 1985-2005)

12

9

Y B

3

Q

1900 1950 20C0 2050 2700 2150 2200 2250 2300

Year
Source: IPCC 5th Assessment Synthesis Report November 2014
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Climate Change:
the Earth’s evolving temperature

Observed Temperature Change

05 0

[ 100127017 (C over per
! L A 1901-2012 (°C over period)

Solid Color

White

A8
a

RS

Source: IPCC 5th Assessment Synthesis Report November 2014
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Climate Change:
the Earth’s temperature — IPCC Projections

Projected Temperature Change Diftrance from soid Coror | Very strong White Dot ] 5t70N0
-| 1986-2005 mean (°C) Divergent , — Little or
405 5 17 Gray changes Diagonal Lines | .o change

RCP2.6 2081-2100 RCP8.5 2081-2100

i

Source: IPCC 5th Assessment Synthesis Report November 2014

TPA 104 TPA Toolbox Energy Book 3 - GHG ‘9@
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Global Impacts on Land & Ocean

Global averages
Land surface Land and ocean surface Ocean heat content
2 2
20F
-'fo_w-
5
of o _]0.
5 1 1 1 1 -1l 1 1 1 1 1 1 1 1
1910 1960 2010 1910 19%0 2010 1910 1960 2010
= (bservations B Models using only natural forcings

* Models using both natural and anthropogenic forcings

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

(a) Observed globally averaged combined land and ocean () o Sea ice extent
surface t?mperature anomal‘y 1850-2012 ' E Arctic (July - August - September)
Annual average €
02 f \A* é 10 1
0f <
&
% ]| ’g 5t Antarctic (February)
% 04} 8 W
2 g
o 06} i 0 ; ; . : :
v | 1900 1920 1940 1960 1980 2000
% ! Year
g Y : ! (d) Global mean sea level change 1900-2010
O 02 | Decadal average ) ' : ’ . -
S : — E
g =
§ 0Ff e E g + 2/3 mm per year /
) ™ —_ I O "
: 0.2 S 2e sk
— _0.4 L __‘?- §’:_C_ -M >
06 | B = %%-0.1 L v/
-_— i -
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Source: IPCC 5th Assessment Synthesis Report November 2014
TPA 106 TPA Toolbox Energy Book 3 - GHG
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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

Extension Varlation
[Annee) de longueur [m)
g s R SRS SRR EEY B E RS TR’
R e B bt e
- |Merdsstmen| | || B | |||
| st; | ? e | | | - 1000
S/ EEEN i = | E %
: : | } | ! 3 }
PO EREEL _ I EESEE RS '
T s : 100
B NHE |
O | ! i
y U
| 3000
1993 :
! : } Z2E i | 1 o } 2 2l [ J5E -
BN i : % o e = b 20 . 4 000
1250 - 1000 500 0 250 500 750 000 1250 1500 17% 2000
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Age du bronze | Age du fer | ml Moyen Age l?umm
Source: Holzhauser & Zumbiihl 2003 107 TPA Toolbox Energy Book 3 - GHG ‘9@
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Scenarios IPCC - Temperature, Sea Ice extent, Sea level,
Ocean PH

Global average surface temperature change

(b) (relative to 1986-2005) Mean over  (c) Northern Hemisphere September sea ice extent Mean aver
o md - i D el 7 2081-2100 N T s ‘ 2081-2100
3 104
4 E x E
& ; T 64 g =
Sl & - My e ] g
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F n 2 w ] -
0 - - = £ 1
: L. weiv 2=
3 [ ge= 1
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Source: IPCC 5th Assessment Synthesis Report November 2014
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Global Sea Level Rise

TPA
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Global mean sea level rise
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Source: IPCC 5th Assessment Synthesis Report November 2014
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Impact on Ocean Acidity
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Historical

pH (total scale)
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Source: IPCC 5th Assessment Synthesis Report November 2014
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Effects are not homogeneous in regions

RCP 2.6 RCP 8.5
(a) Change in average surface temperature (1986—2005 to 2081—-2100)

= W B s 2

e precipitation (1986—2005 to 2081—-2100)

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

(A) Atmospheric CO,

2000 2100 2200 2300 2400 2500

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

TPA 112 TPA Toolbox Energy Book 3 - GHG ‘9@
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CO, content Long term scenarios IPCC
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Conclusions from IPCC

Human influence on the clmate system is clear, and recent anthropogenic emissions of greenbouse

95 are the hihest i history. Recent climate changes have had widespread impacts on human and
matural systems.

Warming of the climate system 15 unequivocal, and since the 19305, many of the observed changes are
unprecedented over decades to millennia. The atmosphere and ocean have warmed, the amounts of
snow and ice have diminished, and sea level has risen.

Source: IPCC 5th Assessment Synthesis Report November 2014
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b

Sharing Experience



Temperature & CO, concentration

TPA 115 TPA Toolbox Energy Book 3 - GHG {9@
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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
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Temperature evolution - Projections are heavily scenario-dependant

(This graph has been the subject of contreversery, but is useful for the purpose of illustration)

TPA
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Climate Change — CO, concentration & the Earth temperature
History of long-term evolution

Atmospheric CO; concentration and global surface temperature change

g__ during the last 60 million years and projections for the next 300 years SSP5-8.5
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CO, 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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CO, concentration in the atmosphere

Measures taken at Mauna Loa observatory — Hawai - Evolution 2020 - 2025

TPA Source: NOAA (National Oceanic & Atmospheric Administration)

Sharing Experience
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CO» mole fraction (ppm)
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Recent Monthly Mean CO; at Mauna Loa Observatory
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The graphs show monthly mean carbon dioxide measured at Mauna Loa Observatory, Hawaii. The carbon dioxide data on Mauna Loa constitute the
longest record of direct measurements of CO, in the atmosphere. They were started by C. David Keeling of the Scripps Institution of Oceanography in
March of 1958 at a facility of the National Oceanic and Atmospheric Administration [Keeling, 1976]. NOAA started its own CO, measurements in May

of 1974, and they have run in parallel with those made by Scripps since then [Thoning, 1989].
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CO, concentration in the atmosphere
Measures taken at Mauna Loa observatory — Hawai - Evolution 1960 — 2025

Atmospheric CO; at Mauna Loa Observatory

Scripps Institution of Oceanography
420 NOAA Global Monitoring Laboratory a
E ao00f A
o
=
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— 380 = -
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©
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7]
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=
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O 340+ 4
320f sy P 1 2
[ UC San Diego v ‘
1960 1970 1980 1990 2000 2010 2020

Year

The graphs show monthly mean carbon dioxide measured at Mauna Loa Observatory, Hawaii. The carbon dioxide data on Mauna Loa constitute the
longest record of direct measurements of CO, in the atmosphere. They were started by C. David Keeling of the Scripps Institution of Oceanography in
March of 1958 at a facility of the National Oceanic and Atmospheric Administration [Keeling, 1976]. NOAA started its own CO, measurements in May
of 1974, and they have run in parallel with those made by Scripps since then [Thoning, 1989].
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CO, Concentration in the Antarctic (Déme C)
and Evolution of Temperature up to 800 000

years BC
430
Carbon Dioxide (parts per million) ppm
300- 2025
250- j FN
200~ me WM "\\\A NWWM
800,000 600,000 400,000 200,000

Anurctic Temperature ('C)

/\W\j w/\\ \"ﬂ\,M\ WAKW \\V\N\W

— ..
800,000 600.000 400,000 200,000 0
Date (Years Before Present)

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

1960 - 2024

TPA
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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
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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

1.0 —  NASA Goddard Institute for Space Studies (v4)

— Hadley Center/Climatic Research Unit (v5)
0.8 -  NOAA National Center for Environmental Information (v5)

- Berkeley Earth
0.6 —
0.4 —

’
02 -
y
0.0
-0.2
0.4 ’
Temperature Anomaly (°C)
06 — Common Baseline 1951-1980
T T T T ] | T
1880 1900 1920 1940 1960 1980 2000 2020
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Temperature Evolution by NASA monitoring system
based on US Climate Reference Network
0 reference period: 1981 - 2010

temper ature from satellite UAH
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Climate Change — The Earth temperature

Global mean temperature 1850-2024
Difference from 1850-1900 average

Berkeley Earth (1850-2024.12)

IRA-30 (1947-2024.12

Source: World Meteorological Organization (WMO) 2025
State of Global Climate 128
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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 WMOQO’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

Greenland cumulative melt days
1 January — 18 December
= -

2023
80
— = 1981-2010 Median Interdecile range
70 2023 Melt percentage Interquartile range ‘
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Figure 14. Greenland Ice Sheet melt conditions through 2023: (left) Cumulative melt days for Greenland in 2023. White areas indicate no melting
occurred. (right) Percentage of the ice sheet experiencing melting conditions each day.

Source:lmages and analysis courtesy of Thomas Mote, University of Georgia, and the U.S. National Snow and Ice Data Center..
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What do we mean by
Representative Concentration Pathways (RCP)
and Shared Socio-economic Pathways (SSP)?

TPA 130 TPA Toolbox Energy Book 3 - GHG ‘9@
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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 (ARS).

» 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/m?, RCP 4,5 W/m?, RCP 7,0 W/m?, RCP 8,5 W/m?2)

TPA TPA Toolbox Energy Book 3 - GHG ‘9@
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What is a Shared Socioeconomic Pathway (SSP)?

> SSPs are possible futures that climate researchers in the IPCC
consider in their 6" 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
> Yy refers to the approximate target level of radiative forcing (in

W/m?) resulting from the scenario in the year 2100
Reminder : current level of radiative forcing ~ 2,8 W/m?

TPA Toolbox Energy Book 3 - GHG
TPA A
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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 6"
Assessment Report (ARG6) 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/m?, RCP 4,5 W/m?,
RCP 7,0 W/m?2, RCP 8,5 W/m?)

TPA TPA Toolbox Energy Book 3 - GHG ‘9@
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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)

TPA Toolbox Energy Book 3 - GHG
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The Five SSPs
SSP1
Sustainability SSP2
. Middle of the SSP3
Road Regional SSP4 Fosssils-fgesled
i Rivalry Inequality development
o\

SSP2-4.5
!

4
uonebny -

SSP5-3.4-0S

AN

SSP1-1.9

2100 2050
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)

TPA 136 TPA Toolbox Energy Book 3 - GHG F@
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IPCC Report March 2023
Climate Change 2023
Synthesis Report (WG Il & llI)
Summary for Policymakers

IpCC

menTAL paNEL on ClimaTe change

CLIMATE CHANGE 2023
Synthesis Report
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Global Warming Level and its consequences

the last time global surface temperature was sustalned

B TOE O W at or above 2.5°C waz over 3 milllon years ago
mm@;ﬁ%‘;ﬁwﬂm The world at  The world at ) The world at The world at
0 11 +1.5°C  +2°C { +3°C +4°C
[ ] 1 [ ] 1 [ ] | 1
Global warming level (GVVL) above 1850-1200 aTD
‘J/
r (
a)y Annual hottest-day temperature change Annual hottest day temperature is projected to increase most wrbanization

change (=C) (1.5-2 times the GWIL) in some mid-latitude and semi-arid

further Intenzifes
regions, and in the South American Monsoon region.

heat extremes

b} Annual mean total column soil moisture change Prejections of annual mean soil moisture largely follow

projections in annual mean precipitation but also show
B e — - B some differences due to the influence of evapotranspiration.
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Risks are increasing with every increment of warming

a) High risks are now assessed to ocour at lower global warming lewvels - i
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Global emissions vs Scenarios
Need for rapid, deep, immediate actions

Net zero CO; and net zero GHG emissions can be achieved through strong reductions across all sectors

a) Net global greenhouse
0  gas (GHG) emissions

201 anissons war
hg

5
|

0

) = gt 2810

& Gigatons of CO—equivalent emissions (GtCO0 —=qfyr)

-1
2000 020 2040
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: Contributions (NDCs)
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Source: IPCC Report March 2023
Synthesis Report - WG LIl & lll - Summary for Policymakers
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amissions that load w0 warming of 3.2°C, with
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Key

. Implemented policies
(median, with percentiles 25-75% and 5-95%)

== Limit warming to 2°C {>67%)

. Limit warming fo 1.5°C {(>50%)
with no or limited overshoot

m— Pt emisslons (2000-2015)
T Model range for 2015 emissions

. Past GHG emissions and uncertainty for
£ 2015 and 2019 (dot Indicates the median)
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i b) Net global CO; emissions
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Potential contributions to Emissions reduction
by sector and by costs (1)

options costing 100 USD tCO,-eq ™" or
AP T e lobalpruisions by
Climate responses and == & 2 R : atleast hatt ot the evel by
ada tatﬁ:m opbtions 5= & S - & Mitigation options  potential contribution to
P P o8 SE=E net emission reduction, 2030 & GtCO,-eqhyr
a5 = E
0 1 2 3 4 5
= Solar I
§ Energy reliabili%(le. i Wind L
-~ diversification, access, stability Reduce methane from coal, oil and gas R |
% Resilient power systems Bioelectricity (includes BECCS)
= Improve water use efficiency Geothermal and hydropower |
MNuclear |

Fossil Carbon Capture and Storage (CCS)

Efficient livestock systems

Improved cropland management
Water use efficiency and water
resource management

Biodiversity management and
ecosystem connectivity

Agroforestry

Reduce conversion of natural ecosystems

Carbon sequestration in agriculture

Ecosystem restoration,
afforestation, reforestation

Shift to sustainable healthy diets

o
(=]
o
[
ot
—
<r
=
o
—4
<T
—

Sustainable aquaculture and fisheries Improved sustainable forest management

Forest-based adaptation

Reduce methane and N,O in agriculture ) |
Integrated coastal zone management Reduce food loss and food waste
Coastal defence and hardening aeot

Feasibility level and synergies Confidence level in potential feasibility Net lifetime cost of options:

with mitigation and in synergies with mitigation - Costs are lower than the reference - 50-100 (USD per tC0O,-eq)

Bl High [l Medium Low eee High ** Medium * Low 0-20 (USD per tC0;,-eq) I 100-200 (USD per tCO,-eq)

Insufficient evidence - 20-50 (USD pertCO;-eq) Cost not allocated due to high
variability or lack of data
TPA Source: .IPCC Report March 2023 . 141 TPA Toolbox Energy Book 3 - GHG
Synthesis Report - WG LIl & lll - Summary for Policymakers
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Potential contributions to Emissions reduction
by sector and by costs (2)

options costing 100 USD tCO,-eq ™" or
AP C st sk prisdons by
Climate responses and == 2 2 P . at least half of the evel by
ada tatﬁ:m options 522 55 Mitigation options  Ppotential contribution to
P P B8 a SEE net emission reduction, 2030 & GtCO,-eqhyr
s£5 ASE 1 2 3 4 5

O

Efficient buildings
Fuel efficient vehicles

Electric vehicles

Efficient lighting, appliances
and equipment

Public transport and bicycling
Biofuels for transport

Efficient shipping and aviation
Avoid demand for energy services
Onsite renewables

Sustainable urban water management

Sustainable land use and urban planning

Green infrastructure and
ecosystem services

=E
w5
[
==
=
52
=
=
v

Enhanced health services
(e.g. WASH, nutrition and diets)

HEALTH|

Risk spreading and sharing

Social safety nets

Climate services, including
Early Warning Systems

Disaster risk management

Fuel switching
Reduce emission of fluorinated gas
Energy efficiency

Material efficiency

Reduce methane from
waste/wastewater

Construction materials substitution

Enhanced recycling

Carbon capture with
utilisation (CCU) and CCS

AND ECONOMY

Human migration

SOCIETY, LIVELIHOOD

(N
7
=
=
=)
=
<<
>—
e
=
=)
a
=

Planned relocation and resettlement

Livelihood diversification

| Ifrrnn [

Feasibility level and synergies Confidence level in potential feasibility Net lifetime cost of options:
with mitigation and in synergies with mitigation - Costs are lower than the reference - 50-100 (USD per tC0O,-eq)
Bl High [ Medium Low ees High ** Medium * Low 0-20 (USD per tCO,-eq) Il 100-200 (USD per tCO,-eq)
Insufficient evidence - 20-50 (USD per tCO,-eq) Cost not allocated due to high
variability or lack of data
TPA Source: IPCC Report March 2023 142 TPA Toolbox Energy Book 3 - GHG ‘9@
Synthesis Report - WG LIl & lll - Summary for Policymakers [}
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IPCC Report March 2022
6th Assessment Report
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ipcC

INTERGOVERNMENTAL PANEL oN ClimaTte chante

Climate Change 2022
Impacts, Adaptation and Vulnerability

Summary for Policymakers

Working Group Il contribution to the
Sixth Assessment Report of the @
Intergovernmental Panel on Climate Change WMo UNEP

144
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IPCC Report 2022
Climate Change - Limiting Global Warming

From climate risk to climate resilient development: climate, ecosystems (including biodiversity) and human society as coupled systems

(a) Main interactions and trends

Climate Change

causes
Impacts and Risks

Risks

-

Human Society

Limits to adaptation
Losses and damages

Ecosystems
including biodiversity
Limits to adaptation

: Losses and damages
NS

LOnseryes, restore>
7 f/
Navmon e

ve "hoods Ecosystem S

The risk propeller shows that risk emerges from the overlap of:

.Climate hazard(s) | @ vulnerability

..of human systems, ecosystems and their biodiversity

Source: IPCC Report March 2022 WG I
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Exposure |

From urgent to
timely action

>

Governance
Finance
Knowledge and capacity
Catalysing conditions
Technologies

145

(b) Options to reduce climate risks and establish resilience

Future Climate Change
Limiting Global Warming

Climate Resilient

Development
Human health & well-being
equity, justice
Human Systems Ecosystem health Ecosystems
Transitions Planetary health Transitions

Societal | Energy
Industry | Urban, Rural
& Infrastructure

Land | Freshwater
Coastal | Ocean

Ecosystems and
their biodiversity

Cong store
fCOS erve, re

25>
ys(em deEd app‘aa(.“
; rovision
l'”“/’hoods Ve

e
Ecosystem 5¢7
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IPCC Report 2022
Impacts of Climate Change

(a) Observed impacts of climate change on ecosystems

Morth America

Small Islands

Changes in Species Changes in timing
ecosystem structure range shifts {phenology)
Ecosystems Termrestrial Freshwater Ocean Terrestrial Freshwater  Ocean Terrestrial Freshwater  Ocean
Confidence
in attribution
Global . . . . . to climate change
High or very high
Africa . @ "o vhg
Medium
o o °
, Low
Australasia
Central and Evidence limited,
South America . insufficient
Europe . na Mot applicable

Arctic

Antarctic

Mediterranean region

Tropical forests

=
[=F]
=
[=F]

Mountain regions

=
=8}

=

[51]
=
=8}

Deserts

=
[=1]
=
1]
=
o

na

Biodiversity hotspots

Source: IPCC Report March 2022 WG II 146
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Impacts
to human systems
in panel (b)
— Increasing
na adverse
impacts
na )
+ Increasing
na = adverse ~
and positive
not impacts
assessed
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IPCC Report 2022
Impacts of Climate Change

(b) Observed impacts of climate change on human systems

Impacts on Impacts on Impacts on
water scarcity and food production health and wellbeing cities, settlements and infrastructure
Animal and  Fisheries Inland  Flood/storm Damages
Agriculture!  livestock  yields and Heat, flooding and  induced Damages to key
Human Water crop health and agquaculture Infectious malnutrition  Mental associated damages in to EConomic
systems  scarcity production productivity production diseases  and other health  Displacement damages coastal areasinfrastructure  sectors
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IPCC Report 2022 - Risks & Threats (1)

(a) Global surface temperature change
Increase relative to the period 1850-1900

°C
. Projections for different scenarios
55P1-1.9
1 S$SP1-2.6 (shade representing very likely range)
55P2-4.5
55P3-1.0 (shade representing very likely range)
5SP5-8.5
3
2 L ]
15 :
1 i H :
0
1950 2000 2050 2100 RFCT ~ RFC2

Unique and Extreme
threatened weather
systems  events

Source: IPCC Report March 2022 WG I
SSP: Shared Socio-economic Pathways as per Radiative Forcing 148

(b) Reasons for Concern (RFC)
Impact and risk assessments assuming low to no adaptation

Risk/impact

- Very high

B Hion
Moderate
Undetectable

Transition range

Confidence level

assigned to
transition
. : range .
L] L ] L]
: [ ] L] L] L]
Low ——=Very high
:
Historical average
H H temperature increase
L L

in 20112020 was
1.09°C (dashed line)
range 0.95-1.20°C

~RFC3 RFC4 RFC5

Distribution Global Large scale

of impacts aggregate singular
impacts  events
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IPCC Report 2022 - Risks & Threats (2)

(c} Impacts and risks to terrestrial 5°C (d) Impacts and risks 5°C
. and freshwater ecosystems to ocean ecosystems |. :
£ 4
En - -
- : : ’ :
=3 - -
E H
E i |2
m
a 2
=
=1 : : . |‘ %
£ = . H E |8
= |= I: H : - -
= -4 - -
S
= Biodiversity Structure Tree Wildfire Cartwom Warm water Kelp Seagrass Epipelagic Rocky Salt

0ss change mortality increasa oss corals forests meadows shores marshes
(e} Climate sensitive health outcomes under three adaptation scenarios

Heat-related morbidity Dengue and other diseases carried

F 1 and miortality Ozone-related mortality * Malaria by species of Aedes mosguitoes Scenario narratives
oh Limited adaptation:
= Failure to proactively adapt;
€ 3 - 2 loww imvestment in health
£ I' . systems
E 2 |= Incomplete adaptation:
= I: Incomplete adaptation
&1.5 . - H = planning; moderate
& i i |E H - imvestment in health systems
J!% : H H - . - - 3 o
3 4 1= 4 E H : Iz |# Proactive adaptation:
= - - - - - - - - - Proactive adaptive
8 0 management; higher
(G Limited Incomplete Proactive Limited Incomplete Proactive Limited Incomplete Proactive Limited Incomplete Proactive investment in health systems

adaptation adaptabton adaptation adaptation adaptation adaptation adaptation adaptation adaptation adaptation adaptation adaptation

* Mortality projections include demographic trends but do not indude future efforts to improve air guality that reduce oczone concentrations.

Source: IPCC Report March 2022 WG Il 149 TPA Toolbox Energy Book 3 - GHG



IPCC Report 2022 — Climate Resilient Development

The Challenge

TPA
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There is a rapidly narrowing window of opportunity to enable climate resilient development

(a) Societal choices about adaptation,
mitigation and sustamable development
made In arenas of engagement

{b) Hlustrative development pathways

R
: : : B SDGs
Dimensions that enable actions towards o d
higher climate resilient development

oW
D)
Arenas of engagement: % ,
Community Past conditions
; Socio-cultural (emissions, Present
{ ¥ Political dimate change,  situation
~ | Ecological development)
Knowledge + technology
Economic + financial
p— ),
Dimensions that result in actions towards 2022 2030
lower climate resilient development 1PCC Sustainable
ARG Development Goals

A

’\v"v‘*. lllustrative dimatic or non-cimatic shock, e.g. CONID-19, drought or floods, that disrupts the development pathway

Source: IPCC Report March 2022 WG I 150

(c) Actions and outcomes
. charactertzing development pathways

HIGHER

CLIMATE RESILIENT DEVELOPMENT

LOWER

- o >
&

Narrowing window of
opportunity for higher CRD
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IpCC

INTERGOVERNMENTAL PANEL on ClimaTte chanee

Climate Change 2022
Mitigation of Climate Change

Summary for Policymakers

Working Group lll contribution to the
Sixth Assessment Report of the
Intergovernmental Panel on Climate Change wMO UNEP

151
Source: IPCC Report March 2022 WG IlI °
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Global anthropogenic GHG emissions 1990 - 2019

a. Global net anthropogenic GHG emissions 1990-2019 ©

386Gt 426Gt 536Gt 59Gt
60 +0.7% yr +2.1% yr! . +1.3% yr ! 2%
= 5%
&
b
2
5
=
E
E-T)
L2
w
1990 2000 2010 2019
b. Global anthropogenic GHG emissions and uncertainties by gas — relative to 1990
CO;FFI CO;LULUCF CH, \PL] F-gases
250 500
% 200 400
B / 200
£ 100 .__A,/\«/\/U — 200
£
2 850 100
0 1]
1990 2019 1990 2019 1990 2019 1990 2019 1990 2019

The solid line indicates central estimate of emissions trends. The shaded area indicates the uncertainty range.

TPA Source: IPCC Report March 2022 WG Ili 192
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39x 6.6 G

2019

C0; FA

C0; LULUCF
CHa

N0

F-gases
Total

2019
emissions
(GHCOz-eq)

3843
6.6+4.6
11+3.2
2.7+1.6
1.4+0.41
59+6.6

I Fluorinated

gases (F-gases)

I Nitrous

oxide (N:0)
I Methane (CH.)

" Net CO;from land
use, land use
change, forestry
{CO;LULUCE)

B CO;from fossil
fuel and industry

(CO.FFI)

1990-2019 Emissions

increase in 2019,
(GICOz-eq)  relative
to 1990 (%)
15 167
1.6 133
2.4 129
0.65 133
0.97 354
21 1534
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Global anthropogenic GHG emissions 1990 - 2019

a. Global net anthropogenic GHG emissions by region (1990-2019)

386Gt 42Gt S3GL 598Gt H 1l GHG emissions
) o o B Fossil fuel and industry
International shipping and aviation (CO:FFI)
Australia, Japan and Mew Zealand #
Middle East Met CO: from land
Eastern Europe and West-Central Asia use land use
Europe change, forestry
Southem Asia (CO:LULUCF)
Africa

Other GHG emissions
South-East Asia and Pacific

Latin America and Caribbean

GHG emissions (GtCOy-eqyr)

Morth America

Eastern Asia

1990 2000 2010 2019
b. Historical cumulative net anthropogenic CO; emissions c. Net anthropogenic GHG emissions per capita
per region (1850—2019) and for total population, per region (2019)

Morth America
Morth America | 23%
Australia, Japan and New Zealand
Europe .|
- 15% 20 Eastern Europe and West-Central Asia
East Asi .|
astem Asta e = Middle East
i i i =
Latin America and Caribbeamn | | 11% = 15 Eastern Asla
- i =

Eastern Europe and West-Central Asia | 1020 = Latin America and Carbbean

South-East Asia and Pacific || 895 é Europe

Africa - % _E” 10 South-East Asia and Pacific

Australia, Japan and New Zealand N 4% E Africa

Southern Asia - A E c SGI_.JthEI’I‘I

Middle East L = Asia

International shipping and aviation o - -

0 e
a] 200 400 &00 o 2000 4000 6000 2000
CO: emissions (GHCO:) Population (millions)
153 1A 100100X £nergy book 3 - GHG
Source: IPCC Report March 2022 WG llI
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Costs reductions & Contributions increase
of Renewable Energy 2000 - 2020

Cost ($2020/MWh)

Adoption (GW)

00

450

300

150

0

800

&00

400

200

0

Photovoltaics (PV) Onshore wind

600

450

300

150 \N—h‘ﬁ;__h‘-h\
0

2000 2010 2020 2000 2010 2020

ao0n
600
400

200

2000 2010 2020 2000 2010 2020

Share of electricity
produced in 2020: 6%

Share of electricity

produced in 2020: 3%

— Market cost
Adoption (note different scales)

Source: IPCC Report March 2022 WG llI

Concentrating

Offshore wind solar power (C5P)

600 600

450 450

300 300

150 _Aj\f’*"\ 150 |
(1] 0 |

2000 2010 2020 2000 2000 2020

40 40

30 30

20 20

10 10

0 0

2000 2010 2020 2000 2010 2020
Share of electricity Share of electricity
produced in 2020: <1% produced in 2020: <1%

ARS (2010)

Fossil fuel cost (2020)

154

Li-on battery packs ($2020/kWh})

Adoption (millions of EVs)

Batteries for passenger
electric vehicles (EVs)
1600
1200

800

400

2000 2000 2020

0
2000 2010 2020

thare of passenger

vehicle fleet in 2020: 1%

TPA Toolbox Energy Book 3 - GHG



IPCC various Scenarios 2010 - 2050

a. Global GHG emissions b. 2030 c. 2050 d. 2100
B0
Policy =
assessments
70 for 2030
&0
T L | I
= 50 T B
S
S
= 40 B
=]
8
= 30 B
i
x=
I
20 I B
10 =
0 ; 0 | —
10 | T
200 2015 2020 2025 2030 2035 2040 2045 2050
Modelled pathways: Policy assessments for 2030: Percentile:
== Trend from implemented policies Policies implemented by the end of 2020 g5t
E=—— Limit warming to 2°C (>67%) or return warming to === NDCs prior to COP26, 75"
1.57°C (=50%) after a high overshoot, NDCs until 2030 uncunditivnal elements ;?Ian
Limit warming to 2°C (=67%) MDCs prior to COP26, 5th
Limit warming to 1.5°C (=50%) with no or limited overshoot including conditional elements

pomeel Past GHG emissions and uncertainty for 2015 and 2019
(dot indicates the median)
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TPA Source: IPCC Report March 2022 WG Il c
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Potential contributions to Emissions reduction
by sector and by costs (1)

Energy

AFOLU

Buildings

Mitigation options

Wind energy

Solar energy

Bioelectricity

Hydropower

Geothermal energy

Nuclear energy

Carbon capture and storage (CCS)
Bioelectricity with CCS

Reduce CHs emission from coal mining
Reduce CH: emission from oil and gas

Carbon sequestration in agriculture

Reduce CH. and MN:0 emission in agriculture
Reduced conversion of forests and other ecosystems
Ecosystem restoration, afforestation, reforestation
Improved sustainable forest management

Reduce food loss and food waste

Shift to balanced, sustainable healthy diets

Avoid demand for energy services

Efficient lighting, appliances and equipment
New buildings with high energy performance
Onsite renewable production and use
Improvement of existing building stock
Enhanced use of wood products

Potential contribution to net emission reduction (2030) GtCO;-eq yr'

0 2 4
=
=
=
—
s
T
.
;.

—_—

——

—_

156

Source: IPCC Report March 2022 WG llI

MNet lifetime cost of options:

a

TPA Toolbox Energy Book 3 - GHG

Costs are lovwer than the reference
0—20 (USD tCO:-eq")

20—50 (USD tCOz-eq')

50—100 (USD tCOz-eq™)

100—200 (USD tCOs-eq')

Cost not allocated due to high
wvariability or lack of data

Uncertainty range applies to
the total potential contribution
to emission reduction. The
individual cost ranges are also
associated with uncertainty

O
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Potential contributions to Emissions reduction
by sector and by costs (2)

Potential contribution to net emission reduction (2030) GtCO;-eq yr”
0 2 4 6

Mitigation options

Fuel efficient light duty vehicles
Electric light duty vehicles e
Shift to public transportation

£ | Shift to bikes and e-bikes

E Fuel efficient heavy duty vehicles

¥= | Electric heavy duty vehicles, incl. buses =
Shipping — efficiency and optimization
Aviation — energy efficiency

. Biofuels Net lifetime cost of options:
P Costs are lower than the reference
Energy efficiency 0—20 (USD tCO;-eq")
Material efficiency - 20-50 (USD tCO,-eq)

_. Enhanc?d rl_ecycling ‘ I 50-100 (USD tCOs-eq")

g Fuel switching (electr, nat. gas, bio-energy, Hz) I 100200 (USD tCO;-eq")

2 Feedstock decarbonisation, process change Cost not allocated due to high
Carbon capture with utilisation (CCU) and CCS variability or lack of data
Cementitious material substitution _ _

. Reduction of non-CO; emissions Uncertainty range apph{_es to
the total potential contribution
" Reduce emission of fluorinated gas FO cmission reduction. The

o . . individual cost ranges are also

= Reduce CH; emissions from solid waste . X .

S associated with uncertainty

_ Reduce CH. emissions from wastewater

GtCOz-eq yr

157 TPA Toolbox Energy Book 3 - GHG
TPA Source: IPCC Report March 2022 WG Ill
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Mitigation of Climate Change

: Behaviour

B Transport

No packing
Telecommuting
One less long-haul flight

Live car-free

Walking and cycling
Vegetarian diet
Vegan diet

Public transit

Heat pump

Refurbishment and
renovation

Renewable electricity

Battery electric vehicle

TPA

Sharing Experience

Source: IPCC Report March 2022 WG llI

Building Food

Avoid

Low-carbon lifestyle
transition can be
classified into :

- Avoid

- Shift

- Improve
options; individual
potential to reduce
emissions is highest
in mobility systems

Shift

Source:
IPCC AR6 WGIII -Technical Summary April 2022

Tonnes COe cap™
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IPCC Report August 2021 — ARG
(Available for COP 26 Meeting)
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IPCC Report August 2021
Confirmation of a forthcoming climate disaster

Global surface temperature increase since 1850-1200 (°C) as a function of cumulative CO. emissions (GtCO,)

"C
3
SSP5-85
_ The near linear relationship = _ T
25 between the cumulative S5FS ?"D_.-" -
CO; emissions and global CSP2-4.5
warming for frve illustrative
2 scenanos unitil year 2050
55P1-1.9
15
1
Histoncal global
Warming
o5
Cumulative CO; emissions since 1850
o
2000 F000 Q000 4500 GO0
0.5 Future cumulative
. o —— SSP1-1.9 CO: emissions differ
[ | —— 55P1-2.6 across scenarios, and
[ | —— SSPZ-4. 5 determine howe much
1 3 5 SSP3-70 warming we will
: - ———— SSP5-85  experience
=B = E =3
= & = =
HISTOHRBCAL PROJECTH NS

Cumulative OO, emissions between 1850 and 2019 Cumulative CO. emiassions between 2020 and 2050

160 TPA Toolbox Energy Book 3 - GHG o
TPA Source: IPCC Report August 2021 ;
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IPCC Report August 2021
Confirmation of a forthcoming climate disaster

Human influence has warmed the climate at a rate that is unprecedented
in at least the last 2000 years

Changes in global surface temperature relative to 1850-1900

a) Change in global surface temperature (decadal average) b) Change in global surface temperature (annual average) as observed and
as reconstructed (1-2000) and observed (1850-2020) simulated using human & natural and only natural factors (both 1850-2020)
°C °C
2.0 20

Warming is unprecedented
in more than 2000 years

1.5 1.5
Warmest multi-century observed
period in more than simulated
L 1.0 1.0 100,000 years | 1.0 human &
observed }I natural
0.5 ! 0.5

L 0. i‘i
2 0.0 WMWWNM“MUWWWA%N‘WJ %%

reconstructed

siml.|le'|red I
natural only
/\lu(/_’\“ﬂ" solar&

volcanic)

-0.5 0.5
-1 1 | !
1 500 1000 1500 1850 2020 1850 1900 1950 2000 2020
161 TPA Toolbox Energy Book 3 - GHG
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Confirmation of a forthcoming climate disaster

IPCC Report August 2021

Observed warming

a) Observed warming
2010-2019 relative to
1850-1900
°C
20

1.5

a0

-1.0

Contributions to warming based on two complementary approaches

b) Aggregated contributions to c} Contributions to 2010-2019
2010-2019 warming relative to warming relative to 1850-1900,
1850-1900, assessed from assessed from radiative
attribution studies °C forcng studies “C
20 20
1.5 1.5
1.0 1.0
0.5 i 0.5
o sl ol ﬁ _ e o
I ] I I I
-0.5 ‘ -0.5
+——-10 . . -1.0
g £ 2 ¢ 3 £ § 2 £ Z i £ 8 %I B iF Z
& = ) ul = = = = ral = 2
= 3 & 2 3 € § 2 € @ 282 Z 5 2 -~ 32 g
E & £ 2 ¢ 2 3 g 5 85 & o 2 § €8 3
= = 5 L s 2 g B o 22 g g ¥ 3 T o
5 z 5 = g = & = 2% & 2 g 53 S
s § Z g = = T = §F 22 7 8 - 5
$ S 3 = 2 3 E =
= g @ g 53 3
8 = 8
o v =
E =
Mainly contribute to Mainly contribute to
changes in changes in
non-CO: greenhouse gases  anthropogenic aerosols
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IPCC Report August 2021
Confirmation of a forthcoming climate disaster

a) Global surface temperature change relative to 1850-19200

=
5 S5P5-8.5
4 S5P3-7.0
b=
= S5PF1-2.4
* M SEEl-1E
L]

-1
1950 2000 2015 2050 270

b) September Arctic sea ice area
10 km
10

2
-— — — — — Practically ice-free
O
150 2000 2015 2050 21040
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IPCC Report August 2021

Confirmation of a forthcoming climate disaster

c) Global ocean surface pH {(a measure of acidity)
a2

81 ————
8.0

7 oCEan
78 acidification

s
-
1950 2000 2015 2050 2100

d) Global mean sea level change relative to 1900

m
2
1.5 = - - = .
Low-likelihood, high-impact storyline,
including ice sheet instabiliy "
1 processes, under SsP5S-8. 59— -7 =
- S5P5-8.5
. S5P3-F.0
55P1-2.4%
05 SoSP1I-1F
o _ —
1950 2000y 2020 2050 21100
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IPCC Report August 2021
Confirmation of a forthcoming climate disaster

- Sea level nse greater than
e) Global mean sea e pe Tuled out
level change in 2300 = -
relative to 1700 §
2T
am
% 2
£
Lrre m
2
23

TPA Toolbox Energy Book 3 - GHG
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IPCC Report 2019
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Climate Change:

the Earth’s temperature — Decades 2006 - 2015

Regional warming in the decade 2006-2015 relative to preindustrial

Annual average warming

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

TPA

Sharing Experience

| £
1.5
— Observed monthly global ___ CMIP5 model average

mean surface temperature Surface Air Temperature

Human-induced CMIP5 model average

temperature change blended & masked
10~ Total externally-forced — IPCC-ARS near-term

- temperature change projection

Holocene temperalure
range

0.5 -
b

' a il

' | ’I
S--wrmum ' T e |

0.0 R e v a9

Temperature change relative to 1850-1900 (°C)

I

o

3y
1

| 1 I | | 1 | I
1860 1880 1900 1920 1940 1960 1980 2000 2020

Year
Source: IPCC Report 2019
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Climate Change: the Earth’s evolving temperature. The Trend
vs Objective......
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Human-induced warming reached approximately 1°C above
pre-industrial levels in 2017

2.00

175 Current

warming rate \

1.25 2017

1.00 | Human-induced

warmin
9 Climate uncertainty

for 1.5°C pathway

0.75

relative to 1850-1900 (*C)

Global temperature change

0.50

0.25

0.00

1960 1980 2000 2020 2040 2060 2080 2100
Source: IPCC Report 2019
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IPCC Report October 2018
(Available for COP 24 Meeting)
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IDCC

NTERGOVERNMENTAL PANEL on ClimaTe chanee

Global Warming of 1.5°C

An IPCC Special Report on the impa¢ jlobal warming of 1,5°C
above pre-indust s and related c greenhouse gas emission pathways,
¢ sponse 1o the threat of climate change,

-

171 TPA Toolbox Energy Book 3 - GHG o
TPA Source: IPCC Report October 2018 ;
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IPCC Report 2018

Cumulative emissions of CO2 and future non-CO:z radiative forcing determine
the probability of limiting warming to 1.5°C

a) Observed global temperature change and modeled
responses to stylized anthropogenic emission and forcing pathways

Global warming relative to 1850-1900 (*C)

15 4 -
Observed monthly global
i mean surface temperature
Estimated anthropogenic
104 warmingtodateand 1
likely range 5
Likely range of modeled responses to stylized pathways I
Global COz emissions reach net zeroin 2055 while net
non-C0: radiative forcing is reduced after 2030 (greyin b, c & d)
o » []Faster COz reductions (bluein b &) result in a higher
probability of limiting warmingto 1.5°C
* [INo reduction of net non-CO:z radiative forcing (purple in d)
results in a lower probability of limiting warming to 1L.5°C
1960 1580 2000 2020 2040 1060 2060 2100
172 TPA Toolbox Energy Book 3 - GHG
TPA Source: IPCC Report October 2018
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IPCC Report 2018

b) Stylized net global COz emission pathways €| Cumulative net CO: emissions

Billion tonnes CO2 per year (GECO2/yr] Billion tonnes COz (GHC0) Watts per square metre (W/m?]
CO:z emissions 3000 4 34
h decline from 2020 I
" I toreachnetzeroin -7 Non-C0: radiative forcing
¥ 2055 0 2040 i reduced after 2030 or
__ 2001 ) 47 not reduced after 2030
- Cumulative COz
o emissions in pathways )
- 1000 - reaching net zero in 1
10+ A 2055 and 2040 --_T
T ! i : i N ! T T 1 T 1 T 1
1480 2020 2060 2100 1480 2030 2060 2100 1480 lir 2060 2100
Faster immediate CO2 emission reductions Maximum temperature rise is determined by cumulative net CO2 emissions and net non-C0:
limit cumulative CO2 emissions shownin radiative forcing due to methane, nitrousoxide, aerosols and other anthropogenic forcing agents.
panel (c).

173
Source: IPCC Report October 2018 !

d) Non-CO: radiative forcing pathways
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IPCC Report 2018 — Risks & Threats (1)

How the level of global warming affects impacts and/or risks associated with
the Reasons for Concern (RFCs) and selected natural, managed and human
systems

Five Reasons For Concern (RFCs) illustrate the impacts and risks of
different levels of glnh:c]l warming for people, economies and ecosystems purple indicates very high
across sectors and regions. risks of severe impacts/risks

and the presence of
significant irreversibility or

Impacts and risks associated with the Reasons for Concern (RFCs) the persistence of
- climate-related hazards,
i . combined with limited
= I . y Very high ability to adapt due to the
2% nature of the hazard ar
b2 ) ‘H o A ! ; M High impacts/risks.
F: L5 |H |MI . :‘ i im | Red indicates severe and
L b ] Lo e widespread impacts/risks.
3'g Lo L L | ([ |M-20062015  [NER—— Modenate Yellow indicates that
3 g | | s impacts/risks are detectable
5 s % a S and attributable to climate
5 O change with at least medium
RFC1 RFC2 RFC3 RFC4 RFCS Level of additional confidence.
Unigque and Extreme  Distribution Global Large scale {;‘mt;{f:;fg White indicates that no
threatened weather ofimpacts ~ aggregate singular - impacts are detectable and
systems events impacts events attributable to climate

change.

174 TPA Toolbox Energy Book 3 - GHG o
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IPCC Report 2018 — Risks & Threats (2)

Impacts and risks for selected natural, managed and human systems

|J-ll H . M
" i i M

1]

| M i :

H i i
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i 1

| P
| ’ 2006-2015

P ‘

i
=

I
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L

=
=]

T ey e

W

I
= e

e 10 Pre a3

|

|+ I#

3

| 2

Global mean surface tem parature thange
elative topre-industr ial kevels [°C)

]
Warm-water Mangroves Smallscale Arctic Terrestrial Coastal Fluwvial Crop Tourism  Heat-related
corals low-latitude  region ecosystems  flooding flooding yields morbidi

fisheries and mortality

Confidence level fortransition: L= Low, M=Medium, H=High and WH=Very high

Figure SPM.2 | Five integrative reasons for concemn (RFCs) provide a framework for summarizing key impacts and risks across sectors and regions, and were
introduced in the IPCC Third Assessment Report. RFCs illustrate the implications of global warming for people, economies and ecosystems. Impacts and/for risks
for each RFC are based on assessment of the new literature that has appeared. As in ARS, this literature was used to make expert judgments to assess the levels
of global warming at wiich levels of impact and/for risk are undetectable, moderate, high or very high. The selection of impacts and risks to natural, managed and
human systems in the lower panel is illustrative and is not intended to be fully comprehensive. {3.4, 3.5, 35.2.1,3522,35.23,3524 35325 541,553,
L.6.1, Box 3.4}

RFC1 Unique and threatened systems: ecological and human systems that have restricted geographic ranges constrained by dimate-related conditions and
hawve high endemism or other distinctive properties. Examples include coral reefs, the Anctic and its indigenous people, mountain glaciers and bicdiversity hotspots.
RFC2 Extreme weather events: risksfimpacts to human health, livelihoods, assets and ecosystems from extreme weather events such as heat waves, heavy rain,
drought and associated wildfires, and coastal flooding.

RFC3 Distribution of impacts: risks/impacts that disproportionately affect partioular groups due to uneven distribution of physical climate change hazards,
exposure or vulnerability.

RFC4 Global aggregate impacts: global monetary damage, global-scale degradation and loss of ecosystemns and biodiversity.

RFCS Large-scale singular events: are relatively large, abrupt and sometimes irreversible changes in systems that are caused by global warming. Examples
include disintegration of the Greenland and Antarctic ice sheets.
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IPCC Report 2018
Various Scenarios for Total Net Emissions

Non-CO, emissions relative to 2010
Global total net CO2 emissions Emissions of non-CO:z forcers are also reduced
or limited in pathways limiting global warming
to 1.5°C with no or limited overshoot, but
they do not reach zero globally.

Billion tonnes of CO,/yr

50

Methane emissions

40 In pathways limiting global warming to 1.5°C 1
‘ with no or limited overshoot as well as in
pathways with a higher overshoot, CO2 emissions
30 N\ are reduced to net zero globally around 2050.

2020 2040 2060 2080 2100

20
Black carbon emissions

Four illustrative model pathways

—
o — 0 - _ ,
S — = = ™ 2020 2040 2060 2080 2100
= = P2
o Nitrous oxide emissions
> — = P3
1
20
Pa
0
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2020 2040 2060 2080 2100
Timing of net zero CO: e Pathways limiting global warming to 1.5°C with no or limited overshoot
Line widths depict the 5-95th e—— Pathways with higher overshoot
percentile and the 25-75th b Pathways imiting global warming below 2°C
percentile of scenarios {Not shown above)
176 TPA Toolbox Energy Book 3 - GHG
TP Source: IPCC Report October 2018
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IPCC Report 2018
Various Scenarios for Total Net Emissions

Breakdown of contributions to global net COz emissions in four illustrative model pathways
Fossil fuel and industry AFOLL BECCS

Billion tonmes 0, per year (G000 fyr) Billion tonmes (0, per year (GEHO0: fyr) Billion tonnes C0, per year (GECD:fyr) Billion tonnes (0 per year (GHCsfyr)

40 P1 40 P? 40 P3 A0 P4
20 20 0 0
] ] ] 1]
——— p— \\‘_
0 0 M0 bl \
200 2060 1100 2020 J060 2100 220 20060 2100 HH) 2060 2100

P1. Ascenario inwhich social,
business and technological innovations
result in lower energy demand up o
2050 while living standards rise,
especially in the global South, A
downsized energy system mables
rapid decarbonization of energy supply.
Alforestation is the only COR option
considered; neither fossil fuels with CCS
nor BECCS are used.

P2: A scenario with a broad focus on
sustainability inchuding energy
intensity, human development,
BCONOMEC Convergence and
international osoperation, a5 well as
shifts towards sustainatde amd healtly
consumiption patterns, low-carbon
technology innowstion, and
wiell-manaped land systems with
limited societal acceptability for BECCS.

P3: Amiddle-of the-road scenario in
which societal as well as technolopical
development follows historical
patterns. Emissions reductions ans
minly achieved by changing the way in
which energy and products are
produced, and to a lesser depree by
recluctione: in demand,

P4; Aresource- and energy-intensive
scemaric in which cconomic growth and
globalization lead o widespread
adoption of preenhouse-gas-intensive
lifestyle=, including high demand for
irarsportation fuels and livestock
products. Emissions reductions are
rmainky achieved through technological
ieans, making strong wse of COR
through the deployment of BECCS.

Nota: CDR: Carbon Dioxyde Removal, BECCS: Bioenergy with Carbon Capture and Storage

TPA Source: IPCC Report October 2018 b O
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The Feedbacks effects
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CO2 emissions, Temperature increase & Feedbacks effects

Sharing Experience

» 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.

179 TPA Toolbox Energy Book 3 - GHG
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Climate issues - the feedback effects

CO, content in the af

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

TPA 180 TPA Toolbox Energy Book 3 - GHG ‘9@
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Climate issues - the feedback effects

Feedbacks effects

Melting away of sea ice

and snow covering land

Lower albedo = less
reflection of sun energy

Water evaporation
effect on clouds formation

Melting of permafrost

in artic and Siberian region
releases of organic carbon

Artic declining sea ice

causing the artic to warm

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

T P A = Reflected Energy/Incident Energy TPA Toolbox Energy Book 3 - GHG ‘9@

b
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Climate issues - the feedback effects — Myhre formula

A minor variation of CO, 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
ARF (Wm-2) = 5,35 Ln C(t)/C(t,) with C(t) = CO, concentration, Ln = Natural logarithm.

Energy emitted per surface unit depends only upon temperature: RF = 0T4, o: Stefan-Boltzmann constant.

‘ AT = Y. *T/IRF*ARF = ",*(273°C-18°C)/235 Wm2*RF = 0,27*ARF (Earth/Atmosphere thermodynamical balance
is effective with Energy input/output # 235 W/m-2 and Temperature # -18°C)

‘ AT (°C)= 1,44 Ln C(t)/C(t,) with C(t) = CO, concentration, Ln = Natural logarithm.

This experimental formula gives the temperature increase according to the CO, concentration in atmosphere
(Reference : beginning of industrial age - C(t;) =280 ppm)

For C(t) = 425 ppm,

ARF # 2,3 Wm

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

TPA 182 TPA Toolbox Energy Book 3 - GHG ‘9@
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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.

TPA 183 TPA Toolbox Energy Book 3 - GHG {9@
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World Meteorological Organization (WMO)
2026 Report
State of the Global Climate 2025

TPA
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CO, concentration, Ocean Heat Content & Mean Ocean
PH evolution - WMO 2026

CO2 Concentration (ppm)

400

ppim

1990 2000 2010 2020

Figure 1. Annual mean globally averaged atmospheric mole fraction of carbon dioxide from 1984
to 2024 in parts per million {(ppm) _

Source: Data are from the World Data Centre for Greenhouse Gases (WDCGG). See Datasets and
methods.

Global Ocean Heat content (ZJ)

1960 1970 1980 1990 2000 2010 2020
—  Cheng et al (1960-2025) Copernicus [(2005—202%)
wvon Schuckman et al (1960—2025) —— Miniere et al. 2023 (1960—2025)

Figure 3. Annual global ocean heat content down to 2 000 m depth for the period 192602025,
in zettajoules (Z1). One zetajoule is 107 joules. The shaded area indicates the 2-sigma
uncertainty range on each estimate. For details see Datasets and methods.

Global Mean surface ocean PH

1990

2010 2020

Figure 5. Annual global mean surface ocean pH 1985 to 2025. The dark line is the central estimate,

and the shaded area is the uncertainty range.

Souwrce: Data from Copernicus Marine Environment Monitoring Service (CMEMS). For details see

Datasets and methods,

Source: World Meteorological Organization (WMO)
TpA State of Global Climate 2026
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Climate Change — The Earth temperature - WMO 2026

TPA
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Key messages

The annually averaged global mean The year 2025 was the second or third warmest year in the For global mean temperature, the past eleven
near-surface temperature in 2025 was 176-year observational record, depending on which of nine years, 20152025, were the eleven warmest
1.43 *C *+ 013 ° C above the 18501900 average datasets is used. The year 2024 remains the warmest year in all years on record.

used to represent pre-industrial conditions. the datasets, at 1.55 °C *+ 013 °C above the 1850-1900 average.

State of the indicator

Based on a synthesis of nine global temperature datasets (see Datasets and methods),
the annually averaged global mean near-surface temperature in 2025 was 143 *C = 013 °C 15
(90% uncertainty range) above the 1850-1900 average. Depending on the dataset

used, 2025 was the second (two datasets) or third (seven datasets) warmest in the

176-year observational record (Figure 2). The warmest year was 2024 with an anomaly of 10
1.55 °C £ 013 °C. The past eleven years, 2015-2025, were the eleven warmest years on
record and the past three years 2023-2025, the three warmest in all nine datasets.

The annual global mean temperature of 2025 was lower than the record high of 202s, 0.5
consistent with the shift from a strong EL Nifio at the start of 2024 to weak La Nifia
conditions at the start and end of 2025. Despite this, 2025 continued a run of
exceptionally high global temperatures and January 2025 was the warmest January
on record.

In 2025, the global mean land temperature was the second or third highest on e
record at 0.80 °C above the 1991-2020 average. The global mean sea-surface

1880 1900 1820 1940 1960 1980 2000 2020

temperature (S5T) — the temperature in the upper few metres of the ocean — was _ Eﬁ:ﬂi;g:?;:i:;gﬁ“’zm} - iISdTEF]::JF'TE?;DE';DEE?EJ

. . . o — B
the t.hllrd highest on record at 0.39 °C above the 1991—2l}:‘2{i average. Despite La I'.-Ima CMST (1850-2025) — JRA-3Q [1947-2025)
conditions, around 90% of the ocean surface area experienced at least one marine = DCENT-I {1850-2025) — NOAAGIobalTemp w6 (1850-2025)
heatwave during 2025 and only 18% experienced a marine cold wave. Ocean heat = ERAS (1940-2035)
content, referr ng to the upper_? 000 mEtr:EE of the ocean, was the hlghESt on rec?rd Figure 2. Annual global mean temperature anomalies relative to a pre-industrial (1850-1900)
(see Ocean heat content). 55T is more variable than ocean heat content because it baseline shown from 1850 to 2035

represents the temperature of a much thinner layer (a few metres for 55T as compared

. . Source: Data are from the datasets indicated in the legend. For details see Datasets and methods.
fo 2000 m for ocean heat content) which can thus change temperature more quickly.

Source: World Meteorological Organization (WMO)
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Climate Change - Global Sea Level Rise - WMO 2026

Key messages

In 2025, global mean sea level was comparable The year-to-year increase from 2024 to 2025 was The rate of global mean sea-level rise since 2012 is
to the record-high levels observed in 2024 in smaller than 2023 to 2024, consistent with short-term higher than the rate of global mean sea-level rise in
the satellite altimetry record. variability associated with La Nifia conditions. the earlier part of the satellite record, 1993-2011.

State of the indicator

Satellite altimetry records showed a rapid increase in global mean sea level
of about 5 mm over 2023 and 2024 (Figure &) associated with a strong EL Nifio

that ended in early 2025.% In 2025, global mean sea level continued at levels ;E

comparable to 2024, reflecting the transition from EL Nifio to weak La Nifia oo

conditions (see Climate driver: El Nifio-Southern Oscillation). The year-to-year .;n

increase from 2024 to 2025 was therefore smaller than from 2023 to 2024. &0

At the end of 2025, the global mean sea level was around 11 cm higher than it 50

was in January 1993, the start of the satellite record. The mean rate of sea-level s 40

rise has increased with time. From 1993 to 2011, sea level rose at an average £ 30

rate of 2.65 + 0.3 mm per year. During the period 2012 to 2025, the rate was 20

475 + 0.3 mm year™ 10

Sea level has risen since 1993 in all oceanic regions, except for an area of the 13

Southern Ocean in the Pacific sector. Some areas have risen faster than the global o

mean, including the tropical and south-western Pacific, as well as north of 30°N -30

in the Pacific. Areas where sea-level rise was slower than the global mean include : - - - - :
the eastern Pacific, south Indian Ocean and north Atlantic south of Greenland. 1935 2000 2005 2010 2015 2020 2025

The rate of sea-level rise over the past 33 years in the Indian Ocean, north of 30°5,

. . . . . Figure &. Global mean sea level change (change from January 1993 in mm) shown for 1993-2025.
and Iin the tropical and eastern Atlantic Ocean, has been similar to the global mean. Eu e = o )

The seasonal cycle has been removed from the data. The shaded area indicates the uncertainty.

Source: Data from Aviso, Centre national d'&tudes spatiales (CNES). For details see Datasets and
methods.

Source: World Meteorological Organization (WMO)
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Climate Changr — The Earth Energy Imbalance - WMO 2026

TPA
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Key messages

The Earth's energy imbalance is a key climate The Earth’s energy imbalance combines information Since 1960, the Earth's energy imbalance
indicator that measures how fast the heat trapped about changes in all parts of the climate system in has been increasing, particularly in the past
by anthropogenic emissions of greenhouse gases is a comprehensive and holistic way, allowing a better 20 years compared to the previous 66 years.
accumulating in the climate system. The heat warms quantification and prediction of changes in the

the ocean, continents and atmosphere, and melis ice. climate system.

Indicator background

The Earth's energy imbalance (EEI) is the difference between the amount of energy the
Earth receives from the Sun (incoming solar radiation minus reflected solar radiation)
and the amount of energy the Earth radiates back into space (outgoing long-wave
radiation) (Figure 8). If the amount of incoming radiation exceeds the amount of
outgoing radiation (for example, due to the greenhouse effect), the EEI is "positive®,
meaning the Earth is gaining energy, mostly in the form of heat. If more energy escapes
the Earth than is received (for example, after large volcanic eruptions), the EEl is
"negative’, meaning the Earth is losing energy and cooling.

Due to increasing concentrations of greenhouse gases, the EEl has become increasingly
positive over time, and the accumulation of surplus energy has led to warming of the
climate Approximately 91% of the surplus energy has been absorbed by the ocean,
5% by the continents, 3% by the cryosphere and 1% by the atmosphere.

The EElI measures the rate of the heat accumulation and thus allows us to monitor
the rate of global warming> == It provides a comprehensive picture of warming-=
combining changes in all components of the climate system. It is therefore a crucial
metric for assessing the state of the global climate system as well as testing our
understanding and monitoring of it

The EEl can be measured in two ways:

1. The Earth heat inventory (1960-present). This method combines separate estimates
of heat stored in the ocean, land and atmosphere, as well as the energy needed
to melt ice. This hybrid approach integrates the Global Climate Observing System
(satellite and in situ) data, reanalyses and climate models=

Source: World Meteorological Organization (WMO)
State of Global Climate 2026

188

Stable climate: in balance Today: imbalanced

Less putgning

Outgoing energy due 1o
ENETEY R ﬁ " ¥l greenhouse gases
X

N

| Y I 4 A
("‘" _.+ AL Atmosphere

& ~a &)
v 3 o] VO oo

Figure 8. Schematic representation of the Earth's energy balance at the top of the atmosphere
under a stable climate {left) where incoming solar radiation remains in quasi-equilibrium with
the amount of outgoing energy, and under imbalanced conditions (right) where the amount of
outgoing energy is reduced by increased concentrations of greenhouse gases, resulting today
in an Earth climate that is out of energy balance. Consequently, heat is accumulating in the
Earth's climate, of which about 31% is stored in the ocean, and the rest is going to warm the
atmosphere and continents and to melt the ice.

Source: FAQ 7.1, IPCC, 203714
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Climate Changr — The Earth Energy Imbalance - WMO 2026
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Figure 9a. Earth’s energy imbalance time
series estimated from ocean heat content
(OHC) (purple and green), with values from
remote-sensing at the top of the atmosphere
(ToOA, Loeb et al., 2021) anchored to the

data from Miniére et al. (2023). & positive

EEl indicates that the total amount of heat
stored on Earth is increasing.

— OHC, won Schuckmanmn et al. (2023)
—— OHC, Miniére et al. (2023)
— TOA, Loeb et al (2021}

Figure 2b. Rate of change of the ocean-based
estimates of EEl over various periods. Also
shown is the rate of change of the EEI from
remote-sensing at the top of the atmosphere
(ToA) for the period 20001-2025. Ocean-based
estimates are updated from von Schuckmann
et al. (2023), and from Miniére et al. {2023).

A positive rate of change indicates that the
total amount of heat stored on Earth is not
Just increasing but accelerating.

— OHC, von Schuckmann et al. (2023)
—— OHC, Miniére et al. (2023)
—— TOA, Loeb et al. (z021)
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Emissions amounting to # 35 Gt CO, 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

La déforestation de ’Amazonie s’accélére de nouveau

Perte de couvert forestier, en milliers de km2, par an

30 s ' 13 000 km2 = 1,3 Mha in 2021
180000 km2 over 20 years = 15% of

| forest coverage!

Some progress in 2025:

| 1,0 Mha deforested (-21% vs 2024)

[

En 2021,

———— depuis 2008

. Lot 13 000 Kme, :
15 ‘ 3 000 Km* 2
=

o 1 ™™ s -
| ¢

(44

; <
o

E

e o _ - T
2002 03 04 05 06 07 08 09 10 M 12 13 14 15 16 17 1B 19 20 2021 §

¢ Lula > < Rousseff ——— < Temer— ¢ Bolsonaro§

TPA Source: Courrier International 29 september 2022
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Forest — Related Climate Mitigation Options
# 15 GtCO,eql/year Potential Savings by 2050

16

B R R R R R
O R N W ~ U

O R N W H U1 ON OO O

(GtCO2eq)

012 Grasslands —
1,91 Peatland Restoration

Avoided

Halting Deforestation missions

& Degradation

4,07

Forest Ecosystem —
Restoration

Natural Forest Expansion L Sequestred
Carbon

Responsible Forest Use

Source: Global Forest Goals/United Nations 194
Forum on Forests — March 2019
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10 first countries by CO, Energy Emissions - Year 2025

(GtCO,)
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Among the 10 first countries by CO,Energy /capita emissions
Year 2025

tCO,/capita
50
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TPA Source: Data from EIl Stat. Review 2026 196 TPA Toolbox Energy Book 3 - GHG
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CO, Energy Emissions — Year 2025
Ranking is different for tCO, & tCO, per capita

(tCO,/capita)
20
19 audi Arabia
19 @S
17
1 Us
14
14 Canada .
ﬁ 0 Russia
1g South Korea China
Japan
g Irarl? ‘
6 Germany
5 Turkey
France Mexico
g Indonesmc India
(1) Brazil (GtCO,)
0 1 2 3 4 5 5 7 8 9 10 11 12

TP A Source: Ch.Guéritte/Data from El Stat. Review 2026 197 TPA Toolbox Energy Book 3 - GHG ‘9@
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CO, Energy Emissions* & Temperature rise

Total (Gt CO;) Per capita (t CO;) Temperature rise (°C)
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g
4 .Q,A......---------.........--------.... 5 ----......./ ...... S o N ¥ | ) ' S——

2000 2024 2000 2024 1950 2024
m— China European Union e=—|ndia Japan United States World

IEA. CC BY 4.0.

Energy-related emissions reached another all-time high in 2024, which was the hoftest year
ever recorded, with temperatures of over 1.5 °C above pre-industrial levels

Motes: Gt CO2 = gigatonnes of carbon dioxide; t COz = tonnes of carbon dioxide; *C = degree Celsius.
Temperature rise is the average of HadCRUTS, Berkeley Earth, NOAA GlobalTemp ve, GISTEMP, ERAS, and
JRA-3Q datasets adjusted by the World Meteorological Organisation so that each dataset is relative to the
period 1850-1900.

Sources: IEA analysis and WMO (2025).

Source: IEA WEO 2025. Figures may slightly differ according to sources
" . . 198
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Energy-related CO, Emissions — increasing for Non-OECD

(GtCO,) Impact of the coronavirus pandemic
-6% vs 2019
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Economic consequence
for energy and industries
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TABLE OF CONTENTS

What is science telling us about climate change ?
Economic consequences for energy and industries
. The Kaya Equation

Agenda for Climate Change Negotiations

. CO2 Markets, Pricing and Trading

Carbon Capture and Storage technologies

N o oA w N R

. 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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Primary Energy Demand

IEA 2025 CPS and STEPS Scenarios (Gtoe)

Current Policies
Scenario

Stated Policies
Scenario

N /

S

o
Lo
o
(o]

2020
2021
2022
2023
2024
2030
2035

0 O
=
o O
N N

N/

M Other renewables
M Bioenergy

M Hydro

[0 Nuclear

@ Gas

m Oil

M Coal

2040
2045
2050

Source: Ch.Guéritte/Data from IEA WEO 2025

1 EJ=1018 J = 23,88 Mtoe

203

(Gtoe)

In the STEPS, Energy Demand continues

to grow after 2024
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M Bioenergy &

In the STEPS, Energy Demand continues to
grow but CO, Emissions decline as from
2024 till 2050 thanks to CCS deployment

26,6 GtCO, WEO STEPS 2025 vs
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Three IEA Scenarios vs their consequences in term of
temperature rise in 2100

Temperature rise (°C) ;; R Annual emissions reductions (Gt)
3.0
2.5 0.5
2.0
1.0
1.5
1.5
1.0
0.5 2.0
2.5

2000 2020 2040 2060 2080 2100

2021 2022 2023 2024 2025

IEA. CC BY 4.0.

The average femperature rise reaches 2.9 °C in 2100 in the CPS, 2.5 °C in the STEPS,
and in the NZE Scenario it peaks at around 1.65 °C in 2050 and falls below 1.5 °C in 2100

Notes: Gt = gigatonnes. CPS = Current Policies Scenario; STEPS = Stated Policies Scenario; NZE = Net Zero
Emissions by 2050 Scenario; NZE 20xx = NZE Scenario in the World Energy Outlook of the specified year. The
figure shows median long-term average global temperature anomaly relative to 1850-1900 and matches the

Intergovernmental Panel on Climate Change Sixth Assessment Report definition of warming of 0.85°C
between 1995-2014.

TPA Source: IEA WEO 2025 205 TPA Toolbox Energy Book 2 - Energy
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Reminder: IEA WEO 2012 - CO, Emissions Abatement
450 Scenario vs Central Scenario

G

38 1
36 1
34 4
32 -
301
28 A
26 -
24 A

22 -

20

660 ppm, +3,6°C

MNew Policies Scenario

\

400 ppm
32,2 GtCO2
in'2013

450 Scenario
450 ppm, +2°C

2010

2015 2020 2025 2030 2035

Source: IEA 2012 World Energy Outlook
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CO; abatement 2020 2035
Activity 2% 2%
End-use efficiency 18%  13%
Power plant efficiency 3% 2%
Electricity savings 5000 27%
;l:r?tlcahr;:gt?ncz:zl-zi5 2% 3%
Renewables 15% 23%
Biofuels 2% 4%
Nuclear 5% 8%
CCS 4%  17%

Total (Gt CO,) 3.1 150
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Energy related CO, Emissions
A Long Term vision till Year 2200

TPA

Sharing Experience

GtCO2

world fossil fudsCO2 emissions & production in toe

207
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Energy related CO, Emissions with different RCP
Scenarios and Fossil Fuels (FF) Production
A Long Term vision till Year 2300

IPCC CO2 annual emissions from fossl fuals & FF production Gtoe
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RCP: Representative Concentration Pathway 2¢s TPA Toolbox Energy Book 3 - GHG
TPA As per Radiative Forcing 5@
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Reminder - Energy related CO, Emissions
A view by Shell 2017

PATHWAYS FOR TOTAL CO-

80
70
60 —— History
S50 Unconstrained (MIT)
E
E 40 /, — —Dceunsll:Shell]
= 30 Mountains (Shell)
3 20 Target 2°C (MIT)
[ Paris Notional
10 1.5°C Pathway
0 Paris Range
1.5°C-2°C
-10
20
2000 2020 2040 2060 2080 2100

Year

Sowurce: Shell analysis — VWorld Energy Model and MIT's Cutiook

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 CO, Emissions
Various scenarios vs Radiative Forcing

Cumulative total anthropogenic CO> emissions from 1870 (GtCO>)
1000 2000 3000 4000 5000 6000 7000 8000

5 T 1 I 1 1 1 1 1 1

2100

Historical
RCP range =l
1% yr' CO,

1% yr-' CO,range

RCP4.5
RCP6.0
RCP8.5

Temperature anomaly relative to 1861-1880 (°C)

m
1

(0] 500 1000 1500 2000 2500
Cumulative total anthropogenic CO5 emissions from 1870 (GtC)

Source: IPCC Report 2019
TP A RCP: Representative Concentration 210 TPA Toolbox Energy Book 3 - GHG ‘_@
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GHG Emissions Scenarios by McKinsey

Global net CO; equivalent emissions, GtCO.e per year

— Historical Fading Momentum — Current Trajectory Global warming
— Further Acceleration — Achieved Commitments ---1.5° trajectory projection,! °C
60

2.9
» (2.4—3.5)
o Today: 1.2°C ™.,
above average -
o (1.9—2.8)
1.9
- (1.5—-2.3)
| 1.6
- (1.3—2.0})
- ~2030: 1.6°C carbon S 1.4
budget exceeded in most (11-17)
scenarios?
1990 2000 2010 2090 5030 a0 oo

Warming estimate is an indication of global rise in temperature by 2100 versus pre-industrial levels (range 17th to 83rd percentile), based on IPCC assessments
given the respective emission levels and assuming continuation of trends after 2050 but no net-negative emissions.
250 Gt of cumulative COy emissions from 2023 for a 50% chance of limiting global warming to 1.5°C.

Source: Indicators of Global Climate Change 2023; McKinsey Energy Solutions' Global Energy Perspective 2023

McKinsey & Company

Source: McKinsey & Company 2024
TPA
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History of CO, Emissions & Remaining Budget
Need to reverse the trend, drastically!

TPA 212 TPA Toolbox Energy Book 3 - GHG {9@
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History of CO, Emissions & Remaining Budget at 01/01/2020

(Fossil Fuels combustion, Cement, Flaring, Land Use)

Protocol on climate in Dec. 2015 — COP 21 Paris

(GtCOz) Agreement, involving all countries, effective 2020
46 | There exists a large degree of uncertainties on the Carbon
44 Budget figures vs temperatures (IPCC) The figures correspond
42 -
40 | to a probability of occurrence of 50% (Mean value)
38
32 Differences are important between the case 1,5°C vs the case
32 | 2°C which is less ambitious. 500 GtC02
30 —
%g For 2°C, the Remaining Carbon Budget of 1350 GtCO2 is a 80 ears - 6 GtCOZ/y
24 | mean value. y
22
%g For the scenario 1,5°C, a relevant Remaining Carbon Budget
16 | as from 01/01/2020 is closer to 500 GtCO.,,.
14
12
1g # 2 400 GtCO,
6 from 1750 to end 2019
4
0
AR ERRAIAINIIRCRLITINIAINBRNIRASE] 8 § B 8 R 8 & o
NN N NNMNIMNOGOGOGOOOOOOoOoOoOoO OO OoOOOoOO oo oo o o) O OO o o o (=) o o (=) -
L B B B B B = B = B = B = B = B = = I = = = B B B = B B B I = = = = I VI Y N N N N N N N N
Source: Ch.Guéritte/Data from Global Carbon Budget 2023 213 TPA Toolbox Energy Book 3 - GHG
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History of CO, Emissions & Remaining Budget at 01/01/2025

The Remaining Carbon Budget is melting every year

Protocol on climate in Dec. 2015 — COP 21 Paris

Agreement, involving all countries, effective 2020

(GtCO,)
46
2‘2‘ There exists a large degree of uncertainties on the Carbon
40 Budget figures vs temperatures (IPCC) The figures correspond
38 to a probability of occurrence of 50% (Mean value)
36
gg Differences are important between the case 1,5°C vs the case
30 2°C which is less ambitious.
28 170 GtCO, : Extinction in 4 years!
26 For 2°C, the Remaining Carbon Budget of 1100 GtCO2 is a
24 mean value.
20
18 For the scenario 1,5°C, a relevant Remaining Carbon Budget
%2 as from 01/01/2025 is closer to 170 GtCO,.

# 2 890 GtCO,
from 1750 to end 2024

© © © © o o o o
O 0O NO®MWOITNOR OLTNONWOWTNOWNWOSTNONOSTNOWNOI N 8 & 8 8 5 8 g 2
MINONXONDNOANNNITNORRNORONO A ANNITMINONRDD D O o N 2 8 & 8 88 & 8 &
NNKNKNRKNIKNING 00 0 00 60 0 0 0 WO®WO®WONONONONONGNOGOONONOGNON O O O O O
Lo T O IO B B O B B O I IO I B B o o B B T B o R IO R R B O IO B O B B O o B oV I o I o

hatl (8]
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Cumulative Emissions and Carbon Budget (GtCO,)
A view by Global Carbon Project 2025

The remaining carbon budget to limit global warming to 1.5°C, 1.7°C and 2°C s
170 GtCO,, 525 GtCO,, and 1055 GtCO, respectively, equivalent to 4, 12 and 25 years from 2026.
A total of 2770 GtCO, has been emitted since 1850.

170 GtCO, 525 GtCO, 1 055 GtCO,
.[53%' E;gd} (51%' Ie'lz:fgd} (5%; Ea:hgd)

= Consumed
Gt COz & Remaining

The remaining carbon budgets are the average of two estimates (IPCC AR6 and Forster et al., 2025), both updated by removing the most recent emissions.
Quantities are subject to additional uncertainties e.g., future mitigation choices of non-CO, emissions
Source: IPCC AR6 WG1; Forster et al., 2023; Friedlingstein et al 2025; Global Carbon Project 2025

215 TPA Toolbox Energy Book 3 - GHG ‘_@
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Carbon Budget & Emissions — IPCC 2023

TPA
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Carbon budgets

a) Carbon budgets and emissions o

& Cumulative CO; emissions (GtCO;) historical | since 2020

1000 2000 0

Historical emissions 1850-2019

Remaining 1.5°C (>50% chance)

carbon budgets ,

2°C (83% chance)
2°Cl b} \h}

2020-2030 CO; emissions
assuming constant at 2019 level

Lifetime emissions from fossil fuel Existing
infrastructure without additional abatement,
if historical operating patterns are maintained

Existing and
planned

Source : IPCC ARG - Final long report — March 2023
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2°C

( 83

this line Indicates
maximum emissions
to stay within 2°C
of warm ing (with

83%¢c harco)
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More emissions - less absorption by land/oceans

GtCO,
12,000

10,000
8000
6000
4000

2000

TPA
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The proportion of CO, emissions taken up by
land and ocean carbon sinks is smaller in
scenarios with higher cumulative CO, emissions

ATMOSPHERE
OCEAN

LAND

QSP,
P—SN\ H&,@

>
oé’v

SSP1-1.9

Source : IPCC ARG —
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65% \54?
< =~ < =
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ATMOSPHERE

OCEAN

sp
‘P:"MD HE'P{«:»

38%

Q-
‘74,‘0 Oc’%?.

SSP5-8.5

—

For scenarios with
higher cumulative
CO, emissions...

...the amount of CO, emissions
taken up by land and ocean
carbon sinks is larger,

but more of the emitted

CO; remains in the
atmosphere...

...meaning that the proportion
of CO, emissions taken up by
land and ocean carbon sinks
from the atmosphere

is smaller in scenarios

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

(GtCO2)

40
35
30
25
20
15
10

5

0
2020 2025 2030 2035 2040 2045 2050

Area of the yellow rectangle # 500 GtCO2

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

Area of the triangle # 500 GtCO2

TPA IEA Net Zero 2050 Scenario May 2021 218 TPA Toolbox Energy Book 3 - GHG
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Total Final Energy Consumption by sectors
The new IEA 2021 Scenario NZE2050

2030
Mo new sales of
MeErgy access

unabated Moo=t appliances and
2 : c coaling systems sobd
> electric are best in class

S0%% of existing
bauildings retrofitted

Mo mew
to rero-carbon-ready

technologies in heawy
develaprment; no : ¥ che s " — - .
new coal mines or -
mine extensions 2 E E vz I 5 e . hore than 85%
electric motor sales =
e 5 : - of buildings are
| are best in class | .A.ro:an.:.gnt:i_:fhe:ng zero-carbon-ready
{ ] n E’H‘r
industries reaches end Maore I:h_.an EH:H?M
of investment cycle heawy industrial
production is
low-2missions

Mo new oil and gas
fields approved for

Alrm

Phaze-out of : electric
unabated coal and il glabal
power plants

S0% of heating demand
met by heat pumps

435 Mt low-carbon hydrogen
3 000 W slectrolbysers

arbon hydrogen
BSD W electrolysers
4 Gt OO0, captured

m Electricity and heat Other

m Buildings o Transport W Industry
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CO, Energy Budget: need to reverse the trend
CO, Budget 2015 - 2100

Probability of keeping temperature rise in 2100 below 2 °C

80% 70% 50% 30% 20%
2 000 .

1600 450 scenanoz

CO, budget (Gt)

800

400

15 16 17 18 19 20 21 22 23 24 25
Change in 2100 temperature with 50% probability (°C)

TPA Toolbox Energy Book 3 - GHG ‘9@
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A view by the « Conseil Francais de I’Energie »

2012/2013 Vision

L'urgence climatique

50
= 30
g
& 20 *
10 -
0 ; ; y
2010 2020 2030 2040 2050
Monde:
OCDE
LsA
Allemagne
Cranemark
] .4
France
Chine
Moyen Crient
Afrique

@ Conseil Frangais de FEnergie
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3 1200
800
400

0
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Emissions cumulées de CO,

=

1900-2011 2012-2035
mOCDE mnon OCDE

0 5

10

Emissions de CO2 par habitant (en tonnes)
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Heat Periods in France 1947 - 2013

% SO % TR % TN 7 N o R %
-~ b w O = M

sur la meétropole! (*C)

M
a3

25

Températures maximales journaliéres moyennées

na
I

Source: Ministére de I’Ecologie, du Développement
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=1
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& au 8 aoot 1992 4 a0t 1947
| 18 au 28 juin 2005
—
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— juillet 2013
' O — 29 juin au
26 au 26 juin 1947 T juillet 1957
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Durable et de I’Energie — France 2015
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@ 1974-1993
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Source : Météo-France, 2013
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For those who do not believe in Science...

Positive proof of global warming.

Century 1900~ 1950 1970 1980 1990
j/ S " . a4

TPA 223 TPA Toolbox Energy Book 3 - GHG {9@
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Défis environnementaux :
le rechauffement climatique

Banquise arctique

Janvier 2000 Décembre 2010

Janvier 2000

Source: ACIA, Impacts of a Warming Arctic, Climate Impact Assessment Report, Cambridge University Press,

TP A 224 TPA Toolbox Energy Book 3 - GHG
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Défis environnementaux :
le rechauffement climatique

Banquise arctique

Sep 1984 Sep 2016

Source: NASA

225
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Climate Change challenges - Greenland

Greenland cumulative melt days
1 January — 18 December

e e 2023 5
- == 1981-2010 Median Interdecile range
70 e 2023 Melt percentage Interquartile range
60
< 50
g
< 40
(5}
G
= 30
20
10 _ :
April May June July August  September  October
Date

Figure 14. Greenland Ice Sheet melt conditions through 2023: (left) Cumulative melt days for Greenland in 2023. White areas indicate no melting
occurred. (right) Percentage of the ice sheet experiencing melting conditions each day.

Source:Images and analysis courtesy of Thomas Mote, University of Georgia, and the U.S. National Snow and Ice Data Center..

Source: World Meteorological Organization (WMO)
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Potential melting of ice caps: Groenland only
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Potential melting of ice caps:
Groenland and Antarctic

TP A 228 TPA Toolbox Energy Book 3 - GHG ‘9@
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Climate Change consequences - Sea Level rise
Sea Level Equivalent (SLE) - Compilation of various data

Cryospheric data Mean/Rounded figures ChG March 2018

Nota:

Density kg/m3 200000 glaciers on earth

Density of ice 916,7

Density of fresh water 1000,0 Antartica + Greenland =Inlandsis

Density of seawater 1027,0 Source: IPCC, GRACE, ICESat., WGMS, etc.

Characteristics Surface Aver. Thickness| Volume Mass | Sealevel 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 10°

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 whichice 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

TPA Source: various — Compilation: Ch.Guéritte 229 TPA Toolbox Energy Book 3 - GHG
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Carbon Emissions for different Products
g CO,eq per kWh,

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.

Product cCO,> / KWh
Anthracite™ 875
Coking coal™ 820
Other bituminous coal 870
Sub-bituminous coal 940
Lignite 1030
Gas works gas™ 335
Coke oven gas™ 390
Blast finmace gas™ 2425
Other recovered gases™ 1590
il shale™® 1155
Peat™ T65
Natural gas 405
Crude oil™* 590
Refinerv gas™ 450
ILiquefied petroleunm gases™ 525
Kerosene™ 625
Gas/diesel oil™ 715
Fuel oil o670
Petroleum coke™ 930
MNunicipal waste (non-renew.)™® 1200

Source: IEA Report CO2 emissions from fuel combustion 2016

230
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C0O2 Emissions: Gas emits half as much as Coal

IN POWER GENERATION, NATURAL GAS
EMITS ONLY HALF AS MUCH AS COAL

Greenhouse gas emissions
from power generation, by technology

g CO, /kWh

1,000
800
Ol 'R lRangeof values
400

.11 —

Coal Oil Gas Nuclear Solar/Wind

Sowrce | [EA GO, Emissians From Fusl Gombusion 2014
IPGC, Filn Assasament Report (ARS), WG3 Annex I, Tabs A,
12, 2014
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Life Cycle GHG Emissions, g CO,eq per kWh,

D. Weisser IAEA May 2006

PWR
Wind B
Hydro
PV [B
Wood |[mm [ Min
cCsS 1 B Max

Gas

Oil |
Coal

Lignite

1 |
I I

0 500 1000 1500 2000

Ranges reflect differences in assessment technology, conversion efficiency,
assessment boundary, etc.
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Life Cycle GHG Emissions, g CO,eq per kWh,

The Carbon Intensity of Electricity Generation

1,001
¢ $ N < & ;:5‘ *-. P
W P At g & & S| o —}
s ¥ P S Y

Mote: Data is the 50th percentile for each technology from a meta study of more than 50 papers
Source: IPCC Special Report on Renewable Energy Sources and Climate Change Mitigation
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Life Cycle GHG Emissions for different Technologies
Coal & Natural Gas — gCO,eq./kWh,

g CO2eq. /kWh

1400 _____________________F_D_al
1200 |- :
1000 i
200 I : Natural Gas
600 :" i
400 ; _ !
| .
200 _________________ 1
0 h% o~ . M 1
&% &F &% S S
< O <O ) c©
¥ @ =) O
<z
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gC02eq/kWh

Carbon Intensity of Electricity Production
(g CO,eq per kWh,)

Relative emission compared to power generation
Source: ENTSO-E, IPCC 2018
From: 01-Jan-2018 to: 31-Dec-2018
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The main issue:
Constraints on CO, and CH, Emissions

¢ The main culprits for global warming:
=« Water in the atmosphere (vapor or dropplets)
» CO,: the focus of last 10 years
» CH,: an underestimated culprit (methodology issues)

¢ The potentiel constraint on emissions:
»« Taxation systems
« Emission prices (CO, 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 CO, and CH,
emissions ?

= 20 to 50 S/tCO2 or 200 to 500 $/t ? Are CCS estimated costs relevant ?
Additional energy costs for CCS facilities?

TPA 236 TPA Toolbox Energy Book 3 - GHG
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The Kaya Equation
See Book 2 — Chapter 7

TPA 237 TPA Toolbox Energy Book 3 - GHG {9@
b

Sharing Experience



TABLE OF CONTENTS

What is science telling us about climate change ?
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THE DILEMMA

Demography Carbon emissions

Global Economy Chemical and thermo-
dynamical effects

The Kaya* Equation

(One tool among others)

*Yoichi Kaya is a japanese energy economist

TPA Toolbox Energy Book 3 - GHG
TPA 3]



The Kaya Equation

7 A
co, = €02 Eneray GDP_

1 Energy GDP Pop i
- J

tCO k
tCO, = B toe* $ W Pop

toe k$P_0p
NS

C02 = Carbon Intensity x Energy Intensity x Purchasing Power x Population

Nota: GDP is expressed in constant money
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Agenda for Climate Change Negotiations
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Agenda for Climate Change negotiations
The Origin

TPA

aring Experience

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.

243 TPA Toolbox Energy Book 3 - GHG ‘9@
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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
2"d 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 244 TPA Toolbox Energy Book 3 - GHG ‘9@
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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.

TPA Nota: COP : Conference Of the Parties 245 TPA Toolbox Energy Book 3 - GHG F@
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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 246 TPA Toolbox Energy Book 3 - GHG ‘9@
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Agenda for Climate Change negotiations

» 2023: COP 28 — Dubai : 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 — Azerbaidjan: 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

TPA Nota: COP : Conference Of the Parties 247 TPA Toolbox Energy Book 3 - GHG ‘9@
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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 Dubal.

» 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.

TPA 249 TPA Toolbox Energy Book 3 - GHG F@
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COP 30 in Belem - Main conclusions of final Report

¥ Sur le dos du T. rex : Energies fossiles.
“Assis!” Dessin de Kal paru
dans The Economist, Londres.
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COP 29 - Baku
11 - 22 November 2024
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COP 29 - Baku
11 - 22 November 2024
COP29 Presidency announces
the full operationalisation of the
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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.

TPA 254 TPA Toolbox Energy Book 3 - GHG {9@
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COP 28 — Dubai
30 November — 12 December 2023
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COP 28 — Dubai
30 November — 12 December 2023

— Discover COP28
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COP 28 — Dubai
30 November — 12 December 2023

\
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COP 28 Dubai - 30 November — 12 December 2023
Final Decisions — Governments guidance for their Energy policy

Sharing Experience

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.
258 TPA Toolbox Energy Book 3 - GHG {9@
b



COP 28 Dubai - 30 November — 12 December 2023
Final Decisions — Governments guidance for their Energy policy

» 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.

TPA 259 TPA Toolbox Energy Book 3 - GHG {9@
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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.

TPA Toolbox Energy Book 3 - GHG F@
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Cartoon by Marian Kamensky - Austria
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COP 26

1-12 November, 2021
x Glasgow, Scotland
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Reminder: Summary of global announced commitments
as of mid-2021 following COP 26 — Glasgow, Nov. 2021

l:’\&
»"“—.
P

20)50) Net Zero Emissions
US, EU, Japan & South Korea

2060 Carbon neutrality

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

>100 countries signed the Global Methane Pledge 2070 Net Zero Emissions
(collective target to reduce Methane Emissions from Industry and Agriculture by & to enhance policy targets by 2030
30% by 2030 compared to 2020 situation) India

Carbon markets « Rule book » setting up, but no voluntary trade imposed

O
b
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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)

8 STEPS
E 35
30
25
Other
ED Ry .HUSEia
. JpdatedAPS 8 mMiddle East
M India
10
5
| | | |
2010 2020 2030 2040 2050

IEA. All rights reserved.

Mote: Other = net zero pledge by Australia and commitment to the Global Coal to Clean Power Transition
Statement by Indonesia. Middle East = net zero pledges by Saudi Arabia and the United Arab Emirates.

Source: Technical note on the emissions and temperature
TPA implications of COP26 pledges — November 202155 TPA Toolbox Energy Book 3 - GHG
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COP 26 - Updated APS
Global Methane Emissions from Energy,
Agriculture and Waste have been revised

Mt methane

2 1 1 BT I _Updated APS

2015 2020 2025 2030 2035 2040 2045 2050

Source: Technical note on the emissions and temperature
implications of COP26 pledges — November 202157 TPA Toolbox Energy Book 3 - GHG ‘_@
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Temperature Increase vs IEA Scenarios
(Compared with the pre-industrial levels)

2000

200 2040 2060 2080 200
NEE  Updated APS

Source: Technical note on the emissions and temperature
implications of COP26 pledges — November 202155
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CO2 + Industrial Process Emissions
& relativeTemperature Increase in 2100 vs IEA Scenarios
(Compared with the pre-industrial levels)

CO, Energy CO, Energy Temperature
Emissions 2030 Emissions 2050 Increase in 2100
(GtCO,) (GtCO,) (Mean Value)
STEPS 36 34 2,6 °C
APS 32 12 21°C
Updated APS 2021 32 16 1,8 °C
SDS 2021 28 8 <20°C
NZE 23 0 1,5 °C

Source: Technical note on the emissions and temperature implications of
TPA COP26 pledges — November 2021 & IEA WEO 2022 TPA Toolbox Energy Book 3 - GHG {9@
b
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Climate Change - Reconciliation
RCP’s, CO, concentrations, Temperatures — IPCC Projections

CO, CO2 GHG Emissions | GHG Emissions Temperature Temperature
Concentration concentration Range in 2100 Median in 2100 Change Change
Range in 2100 Mean in 2100 (GtCO, eq.) (GtCO, eq.) Mean over Max In 2100
(ppm CO, eq.) (ppm CO, eq.) 2081-2100 (°C) (°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

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

TPA TPA Toolbox Energy Book 3 - GHG ‘_@
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Agenda for Climate Change negotiations

2019
Many demonstrations in various countries
in the world requesting urgent actions
from governments

- e
[ -

- .

»

S

AR

‘\‘ Q‘\ {' 3 .."" ‘." 44, 8 .' : 4 :
_B o ;sd
.i - : *_?w -“\ ’ r\’k A“‘jﬁ o L) N

I YR pivsd #?—34&

Vi e SAT ?" : &’ﬂ . },J,.": .

3
»

.

Y
.l )\

.

S U
.v:‘ y )h‘
.,\ -

TPA 271 TPA Toolbox Energy Book 3 - GHG {9@
b

Sharing Experience



TPA

aring Experience

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.

272 TPA Toolbox Energy Book 3 - GHG
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Reminder - COP 21 - Paris 12/12/2015
Far too optimistic!

LOP21/CMP17

Paris, France

\‘:.
4
-

\
\ o

Rt DECUINE (N~ ; ) 'PRESIDENT _— (515
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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.

TPA Toolbox Energy Book 3 - GHG {9@
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COP 21 Pledges not ambitious enough!

World Energy Outlook 2016 iea.org/WEO @
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1990

COP 21 Pledges not ambitious enough!

But even then, energy sector
are not on track for a 2 °C scenario

2000 2010 2020

Source: IEA WEO 2016

2030

To achieve 2°C target
the energy sector must
be carbon-neutral by 2100

Th@ 0
4 Cscena”.o

2040 2050 2060 2070 2080 2090 2100
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CO2 Markets, Pricing and Trading
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TABLE OF CONTENTS

What is science telling us about climate change ?
Economic consequences for energy and industries
. The Kaya Equation

Agenda for Climate Change Negotiations

CO, Markets, Pricing and Trading

Carbon Capture and Storage technologies
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. What implications for oil companies:
the case of TotalEnergies

TPA 278 TPA Toolbox Energy Book 3 - GHG {9@
b

Sharing Experience



CO, Pricing is one essential element to mitigate
the effects of Carbon emissions
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Business Leadership Criteria

CARBON

PRICING

Caring for Climate |

.
()
'\

0
0

Principles for
Responsible
Investment

Q}CDF’ THE ‘CLIMATE GROUP % UNITED NATIONS - PRI
1 | |

,,,,,,,,,, ——d_u e FOUNDATION

“Let us make sustainability the mmost powerful lobby. ..
Become advocates for an effective, well-functioning
carbon market... We must place a true value on the
cost of carbomn to our economies and our future.

I urge you to work with Governments on this issue.”

— Ban Ki-Moon
United Nations Secretary-General

LG,

-
Source: R @E United Nations Global Compact Published by Caring for Climate, an initiative of
%r‘é’ the UN Global Compact, UNFCCC and UNEP.
Contact: caring4climate@un.org
Copyright @ 2014
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Business Leadership Criteria on Carbon Pricing

The Business Leadership Criteria on Carbon Pricing comprise three distinct but overlapping
dimensions: integrating carbon pricing into long-term strategies and investment decisions,
responsible policy advocacy, and communication on progress. All three dimensions of the
criteria are aligned with limiting the increase in global mean temperature to 2° C above pre-
industrial levels.

Consistent with the 2° C global target, companies are invited to indicate alignment
with the following criteria:

1,

= Set an internal carbon price high enough to materially affect investment decisions
to drive down greenhouse gas emissions;

‘.'._'.‘g Publicly advocate the importance of carbon pricing through policy mechanisms
~ that take into account country specific economies and policy contexts; and

E Communicate on progress over time on the two criteria above in public
corporate reports.

LG,
& N 7 - -

source: 1\@“; United Nations Global Compact Published by Caring for Climate, an initiative of
o the UNG L Co ct, U
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Carbon Pricing

Two main instruments:
Emission Trading Systems (ETS) & Carbon Tax (CT)

TPA 282 TPA Toolbox Energy Book 3 - GHG {9@
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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

TPA 283 TPA Toolbox Energy Book 3 - GHG F@
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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.

-I-PA 284 TPA Toolbox Energy Book 3 - GHG F@
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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 |€/tCO2|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 | 30 24 40[{Company S 50 21 520
CompanyJ 10 25 10|Company T 10 22 530
Total 530 530 530 530

285
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Emissions Trading System (ETS): How does’it work?
The Fixing Mecanism — One Example (2)

600

500

400

300

200

100

Cumulative Orders Sell/Buy vs Price Matching of Orders vs Price
350

\ /[ 300

A
/)\ A/ \\ 250 / \

\ 100

/ \ 50
I I I I I I I I I I I I I 0 T T T T T T T T T T T T 1
13 14 15 16 17 18 19 20 21 22 23 24 25 13 14 15 16 17 18 19 20 21 22 23 24 25
Price (€/tCO2) Price (€/tCO2)
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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..

-I-PA 287 TPA Toolbox Energy Book 3 - GHG F@
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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.

TPA 288 TPA Toolbox Energy Book 3 - GHG F@
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Carbon Pricing in 2026
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Carbon Pricing in 2026

2026
STATE AND TRENDS OF

carbon
pricing

ource: State and Trends of Carbon Pricing — World Bank May 2026 290 TPA Toolbox Energy Book 3 - GHG ‘9@
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State & Trends of Carbon Pricing — World Bank 2026
State and Trends of Carbon Pricing 2026

Carbon credt mariots

Average carbon prices have ETS and carbon tax Credit retirements around From 2024 to 2025 carbon
nearly doubled from revenues continue to exceed 10% lower than 2024 levels credit issuances increased
2016 to 2026 USS$ 100 billion Million tCO,e

2026 US$ t/CO.e 2025 Us$
o
(s

Compliance
use

Voluntary The first project received
use provisional issuance from

PACM

CORSIA-approved projects
received a

2016 2026 2024 2025

If policies under of global GHG

development are emissions could be US$1.50-6/tCO_ e
fully implemented covered by anETS price premium over similar credits
by 2030, nearly or carbon tax that are not yet CORSIA-approved

2023 2024 2025

Source: State and Trends of Carbon Pricing — World Bank May 2026
PACM: Paris Agreement Credit Mechanism — 291 TPA Toolbox Energy Book 3 - GHG o
TPA CORSIA: Carbon Offsetting & Reduction Scheme for International Aviation {i@
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Global Emissions Coverage

Share of global greenhouse gas emissions covered by an ETS or carbon tax, 2005-2025

28%

EDD:- 2007 200 201 2013 2015 2017 2019 2027 20235 2025

(N
-
o

Major changes m oo e rag] e
2023-Z024
& China ETS

P
(n
i

Percent of global emissions (%)

Carbon tax

20%
ETS
15%
Mapnr changes im Coverage
1059 2024202 5: )
Canada fedaral fuel charga W
IIIIIIII ﬂunrlnp

hat) (9]
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Global Emissions Coverage

EMISSIONS COVERAGE

M 80-100% | > 1,000 MtCO2-e
M 60-80% | 500-1000 Mt CO2-e
B 40-60% | 100-500 Mt CO2-e
B 20-40% | 10-100 Mt CO2-e

<20% | <10 Mt CO2-e

©

TPA Source: State and Trends of Carbon Pricing — World Bank 2026 293
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Global Emissions Coverage

& 34% 1
@ Thailand carbon tax 0.1%
-% 32% Malaysia carbon tax 0.2%
£ 3%
% Tiirkiye ETS
O
g 30%
5 Brazil ETS 0.6%
&
8 28%
c
o
d India CCTS

26% (iron and steel)

24%

EVETS2 1%
22%
20%
2025 carbon 2026 net coverage EU CBAM Coverage of ETSsand Potential future Note: percentages
pricing coverage' change (estimate) carbon taxes under carbon pricing may not sum due to raunding
development coverage
(estimate)

"Viet Nam's 0.5% ETS isimplemented in 2026 but also applies to 2025 emissions

Mote: Analysis does not account for potential overlaps between emissions covered by ETSs and carbon taxes and that are also subject to EU CEAM

TPA Source: State and Trends of Carbon Pricing — World Bank May 2026 294 TPA Toolbox Energy Book 3 - GHG ‘9@
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Global map of ETS & Carbon Taxes systems 2026

TPA Source: State and Trends of Carbon Pricing — World Bank May 2026 295
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@ ETS and carbon tax implemented

® ETS implemented

@ Carbon tax implemented

© ETS or carbon tax under consideration or under development
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Economic sectors covered by a Carbon Pricing system

Share of economic sectors’ global GHG emissions covered by an ETS or carbon tax

%TS LI':arhﬂn tax
Fower 519
Industry . e 4
Miming and
extractives 15%
Buildings 1324
Transport 1294
Aosiation g 1% 10%%
Ao it sl 6%

Maritime a‘l‘}a 6%

Waste IE% 2%
Agricultural emissions 0%
Lanmd use., land-use o
change. and forestry 0%
Mote: Ba=ed on Waorld Bank analysis_ Walues are not additive due to rounding. Awviation ard maritime carbon tax covermge are both === than T3,

washs ETS covwerage is 1%, and carbon tax coverage is € 5.
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Economic sectors covered by a Carbon Pricing system

TPA Source: State and Trends of Carbon Pricing — World Bank May 2026 297
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2020-2026 % Change

80 / 44% | Industry

70

. @ 22% |Power
‘-____,...-—

50
e 31% | Aviation and shipping

40/\’/ 3% | Buildings

239% | Road transport

Count of implemented ETSs and carbon taxes

30
A 559 | Forestry and agriculture
20
129% | Waste
10
O

2020 2021 2022 2023 2024 2025 2026
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Il E™s I Carbon tax

Carbon Price from ETS & CT system 1st April 2026
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Average Carbon Price from ETS & CT system 2016 - 2026

Pl
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USSE2026/1C 0O e
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A

P
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]
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1]

16

lllllll

12

g -
2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

ETS
"B ETS + carbon tax
(combined)

A RN %Carbun tax

Region Average carbon price, 2026 % of global coverage’
Europe and Central Asia 68 15%
North America 43 5%
Sub-Saharan Africa 19 3%
East Asia Pacific il 11 1%
Latin America and the Caribbean B 4 4%
Middle East and North Africal 2 <%
0 20 40 60 80
Income level Average carbon price, 2026 % of global coverage’
High 44 3%
Upper middle mm 11 68%
Lower middle pm 7 1%

0 20 40 60 80

'Calculated as percentage of global GHG emissions covered by an ETS or carbon tax. Values exclude newly implemented ETSs in India, Japan and Viet Nam

where carbon prices are not avallable at time of publication. Prices are as of April1, 2026

TPA Source: State and Trends of Carbon Pricing — World Bank May 2026 299
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TP A Data from World Bank - State & Trends in Carbon Pricing 2026 300
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Carbon Price for existing ETS — 2026
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Carbon Price for existing CT Systems - 2026

($/tCO,)
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Evolution of Emissions-weighted Carbon Price vs Global Emissions

Emissions—-weighted average carbon prices for covered emissions and global emissions,

20M5-2025
© 25
o
=
>
(=
-
2 20
— |
L
o
=
o
15
ETS contribution
10 (UsSD 18]
|
5 10
Carbon tax
contribution
0 (USD 2)

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Mote: The purple line shows the global emissicns-weighted average carbon price. This price accounts for all

global emissions, including thoss without a carbon price. Jurisdictions without a carbon price arg included in the
calculaticn of the global emissions-weighted average carbon price, but treated as having & carbon price of zero.
The global emissions-weighted awverage carbon price metric provides an indication of global progress of carbon
pricing. taking both price and coverage into account. The blue/red bars show awerage carbon price for implemented
instrumenits. The global emissions-weighted average carbon price provides an estimate of the weighted averags
carbon price across countries with an implemented ETS or carbon tax. That is, each implermented carbon price is
weighted by its contribution to global covered emissions, with covered emissions defined a= the total emissions in
each jurisdiction that are subject to that jurisdiction’s carbon pricing instrument. As a result, the global emissions-
weighted awverage carbon price only accounts for prices in those jurisdictions that hawve implemented a carbon
price—it does not include those jurisdictions without a carbon price. The average carbon price for implermented
instrurmenits therefore provides a global snapshot of how carbon prices hawve changed over time in jurisdictions that
hawve implemented a carbon price.

TPA Source: State and Trends of Carbon Pricing — World Bank 2025 302 TPA Toolbox Energy Book 3 - GHG 0
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Total Revenues from ETS & CT systems

TPA Source: State and Trends of Carbon Pricing — World Bank 2025
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Total revenues from ETSs and carbon taxes, 2015-2024

2024 USD billions

120

100

80

60

40

20

0

=— France
Canada federal
fuel charge Carbon
tax
Other

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Austria

Germany

EU ETS ETS
Other

-— Sweden
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Total Revenues from ETS & CT systems 2024 - 2025

PETS
l ] Carbon tax
Absolute change
210 Select major ETSs and carbon taxes (by revenues) % change in 2024-2025 revenues' (2025 USS$, Millions)
§ o5 107 EUETS 13% +5,744
g 100 Germany ETS 27% +3,858
]
N California C& -31% -1,378
80 Washington C& 98% +812
Austria ETS 21% +274
60 Canada Federal Fuel Charge  -73% -6,649
Norway earbor tix 15% +242
40 Denmark carbon tax 296% +1535
Carbon Pricing Support (UK) -33% -296
? Singapore carbon tax 214% +335
-100% 0% 100% 200% 300% 400%

2024 2025

'Changes in revenue are measured in real US$ terms

TPA Source: State and Trends of Carbon Pricing — World Bank May 2026 304 TPA Toolbox Energy Book 3 - GHG
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Carbon Crediting Mechanism

Under a Carban Crediting Mechanism, tradable credits (representing 11C0,¢) are generated through voluntary emissions reduction activities
(arbon credits are issued to activities that reduce emissions, according to protocals that aim to ensure each credit represents a genuing emission
reduction. Creaits can then be sold to buyers, generating revenue, Carbon credits can represent emissions reductions achieved through either

Carbon Crediting  avoidance (preventing GHG emissions from entering the atmosphere~like capturing methane from landfils before it is released], or removal (taking

Mechanism (GHGs from the atmosphere, for example through sequestering carbon through afforestation). While carbon crediting mechanisms create a source
0f supply, they rely on & separate source of demand for credits in order to deliver a financial incentive to reduce emissions. Demand for credits can
come from compliance instruments (ETSs or carbon taxes that allow the use of offsets], countries meeting Nationally Determined Contribution
targets under the UNFCCC, voluntary offsetting (sometimes finked to internal carbon pricing), orresults-Dased climate finance

TPA Source: State and Trends of Carbon Pricing — World Bank 2024 305 TPA Toolbox Energy Book 3 - GHG ‘9@
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Carbon Credit Markets

Sources of demand and supply in global carbon credit markets

DEMAND

Domestic compliance

e.g. Colombia’s
carbon tax

Iinternational
compliance

CORSIA

Nationally determined
contributions
achievement

Sovereign buyers
e.g. Switzeriand

Voluntary
Voluntary commitments

Carbon credit

markets

SUPPLY

Governmental
crediting
mechanisms
e.g. Thalland and
Australia

Independent
crediting

mechanisms
e.g. Gold Standard. Verra

International
crediting
mechanisms
Paris Agreement
Crediting Mechanism

Note: While there is crossover between categories. not all sources of carbon credits are fully fungibile
across demand segments. For example, international compliance and nationally determined contribution

achievement require authorized credits that include a2 corresponding adjustment.

TP A Source: State and Trends of Carbon Pricing — World Bank 2025 306
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Carbon Credit Markets

Carbon credit issuances and retirements from independent crediting mechanisms and volume of unretired
credits, 2021-2024

<00

Million tCO:e

B0O

700

&S00

400

300

200

100

o

1000

Issuances

2021

Retirement

2022

87

Cumulative
unretired

Wwaste
Renewable energy

Other

Household devices

Forestry and land use

Energy efficiency/fuel switching

Chemical processes/industrial manufacturing
Agriculture

2023 2024

Mote: Based on data from Climate Focus's Veluntary Carbon Market Dashboard, using project categorizations based on those published by
Ecosystermn Marketplace. The wolume of issuances and retiremments by project category cowvers the following crediting mechanisms: American
Carbon Registry, Architecturs for Reducing Emissions from Deforestation and Forest Degradation Tramsactions, BioCarbon, Cercarbono, Climate
Action Reserve, Climate Forward, Gold Standard, Plan Vivo, and Verra’s WCS. All issuance and retirement data here refers to original issuances,
which only include the first time 2 credit was issued for a specific emission reduction/rernowval activity to avoid double counting. Original

issuances do not rely on previous issuances from other crediting mechanisms.

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

©® Implemented
@ Under development

Crediting Mechanism Status

# Beijing Certified
Emission Reduction Mechani:
'

® Saitama Target Setting
Emissions Trading System
® Saitama Forest Absorption
Certification System
'

‘
A

=~ T Tokyo Cap-anc-Trade
Program

Alberta Emission
Offset

'—i_‘ Credubng chanism
(] i
L]

1
‘ (I.‘nmgdon Hui Offset Crediting
e ech.

------- Sakhalin Oblast Pilot

Washington Crediting - : ‘ crediting mechanism
Mechanism I
1
| ‘.— —= - ® Joint Crediting Mechanism
Galfarnla Compliance === 2% oo creditscheme
Offset Program .

'u. § - - -Taiwan, China GHG Offset

Mexico Crediting p Management Program
i
T viet Nam Crediting

South Africa Crediting ‘CAf;%l:n Unit Scheme
\
‘ CO, Dffset Mechanism ke | .
TP A Source: State and Trends of Carbon Pricing — World Bank May 2026 308 TPA Toolbox Energy Book 3 - GHG
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Exchange-traded Carbon Credit Prices 2022 - 2025

Exchange-traded carbon credit prices by project types, January 1, 2022 to April 1, 2025

v 25
=)
e
@
Q.
%
> 20
Forestry and land use (Removals)
15 15.5
10 Forestry and land use (avoided emissions)
Household devices
5 - 53
' - 35
B e —— T 1.4
® Industrial projects RN b S
0 J
2022 2023 2024 Jan-Apr
2025

Note: Prices are based on monthly and yesarty averages of the price assessments from Platts, S&P Global Commeodity Insights {(2025). provided by
S&P Global.

TP A Source: State and Trends of Carbon Pricing — World Bank 2025 309 TPA Toolbox Energy Book 3 - GHG
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Exchange-traded Carbon Credit Prices vs Over-The-Counter transactions 2023-2024

TP

Sharing Experience

Comparnson of average annual carbon credit prices from exchange-traded and over-the-counter transactions
by project category, 2023-2024

Forestry and Q‘: Household
land use devices
@ oTC 3
=] =]
2 <
5 ] oTC
O O I
(g (]
| | ET ‘
2023 2024

——,
L0}
e

£ "B Renewable
energy

ﬁ Industrial
projects
oTC oTC

ET 4.2 3.8 ET 29
B B -

20235 2024 20235 2024

USD per tCO:e
USD per tCO:e

Mote: This figure illustrates the exchange-traded and OTC prices of carbon credits. Prices are based on monthly and yvearly averages of the price
assessments provided by Platts, S&P Global Commodity Insights, 2025 The Platts assessment reflects bids, offers, and trades for credits as
reported in the Platts Market on Close assessment process, in the brokered market, or on trading and exchange platforms. For each of its price
assessments Platts has identified a reference base to represent fungible credits across each market segrnent, considering certification, vintage.
wolume, and the Sustainable Developrment Goals. For the nature-based projects, 2 weighted average of Platts nature-based avoidance price and
Platts nature-based remowsals price is ussd, rather than 2 singular price assessment. Adjustrnents ars made for credits that vary from this base.
normalizing values based on factors like technology. certification standards. geography. and additional benefits to align them with the market
walue of the reference base. OTC prices were provided by Ecosystern Marketplace and updated a=s of February 24, 2025, OTC prices represent
wolume—weighted yearly averages of carbon credit trades in the voluntary carbon marksts. Discrepancies may exist in project categorizations
betwesn the exchange-traded and OTC data due to different source methodcologies. See Annex C, Definitions. for a detailed note on the carbon
credit categorizations used in this igure. Details on Platte’s assessments can be found in the Platts’ Specification Guide.

Source: State and Trends of Carbon Pricing — World Bank 2025 310 TPA Toolbox Energy Book 3 - GHG

hat) (9]



Carbon Pricing used by Companies in the past
Carbon Pricing then has been revised upwards

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

oSN “ :"I< \ ]: {l l!” I h
il .n. i BRI
‘xl ’ ‘ c ' ll ' ' ‘ h | "f" ’) " i | I|‘ll f" ' l' } | f | 'I‘ II'V .‘7, " ll““
| "" ] 4 il |u';| (Bt

11‘ Jt || w!u.lf“ l{“‘nll.” i u'

,shall be oonsldered in the currént and the ﬁtst ye
024), in line with PdC and Budget forecast

lotas can be considered in years 2025+ under the

dally notified by Authorities, and (2) the resulting ca

:arbon price requlation:

nt price for 2023, 100 $melt from 2024 onwards

C »c_:arbon price ulaﬁ et

| (Ll "
Ep:l' 4 11"
l 1:' CRERT
i) Hlj 1- h‘ m‘ﬁ‘”'w’
i flm i mmu el

312

TPA Toolbox Energy Book 3 - GHG

s



Carbon Pricing within TotalEnergies - 2025

Even though CO, pricing does not
currently apply In all the countries where
the Company operates, TotalEnergies
includes as base case in its investment
criteria a minimum CO, price of 100 $/t
(or the prevailing price in a given country
if higher) and beyond 2030, the CO, price
is increased by 2% per year.

Source: TotalEnergies Sustainabilty & Climate 2025 Progress Report
313 TPA Toolbox Energy Book 3 - GHG
TPA 23]
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Carbon Pricing Scenarios by IEA WEO 2025 ($/tCO,)

USD (2024, MER) per tonne of CO; 2035 2040 2050
Current Policies Scenario
Canada 70 70 70
China 14 14 14
European Union 87 87 87
Japan 2 2 2
Korea 13 13 13
Stated Policies Scenario
Canada 126 126 126
China 22 26 34
European Union 89 92 174
Japan 39 61 105
Korea 52 62 75
Net Zero Emissions by 2050 Scenario
Advanced economies with net zero emissions pledges 180 205 250
Selected emerging markets and developing economies™ 125 160 200
Other emerging market and developing economies 25-50 35-85 55-180

*Includes Brazil, China, India, Indonesia and South Africa.

Notes: USD = United States dollar; MER = market exchange rate. Values are rounded.

Source: IEA WEO 2025 314

TPA Toolbox Energy Book 3 - GHG

O

A&

-



Carbon Pricing in 2025

TPA 315 TPA Toolbox Energy Book 3 - GHG {9@
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State & Trends of Carbon Pricing — World Bank 2025

State and Trends of Carbon Pricing 2025

CARBON PRICING

80

emissions trading
systems and carbon taxes
implemented globally T < #

Plus ETSs planned in Brazil,
India, and Tdrkiye

28 of global emissions
% covered by a direct

2005

carbon price, compared to ~5%
in 2005 ‘

usD 1 00 + billion

in revenues raised for
second consecutive year

Over 50% of revenue
was used to support
environmental,

|| infrastructure, and

2025 | development projects

CARBDN CREDIT MARKETS

billion unretired credits
- 1 from independent
crediting mechanisms
are from credits issued
3 before 2022
2021 2022 2024

more domestic
compliance

3
)( retirements

in 2024, compared to 2023

In 2024, almost a quarter of global
credit retirements were to meet
domestic compliance obligations

USDACDe

As of April 1,

TPA Source: State and Trends of Carbon Pricing — World Bank 2025 316
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Carbon credit prices are lower
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more for removals
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Global Emissions Coverage

Share of global greenhouse gas emissions covered by an ETS or carbon tax, 2005-2025

28%

EDD:- 2007 200 201 2013 2015 2017 2019 2027 20235 2025
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Global map of ETS & Carbon Taxes systems 2024/2025

Global map of ETS and carbon taxes implemented, under development, or under consideration
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Economic sectors covered by a Carbon Pricing system

Share of economic sectors’ global GHG emissions covered by an ETS or carbon tax

%TS LI':arhﬂn tax
Fower 519
Industry . e 4
Miming and
extractives 15%
Buildings 1324
Transport 1294
Aosiation g 1% 10%%
Ao it sl 6%

Maritime a‘l‘}a 6%

Waste IE% 2%
Agricultural emissions 0%
Lanmd use., land-use o
change. and forestry 0%
Mote: Ba=ed on Waorld Bank analysis_ Walues are not additive due to rounding. Awviation ard maritime carbon tax covermge are both === than T3,

washs ETS covwerage is 1%, and carbon tax coverage is € 5.

TPA Source: State and Trends of Carbon Pricing — World Bank 2025 319 TPA Toolbox Energy Book 3 - GHG
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Carbon Price from ETS & CT system 1st April 2025

Prices and coverage across ETSs and carbon taxes, as of April 1, 2025
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Carbon Price for existing CT Systems - 2025
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Evolution of Emissions-weighted Carbon Price vs Global Emissions

Emissions—-weighted average carbon prices for covered emissions and global emissions,

20M5-2025
© 25
o
=
>
(=
-
2 20
— |
L
o
=
o
15
ETS contribution
10 (UsSD 18]
|
5 10
Carbon tax
contribution
0 (USD 2)

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Mote: The purple line shows the global emissicns-weighted average carbon price. This price accounts for all

global emissions, including thoss without a carbon price. Jurisdictions without a carbon price arg included in the
calculaticn of the global emissions-weighted average carbon price, but treated as having & carbon price of zero.
The global emissions-weighted awverage carbon price metric provides an indication of global progress of carbon
pricing. taking both price and coverage into account. The blue/red bars show awerage carbon price for implemented
instrumenits. The global emissions-weighted average carbon price provides an estimate of the weighted averags
carbon price across countries with an implemented ETS or carbon tax. That is, each implermented carbon price is
weighted by its contribution to global covered emissions, with covered emissions defined a= the total emissions in
each jurisdiction that are subject to that jurisdiction’s carbon pricing instrument. As a result, the global emissions-
weighted awverage carbon price only accounts for prices in those jurisdictions that hawve implemented a carbon
price—it does not include those jurisdictions without a carbon price. The average carbon price for implermented
instrurmenits therefore provides a global snapshot of how carbon prices hawve changed over time in jurisdictions that
hawve implemented a carbon price.
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Total Revenues from ETS & CT systems

TPA Source: State and Trends of Carbon Pricing — World Bank 2025
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Total revenues from ETSs and carbon taxes, 2015-2024

2024 USD billions
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Carbon Credit Markets

Sources of demand and supply in global carbon credit markets

DEMAND

Domestic compliance

e.g. Colombia’s
carbon tax

Iinternational
compliance

CORSIA

Nationally determined
contributions
achievement

Sovereign buyers
e.g. Switzeriand

Voluntary
Voluntary commitments

Carbon credit

markets

SUPPLY

Governmental
crediting
mechanisms
e.g. Thalland and
Australia

Independent
crediting

mechanisms
e.g. Gold Standard. Verra

International
crediting
mechanisms
Paris Agreement
Crediting Mechanism

Note: While there is crossover between categories. not all sources of carbon credits are fully fungibile
across demand segments. For example, international compliance and nationally determined contribution

achievement require authorized credits that include a2 corresponding adjustment.
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Carbon Credit Markets

Carbon credit issuances and retirements from independent crediting mechanisms and volume of unretired
credits, 2021-2024

<00
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o
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Issuances

2021

Retirement

2022

87

Cumulative
unretired

Wwaste
Renewable energy

Other

Household devices

Forestry and land use

Energy efficiency/fuel switching

Chemical processes/industrial manufacturing
Agriculture

2023 2024

Mote: Based on data from Climate Focus's Veluntary Carbon Market Dashboard, using project categorizations based on those published by
Ecosystermn Marketplace. The wolume of issuances and retiremments by project category cowvers the following crediting mechanisms: American
Carbon Registry, Architecturs for Reducing Emissions from Deforestation and Forest Degradation Tramsactions, BioCarbon, Cercarbono, Climate
Action Reserve, Climate Forward, Gold Standard, Plan Vivo, and Verra’s WCS. All issuance and retirement data here refers to original issuances,
which only include the first time 2 credit was issued for a specific emission reduction/rernowval activity to avoid double counting. Original

issuances do not rely on previous issuances from other crediting mechanisms.

TPA Source: State and Trends of Carbon Pricing — World Bank 2025
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Map of government crediting

mechanisms 1st April 2025

TPA

Map of governmental crediting mechanisms as of April 1, 2025

Note: An instrument “under development” means that 2 government is actively working toward implementing a
crediting mechanism, and official government sources have formally confirmed this. This includes, for example,
where a mandate has been established but no credits have been issued. If 2 government has announced its
intention to work toward implementing a crediting mechanism and official government sources formally confirm that
intention, the instrument is “under consideration.” For those countries with multiple crediting mechanisms that have
both “under development” or “under consideration” and “implemented" crediting mechanisms, the map will show the
status of the latter. The status of crediting mechanisms in subnational jurisdictions is also reflected in the map.
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Exchange-traded Carbon Credit Prices 2022 - 2025

Exchange-traded carbon credit prices by project types, January 1, 2022 to April 1, 2025

v 25
=)
e
@
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%
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Forestry and land use (Removals)
15 15.5
10 Forestry and land use (avoided emissions)
Household devices
5 - 53
' - 35
B e —— T 1.4
® Industrial projects RN b S
0 J
2022 2023 2024 Jan-Apr
2025

Note: Prices are based on monthly and yesarty averages of the price assessments from Platts, S&P Global Commeodity Insights {(2025). provided by
S&P Global.
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Exchange-traded Carbon Credit Prices vs Over-The-Counter transactions 2023-2024

TP

Sharing Experience

Comparnson of average annual carbon credit prices from exchange-traded and over-the-counter transactions
by project category, 2023-2024

Forestry and Q‘: Household
land use devices
@ oTC 3
=] =]
2 <
5 ] oTC
O O I
(g (]
| | ET ‘
2023 2024

——,
L0}
e

£ "B Renewable
energy

ﬁ Industrial
projects
oTC oTC

ET 4.2 3.8 ET 29
B B -

20235 2024 20235 2024

USD per tCO:e
USD per tCO:e

Mote: This figure illustrates the exchange-traded and OTC prices of carbon credits. Prices are based on monthly and yvearly averages of the price
assessments provided by Platts, S&P Global Commodity Insights, 2025 The Platts assessment reflects bids, offers, and trades for credits as
reported in the Platts Market on Close assessment process, in the brokered market, or on trading and exchange platforms. For each of its price
assessments Platts has identified a reference base to represent fungible credits across each market segrnent, considering certification, vintage.
wolume, and the Sustainable Developrment Goals. For the nature-based projects, 2 weighted average of Platts nature-based avoidance price and
Platts nature-based remowsals price is ussd, rather than 2 singular price assessment. Adjustrnents ars made for credits that vary from this base.
normalizing values based on factors like technology. certification standards. geography. and additional benefits to align them with the market
walue of the reference base. OTC prices were provided by Ecosystern Marketplace and updated a=s of February 24, 2025, OTC prices represent
wolume—weighted yearly averages of carbon credit trades in the voluntary carbon marksts. Discrepancies may exist in project categorizations
betwesn the exchange-traded and OTC data due to different source methodcologies. See Annex C, Definitions. for a detailed note on the carbon
credit categorizations used in this igure. Details on Platte’s assessments can be found in the Platts’ Specification Guide.
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Carbon Pricing in 2024
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Carbon Pricing, Emission coverage & Carbon credits

TPA

Sharing Experience

Compliance carbon pricing revenues and emission coverage
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Carbon taxes mm Other ETS
EUETS = (Global emission coverage

Issuance and retirement of energy-related carbon credits
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ZICIDG 2005 2010 2015 2020

Credits issued mmm Credits retired —— Cumulative surplus

IEA. CCBY 4.0

Note: Data on carbon credits relates to the following voluntary carbon markets registries: American Carbon Registry, Climate Action Reserve, Gold Standard, Verra's
Verified Carbon Standard, California Air Resources Board, Washington State Climate Commitment Act. The categories considered under energy-related carbon
credits are: renewable energy, industry, transport, energy efficiency, carbon capture and storage. ETS = Emissions Trading System.

Source: IEA analysis based on data from the World Bank, and Berkeley, 2024 .

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

Carbon revenues and emissions coverage Uses of carbon revenues in 2022
= 100 100%  --oever R B
f].\ 24%
~ 80 o0 1R T S
o
= 18%
0
@ 60
D
c
0,
:f=2 40 12%
o
20 6%
2000 2005 2010 2015 2020 Carbon taxes ETS
B Carbon taxes s Other ETS W General budget M Tax cuts
PN EU ETS = F Missions coverage Direct transfers Earmarking

IEA. CC BY 4.0.

ETSs generated 70% of revenues from carbon pricing in 2022. Half of ETS revenue was
earmarked for specific uses; the corresponding figure for carbon taxes was less than 20%

Sources: ETS = emissions trading system. IEA analysis based on World Bank (2024a) and I14CE (2023).

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

Pricing
measures

CcO Direct :
C’:@ 5

Carbon pricing

Technology
- incentives

©)

Indirect
pricing

TPA Source: State and Trends of Carbon Pricing — World Bank 2024
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Focus of the State and Trends of Carbon Pricing report

Emissions trading

Carbon credit
markets*
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Global total Carbon Price 2015 — 2021 ($2023)
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Map of Carbon Tax & ETS
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Instruments “under development” are where a government is actively working toward the implementation of a carbon pricing instrument and this has been formally confirmed by official gowernment sources. This includes, for example, where a mandate has been established, but regulated

entities do not yet face compliance obligations. If a government has announced its intention to work toward the implementation of a carbon pricing instrument and official government sources formally confirm that intention, the instrument is "under consideration” For those countries with
multiple instruments that have both "under development™ or “under consideration™ and “implemented” instruments, the map will show the status of the latter. The status of instruments in subnational jurisdictions is also reflected in the map.
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Map of Carbon Tax & ETS — A Zoom on Europe & Asia
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Global Emissions Coverage
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Global Emissions Coverage

EVOLUTION OF THE SHARE OF GLOBAL GHG EMISSIONS COVERED BY A CARBON
PRICING INSTRUMENT
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Carbon Price for existing ETS - 2024
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Carbon Price for existing CT Systems - 2024
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Nominal Prices in the largest ETS & CT 2017 - 2024

Emissions trading systems Carbon taxes
120 120
100 100
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'JJN uJN
o =] Hetherlands carbon tax
O 0
IR 1 1 . S i ~EUETS +
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g Alberta SGER/CCIR/TIER g 60
3 3 /T~
Germany ETS I France carbon tax
3 iy Ela 35 Le L
07
20
Mexico carbon tax
Guangdang pilot ETS — :
Rep. of Korea ETS — e ———— %';e_':-'a carbon tax
Hubsi pilat ETS 0= — “— Jkraine carban tax
2017 2018 2019 2020 201 2022 2023 2024 2017 2018 2019 2020 201 2022 2023 2024
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Global Revenues for juridictions for ETS & CT 2017 - 2023

120
104 billion

100

0 B0
w
-
=
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2007 2018 2019 2020 2021 2022 2023
@ Carbon tax (nominal USD]) @® ETS (nominal USD) — Total revenues [constant USD 2023)
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Carbon Crediting Mechanism

Under a Carban Crediting Mechanism, tradable credits (representing 11C0,¢) are generated through voluntary emissions reduction activities
(arbon credits are issued to activities that reduce emissions, according to protocals that aim to ensure each credit represents a genuing emission
reduction. Creaits can then be sold to buyers, generating revenue, Carbon credits can represent emissions reductions achieved through either

Carbon Crediting  avoidance (preventing GHG emissions from entering the atmosphere~like capturing methane from landfils before it is released], or removal (taking

Mechanism (GHGs from the atmosphere, for example through sequestering carbon through afforestation). While carbon crediting mechanisms create a source
0f supply, they rely on & separate source of demand for credits in order to deliver a financial incentive to reduce emissions. Demand for credits can
come from compliance instruments (ETSs or carbon taxes that allow the use of offsets], countries meeting Nationally Determined Contribution
targets under the UNFCCC, voluntary offsetting (sometimes finked to internal carbon pricing), orresults-Dased climate finance

TPA Source: State and Trends of Carbon Pricing — World Bank 2024 344 TPA Toolbox Energy Book 3 - GHG ‘9@
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Carbon Credits used in ETS & CT in 2023
58568, &
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P .-BE::IShmgtDn ETs
I I | ﬁffng N
£ o
§F C-"J,:}} - ot g Ts
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@ ETS
@ CT [carbon tax)

® Allow domestic and
international credits

Allow domestic credits and
credits from linked systems

Only allow domestic credits
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Map of Governmental Creditin

Mechanisms
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Eazakhstan Crediting
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Under consideration/development
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|' J-Credit Schema

[ Taiwan, China valuntary
GHE Reduction Program
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Indorasia Credrbng
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Tokyn Cap-and-Trade
Program

i Fiiian Foragtry Offset
Chongaing CaFSoN ‘ Crediting Mechanism

Offset Mechanism

Indo- Pacific Carbon
Offzets Scheme

Guangéang Pu Hui Offsst

Australian Carhon Crediting Machanism

Credit Unit Schesme

An instrument “under development” means that a government is actively working towards the implementation of a crediting mechanism, and this has been formally confirmed by official gowernment sources. This includes, for example, where 2 mandate has been established but no credits have
been issued. If a government has announced its intention to work toward the implementation of a crediting mechanism and official government sources formally confirm that intention, the instrument is "under consideration.” For those countries with multiple crediting mechanisms that have

both “under development” or "under consideration™ and “implemented” crediting mechanisms, the map will show the status of the latter. The status of crediting mechanisms in subnational jurisdictions is also reflected in the map.

TPA 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

120
100
'7;; ---------- -EU ETS
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M r— Republic of Korea ETS
,———"SLG——X —— e China National ETS
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Note: Based on data from ICAP Allowance Price Explorer. Prices for the RGGI initiative and for Californio and Québec CaT, come from the primary market, whereas for the other systems the prices reflect
the secondary markst

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

Downward pressure on
ETSs= and carbon tax prices

Upward pressure on
ETS= and carbon tax prices

LONG TERM

Starting > 5 years ago

r;\ Structural reforms, price

e _-"I stabilization measwres and
alignment of caps with
lang-term mitigation pathways
nave added to scarcity of
allowances in some ETSs.

@) Ecomamic growth
increases demand for
ETS allowances.

6%

@ Other climate policies and
technology developments

reduce emissions (e.g. through
anergy efficiency, renewable
deployment), reducing demand
for allowances.

Source: World Bank State & Trends in Carbon Pricing 2023
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MIDIUM TERM

Past 2 - 5 years

f.i.:‘J Supply chain disruptions and
e availability of critical inputs
slowed roll-out of renewable
enargles and other

low -carbon technologies.

@ Some governments
adopted increasingly
ambitious price trajectones
faor carbon taxes.

@ Reduced economic activity
during COWVID kowered
demand for ETS allowances |
some of which can be
camied forwarnd.

349

LOOKING AHEAD

SHORT TERM ®

Past year

G"- High gas prices and other
' energy supply disnuptions
saw S0mMe couniries
temporarily use maore coal,

pushing up demand for
carbon allowances.,

(.i:‘\ High inflation increased

= prices for several carbon
taxes that are annually
adjusted.

&} Increased enengy subsidies
and lower fossil fuel taxes,
impdemented 10 SUPPONT Con-
SUMETS, SUPROMtS SNErgy use
and demand for ETS allowanc-
=5

G“. In a few instances govern-

Y/ ments postponed planned
ETS or carbon tax price nises
to counter the effects of
rising energy prices.

@ Lower energy demand and
increased focus on energy

efficiency dus to high
energy prices.

Continued increase in ambi-
tion to mest net zero could
drive higher prices

Expansion of carbon taxes or
ETSs to sectors with higher
abatement costs could see
higher prices needed to
deliver change.

Sustained high ensrgy and
fosall fuel prices could
reduce Snergy Use, encour-
age greater uptake of
renewables, reducing
demand for allowanoes

TPA Toolbox Energy Book 3 - GHG
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Map of ETS & CT systems

Céte dwoie ——— [~
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| ' e | — Thailand ——
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I O Tokyo
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British Columbia — Uruguay
Chile — . Fujian
. South Africa '
Alberta —— Argentina e ‘— Taiwan, China® .
Saskatchewan Shenzhen i

et

New Zealand

it} Instruments are considered “scheduled for implementotion” once they hove been formally adopted through legislation and have on officlol, planned stort dote. Instruments are considered “under consideration” if the government has
anmounced Its Intention to work toward the Implementation of a carbon pricing inltiotive ond this has been formally confirmed by officlal government sources. Some countries that hove mechanisms Implemented also hove cdditlonal
Instruments under constderation. For subnaotional jurtsdictions only the subnotional Instrument is reflected.
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Map of ETS & CT systems

Canada's Carbon
Tax:
48 USD'tCO2e

*~125 USD'tCO 2e
by 2030

USA’s Carbon
Tax:
12-30
USDtCO 2e

*No federal
carbon tax but
some states
impose their
own taxes

Chile’s Carbon Tax
5UsSDtCO2e

F

EU ETS:
60 USDtCO2e

Argentina ’s Carbon Tax
3USDtCO2e

Australia (Safeguard Mechanism ):
11 USD'tCO 2e

Source: International Gas Union (IGU) Global Gas Report 2023/Rystad Energy

TPA

Sharing Experience

351

- ETS and carbontax implemented

- ETS or carbon tax under
consideration/development

ETS implemented other pricing under
consideration/development

. ETSimplemented

- Carbon tax implemented

Carbon tax implemented, ETS under
consideration/development

Source: Rystad Energy; World Bank
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Carbon Prices for ETS & CT systems - April 2023

160

140

<40%—60% coverage of jurisdiction's emissions
20%—40% coverage of jurisdiction’s emissions
<20% coverage of jurisdiction's emissions

>60% coverage of jurisdiction's emissions

Carbon

Ers
o o0
o o

Tax

Urnuguay CT
R L chitenstein CT*
Switzerland CT*
R Sweden CT*
] EU ETS
Switzerland ETS*
I Norway CT*
United Kingdom ETS*
Finland CT*
[T Netherlands CT*
I reland CT*
France CT*
I Lukembourg CT*
[ canada CT (Federal fuel charge)
Canada ETS (Provinces and Federal)
P (celand CT*
[ Prince Edward Island CT
P Austria ETS*
P Mew Zealand ETS
I Germany ETS*
[ Queretaro CT*
California ETS
Québec ETS

[ penmark CT*
[ Portugal CT*
United Kingdom CT*
I VWashington ETS
I Hova Scotia ETS

British Columbia ETS*
Latwia CT*
Spain CT*
[ Yucatan CT*
RGGIETS
[ Zacatecas CT*
Beijiing ETS
I Guangdong ETS
Massachusetts ETS*
I Korea ETS
[ Durango CT*
I South Africa CT
Shenzhen ETS
Shanghai ETS
China ETS
Hubei ETS
Colombia CT
Chile CT
I Chongqing ETS
I Fujian ETS
Tianjin ETS
Tokyo ETS
7 Mexico CT
B singapore CT
Argentina CT
|| state of Mexico CT*
Estonia CT*
ll Japan CT
| Kazakhstan ETS
Saitama ETS
| Ukraine CT
Poland CT*

2023 USD 61122 per t/CO,e

2030 Carbon Price Corridor
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Share of global GHG covered by ETS and CT

25% -
? ¢ ) ETS Coverage

Carbon Tax Coverage

Mechanisms implemented
since April 2022

®

ISSIONS

®

Austria ETS

Durango CT (Mex)
Indonesia ETS
Montenegro ETS
Querétaro CT (Mex)
State of Mexico (Mex)
Washington CCA
Yucatan CT (Mex)

-
Ul
2

Share of Golbal Em

@ oOverlap between ETS and CT

(State and Trends Report 2022)

Mumber of carbon taxes or ETSs
in operation April 1, 2023

0.4%

5.5%

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010

Source: World Bank State & Trends in Carbon Pricing 2023 253
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Global revenues generated by ETS and CT over time

100 . ETS
a0 . Carbon Tax

20
70
69%
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Source: World Bank State & Trends in Carbon Pricing 2023
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CO, Prices by IEA WEO 2023 by Scenarios

USD (2022, MER) per tonne of CO2 2030 2040 2050
Stated Policies Scenario

Canada 130 150 155
Chile and Colombia 13 21 29
China 28 43 53
Eurcopean Union 120 129 135
Korea 42 67 89

Announced Pledges Scenario

Advanced economies with net zero emissions pledges® 135 175 200
Emerging m;-arl'.;et and developing economies with 40 110 160
net zero emissions pledges**
Other emerging market and developing economies - 17 47
Met Zero Emissions by 2050 Scenario
Advanced economies with net zero emissions pledges 140 205 250
Emerging market and developing economies with
.. =1 150 200

net zero emissions pledges
Selected i ket dd lopi i

e-ec ed emerging m-ar Ie an eveloping economies 25 85 180
(without net zero emissions pledges)
Other emerging market and developing economies 15 35 55

MNote: Values are rounded.
*Includes all OECD countries except Mexico.

*Includes China, India, Indonesia, Brazil and South Africa.

Source: IEA WEO 2023
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Carbon Credit Market mechanisms

TPA

Sharing Experience

Carbon credit markets trade “carbon credits,” which  private) entities purchasing carbon credits to meet

are units that are generated through voluntarily
implemented emission reduction activities. Carbon
credits can represent emission reductions achieved
through either avoidance, for instance by capturing
methane from landfills, or removal from the
atmosphere, such as sequestering carbon through
afforestation or directly capturing carbon from the
air and storing it. Each carbon credit represents

1 metric ton of carbon dioxide equivalent (tCO,e)
reduced or removed.

Supply of carbon credits is represented by
issuances from carbon crediting mechanisms
(see Annex A), including international crediting
mechanisms established under international
treaties, such as the Kyoto Protocol and Paris
Agreement;™ domestic crediting mechanisms
established by regional, national, or subnational
governments, such as the California Complionce
Offset Program; and independent crediting
mechanisms (or independent standards), which
include standards and crediting mechanisms
managed by independent nongovernmental
entities, for example Verra's Verified Carbon
Standard (VCS) and Gold Standard.

Demand for carbon credits comes from a range
of sources. Voluntary demand consists of (mostly

voluntary goals or green claims. International
compliance dernand includes countries seeking
credits representing emission reductions in other
countries to help meet their own emission reduction
commitments, such as those established under the
Paris Agreement, and airlines purchasing credits
eligible for meeting their obligations established
under the Carbon Offsetting ond Reduction Scheme
for International Aviation (CORSIA). Domestic
compliance dernand comes from companies seeking
credits to meet their obligations under a domestic
law, usually an emissions trading system (ETS) or

a carbon tax. In these cases, there are interactions
between the price signals and emission reduction
incentives provided through the carbon tax or ETS

policy and carbon erediting.

Demand can also come from results-based climate
finance where governments or international
organigations incentivige climate action by
purchasing carbon credits. This approach differs
from the vast majority of public climate finance,
which is provided up front. The emissions
reductions achieved help recipient countries meet
their nationally determined contribution (NDC)
targets and are not claimed or counted by the
governments or organigations providing the finance.

[pocw) Article 6 of the Paris Agreement: provides the fromework for international complionee earbon markets; Article 6.4 estoblishes o centroliged mechonism supervised and
governed by the Linted Notions Fromesork Comvention on Climote Change, which is expected to be odministrotwely similor to the COM of the Kyoto Protocol; Article 6.2, on the
other hand, provides a basis for biloterol or pluriloterol voluntary cooperation among countries, which potentiolly offers fexibility to reduce greenhouse gos emissions throwgh o

variety of processes, mechonisms, and stondonds.

Source: World Bank State & Trends in Carbon Pricing 2023
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Prices of standardized Carbon Credit contracts
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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 GtCO2,,. This represents about 23% of global worlwide GHG emissions (CO2 +
other GHG)

& # 84 G9 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$/tCO2, to 137 $/tCO2,) IMF calculated that the global average carbon price
is 2$/tCO2.

TPA 359 TPA Toolbox Energy Book 3 - GHG {9@
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International CO2 markets — Main features

Situation & projects in year 2022

CARBON PRICING CAN PROVIDE
THE IMPETUS FOR ECONOMIC
TRANSFORMATION AND RECOVERY

- More ambitious carbon prices can help close the gap between
pledges and policy and “keep 1.5 alive.”

+ Along with lowering emissions, carbon pricing can improve energy
and industrial efficiency, limit reliance on imported energy,
promote cleaner air, protect and regenerate landscapes, and
provide a valuable source of government revenue.

+ But adopting carbon prices remains politically challenging,
particularly amid rising inflation and energy prices. There is a
clear need to ensure policies are fair, effective, and embedded
within integrated climate and social policies.

e

' CARBON PRICES HAVE HIT RECORD
IIQ HIGHS IN MANY JURISDICTIONS

- Record ETS prices were observed in the European Union (ELU),
California, Mew Zealand, and Republic of Korea, among other
markets, while several carbon taxes also saw prices hit their
highest levels yet.

- A combination of policy reforms, anticipated changes, speculative
investment interest, and broader economic trends, especially in
global energy commodity markets, are driving these ETS price
spikes,

=+ Nonetheless, prices must rise considerably more to meet the Paris
Agreement temperature goals, as less than 4% of global emissions
are currently covered by a direct carbon price within the range
needed by 2030.

DIRECT CARBON PRICING CONTINUES
TO BE ADOPTED BUT CLOBAL
COVERAGE REMAINS LOW

- Worldwide, 68 carbon pricing instruments (CPls), including taxes
and emissions trading systems (ETSs), are operating and three
more are scheduled for implementarion.

« CPIs in operation cover approximately 23% of total global
greenhouse gas (GHG) emissions. This represents a small
increase in total global coverage as a result of four new systems
commencing in the past year.

+ The International Maritime Organization is considering placing
a price on emissions from international shipping activities. If
adopted, this would represent a major step in tackling global GHG
EImissions.

\..,: CARBON REVENUES HAVE

:.‘:@ INCREASED SHARPLY

- Global carbon pricing revenue increased by almost 60% in the
past year, to around USD 84 billion.

= With prices rising and reduced free allocation, ETS revenues
surpassed carbon tax revenues for the first time.

- Increasing carbon pricing revenues can support sustainable
economic recovery, finance broader fiscal reforms, or help buffer
countries from economic and international turbulence.

CROSS-BORDER APPROACHES TO

\% CARBON PRICING ARE INCREASINGLY

GAINING TRACTION

- The EU moved closer to adopting its Carbon Border Adjustment

Mechanism, and Canada and the United Kingdom (UK) are
exploring options for similar mechanisms.

« The International Monetary Fund (IMF) and World Trade

Organization (WTC) are advocating for an international carbon
pricing floor.

- Some countries have moved toward the adoption of international

climate clubs, including the proposed United States (US)-EU
Carbon-Based Sectoral Arrangement on Steel and Aluminum Trade.

« These approaches can fortify domestic support, prevent carbon

leakage, and encourage mitigation beyond national borders.

DIVERSE PURCHASER PREFERENCES
MAKE MARKET GROWTH UNEVEN

Mature-based credits are in especially high demand: Forestry and
land use transactions more than doubled between 2020 and 2021,

Increasing demand for carbon removals has resulted in price
increases for these credits.

The voluntary carbon market continues to be strongly diverse,
with purchasers placing widely different values on characteristics
such as sector, geography, and perceived co-benefits.

MARKETS FOR CARBON CREDITS ARE
GROWING RAPIDLY

- Credits from independent crediting mechanisms clearly dominate
the carbon market.

- Annual voluntary carbon market value exceeded USD 1 billion for
the first time, driven by corporate commitments.

- Compliance demand for carbon credits remains limited, though
new rules for international carbon markets under Article 6 of the
Paris Agreement provide clarity that may enable future growth.

—T_T NEW FINANCIAL SERVICES,
‘— TECHNOLOGIES, AND GOVERNANCE
T_l FRAMEWORKS ARE SHAPING CARBON
MARKETS

= Financial actors are becoming more active in the carbon market,
while blockehain has enabled a new wave of decentralized
financial innovations that show the technology’s potential but
have reignited some long-standing concerns about transparency
and quality.

« Diverse governance frameworks are emerging from stakeholders
and institutions that aim to address concerns regarding the
integrity of carbon credits and how companies use them.,

= New rules on Article 6 increase certainty while also adding
complexity to carbon credit markets and may lead to increasingly
divergent approaches emerging across actors and geographies.

TPA
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State & Trends in Carbon Pricing 2022
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International CO2 markets
Situation & projects in year 2022
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Carbon pricing initiatives are considered “scheduled for implementation” once they have been formally adopted through legislation and have an official, planned
start date. Carbon pricing initiatives are considered “under consideration” if the government has announced its intention to work towards the implementation of a
carbon pricing initiative and this has been formally confirmed by official government sources. TCI refers to Transportation and Climate Initiative. RGGI refers to the
Regional Greenhouse Gas Initiative.
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Carbon Pricing initiatives: Share of global GHG emissions
covered by Carbon Pricing instruments — Year 2022
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Carbon Pricing Initiatives: Emissions coverage, share of
Emissions covered & Carbon Prices — Year 2022
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combination of ETS-like and carbon tax-like instruments, implemented at both provincial and federal levels.
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Prices evolution in selected ETS 2008 - 2021
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EU’s Carbon Border Adjustment Mechanism (CRAM)

The EU's proposed carbon border adjustment mechanism™

The adoption of a CBAM is a key component of the EIT's climate strategy and its
ambition to achieve net zero emissions by 2050 while safeguarding competitiveness
and avoiding carbon lealmge. Under the draft regulations released in July 2021, the
CBAM would effectively involve applying a carbon price to imports of certain goods
to the EU, proportionate to the goods’ "embodied emissions, " or the GHG emissions
generated during their manufacture. Importers of covered goods would be required to
purchase emission certificates proportionate to their embodied emissions. The price
of these certificates would mirror that of EUETS allowances.

The CBAM is intended to gradually replace the current free allocation of allowances
as the main measure to combat carbon lealage in the EUETS. Under the draft
proposal, the mechanism would be phased in proportionate to the phase-out of the
existing free allocation. The European Commission would adjust the number of CBAM
certificates to be surrendered to reflect the extent of free allowances allocated under
the EU ETS, which would decline by 10% each year over the period to 2035.

Acrording to the proposal, the CEAM would apply to the import of electricity and
specified goods in the steel, iron, cement, fertilizer, and aluminum sectors. The
proposal would initially only apply the CBAM to Scope 1 emissions, though importers
would need to report on embodied Scope 2 indirect emissions from electricity
consumption, leaving the door open to include these emissions in future years.
Embodied emissions for products would be determined in two ways: Calculations
would be based on actual emissions recorded at installation level, verified by
accredited verifiers, while default values would be applied where importers cannot
show actual emissions generated. For electricity, calculations would primarily rely on
third-country default values that correspond to average CO, emission factors in the

country.

Importers would be able to avoid or reduce potential costs imposed by the CBAM in

a number of ways. First, imports from countries that participate in the EU ETS, or
have a domestic ETS linked to them, would be fully exempt =2 Second, goods that are
subject to a direct carbon price (i.e., a carbon tax or ETS) in their country of origin
would be eligible for a rebate equal to the price already paid prior to export Third,
electricity imports from countries whose electricity markets are integrated with that
of the EU would be exempt

The proposal for the CBAM is currently under review by the European Parliament
and the European Council. Potential amendments proposed in the parliament
include making the 2025-2028 transitional period shorter and sooner, to 2023-
2024, eliminating EU ETS free allocation much more rapidly. Scope 2 emissions from
electricity use might be included, and use of CEAM revenues might be better targeted
to support climate action outside the EUbloc. In March 2022, the Council released a
draft text pushing for CBAM issues relating to free allocation phase-out and export
Tebates to be part of the upcoming EU ETS review. This move has been suggested to
streamline the finalization of the CBAM regulation and shift decision-making power
from finance ministers to environment ministers, considered better positioned to
address these issues. The French Presidency of the EU is aiming to achieve agreement
on the measure among lawmakers by June 2022, though it is as yet unclear if this will
be achieved.

xxi The European Commission presented its final draft requlations for the CBAM in July 2021. See European Commission, “Proposal for o Reguintion of the European Parlioment and of the Council Establishing a
Carbon Border Adjustment Mechanism, * July 14, 2022,

xxii The proposed regulotion allows for the possibility of further acts which increase the number of CBAM exemptions. Such coses would include a third country's inclusion into the EU ETS, or a linkege agreement
between the EU ETS and the country’s own emission trading systern (as is the cose for Switzerland).

Source: World Bank
State & Trends in Carbon Pricing 2022
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Carbon Tax Rates 2008 — 2022 & Projections
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Dotted line indicates scheduled price increases for those jurisdictions that have communicated future price trajectories.

*Estimated path based on the government's ambition to increase the tax rate by at least USD 1 per year, and to increase the rate more rapidly from 2026 to reach USD
30/tC02e in 2030 and USD 120/tC02e beyond 2050.

*#This is a low range projection as the Singapore government plans to reach a carbon tax rate of SGD 50-80/tC02e (36-58 USD/tC0z2e) by 2030.

=#*British Columbia has committed to meet or exceed the federal benchmark carbon price.
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Carbon Prices as of April 2022
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Carbon Prices as of April 2022

Revenue generated per carbon pricing instrument in 2021 Evolution of glubal carbon pricing revenues over time
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Carbon Credit Markets

Understanding carbon credit markets

Global carbon credit markets consist of a diverse range of sources of supply, sources
of demand, and trading frameworks.

Eupphr derives from different types of crediting mechanisms, inclnding the following:
nternatiomnal cre :I'I m;l m-..h...r. 15 established under international treaties—the
Clean Development Mechanism [CDM]} and the Paris

ic crediting mechanisms established by regional, national, or subnational
governments, such as the California Compliance Offset Program and the Anstralia
Emissions Reduction Fund.
ndependent crediting mechanisms includes standards and crediting mechanizsms
managed by independent, nongovernmental entities, such as Verra and Gold
Standard.

Demand derives from a range of compliance obligations established under
internationzl agreements and national laws, as well as voluntary commitments
adopted by companies, governments, and other organizations.

While most carbon credits tend to atiract a range of different kinds of buyers,
meaning that few sources of supply can be matched with only one source of demand,
it is possible to identify four broad segments, largely based on demand drivers:

Intermational compliance markets primarily respond to commitments made
under international agreements. They prjma.ril'l.- consist of (i) countries
voluntarily purchasing futilizing credits or “mitigation outcomes™ recognized
under international treaties to help meet their emission reduction commitments
{previously established under the Eyoto Protocol and more recently the Paris
Agreement); and (ii) airlines purchasing credits eligible for meeting their
obligations established under the Carbon Offsetting and Beduction Scheme for
International Aviation (CORSLA) ==

Source: World Bank 369
State & Trends in Carbon Pricing 2022

2. Domestic compliance markets involve companies purchasing credits that are eligible

for meeting their obligations under a domestic law, usually an ETS or a carbon tax.
These may include credits issued under intemational, domestic, or independent
crediting mechanisms depending on the rules established by respective governments.

Voluntary carbon markets consist of {mostly private) entities purchasing carbon
credits for the purpose of complying with voluntary mitigation commitments They
largely consist of credits issued under independent crediting standards, though
some entities also purchase those issued under intemational or dl_lmt'!::tll_ crediting
mechanisms.

Results-based finance refers, in the context of the carbon market, to purchases of
carbon credits by zovernments or intemational organizations for the purpose of
incentivizing climate change mitigation or meeting national targets. Results-based
finance can also refer to broader payments in return for the achievement of emissions
reductions, without any transfer of credits or other ownership.

The linkages and overlaps across compliance and voluntary markets, as well as
international and domestic markets, continue to evolve.

TPA Toolbox Energy Book 3 - GHG
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Carbon Price for existing ETS — 2022
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Carbon Price for existing CT Systems - 2022

($/tCO2)

140

OCO0O0OO00D00O0O00000O0
NMAN—=TOOOOMNOINTMAN
= e =l -

(49mo1) 1D 021XaIN

1D puejod

10 auenn

1D ueder

(10ddn) 1D o2ixoNI

1) d10de8uis

1J 914D

1D eiquinjo)

1) eunpuaduy

(19mo1) 1D AemioN

1D ealyy yinos

sedijnewe]

1D einyeq

1) uteds

(ses-4) 10 puedd|

(s1and issod) 1 eluanojs
(sases-4) 1) y4ewuaq

1D puegjs| piemp3 asulid
(10014) 193 3N

1D |eSnyiod

(s1end isso4) 1 jrewuaq
(s1any 12Yy10) 1D Sanoquiaxni
1D S911031449] 1SOMYMON
(s1and |issod) 1D puejad)
(s1any 49420) LD puejay

1D Jopeuiqgeq g pue|punojman
1D 21msunag man

984ey) |9n4 |esapa4 epeue)
1D elquin|o) yshiig
(sunjosen) 17 Sanoquiaxni
(sjonj Modsued]) 1) puejad)
1D spuepayianN

1D dduedy

(s1and 48y10) 10 puejuiy
(sjon4 modsued]) 1) puejui4
(12ddn) 1D AemioN

1D u1disualsydal

1D puejazyms

10 usapams

Aen38nun

Ola

TPA Toolbox Energy Book 3 - GHG

=
™
N
N
o
N
(o]
£
(5}
=
o
c
3
4
C ©
&C
- £
= 0
O T
2 c
@
=
O o3
fe
£ 8
(1
awn

TPA

Sharing Experience



Carbon Pricing in 2021
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International CO2 markets
Situation & projects in year 2021
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Carbon Pricing initiatives: share of global
emissions (GHG) covered — Year 2021 adjust.
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Carbon Pricing 2021

@ Carbon tax
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Carbon Price for existing ETS - 2021
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Carbon Price for existing CT Systems - 2021
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International CO2 markets
Situation & projects in year 2020
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International CO2 markets
Situation & projects in year 2020
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International CO2 markets
Situation & projects in year 2020
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List of Countries/Entities developing Carbon Pricing
Regional & National Initiatives - Situation 2020

B Finland carbon tax (1990 ) B Japan carbon tax (2012 ) B Ontario CaT (2017-2018)
B Poland carbon tax (1530 ) B Australia CPM (2012 -2014) B Alberta carbon tax (2017 )
Morway carbon tax (1991 =) B Québec CaT (2013 3) Chile carbon tax (2017 =)
Sweden carbon tax (1991 ) Kazakhstan ETS (2013 =) B Colombia carbon tax (2017 )
Denmark carbon tax (1992 =3) UK carbon price floor (2013 ) B Massachusetts ETS (2018 =)
. Slovenia carbon tax (1996 =) Shenzhen pilot ETS (2013 =) . Argentina carbon tax (2018 )
B Estonia carbon tax (2000 ) I shanghai pilot ETS (2013 ) B Canadafederal OBPS (2019 )
B Latvia carbon tax (2004 &) B Beijing pilot ETS (2013 3) B singapore carbon tax (2019 )
B EUETS (2005 3) B Guangdong pilot ETS (2013 ) B Nova Scotia CaT (2019 3)
. Alberta TIER (2007 =) . Tianjin pilot ETS (2013 =) Saskatchewan OBPS (2019 =)
B switzerland ETS (2008 ) B France carbon tax (2014 3) Newfoundland and Labrador carbon tax (2019 )
B new zealand ET5 (2008 3) B Mexico carbon tax (2014 ) B newfoundland and Labrador PSS (2019 )
B switzerland carbon tax (2008 <) Spain carbon tax (2014 ) B Canadafederal fuel charge (2019 =)
Liechtenstein carbon tax (2008 =) Hubei pilot ETS (2014 =) B Prince Edward Island carbon tax (2019 3)
BC carbon tax (2008 =) Chongging pilot ETS (2014 ) B south Africa carbon tax (2019 )
I RGGI (2009 =) B Korea ETS (2015 ) B Northwest Territories carbon tax (2019 )
B Iceland carbon tax (2010 ) B Portugal carbon tax (2015 =) B Mexico pilot ETS (2020 3)
B TokyocaT (2010 3) B BCGGIRCA (2016 ) B virginia ETS (2020 )
B ireland carbon tax (2010 ) Australia ERF Safeguard Mechanism New Brunswick carbon tax (2020 =)
. Ukraine carbon tax (2011 =) (2016 =) Germany ETS (2021 =)
Saitama ETS (2011 ) B Fujian pilot ETS (2016 ) |_| China national ETS (2021 )
B california CaT (2012 2) B Washington CAR (2017 )
Source: World Bank CCIR: Carbon Competitive Incentive Regulation, SGER: Specified Gas Emitters Regulation, OBPS: Output-Based
State & Trends in Pricing System, ERF: Emissions Reduction Fund, RGGI: Regional Greenhouse Gas Initiative N W USA, Australia
Carbon Pricing 2020 CPM: Carbon Pricing Mechanism till 2014
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Carbon Pricing initiatives: share of global
emissions (GHG) covered - Year 2020

8]
i
£

20%

Share of global annual GHG emissions

15%

T10%

5%

0%

Share of global GHG emissions

Programmes may evolve upon time

[

| |

China National ETS (2021-) ==———==) |
Germany ETS (2021 -) N [ ;

South Africa Carbon Tax (2019-) ||

South Korea Carbon Tax (2015-) \ ?

China Sub-National ETS Pilots (2013/2014-)
Quebec CaT (2013-) {

Kazakhstan ETS (2013-) —

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

B
=%

= 10 15 16

_Nur'nber of — . I
im plemented initiatives

EU ETS (2005-) —I I I I I I I

I

w— P mes we wel e men B Wes e

e e e o T e T =

arbon Pricing Mecanism
Source: World Bank 382
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Carbon Pricing and Emissions Coverage
Year 2020
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Carbon Price for existing ETS - 2020

($/tCO2)
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Carbon Price for existing CT Systems - 2020

($/tCO2)
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The EU example
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EU: The Key Drivers - 3x20% by 2020
European Council March 2007, integrated in tle law in 2009

10 % 2020
binding

NATIONAL TARGETS and ACTION PLANS

TP A 387 TPA Toolbox Energy Book 3 - GHG
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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% NATIONAL TARGETS and ACTION PLANS

TPA Toolbox Energy Book 3 - GHG

TPA
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New objectives of European Council 2021
-55% GHG Emissions by 2030 vs 1990

A broad legislative
package to align existing
EU policy with the new
emissions reduction

goal of 55% by 2030.
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History of EU ETS

TPA 390 TPA Toolbox Energy Book 3 - GHG ‘9@
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International/EU CO, 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 CO, (Monthly average & maximum, yearly average):

TPA

Sharing Experience

2005
2008
2011

2012:
2013:
2015:
2017:
2018:
2019:
2021:
2022:
2023:
2025:

: 30 €/t

: 22 €/t, maximum 30 €/t
: 13 €/t, maximum 17 €/t
7 €/t, maximum 9 €/t
4 €/t, maximum 7 €/t
7 €/t, maximum 8 €/t

23 €/t, end 2018
17 €/t, end 2019
50 €/t, Average
81 €/t, Average
83 €/t, Average

AAU: Assigned Amount Unit

5 €/t, end 2017, rebound in 2018

84 €/t, December 2025

391

TPA Toolbox Energy Book 3 - GHG
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Reminder - CO, UE-ETS price evolution 2008 - 2014

TPA
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Evolution prix-volume des quotas EUA depuis le début de la phase 2
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Reminder - CO, EU-ETS Price Evolution
From January 2018 to mid-December 2018
The Rebound: Allowances to be reduced in EU)

(€/tCO2)

From 6 €/tCO, end 2017 to
23 €/tCO, end 2018

25—

20—
15—

10—

—0%

E—
1/8/2018 3/19/2018 5/28/2018 8/6/2018 10/15/2018

TPA Source: Marketsinsider 393 TPA Toolbox Energy Book 3 - GHG ‘9@
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CO, EU-ETS Price Evolution
From January 2022 to November 2024

From 85 €/tCO, beginning 2022 to 68 €/tCO, beginning December 2024

(€/tCO2)
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CO, EU-ETS Price Evolution
From January 2020 to beginning December 2024

(€/tCO,)
EU Carbon Permits (EUR) 68.400 -0.870 (-1.26%)

From 25 €/tCO, beginning 2020 to 68 €/tCO,
beginning December 2024 \

100

rj 80
.............................................................................................

60

40

20

2020 2021 2022 2023 2024 i3
TPA Source: Trading Economics 395 TPA Toolbox Energy Book 3 - GHG {9@
b

Sharing Experience



Sharing Experience

Past, present and future Evolution of EU ETS

o o O o

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, CO, 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. CO, 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.

396 TPA Toolbox Energy Book 3 - GHG
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Carbon Tax in France

> Contribution Energie Climat (CCE): implementation in 2014.

> 7,0 €tCO, in 2014

> 14,5 €/tCO, in 2015, 22 €/tCO, in 2016, 30,5 €/tCO, in 2017

> 44,6 €/tCO, in 2018

» Unchanged since then

> Initial Objective: 100 €+/tCO, in 20307

» 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.

TPA 397 TPA Toolbox Energy Book 3 - GHG
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Carbon Tax in France
(On Fuels Consumption)

_ Gasoline (Alcane) Diesel (Hexadecane)

Carbon Tax 2018 44,6 €/tCO, 44,6 €/tCO,
Unchanged since then

Volumic mass 0,74 kgll 0,85 kg/l
CO, Emissions 3,09 tCO,/t 3,16 tCO,/t
CO, Emissions 2,28 kgl/l 2,68 kgl/l
Carbon Tax/Volume 0,10 €/l 0,12 €/l

TPA 398 TPA Toolbox Energy Book 3 - GHG {9@
b
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Carbon Pricing used by Companies in the past
Carbon Pricing has been revised upwards

0—-20 $/t 20 — 40 $/t 40 — 60 $/t 60 — 80 $/t

TP A 399 TPA Toolbox Energy Book 3 - GHG ‘9@
b
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Carbon Pricing within Total - Evolution 2008 - 2017

TPA
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Carbon Pricing by the Numbers

OIL AND GAS COMPANIES
E? CALL FOR CARBOMN PRICING

Murnibar of nationsl (423 and submabonal (25) jurisdictions In May 2015, sx global ol and gas
thal put 3 price on Carb-on emissons. companiss — BG, BP. Eni, Equinor

{then Statoil), Shell and Total — sent

USD 52 -b --l-l- an opan letter to the United Maticne
Hilon Framework Comeenticn on Climate
Walhee I 2047 of carbom |:-1'I-::I:|'|g1nrl'lal'r'.r|!-5. h'lElLH:IJ'Ig G amge |Jh FI:l:: and the Presiden cy
emissions trading schemes and carbon taxes — f COPM cal for the intr - ;
amn increase of 7 over the previows year SR _"’?‘ nig o - int &c”"’_'":'n =
carbhon pricing mechanisms. Their goal
was o reducse uncertainty amnd poomicte
Arﬂund 1’400 maore economically efficient methods to
Mumiber of companles that disclosed the use of an tnbemal carbon price. decrease carbon emissions worldwide.
Soumce: hitpofwnswnaoworkdbankorgfendresutts 201 7L 2000 carbon - pricing

Milestones

. @ @ @ @ e

2008 2015 2016 2016 2017
Total begins factoring Paying for Carbon Total helps to depboy Tokal reviews Total joins the
3 CErbomn price Total and five other leading thie World Bank's our invternal carbom S -bassd ChHmate
of €25 per ton Into ofl and gas companias Carbon Pricing price, satting it ak Lesdership Cowmcll
our investimeni call on the International Lezdership Coalon etwean LS 30 HE # Poumlinag
decisions. CoTnmamity to Impbenmernt and USD 40 per ton, MmiermibsaT.
carbon pricing mechanisms. depanding on the
price of ol

O

400 TPA Toolbox Energy Book 3 - GHG ‘_@
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Carbon Pricing within Total

- 2023/2024
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CO, Price in selected Regions vs Scenarios
IEA WEO 2025 ($/tCO,)

USD (2024, MER) per tonne of CO: 2035 2040 2050
Current Policies Scenario
Canada 70 70 70
China 14 14 14
European Union 87 87 87
Japan 2 2 2
Korea 13 13 13

Stated Policies Scenario

Canada 126 126 126
China 22 20 34
European Union 89 92 174
Japan 39 Gl 105
Korea 52 62 75

Net Zero Emissions by 2050 Scenario

Advanced economies with net zero emissions pledges 180 205 250
Selected emerging markets and developing economies® 125 160 200
Other emerging market and developing economies 25-50 35-85 55-180

*Includes Brazil, China, India, Indonesia and South Africa.
Notes: USD = United States dollar; MER = market exchange rate. Values are rounded.

TPA Source: IEA WEO 2025 402 TPA Toolbox Energy Book 3 - GHG ‘?@
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Lack of confidence in the collective objective to reduce
the GHG emissions and lack of credibility on the « price »
of CO, discourage large investments to mitigate
emissions.

R

Necessity to build-up a system leading to an
« international » Price of CO,. 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.

TPA 403 TPA Toolbox Energy Book 3 - GHG {9@
b
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Reminder
Summary Policies, Mitigation & Adaptation
IPCC - 5th Assessment Synthesis Report November 2014

TPA 404 TPA Toolbox Energy Book 3 - GHG {9@
b
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Need for a efficient international cooperation and management & control

i
L4

Cooperation
over ends

Pledge and Review

Linked Cap-and-Trade Systems
and Harmonized Carbon Taxes

Cooperation
over means

A rd -

Decentralized authority Centralized authority

Source: IPCC 5th Assessment Synthesis Report November 2014 405 TPA Toolbox Energy Book 3 - GHG
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Need for a efficient international cooperation and management & control

Source of capital

Carbon taxes
and auction of
allowances

General tax
revenue

Funds from
capital markets

Corporate
cash flow

Household

Manager of capital

National,
bilateral and
multilateral
financial
institutions

Commercial
i EL e E]
institutions

Corporate
actors and
institutional
investors
(private and
public)

Financial instrument

Project debt
(market based/
concessional)

Project level
equity

Balance sheet
financing

Credit
enhancement/
Risk
management

Project owner/sponsor

Governments,
corporations
and households

(developed and
developing
countries)

Project

Adaptation

Mitigation

income
Households

Source: IPCC 5th Assessment Synthesis Report November 2014 406 TPA Toolbox Energy Book 3 - GHG
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Levelized Cost of Electricity
the Impact of a CO, penalty pricing
See also Book 2

TPA 407 TPA Toolbox Energy Book 3 - GHG {9@
b
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LCOE 2023/2024 Environment @ 5%
(excluding & including CO, Penalty) (€/MWh)

Including CO2 penalty

Excluding CO2 penalty
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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

TPA 409 TPA Toolbox Energy Book 3 - GHG {9@
b
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Carbon Capture and Storage (CCS)

(®)
technologies

Carbon Capture Use and Storage (CCUS)

TPA 410 TPA Toolbox Energy Book 3 - GHG {9@
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TABLE OF CONTENTS

What is science telling us about climate change ?
Economic consequences for energy and industries
. The Kaya Equation

Agenda for Climate Change Negotiations

. CO2 Markets, Pricing and Trading

Carbon Capture and Storage technologies

N o o ke N

. What implications for oil companies:
the case of TotalEnergies

TPA 411 TPA Toolbox Energy Book 3 - GHG {9@
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CCS: Carbon Capture and Storage
CCUS: Carbon Capture Utilisation and Storage

TPA 413 TPA Toolbox Energy Book 3 - GHG F@
b
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CCS basis principle

'CO, source

CO, transport
CO, injection
CO, storage

414

(eg., power plant)

Image courtesy Bellona Foundation

TPA Toolbox Energy Book 3 - GHG
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The Role of CCUS

Source: April 2024
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Sharing Experience

sociaties naed for concrate |
(in the absence of any '
action) is forecast to result |
in 3.8Gt COa in 2050. :

Contributions to
achieve net zero

Efficiency in design
& construction

Efficiency in cancrete
production

Savings in cement & binders

Savings in clinker production

CO:2 emissions (Gt CO2)
% Contribution to net zero

Carbon capture and
utilisation/ storage (CCUS)

De-carbonisation of electricity
CO: sink: recarbonation

Total reduction

2020 2030 2050

Mission sur les projets européens de stockage géologique
de carbone

@ 415 TPA Toolbox Energy Book 3 - GHG
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The Role of CCUS

Source: April 2024
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CCU (Carbon Capture and Usage)

MinéralEation

ﬁ Micraaigues

4 Chimigue

Culiure dans les
Sans SETTES

@Tmnﬂmmnﬁﬂn

coz

Agroalimentaire

sStocKage Stockage géclogique
Rdcupdralion assisits du pdirole (E0OR)

Récupdration assisibe dela chaleur
geothermigue profande”

CC3 (Carbon Capture and Storage)

[ Durcissement du béton
s J Traitement de la bauxite

Mission sur les projets européens de stockage géologique
de carbone

416
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Capture.Now™ & CO, value chain

Re-purposed platforms

Loading Arms
All industrial CO2 emissions Carbon Capture
Technologies Solutions

- WD

Compression = : : ¥ 2
& Liquefaction

3 fuels /
CO2 sources CO:2z capture

eMethanol
Transport

Pre-combustion Post-combustion

CO; Compression .
™ i 2 . .
Blue H2 by TEN i & Liguefaction COs Loading Arms ekerosene
£0, Caplure for Flue gas pretreatment CO; Terminals C O, Pipeline Design Other Utilization Solutions Offshore C -Hub™
2

Gases (syngas, natural gas, refinery

off-gases, __) Canopy by TEN™
& other capture solutions

SUPPORTING CLIENTS FROM EARLY STAGE TO TURNKEY DELIVERY AND EEYOND

~= Project development, Energy Zn Financing Engineering, procurement, — Digital Project Management {3 Operations & Maintenance
4:7’; Advisory, feasibility @ Efficiency ﬂﬂﬂ solutions construction Services OR Consultancy & senvices

Source: EVOLEN 2023

TPA 417 TPA Toolbox Energy Book 3 - GHG ‘9@
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CCUS Value Chain

Carbon Capture Storage
& Utilization (CCUS)

Carbon Capture

Capture by trapping CO,
molecules before, during or after
the combustion stage, in order to

prevent its release into the
atmosphere

Source: Nicolas Nosjean

TPA
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Many sectors of activity: food,
metallurgy, chemicals,...

CCU A

Transport ()

Utilization

In geological
subsurface
formations,

enabling its long-
term sequestration
(centuries)

By pipelines or ships

CCS

418 TPA Toolbox Energy Book 3 - GHG



CCUS Value Chain

e
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INDUSTRY

GAS PROCESSING
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POWER PLANTS

'[n.n.n.rrr

TRANSPORT
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WAAAA AN A A
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TPA Source: Global CCS Institute January 2025
Advancements in Technology and Costs

Sharing Experience

TECHNICAL AND LEGAL CO, REQUIREMENTS
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CCUS Value Chain

Transportation

Storage

Utilization

Industry Pipelines Depleted O&G fields Food and beverage
CO2Z indust
> purification > -:r- > co2 > i
ﬁ & ﬂﬂﬁ injection
e 4
H2 DTOdUCtiDH conditioning ‘i
CO2 carriers -~ |9

=={m]

greyTe

Chemical (fuels,
methanol, polymers)

Saline Aquifers ~ OR o
Power generation B iﬂ e
) Trucks —
m Concrete and
mineral carbonation
Removals .
Rail

4>
L PR

Source: Rystad Energy

Source: IGU/Rystad Energy 420 TPA Toolbox Energy Book 3 - GHG

TPA

Sharing Experience

&



Carbon Capture (& Transport & Storage)
Three main Technologies

Industrial Processes

Process Value added products,
Raw Process carbon stream CO: i.e. ammonia, NG,
materials release 20-95% CO. |_femoval transport fuels,
cement, steel, etc
CO:

Post-combustion capture

z Power Flue gas CcO: CO:
r—P{ Air-combustion ——P ahd Raat e ey
4
.
Pre-combustion capture
co Transportation
Fuel — Gasification/ Syngas CO: H: oo iy e.g. Pipeline,
—P|  Reforming >o90% co. I —P| Combustion [P 0 Compression 91 ship, Truck,
y % S etc.
CO:
g
O:/Steam +
Oxy-fuel combustion
A 4 Storage
Power Flue gas CO: CO:
P Oxy-combustion p—P e.g. EOR,
Y and heat > 80% CO» removal Soaw
Saline,
Aquifier

TPA Source: Natural Resources Canada 421 TPA Toolbox Energy Book 3 - GHG ‘9@
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CCS (Carbon Capture & Storage) and CCUS (+ Utilization)
To Reduce CO2 Emissions: Various options for geological storage

Overview of Geological Storage Options , Produced oil or gas ™
1 Depleted oil and gas reservoirs D ccccccscsscccase Injected CO,
2 Use of CO, in enhanced oil and gas recovery BN stored CO

3 Deep saline formations — (a) offshore (b) onshore -
4 Use of CO, in enhanced coal bed methane recovery

5 Deep unmineable coal seams

6 Other suggested options (basalts, oil shales, cavities)

Volcanic Rocks (basalts) CO, Mineralization

TPA e 422 IFA 100I00X Clergy ook o - urlG ‘9@
b
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Various options for geological storage

Geological Storage Types TPA

Sharing Experience

" Coal seams _
e

——
*——t;';lz—‘.';_'-‘—' -

NN Oil or gas operations

B ceocoscccsce COz injection

Storage capacity in  Storage capacity
depleted reservoirs  in saline aquifers

Depleted fields S €Oz transport system

» R A A
.

Saline aquifer
GtCo,

L]
P %3 eDF

Source: Nicolas Nosjean 423 TPA Toolbox Energy Book 3 - GHG ‘9@
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Geosciences for CCUS

» The CCS technology

starts with mapping of
the subsurface in
order to find large
volumes for storage.

CCS technique &
methods will need
seismic interpreters,
but also geologists for
well data, understand
and model the seal
integrity, monitor the
pressure and the fluid
flows (4D)...

Source: Nicolas Nosjean

Geoscience Disciplines Required in CCUS TPA

Sharina Experience

Dynamic model
Plume monitoring
Well planning

Static model
Fracture characterization
Cap rock mapping
) Meonitoring

Surface & downhole
seismic, micro-seismic, DAS

Mineralogy
Reservoir-fluid interaction

BSEM-[DS, microscopy, XRF, XRD

Reservoir

characterisation
Seismic interpretation

Rock physics

Oy

| BatonBangslerFracare ™ 1
J 5

Geology
= @ Stratigraphy & well correlation

g . sedimentol
Geomechanics imentology

Fault seal analysis

Cap rock analysi o) VAR y

P i o I ~ Petrophysics
Seismic ,x Reservoir properties
Fault imaging/Cap rock mapping 3 Cap rock properties

Reservoir Connectivity

424 TPA Toolbox Energy Book 3 - GHG
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CCS Projects — Important challenges

Sleipner and Snohvit demonstrate carbon capture and
storage is not without material ongoing risks that may
ultimately negate some or all the benefits it seeks to create.

Every project site has unique Ensuring storage is securely
geology, so field operators must maintained implies a high level of
expect the unexpected, make proactive regulatory oversight,

detailed plans, update the plans activities for which governments
and prepare for contingencies. may not be adequately equipped.

Sleipner and Snohvit cast doubt on whether the world has the technical
prowess, strength of regulatory oversight, and unwavering multi-decade
commitment of capital and resources needed to keep carbon dioxide
sequestered below the sea — as the Earth needs — permanently.

Source: Institute for Energy Economics and Financial Analysis - June 2023
425 TPA Toolbox Energy Book 3 - GHG
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Example of a CCS Project

Te
pll'lg

500 km

10 km Pipeline onshore

180 km

750 km

Liquid CO,

Source -50°c 7 barg
10 Mtpa

Source : :

2.5 Mipa ‘e

Yy

(]
‘
(]
]

-

Liquefaction and
buffer storage

Source: European Technology Platform for Zero Emission
TPA Fossil Fuel Power Plants 426
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Typical LCOE of Projects with and without CCS

120 +
W ersweurnco.
S crsa0eurncos
N ETS 20 EURA COw
100 B
C (g Storage
C Ok Transport
m .
o ’ Poweer Plant
= with CO: Capture
= Referance Plant
= without CCS
E 60
[ Includes three levels of
E EUA costs and is based on
n the following assumptions:
H costs for an OPTI plant with
&) C0: capture; Middle fuel
= 40 costs; 180 km onshore CO:
transport; Medium storage
costs for an onshore deep
zaline aquifer.
m 4
0
Coal Ref Coal CCS Lignite Ref Lignite CS NG Ref NG CCS5
Source: European Technology Platform for Zero Emission
Fossil Fuel Power Plants 427 TPA Toolbox Energy Book 3 - GHG
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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

TPA 428 TPA Toolbox Energy Book 3 - GHG {9@
b
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CCUS Projects in Europe

Source: April 2024

TPA
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Overview of existing and planned CO: storage projects in Europe

BULGARIA
1. AMRAY 1)

CROATIA

1. Pelmhkemip Kuling®

3. Slenlille demo Cl-slarage
4. Morne )
5. Ruby

1. Pycassn® 1

—_
;E
3

1. Prines Q05 (FTI

HUNGARY
1. MOL-Hungary G5 Project®
ICELAND

1. Drea

2 Sibverstons

3. Coda Terminal 121
&. Mammath

ITALY
1. Ravenna CCS* (Pl

THE HETHERLANDS

1. Parthos® |=
2. Aramis® |p:
3. L10CCs”

HORWAY

EH
3

2. Longship [includes Morthern Lights]® =1
4. Barents Hiueg

L. Snohvit®

5. Smeaksia®

8. Trudvang*®

T. Luna®

8. Hewsterre®

2. Caledunia Clean Enengy

3. fero Caroon Humber®

4. Hykal®

5. et Zero Toosside®

t. South YWiales Irdustral Cluster

1. Bacton Trames Met Zero inftiathe®

Mission sur les projets européens de stockage géologique
de carbone

H Energies
(ifP sz

@

CONSEIL GENERAL DE L'ECONOMIE
D UINDUSTRIE, 6 CHERGA 1 0I5 FICHRQLOGITS

¥ P et wharna | D3P Mambsars a0 irsdeed
Fropcis Lated 'n Bl an n spiraton

BCI| - Progact ol Comeaian Imeres
- Frajact sazantad oy tha DU Inrakation Funs
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CCUS Projects in Europe

Source: April 2024

TPA
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Announced projects

Project type
e (Capture
e Storage
e  Terminal

Transport project type
—— Offshore pipeline
—— Onshore pipeline

Shipping

*0
L]
5
o
0 28" s00- 750 1,000km

5L Vel TS S BT ISR S

Mission sur les projets européens de stockage géologique
de carbone

- Energies
(P sz

430
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CCUS Projects in Europe

Mtpa
2030-2035
EOR] 0 0

Natif CO2 2 16

Industrial CO2/ 34 115

Bio + atm CO2 6 19

. 136
Gas Storage

Mineralization
Saline Aquifer
Depleted field

OO0

Concept/FEED - in construction - in operation
Years on the map = first injection

Source: TotalEnergies EP Data Book 2023

TPA -
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CCUS Projects outside Europe

—
CarbFix (DAC)
@ Polaris 1 Mtpa
10 Mtpa @
9 O Quest
t’ 1.2 Mtpa
€ Century Plant
5Mtpa @ XN gmown Hy
pa
e Lt f 9
Texas Gulf Coast “ BG)B'O'\L/:tB:nd
15 Mtpa Exon @) Lecs p
Houston Ship Channel
40 Mtpa
¥ @ santos

9 TotalEnergies
(including O&G

Source: TotalEnergies EP Data Book 2023

7 Mtpa

B e

-
Mellitah

3 Mtpa

= Ratawi - GGIP CCUS

0,5 Mtpa
¥ Ras Laffan
= 2.2 Mtpa
AL)
W B TazizBlueH,- @  Arnit
Jubail 1.5 Mtpa " "*0.5 Mtpa
9M 3
= Sakakeman P“"‘"@ g 0 T
= 3 3 Mtpa
2 Mtpa % P ¢ 3 Mtpa
S Bayu- Und@ 9 b b e
10 Mtpa _= Papua LNG
i Relndeer Bonane M
5 Mtpa
Feron O / e
Gorgon
4 Mtpa

¢ 3""“ Moomba
1.7 Mtpa

Majority of CCS projects are in US (93.2 Mtpa), MENA (16.2 Mtpa) and APC (41 Mtpa)

432
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CCUS Capture Capacities 2020 — 2025 by Energy Institute
From 180 MtCO,/year to 260 MtCO,/year ( # 0,7% of emissions

Carbon carbon capture, usage and storage (CCUS)

Capture capacity

Million tonnes per year* 23
Canada 10.& 106 10.8 13.0
Meaxico 0.5 05 0.5 05
us 779 780 TB.4 824
Total North America 891 89.2 897 959
Brazil 285 285 285 285
Total 5. & Cent. America 285 285 285 285
Germany 29 29 29 29
Morway 5.4 5.4 55 £h
Other Europe 10.8 10.8 11.6 1.7
Total Europe 19.1 191 19.9 201
Total CI5 - - - -
Qatar 4.2 42 84 8.4
Saudi Arabia 26 2.6 26 26
UAE 1.6 1.6 16 1.6
Other Middle East - - - -
Total Middle East 8.4 8.4 12.6 126
South Africa 0.3 0.3 0.3 0.3
Total Africa 0.3 0.3 0.3 0.3
Australia 18.0 18.0 18.0 18.0
China 99 101 13.0 15.3
Other Asia Pacific 6.8 6.8 6.8 6.8
Total Asia Pacific 34. 35.0 379 40.2
Total World 180.1 180.5 188.9 197.6
of which: OECD 13209 131.0 132.3 138.7

Mon-OECD 492 495 S56.6 589

European Union 11.3 11.3 121 121

13.2

05
841
979

28.5
28.5
28

h =
— k403 S bkan

— [l
.
(= MW o QN s O N e O O O B s N 5

g
[=)]

206.5

146.6
59.9
131

Growth rate per annum

457% 12.7% 7.5%
t T 0.2%
11.7% 3.8% 36.3%
16.2% 5.0% 43.9%
16.1% 3.0% 12.8%
16.1% 3.0% 12.8%
23.0% 43% 1.4%
14.7% 2.8% 2.4%
42 0% 11.0% 7.0%
32.3% 7.9% 10.8%
t 14.9% 3.2%

t T 1.0%
373.3% 36.6% 2.9%
47 6% 17.2% 7.2%
T T 0.1%

t T 0.1%

t 4.8% 8.8%
T4.7% 23.5% 11.0%
101.8% 15.3% 5.4%
41.7 % 13.4% 25.2%
25.4% 7.5% 100.0%
15.8% 5.3% 65.5%
49 0% 12.6% 34.5%
33.0% 9.0% 6.7%

Share

* Technologies include direct air capture, cxy-combustion, pre-combustion, and post-combustion.

* Less than 0.05.
1 Less than 0.05%.

Source: 5&P Global Energy, ©2026 by S&P Global Inc.

Source: El Stat. Review of World Energy 2026. Figures may differ according to
TP A sources & categorization/status of projects 433
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Some existing projects for CO, Storage & EOR, not forgetting technical challenges

In Salah -

Five large-scale integrated projects are successfully
storing CO,

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

O

TPA Toolbox Energy Book 3 - GHG (@
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A Zoom on Sleipner Project - Norway
and Weyburn - Canada

TPA 435 TPA Toolbox Energy Book 3 - GHG {9@
b
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Sleipner Project in Norway

5
»

Stratfiord'® @ Gullfaks

: Norway
,® Trico
! ®Heindal

’

Sleipner il o <

’
)

. ®Ula

s Sleipner West

®. Teesside
U.K.

Germany

Source: Zhu Laboratory, Indiana University Bloomington.

Source: Institute for Energy Economics and Financial Analysis - June 2023
436
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Sleipner Project in Norway

_-

Source: Geological storage of CQO,: project design and global scale-up. Ringrose. March 29, 2021. IEEFA

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

TP A 437 TPA Toolbox Energy Book 3 - GHG ‘9@
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Sleipner Project in Norway

. Layer 9 was not known to exist \
Utsira Formation = =& SOImet ot -800m £
[ TP Rm Mass (M)
Net/gross; 0.98 (°C) (MP3) () 5 (W&WWQ)
Porosity: 35-40% -850m P
Permeability > 1 D - q
% ~200m thick -900m " %0 3
‘S 528 D
—_— -950m 05 2
— \
5 O |
© -1000m 550 .
= : o n
S ) : . R : -1050m e
n — ' — 578
-1100m 3 sl
2016 g »
Ll | Kizr et al. 2016 Producers z °
e -
Source: Geological storage of CO.: project design and global scale-up. Ringrose. March 29, 2021. g o
600
— Evolution of Layer 9 3 » a5l
g il
2
: 40
c
S
o 10
o
° "
= 625 8471500
Amplitude Source: International Journal of Greenhouse Gas Control. |EEFA
‘;‘:::;;'i;hi\i‘;«s;:;lzo;:;: 20 years of successful storage operations and key learning for future projects EEFA Ca‘/anagh and Haszeldine ?(Nd
TP ﬁ Source: Institute for Energy Economics and Financial Analysiss- June 2023 TPA Toolbox Energy Book 3 - GHG ‘9@
b
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Sleipner Project in Norway

(o

j\\ co et

Litsira formation
(BOO = 1000 m depth)

Sleipner East Field

TPA 439 TPA Toolbox Energy Book 3 - GHG ‘9@
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Weyburn Project in Canada

TPA

Sharing Experience

SASKATCHEWAN MANITOBA

SOUTH DAKOTA
O rormuaL cor ppruse Tars

— 2 PPN
W o ram
WYOMING

« 25000 b/d, 6500 tCO2/day

« 320 miles pipelines

* 40 MtCO2 captured from Dakota
Gasification Company synfuels plant
along the life of the project

Courtesy Cenovus Energy Inc.

The world’s largest industrial demonstration
project for CO2 enhanced recovery

Weyburn unit oil production

bbis/d (gross)

0,000 +
45,000 +
0,000
35,000 4
30,000 4
3,000
20000 1
15,000 4
10,000

5,000

0

A A I AR
A\"A \'é \’A \’A \‘(l \‘A \’é \"A \'(k s

S Db d N D A > & A S A
& ¢ @ &4 o PSS
SLELLIPLXOLETELL LIRS
L 4 VIVP P P9 Vv 99 9P P P VP I VvV IO YY
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Projects for CO, Capture and Sequestration
Situation end 2019

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

a4 TPA Toolbox Energy Book 3 - GHG {9@
b



Boundary Dam, Saskatchewan, Canada

TPA
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Some large commercial CCUS Projects 1980 - 2020

Gas plant

Enid fertiliser

Shute Creek

Gas process.

Sleipner CO2
Storage pro;j.

Weyburn/
Midale

Snovhit CO2

Storage pro;j.
Century Plant

Ordos

Inn. Mongolia

usS

usS

Norway

US/Canada

Norway

usS

China

1972

1982

1986

1996

2000

2008

2010

2011

Source: Global CCS Institute

& IEA Special Report on CCUS 2020

Natural Gas
Processing

Fertiliser
Production

Natural Gas
Processing

Natural Gas
Processing

Synthetic
Natural Gas

Natural Gas
Processing

Natural Gas
Processing

Coal Liquef.

Plant

443

0,5 MtCO2

0,7 MtCO2

7,0 MtCO2

1,0 MtCO2

3,0 MtCO2

0,7 MtCO2

8,4 MtCO2

0,1 MtCO2

Location Start-up | Industry Capture | Storage type
type Capacity

Terrell natural

EOR

EOR

Geological Storage

EOR

Geological Storage

EOR

Geological Storage
(Deep saline form.)

TPA Toolbox Energy Book 3 - GHG
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Some large commercial CCUS Projects 1980 - 2020

Location | Start-up | Industry Capture Storage type
type Capacity

Air Products 2013 Hydrogen 1,0 MtCO2

Steam methane Production

Lost Cabin UusS 2013 Natural Gas 0,9 MtCO2 EOR

Gas Plant Processing

Coffeyville us 2013 Fertilizer 1,0 MtCO2 EOR
Production

Pre-salt Oil Brazil 2013 Natural Gas 3,0 MtCO2 EOR

Field CCS Processing

Boundary Dam Canada 2014 Power Gen. 1,0 M{CO2 EOR

CCS (Coal)

Uthmaniyah Saudi 2015 Natural Gas 0,8 M{CO2 EOR

Arabia Processing

Quest Canada 2015 Hydrogen 1,0 MtCO2 Geological Storage
Production (Deep saline form.)

Abu Dhabi Abu 2016 Iron and 0,8 MtCO2 EOR

CCS Project Dhabi Steel Prod.

TP A Source: Global CCS Institute 444 TPA Toolbox Energy Book 3 - GHG

& IEA Special Report on CCUS 2020
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Some large commercial CCUS Projects 1980 - 2020

Tomakomai

Japan

Kemper IGCC US

Petra Nova Us
lllinois Us
Industrial

Sinopec China
Qilu

Jilin Oil Field China
CO2 EOR

Sinopec China
Shengli

Gorgon Australia

2016

2016

2017

2017

2017

2018

2018

2019

Source: Global CCS Institute

& IEA Special Report on CCUS 2020

Hydrogen
Production

Power
Generation

Power Gen.
(Coal)

Ethanol
Production

Chemical
Production

Natural Gas
Processing

Power
Generation

Natural Gas
Processing

445

0,1 MtCO2

3,0 MtCO2

1,4 MtCO2

1,0 MtCO2

0,5 MtCO2

0,6 MtCO2

1,0 MtCO2

4,0 MtCO2

Location Start-up | Industry Capture Storage type
type Capacity

Geological Storage
EOR
EOR
Geological Storage
EOR

EOR

EOR

Geological Storage
(Onshore saline)

TPA Toolbox Energy Book 3 - GHG
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Some large commercial CCUS Projects 1980 - 2020

Location Start-up | Industry | Capture Storage type
type Capacity

ROAD Netherlands 2019/2020 Power 1,1 MtCO2 Geological Storage

(Barendrecht) Generation (Suspended)

Peterhead UK 2019/2020 Power 1,0 MtCO2 Geological Storage
Generation Goldeneye

Alberta Carbon Canada 2020 Fertiliser 0,3-0,6 EOR

Trunk Line Production MtCO2

Alberta Carbon Canada 2020 Hydrogen 1,2-1,4 EOR

Trunk Line Production MtCO2

White Rose UK 2020/2021 Power 2,0 MtCO2 Geological Storage
Generation

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

TPA 446 TPA Toolbox Energy Book 3 - GHG {9@
b
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Global Status of CCS 2025 by Global CCS Institute

GLOBAL STATU
OF CC 2025

c._
=7 -y ' 'w
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CCS projects in the World - 2025

Global Snapshot

CCS is expanding across regions in 2025 amid strengthened
policy commitments

SZOT L8043 S20 4C SNUVLS WEOD
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B
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S)Q)) @ ®
o () bde
o 0 o
® ® OCe ©
Facility Status Ps
Early Development 313 OO

. Advanced Development 297

@ '~ construction 47

. In Operation 77

"The ENI Structures A&E CCS Projectin
Libya is added to this map, but is not
included in project counts in this report.

TPA Source Global CCS Institute Global Status Report 2025
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513 MtCO, in 2025 vs # 35 GtCO, worldwide emissions (1,5 %)

CCS projects Capture Capacity 2010 — 2025

CO,; capture capacity of commercial CCS facility pipeline since 2010

550

=00

A5

CO, capture capacity (Mtpa)

L =]

==

TPA Source Global CCS Institute Global Status Report 2025
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CCS projects Capture Capacity 2024 — 2025

Number of facilities in operation rises 549 year on year

A
Ertd

L2 Number of facilities
in operation rises
4% year on year
\l 'I
04

\\ Total number of

facilities rises 17%
year on year

Total capture
capacity rises 23%
year on year

* Cument a5 of iy 2025,

Capture capacity in
operation rises 25%
year on year

Increase in the
capture capacity of
facilities in advanced
development (FEED)

from 180 to 262 Mtpa.

Capture capacity
in construction in
July 2025

TPA Source Global CCS Institute Global Status Report 2025
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Commercial CCS facilities by number and total capture capacity

Number of Facilities

734

313

628

287

513
143

416

Capture Capacity (Mtpa)

44

50

S5R 2024 ESR 2025 GSR 2024 SR 2025

Facility Status

. Im Operation . In Construction . Advanced Development Early Dewvelopment
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CCS projects Capture Capacity Developments 2025 — 2030

Potential capture capacity 2025-2030, based on entire CO,RE project database pipeline

CCS capture capacity
continues to expand
and grow through 2030

3 3 7 Mtpa

The capture capacity of facilities in operation globally
in 2030 is projected to be five times higher than in
2025, based on the development and construction
pipeline captured by the Institute's CO_RE database.

Considering projects curmmently under development,
the total operating capacity could increase to 337
Mipa within the next five years, from &4 Mipa today,
with a potential compound annual growth rate (CAGR)
of nearhy 405

Capture Capacity (Mtpa)
&,

Including plannied projects, or projects commeancing
operations after 2030, takes the total capture capacity
in the pipeline to 513 Mtpa. While significant, it remains
weall short of the required deployment to meet climate
agreements, and addiional capacty expansion must
be brought online.

2025 2030

TPA Source Global CCS Institute Global Status Report 2025 451 TPA Toolbox Energy Book 3 - GHG
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Some

large operational CCUS Projects 2015 — 2025 (1)

TPA

Facility Mame

Saudi Aramco Lthmaniyah
Shell Quest

¥injiang Dunhua Karamay
ADMOC Al-Reyadah

ADM linois Industrial

Petra Mowa Carbon Caplure
Campo Viejo Gas Processing Plant
CHNPC lilin Oil Field

Midstream 30-30 Gas Plant
Chevron Gorgon

QatarEnergy LMG

Enhance Clive Oil Field

‘Wolf Alberta Carbon Trunk Line
Nutrien Redwater

NWR Sturgeon Refinery

Climesworks Orca

China Mational Energy Guohua Jinjie 1

Sinopec Manjing Chemical
Yanchang Yan'an CO,-EOR

Diark Horse Storage

Entropy Glacier Gas Plant (Phase 18.18)

Gavo Net Zero Morth

Sinopec Qilu-Shengli

Targa Red Hills natural gas processing complex

Yanchang Yulin CO,-EOR
Bamett Zero CC5

China Mational Energy Taizhou

China Mational Energy Xinjiang Chemicals CCUS Phase 1

Saudi Arabia
Canada
China
United Arab Emirates
USA
LUSA
USA
China
LUSA
Australia
Qatar
Canada
Canada
Canada
Canada
lceland
China
China
China
LUSA
Canada
LUSA
China
USA
China
UsSA
China

China

Source: Global CCS Institute Global Status Report 2025

2015
2015
2015
2016
2017
2017
2018
2018
2019
2019
2019
2020
2020
2020
2020
20
201
201
201
201
2022
2032
2022
2022
2022
2073
2033
2023

452

Matural Gas f LNG

Hydrogen / Ammonia § Fertiliser
Chemical

Iron and Steel

Ethanol / Biomass Fermentation
Coal Power Generation and Heat
Matural Gas f LNG

Matural Gas / LNG

Matural Gas f LNG

Matural Gas / LMNG

Matural Gas f LNG

COy, Transport / Storage

COy, Transport £ Storage
Hydrogen / Ammonia § Fertiliser
0il Extraction / Reflning

Direct Air Capture

Coal Power Generation and Heat
Chemical

Chemical

COy, Transport £ Storage

Matural Gas Power Generation and Heat

Ethanol / Biomass Fermentation
Chemical

Matural Gas / LNG

Chemical

Matural Gas / LMNG

Coal Power Generation and Heat

Chemical

Capture Capacity (Mipa CO4)

0.8

13

o1

0.8

1

14

Mot Specified

0.6

o.M

4

22

MR COy, Transport / Storage)
M C Oy, Transport / Storage)
03

16

0.004

015

0.2

o1

MSACO, Transport £ Storage)
0.054

018

1

05

03

o

05

Mot Specified

TPA Toolbox Energy Book 3 - GHG

Storage Type

Enhanced Oil Recowery
Deep Saline Formation
Enhanced Qil Recovery
Enhanced Oil Recowery
Desp Saline Formation
Enhanced Oil Recowery
Enhanced Oil Recowery
Enhanced Oil Recowery
Enhanced Oil Recovery
Deep Saline Formation
Desp Saline Formation
Enhanced Oil Recowery
iR

iR

A

NiA

Mot Specifled
Enhanced Oil Recowery
Enhanced Oil Recovery
Deep Saline Formation
Deep Saline Formation
Deep Saline Formation
Enhanced Oil Recowery
Deep Saline Formation
Enhanced Oil Recovery
Deep Saline Formation
Not Specifled

Enhanced Oil Recowery

hat) (9]
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Some large operational CCUS Projects 2015 - 2025 (2)

Facility Mame

CMOOC Enping Storage Demonstration
Guanghui Energy Methanol Plant Phase 1
Harvestone Blue Fint Ethanol

Huaneng Yangpu Gas-fired Carbon Capture Dema Project
Ngawha Geothermizl Reinjection

Sinopec Jinling Petrochemical {Nanping Refineny)
Climewaorks Mammith

Eni Casalborseiti Natural Gas Plant

Bantam DAC

Eni Rawvenna Phase 1

Baijing BBMG Cement

China Mational Energy Mingxia Phase 1
Gingzhou Cngy-Fuel Combustion Carbon Capture Project
Santos Moomba CCS

H¥imjiang Jinfong Shemwu

Moathern Lights Transport and Storage

On Power Silversione Geothermal Plant

CF Industries Donaldsonville

Heidelberg Materials Brevik Cement Plant
CHCOOC Bozhong 26-6

CMOOC Enping CCUS Project

Source: Global CCS Institute Global Status Report 2025

Country

China

China

LISA

China

Mew Zealand
China
Icedand

taly
USA

tealy
China
China
China
Australia
China
Monway
Icedand
LISA
Monway
China
China

2023
2033
2023
2023
2033
2033
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2035
2035
2035
2035
2035

453

Matural Gas /LNG

Chemical

Ethanol / Biomass Fermentation

Matural Gas Power Generation and Heat
Geathermal Power Generation and Heat
Gil Extraction { Refining

Direct &ir Capture

Matural Gas Power Generation and Heat
Direct Air Capture

COy, Transport § Storage

Cement and Concrete

Chemical

Cement and Concrete

Matural Gas /LNG

Coal Power Generation and Heat

C0Oy, Transport f Storage

Geothermal Power Generation and Heat
Hydrogen / Ammonia / Fertiliser
Cement and Concrete

Gil Extraction / Refining

Matural Gas /LNG

Capture Capacity (Mtpa CD.)

03

o

02

ooz

oM

03

0036

0oz

0005

MiA JC0y, Transport / Storage)
il

3

02

17

02

MiA JC0, Transport / Storage)
003

2

04

Mait Specifled
o

Storage Type

Deep Saline Formation
Enhanced Oil Recovery
Deep Saline Formation
MNiA

Deep Saline Formation
Enhanced Cil Recovery
NiA

NiA

Enhanced il Recovery
Depleted Oil and Gas Field
Mot Specifled
Enhanced il Recovery
NiA

Depleted Oil and Gas Fiald
Enhanced Cil Recovery
Deep Saline Formation
NiA

MNiA

MNiA

Enhanced Oil Recovery
Deep Saline Formation
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CCS projects — Europe 2025

Facility Status
Early Davalopmant 125
. Advanced Davalopme 77
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CCS projects — US & America 2025

' S207 LCe30 S0 40 SNIVIS VRO

Facility Status

Early Davelcpmant

. Advanced Developmant

. In Con=truction
. In Oparation

glal| 8|8

“
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CCS projects — Middle East & Africa 2025

| GZO7 MO S30 40 SNINIS TIRO

* The ENI Structura=s ASE CCS Progect in
Liby= i= added to this map, but i= not
includad in > st —

TPA Source Global CCS Institute Global Status Report 2025 456 TPA Toolbox Energy Book 3 - GHG {9@
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CCS projects — Asia/Pacific 2025
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Facility Status
Eary Davelopmont a5
. Advancaed Devalopmant 4
. In Con=truction
. In Oparation 3

* PTTEP reachad FID for tha Arthit CCS
project aftar the cut-off dato for this
raport. Arthit iz In Construction as of
Octobeor, howovar facility statistics n
thi= report record Arthit a= Advanced
Dowalopmeant as of July.
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CCS projects — Europe 2025

g g
; :
CCS projects reaching FID or financial close in Europe (July 2024-July 2025) g i
8 3
i State aid schemes supporting CCS developed by EU Member States o
Net Zero Teessade Power United Kingdom  Natural Gas Power Generation Dec-24 % iR
and Heat 3
Norther Erdurance Untcd Kingdom €O, Transport/ Storage Dec 24 X | T ofprocn | cO O §
Froject Greersand Hemc €O, Tansport/ Sovage Dec24 TheNetherdands  Energy and Renewable elediriciy, gas — Direct grant C30hilion  Untl 31 December Dec-20 E
- Ervironmental Aid and heat, use of indusinal 035
Hafslund Oslo Celsio Norway Waste to-Encrgy Jan-25% , Cuidel “ EH.-IE] waste heat and hoat -~
Beccs Stockholm Sweden Bioencrgy Power Generatton and  Mar-25 pumps, electrllcation, =
Heat waste incinerabaon, CCS, ;
Er Hynet North West United Kingdom  CO, Transport / Storage Apr-25 and mm
Fluxys c-gnd Antwerp Pipaine Belgium CO, Transport / Storage May-25 Denmark CEEAGS CCs Direct grant 11 billicin Jaruary fl|]'l| 2003 Jan-23 )
National carbon management strategies and
roadmaps for CCS or CDR development ~ 5’
- Denmark CEEAGS BECCS Direct grant €350 milion  Until 31 December Dec-23
2024
Swodon CEEMGS BECCS Direct grant £3 hillion July 2024 -December Jul-24
2078
RUSSI. Gropce CEEAGS Onshore and offshore Direct grant EEOmilion  From October 2024 Oo-24
infrastructure part of
the Prinos project
Framce CEEAGS Hecniflcation, CC5, CCU CCAD £3 billion 15-year contract De-24
and energy efiaency
Gomary CEEAGS Hectnflcation, CC5, CCU, Other, diredt grant. €5 billion Until 3 December Mar-2%
= encrgy effloency and M6
ey hydragen
_/V\,v_/'"
_ ) Publishad
—~ T TORKIE Nota:
@ i~ Proparation ) : . I
—_— p ; = EEAGs: Energy and Environment Aid Guidelines
ot e < A T BECCS: Bioenergy with Carbon Capture and Storage
Py o ALGERA o o - - .
' : v CCfD: Carbon Contract for Difference

TPA Source Global CCS Institute Global Status Report 2025 458 TPA Toolbox Energy Book 3 - GHG ‘9@
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CCS projects in Europe - Status as of 01/03/2023

Country  Project Name Sponsor Capacity Projected Start ~ Notes
of Operation
Norway
MNorthern Lights CCS. “Providing carbon storage as a service.”
The master project comprises the following four components:
Errai Neptune Energy 4-8mtpa To make blue amm_onia from gas sourced from adjacent
(formerly Horisont Energi Phase 1 | 2024-2026 :"nf”"”erfes" LNGsite. . |
Polaris) Vir Energ 15mtpa _eglrated wrlh COzreceiving termllnal that blends received CO:
with industrial CO: captured from sites around Norway
Smeaheia Equinor 20mtpa 2027-2028 Slated to become Norway's primary CO: storage site
Wintershall Dea 60% . 120km offshore from Bergen,
Luna Cape Omega 40% Smipa Not disclosed awarded by GoN on Odogﬁer 5, 2022
Approved by Parliament on September 21, 2020. GoN operates
project through Gassnova SF; and provides state sponsorship
Government of Norway for design, construction and testing of COz transport fleet,
Langskip (GoN) Not inclusive of COz gathering and compression facilties. Cost
{Longship) Norcem AS applicable estimate is NOK17.1bn (US$1.59bn) for capital expenditure,
Fortum Oslo Verme AS and NOKBbn (US$0.75bn) for 10 years of operating
expenditure, two-thirds of which would be funded by GoN and
one-third from private-sector participants, Fortum and Norcem.
Sval Energi AS
Trudvang gt;c:tee%?'liologies 9mtpa 2029 Dpen-_souroe CO: repository with projected total storage
Neptune Energy Norge capacity of 225mt
AS
United Kingdom
g}iﬁgﬁgﬁm% Based in Scotland. To develop CO; gathering network, both
Acorn Harbour Energy 30% 5-10mtpa 2030 onshore a_nd via ship from oi_her parts of UK, consolid_atiljg and
- North Sea Midstream compressing, then transporting by repurposed gas pipelines to
Partners 10% depleted North Sea gas fields
10mtpa .
Viking CCS Harbor Energy Phase 1: Phase 1. 2027
2mtpa

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

TPA 459 TPA Toolbox Energy Book 3 - GHG {9@
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CCS projects in

Europe - Status as of 01/03/2023

Country  Project Name Capacity Projected Start Notes
of Operation
BP (lead)
Northern Nati_c)nal Grid Combines two CO:z “hubs™: Teesside and l—_lumberside. To
Endurance Equinor 20mtpa 2030 pump compressed COz 145km from Teesside and 103km from
E— Shell Humberside to depleted gas fields offshore
TotalEnergies
Hynet North ;ﬂ;r:e"j_ 2030
West ’ Phase 1: 2025
I 4 5mtpa
Netherlands
Air Liquide
Air Products Dutch waters of North Sea
Forthos Shell 2.5mtpa 2025 Proiect overview
Exxon Mabil
Neptune Energy
Rosewood Exploration
L10 Exxon Mobil 4 5mtpa 2026 g‘fﬂ] ‘e”ft‘irzgefn":;ﬂsea
EBN (state-owned = - -
enterprise)
Denmark
Project INEOS Energy g’;at;’: N 2030
Greensand Wintershall Dea 1.5mt ’ Phase 1: 2025
-Omtpa
Project Bifrost gﬁﬂﬁgs 3mtpa 2027
Sweden
Slite CCS Heidelberg Malerials 1.8mtpa 2030 Part of a ‘l'carhon-neulral” cement plant project undertaken by
Heidelberg Materials
Bulgaria
Petroceltic Recipient of EU Innolvation Fund monies on July 13, 2022,.to
ANRAV Heidelbera Materials 0.8mtpa 2028 demonstrate CCUS in Eastern Europe. To sequester CO:z in
L= = Wiclle
Black Sea fields
France-Spain
Avenia — European
PYCASSO Cluster Collaboration 1mtpa 2030 Regional CO; gathering and disposal demonstration project

Platform

460

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

Country Project Name Sponsor Capacity Projected Start Notes
of Operation

Germany

To create a CO:z liquefaction facility and use new LNG terminal

Wilhelmshaven 1mtpa 2026 to load CO:z ships for disposal at fields being developed in

LNG terminal Norway and elsewhere in the North Sea
Italy
4mtpa
CCS Ravenna ENI Phase 1 2027 To expand to 10mtpa in 2030 if intial commercial operations
Hub testing Phase 1: 2023 prove successful
0.1mtpa
Iceland

Proiect EU-funded project to demonstrate CarbFix technology’s ability
mone CarbFix 0.025mtpa 2025 to take externally sourced COz, process it and create solid-
—_ phase underground storage

Commercial-scale terminal for receiving, processing and storing
CarbFix-based technology for CO: disposal

Coda Terminal CarbFix 3mtpa 2031

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

TPA 461 TPA Toolbox Energy Book 3 - GHG {9@
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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 CO, capture facility
(1 Mt/year). The CO, will be transported in a 16 inches pipeline and injected in a depleted gas
field (Total CO, storage = 35 Mt). Investment # 400 M€. Project estimated start-up: 2016.
Financing not yet completed due to the low price of CO,. Project redesigned.

> France Nord Project (BRGM, ADEME, Total, EDF, Air Liquide, Engie and others): CO, storage
in a salt aquifer in the Paris basin. Objective: 200 MtCO, 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.

-I-PA 462 TPA Toolbox Energy Book 3 - GHG F@
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October 2017 : Equinor (ex Statoil), Shell and TotalEnergy
enters Norway CO, Storage Partnership (See also below)

CO, Storage:
Conceptual and
FEED Studies

2l el ‘---—-—Q,.-Eg

”
1.5 Mt CO, /¢
'

”

158
f p
EGE Eviergy ‘

Recyolihg Plant,

First integrated industrial-scale
project, supported by the
Norwegian Government

Current contracts with:

Yara (fertilizers)
Orsted ex DONG Energy

(Energy)
Heidelberg Material, Norcem

shareholder (Cement)

Storage capacity:

1,5 Mt CO,/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$

463 TPA Toolbox Energy Book 3 - GHG ‘9@
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Global CO, Storage Potential Capacities

Type CO, 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 31-310
2025: # 35 Gt

Source: IEA 2016 Report on CCS
IPCC 2005 Special Report on Carbon Dioxyde Capture and Storage
Petrochina

TPA 464 TPA Toolbox Energy Book 3 - GHG {9@
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5 G$ spent in 2025 worldwide for CCUS Projects (Source: IEA)
A relevant price of CO, is the must!

465 TPA Toolbox Energy Book 3 - GHG




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

Annual spending on CCUS by sector, 2010-

Annual spending on CCUS, historic vs. |IEA

A g
Q6 2025 250 sCenarios
)
5
= 200 0
0
4
I 150
3 m L |
, o 100
- N
DRABARs il
2010 2013 2016 2019 2022 2025 2013 2016 2019 2022 2025 2031-
] Eﬂ!aver 5 | D g\_d ufust?' 2035
@rydrogen and ammonia O BIOTUels = Historic o CPS-5TEPS o NZE
@ Other fuel supply mDAC
BCO, T&S

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

Public support mechanisms for CCUS projects

Category

Enabling
conditions

Capital
support

Risk-sharing
mechanisms

Government

TPA

Sharing Experience

Policy instrument

Legal and regulatory
frameworks

International
agreements

Grants
Equity stakes

Loans

CfDs, reverse
auction, regulated
tariffs

Public—private
partnerships

Offtake agreements

Export guarantees

Sovereign wealth
fund/ state-owned
bank

8
==

Public entities

T
I
o

€
N

)
7
==
ooo
2

Multilateral

development
bank/development
finance institution

&

i

Frameworks in Europe and parts of the
United States, Canada and Australia
have provisions for the long-term
liability of stored COz.

Agreements between countries are
needed under the London Protocol
and Article 6 of the Paris Agreement.

The Innevation Fund and Connecting
Europe Facility are major grant
programmes for CCUS in the
Eurcpean Union.

The European Investment Bank and
Nordic Investment Bank offered loans
to a BECCS project in Sweden.

The Canada Growth Fund can provide
concessional debt or equity, CfDs,
anchor equity and offtake agreements.

SOEs in the Netherlands (EBN,
Gasunie, Port of Rotterdam), Norway
(Gassnova) and United Arab Emirates
(ADNOC) help reduce cross-chain and
performance risks.

State-owned

i Export credit
enterprnise

agency

(N>

Source:lEA Financing CCUS at scale 2026
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Overview of risks across the value chain for CO; capture, transport and storage

| Capture Storage ]
= = Risk of reduzed Technology A Insufficient long-term }
C0; volumes and sgale-up or
— revenues dueto integration for coniracts
host facility lower TRL
disruptions applications J Unclear liability transfer

Exposure to changes in incentive )
aligibility or carbon accounting

rules

Transport

Insufficient
charges and

under-utilisation of

3
Lower TRL for
large-scale
CO, shipping

C0, technical
specifications

Infrastructure
integrity

_

frameworks

Liability exceeding financial

capacity of project
participants

4 ™
Uncertain financial exposure

from recapture of carbon
credits or policy incentives )

Injection well failures,
pressure management
challenges, and

decommissioning costs

J

[ Revenue uncertainty ] [ Consfruction, operation and performance ] [ Policy uncertzinty

Note: TRL = technology readiness level.

Cross-chain

\s

"

[- Infrastructure
misalignment causing
disrupfions along the
chain

» Co-ordination and timing
risks keading to stranded
€0, or underutilised

\ infrastructurs

\

Overlapping risks

» Delays and cost overuns

» Public acceptance

= Permitting

-.‘

Each segment of the value chain has risks that can affect the viability of other parts
of the chain, and investors must consider how these risks interact and spread.

TPA Toolbox Energy Book 3 - GHG
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CCS - A view by DNV
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CCS - A view by DNV

Climeworks began operations at its direct air capture and storage plant, Mammoth
(Hellisheidi, Iceland) — the world's largest such plant — in 2024. © Climeworks AG

TPA Source: DNV Energy Transition Outlook June 2025 - CCS to 2050 469 TPA Toolbox Energy Book 3 - GHG ‘9@
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CCS - A view by DNV - Capacity additions & Uses

CCS capacity additions to 2030 CCS by sector in 2030 and 2050
Units: MECO,/yr Units: MECO,/yr

2030 2050
Natural gas
production n“
vansacuno
Hg.r:Ing-n prod.
orencey R
Fower
enerion
Other sectors m

Rest of
the world

North
Amarica

2024 2030

TPA Source: DNV Energy Transition Outlook June 2025 — CCS to 2050 470 TPA Toolbox Energy Book 3 - GHG {9@
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CCS - A view by DNV - Captured Emissions

Share of global CO, emisslons captured with CCS

0.5%
" 2%
I
6%
W
2030 2040 2050

Ong orde raprasants 100 MECOLfyr. CCS numbars induds carbon ramonal.

TPA Source: DNV Energy Transition Outlook June 2025 — CCS to 2050

Shari

eeeeeeeeeeeee
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Carbon dioxide removal through 2050 by sector
Units: MtCO. /yr

00
o BECCS
power generation
100
: A
2020 2030 2040 2050
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CCS - A view by DNV - Selected Projects

Selected operational capture reference facilities in varlous Industries

Mr  MName and Location Industry Dwesign Capacity (ktpa) Technology Start-up year
1 Cuest, Canada Hydrogen 1200 Aming, Shell Adip-X 2015
2 Boundary Dam, Canada Coal Power 1 000 Amineg, Shell Cansolv 2014
3 Shute Creck, LIS Matural Gas 2100 Physical Solvent, Selexol 19846
Processing
4 ADM lllinois, US Ethanol 1 000 Inherant 2007
) Petra Mova, US Coal Power 1 700 Aming, MHI 2007
& Heidelberg Materials Cement 400 Amine, Capturn 2025
Brevik, Norway (in commissioning)
7 Twence, Netherlands Waste-to-Energy 100 Amine, Capturi 2025
g Ravenna, lKaly =as Turbine 25 Amina, MHI 2024
2 Al Reyadah, UAE Steeal 800 Amine, MEA 2016
10 Mikawa, Japan Biomass Energy 180 Amine, Toshiba 2020

TPA Source: DNV Energy Transition Outlook June 2025 — CCS to 2050 472 TPA Toolbox Energy Book 3 - GHG ‘g@
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CCS - A view by DNV - Selected Projects

Mature capture technologles have been deployed across varlous Industries

[ Al

1
®: ‘e
3 ¢ i
S i
. 2000
. 4000

. &000

Start-up year
B 2020-2025
N 70142019

I
=
o

>

Bafore 2014

TPA Source: DNV Energy Transition Outlook June 2025 — CCS to 2050 473 TPA Toolbox Energy Book 3 - GHG {9@
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CCS - A view by DNV Pipeline & Shipping Value Chain

Pipeline value chain

CO, capture plant Compression Pipeline Pumping Storage

Shipping value chain (shore-to-shore configuration)

CO, capture plant  Liquefaction Bufferstorage  Loading Shipping Unloading Buffer storage  Conditioning Storage

TPA Source: DNV Energy Transition Outlook June 2025 — CCS to 2050 474 TPA Toolbox Energy Book 3 - GHG
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CCUS Technologies & Costs

TPA 475 TPA Toolbox Energy Book 3 - GHG {9@
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Main Technologies for CO, Capture

Chemical absorption: Reaction between CO, 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
CO, selectivity from the gas stream

Calcium looping: CO, 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 CO,

Direct separation: In the cement industry, direct CO, stripping from the
limestone

476 TPA Toolbox Energy Book 3 - GHG
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Main Technologies for CCUS Applications

Sector Key CCS applications

Chemicals
FPrimarily production of ethanol and methanol, but with
wvarious other applications in the future

Hydrogen production
Froduction of blue hydrogen from natural gas or coal

Industry

Cement
Process emissions account for 70% of emissions from
cement production, the remaining from combustion

Iron and 5teel
Both a high degree of process emissions from iron ore
reduction and combustion emissions

Gas
Flue gas CO2 separation

Coal
Flue gas CO2 separation

Bio energy
Bio energy with CCS (BECCS) with potential of being
net negative

Natural gas processing
High concentration CO2 from natural gas processing is
currently the easiest to abate with CCS

Energy
Oil refining
Majority frem process emissions, but dependent on
refinery setup, feedstock and product composition
Waste incineration
Flue gas CO2 separation

Other

Direct air capture
CO2 extracted from the ambient air. Ideally located close
to storage site and with access to cheap, clean electricity

TPA Source:IGU Gas Report 2022
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Combustion
emissions
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0065000606
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Process emissions Alternative decarbonization pathways

__1OI¢] JOI®I0] *) *L 1=

Green hydrogen and CO2 utilization
technologies

Green hydrogen

Carbon-free concrete and low carbon fuels

Iron electrolysis or direct iron ore
reduction
with hydrogen

Renewables and nuclear
Green hydrogen

Renewables and nuclear
Green hydrogen

Carbon free

Substitution of end -use consumption

Substitution of end -use consumption

Carbon free

Source: Rystad Energy

TPA Toolbox Energy Book 3 - GHG
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CO, Capture Costs for current technologies
60 — 100 $/tCO,

Indicative CO; capture costs for coal- and gas-fired power plants by capture rate

120

100

a0

G0

Capture cost (USDRCO;)

40

20

a0% 95% 99.7% a90% 95% 99.1%
Supercritical coal Combined-cycle gas turbine

Source: IEA analysis bazed on own estimates and IEAGHG (2019b), Towards Zero Emissions CCS in Power Plants
Using Higher Capture Rates or Biomass.

478 TPA Toolbox Energy Book 3 - GHG {9@
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CO, Flows and Capture Costs: 110 — 130 $/t CO,

{ 20 40 60 80 100 120
— Assume a hypothetical plant costs
out of a 100,000 tpa COz flue gas stream
CO: Mot Ca €0:Ca CO: Emitted to
From the F From the ue Gas Run the Capture Plant

Hupothetical costs of COz2 Captured
Cost/COz Captured from Flue Gas=
$10,000,000/90,000 = $1M11.1CO:

Hypothetical costs of COz2 Avolded
o Cost/Net | t=
COST OF COz AVOIDED 05U Nel Impact=

WITH CCs:
COST OF CO: CAPTURE

$10,000,000/80,000 = $125/tC0z

20 +10=

The hypothetical Net Impact to
emisslons |s the same under both
MITIG n':En'HE:\:::ﬁT _ calculation methods. A reduction In
80 emissions by 80,000 tpa

B Flue Gas CO:z Atmosphere B Captured CO:

B Uncaptured Auxiliary Boller Emissions

Source: Global CCS Institute January 2025 479 TPA Toolbox Energy Book 3 - GHG
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CO, Capture Costs for a Gas-fired plant — Evolution 2010 - 2030

TPA
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Draugen

Cost of CO, Capture (US$.02: per tonne CO.)

Source: Global CCS Institute January 2025

S Keadby CCS .

9o Karsto — S

Peterhead - Version 1

Knottingley Power Station

Elk Hills, Kemn County
' Sherman CCS

Glacier Entropy —
Phase 2
Calpine
Deer Park

Mustang

Glacier Entropy
Phase 1

W Operational B In Construction B Under Development B Cancelled
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Reminder - IEA Special Report on CCUS 2020

TPA 481 TPA Toolbox Energy Book 3 - GHG {9@
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Additional Carbon Removal Technologies
to get an objective of 0 Net Carbon Emissions

Technology Current Carbon removal CO2
maturity potential capture
Cumul to 2100 Cost
(GtCO,) ($/tCO,)
Bioenergy with CCS Demonstration 100 - 1200 10 - 90
BECCS
Direct Air Capture Demonstration 100 - 1000 130 - 350
and Storage - DACS
Land Management Early adoption 80 - 1500 30 - 150
and Biochar
Production
Afforestation Early adoption 80 - 300 5-50

Reforestation

Source: IEA Special Report on CCUS 2020 482 TPA Toolbox Energy Book 3 - GHG



Additional Carbon Removal Technologies
to get an objective of 0 Net Carbon Emissions

TPA
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BECCS - power generation I

BECCS - other fuel transformation .

BECCS - industry I

0 30 100 150 200 250 300 350

USDICO,

Notes: COz capture costs are based on the following assumptions: technical lifetime = 25 years; representative
discount rate = 8%:; the price of fuel = USD 7.50/GJ; the price of electricity = USD 6.7/GJ. BECCS applied to industrial
processes is based on chemical absorption.

Sources: EASAC (2018), Fuss et al. (2018), Haszeldine et al. (2018), Keith et al. (2018), Realmonte et al. (2019).

Source: IEA Special Report on CCUS 2020 483 TPA Toolbox Energy Book 3 - GHG



CO, Transportation Costs
Shipping & Offshore Pipelines
Maximum optimized Cost # 30 $/tCO,

Capacity Distance

~ 80 80
o o
2 70 270
G &
= 60 g 60

50 50

40 40

30 30

20 20

10 10

0 ]

05 1 2 0] 10 100 500 1000
Mtfyear kilometres

0 Offshore pipeline B Ship

MNotes: Left-hand chart assumes a distance of 1 000 km. The right-hand chart assumes a capacity of 2 Mt/year.
Source: |[EAGHG (2020b), The Status and challenges of CO: Shipping Infrastructure.

0,

TPA Source: IEA Special Report on CCUS 2020 484 TPA Toolbox Energy Book 3 - GHG ‘@
b
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CO, Storage Costs

Indicative Costs fue CO, Storage in the US
In average from # 10 $/tCO2 onshore to # 30 $/tCO, offshore

8

28B2.2882838

uson

18Ba.a2BB8Aa88

Source: Based on US ERPA (2018]), Inventory of 1.5 Gresnbowuse Gas Emissions and Sinks 18910-2077.

CO: storage costs can vary considerably, with CO--EOR at negative costs and the majority
of the onshore storage capacity being available at below USD 10/1CO,.

O

TPA Source: IEA Special Report on CCUS 2020 485 TPA Toolbox Energy Book 3 - GHG ‘_@
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CO, Storage Capacity by Regions
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Notes: This map is without prejudice to the status of or sovereignty over any territory, to the delimtation of
international frontiers and boundaries and to the name of any territory, city or area. Sedimentary thickness serves as
an indicator of the theoretical potential of CO; storage sites. The offshore capacity estimates exclude sites in water
depths of more than 300 metres and more than 300 kilometres offshore. The Arctic and Antarctic regions are also

excluded.
Source: Kearns, J.et al., (2017). Developing a Consistent Database for Regional Geologic COz Storage Capacity
Worldwide.
TPA Source: IEA Special Report on CCUS 2020 486 TPA Toolbox Energy Book 3 - GHG ‘9@
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What decision to be taken?

The cost of emitting and the cost of
capturing, transporting and storing CO,
varies across indusiries and geographies.

As a result, cost parity will be reached at
different points in time depending on industry,
location and regulatory regime.

Cost of emitting CO2

Cost of CCS

Source: Rystad Energy

0,

TP A Source: IGU 2022/Rystad Energy 487 TPA Toolbox Energy Book 3 - GHG ‘_@
b
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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 $/tCO, 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!

TPA 488 TPA Toolbox Energy Book 3 - GHG {9@
b
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Reminder: IEA 2021 Carbone Capture Sources in NZE 2050

Scenario
S 8 e Othgr |
O . M Direct air capture
0 . Fuel supply
R o ... ... Hydrogen production
- Biofuels production
W Other
B e ——————-—"; e ... - Industry
B .. Industry combustion
Industry processes
S T e - E?tricity sector
— ioener
— e L - - Gas .
= - . . - M Coal
2020 2025 2030 2035 2040 2045 2050
TPA Source: IEA Net Zero by 2050 - October 2021 \ TPA Toolbox Energy Book 3 - GHG
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Volontary Carbon Offsetting

In order to achieve the 1,5°C Paris ambition, the world needs substantial emission reductions. A clear mitigation hierarchy shall be
installed by companies: reducing emissions comes first, carbon credits are an important complement.

... and analyze ... emissions and set '
. ol i ... unavoidable and
emissions to take ambitious reduction ; i
2 residual emissions
relevant actions targets

Carbon offsetting is the last step to reach Carbon Neutrality
It does not substitute the source GHG emissions reduction efforts

490 TPA Toolbox Energy Book 3 - GHG

hat) (9]

A&



Ways for remaining Carbon offsettings

mrtgﬁm Unavoidable GHG Projects generating
emissions carbon credits
C GHG emissions
reduction
A v
Unvoidable = ¥ & v Y v
emissions ' P
2 L
Carbon Credits '
el S2m H
=4 Verified Carbon
Carbon Offset Standard
: N Products
\ [/ -
Voluntary carbon offsetting means =:‘ % Gold Standard
(_:ompe.nsatlng_unavmdable emissions by Carbon L 2 160%a reduced ] 2" for the Global Goals
financing projects that avoid / reduce / 1 Credit = 1 avoidediremoved @M GOALS
remove GHG emissions BRERRGE

TPA 491 TPA Toolbox Energy Book 3 - GHG
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March 2018: Chinese — European Emissions -
Reducing Solutions (CHEERS) Project

» Objective: to develop a plant that will capture virtually all CO, and use it
to produce electricity and steam.

» Capacity of the plant: 3 MWth
» Chemical Looping Combustion (CLC) technology will be used
» CO, 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)

Source: Total 2018 492 TPA Toolbox Energy Book 3 - GHG
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Basic principle of CLC

Me + %2 02 — MeO CH4 + 4MeO — CO2 + 2H20 + 4Me
Air reactor Fuel reactor | condenser
Pure
CcO2
Metal
Oxyde H20
N2
Supply of 02 —
steam and _ Metal Supply of
electricity Alr steam and
electricity
Air
N2/02 Fuel (CH4)

Air reactor: At high temperature, the metal will absorb air oxygen
Fuel reactor: Combustion of oxygen from metal oxyde generates pure CO2

TPA

493 TPA Toolbox Energy Book 3 - GHG {9@
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Chinese — European Emissions - Reducing
Solutions (CHEERS) Project

CHEERS PROJECT : CHEMICAL LOOPING COMBUSTION

International pioneer in retrofitting an existing unit to CLC

Demonstration of CLC technology with solid fuel

In the frame work of Horizon 2020 Work Program and China MOST

Quality of CO, based on EOR requirements
Techno-economic evaluation of industrial scale unit

() SINTEF

| @ ToTaL

( €
(P

qSHEERs @0

DX R NHECR R

i

Yl
;,1‘ Y 4' 4‘ |

>

2 IRe!

I B B

DO Y Y\
DU NRL AR N .-) “B

3 MW,,, scale

8

wTEARAREH IR

March 21: Operation and testing )

~ Oct 17: Pre-Feed > Mars 19: FEED, LLI procurement > June 20: EPC >
Ime.? ' (EES4 a ToTAaL ;

&=

AhR%

Source: Total 2020 494
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Other CCUS Project

CCUS VALUE CHAIN DEVELOPMENT - STEEL PLANT

3D project : DMX™ Demonstration in Dunkirk

e Kolspes

CO, ofishore storage
Deep saline aquiters

StFergus ®
North Sea
Storage Cluster

Forth
©
SO, offshore storage
Depletect gas resamvolrs

Teeside o :
"""i

Humbere e DenHeldes

o Rolledam

Dunkirk
é Collection : SO, Sourcaed
Le Havie Cluster

TP A Source: Total 2020 495
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CO, Cluster:
12 Mt CO,/y that could be
captured in a short term

DMX™ Demonstration Unit in
Arcelor Mittal Steel Plant

GRSSCD
(fPemee =
= DTU
A)ér"s =
{acp
o ToTaL

(3 Greenflex el

PN @\anevm
anaineering
ArcelorMittal
wetho!
-l Sens

3D project received funding from the European Union's Horizon H2020 research and innovation programme under grant agreement No 838031
TPA Toolbox Energy Book 3 - GHG
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Climate change
What implications for oil companies:
the case of TotalEnergies

TPA 496 TPA Toolbox Energy Book 3 - GHG {9@
b
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TABLE OF CONTENTS

What is science telling us about climate change ?
Economic consequences for energy and industries
. The Kaya Equation

Agenda for Climate Change Negotiations

. CO2 Markets, Pricing and Trading

Carbon Capture and Storage technologies

N o oo A W

. What implications for oil companies:
the case of TotalEnergies

TPA 497 TPA Toolbox Energy Book 3 - GHG ‘9@
b
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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 CO, or low CO,
emitting and nuclear energy

¢ Imagine and validate efficient and reliable solutions to capture
and sequestrate CO, (Lacq Pilot scheme and others)

v ... while continuing to meet the world’s energy demand
(deep offshore, unconventional oil, mature fields, LNG...)

TPA 498 TPA Toolbox Energy Book 3 - GHG {9@
b
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Climate Change: 5 priorities for TotalEnergies

» Promote Natural Gas supply. Substitute Coal by Natural Gas in
the energy mix (Coal CO, emissions = 2 times Natural Gas CO,
emissions for each kWh produced)

»> Promote and Develop Renewables: solar energy and biofuels
(La Mede: 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 CO,)

TPA 499 TPA Toolbox Energy Book 3 - GHG {9@
b
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Reminder - Some operational criterias

TotalEnergies performance — From 2011 to 2022

o202 | 200 | 2019 ] 2018 | 2017 | 2016 | 2015 | 2014 | 2003 | 2012 | 201

Oil & Gas Production

(Mboe/d)
(Mtoe)

2,76 2,82 2,87 3,04 2,78 2,57 2,45 2,35 2,15
138 141 143 150 138 128 122 117 107

Net primary Energy
Consumption
Operated (TWh)

166 148 147 160 143 142 150 153 153

(Mtoe) 14,1 12,6 12,5 13,6 12,2 12,2 12,8 13,1 13,1
GHG emissions O&G*
Operated (MtCO2eq) 40 37 36 41 40 38 41 42 44
Group share (Direct 56 54 52 55 54 50 51 50 54
emissions) (MtCO2eq)
Flaring
Total flaring (Mm3/d) 3,3 3,6 4,2 5,7 6,5 54 71 7,2 9,8
Routine flaring (Mm3/d) 0,5 0,7 0,6 0,9 2,1 1,8 2,3 2,3 3,1

TPA
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Source: TotalEnergies
*Scope 1: Direct GHG emissions
*Scope 1+2 as from 2021 including CCGT 500

2,30
115

157
13,4

46
51

10,8
3,4

2,30
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13,6

47
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10,8
3,4

2,35
117
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13,5
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53

10,0
3,1
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An example: Angola LNG Project

From a flaring issue to gas valorization scheme

TPA

Sharing Experience

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

501

Insure a gas supply of 1 Bcf/]

Phase Il

+1-4
associated
gas fields

Phase lll

Gas Caps
Decompression

Phase | :

LNG Plant
Associated gas
pipelines

Kizomba C
Kizomba A NAS

Kizomba B

W Block 2
GIRASI0L Greater Plutonio

DALIA

TPA Toolbox Energy Book 3 - GHG
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Carbon Price: 6 European Companies are calling for a CO,
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.

D

¥ Statoil eﬂi

o

BG GRO{JP

TPA 502 TPA Toolbox Energy Book 3 - GHG {9@
b
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Oil and Gas Climate Initiative (OGCI)

> . f= Helge Lund,
z L'v\)/‘ BG Group pic

/b' ‘* Bob Dudlley,
/'J}L«,\ BP plc
1 Claudio Descalzi,
EniS.p.A.

Emilio Lozoyva Austin,

e Petroleos Mexicanos
Sh. Mukesh D Ambani,
Reliance Industries Limited

503

i =

—Z

I0a C
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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

Josu Jon Imaz,
Repsol S_A.

Ben van Beurden,
Royal Dutch Shell pic

Amin H. Nasser,
Saudi Aramco

Eidar Saetre,
Statoil ASA

Patrick Pouyanne,
TJotal S. A

TPA Toolbox Energy Book 3 - GHG
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Oil and Gas Climate Initiative (OGCI)

a:\'
\'.

.‘V’

@ I. |

L’'0GCI CREE UN NOUVEAU FONDS POUR LE CLIMAT

Sept des dix PDG des compagnies pétroliéres et gaziéres qui com, t 0 .. : 2 .

ro?& Gas Climate Initiative (OGC) sep?é'; reuuuvég:Ize 4 no?elmbra m Realiser cet investissement a plusieurs permettra de
4 Londres. s ont annoncé la création d'un fonds pou le climat, OGC/  démultiplier son impact et de creer un effet de levier pour
Climate Investments, doté d'un miliard de dollars sur 10 ans et desting  attirer d'a“!fw ﬁ“amemem?- Cela prouve aussi que le
a soutenir des projets st des technologies qui présantent un fort potentiel  climat est bien un défi collectif pour notre industrie et que
de réduction des émissions de gaz  efiet de seme. Lapriorité seradonnée  fa collaboration en la matiére prime sur la compétition.”
7 Sm:‘,m::’ . C%ajf reduction des MISSIONS | - wies Paszidowlcz, Arecteur Statigle & Clmat 0o Tot

=0 Lire lo communiqué de presse Eomwm

Creation of the OGCI Climate Investments
Fund of 1G$ over 10 years

Covering CCS, CO, valorisation, Methane
emissions reduction, Energy efficiency.

TPA 504 TPA Toolbox Energy Book 3 - GHG {9@
b
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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 CO, recycling & storage.

» Agreement signed with CNPC to establish a
investment fund dedicated to China.

TPA 506 TPA Toolbox Energy Book 3 - GHG {9@
b
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OGCI Targets
Commitments of Industry is necessary

1. OGCI'S STRATEGY
TOWARDS NET ZERO OPERATIONS

LEADERSHIP TO ACCELERATE THE
ENERGY TRANSITION

LEADING
the oil and gas

Towards
NET ZERO
operations

Acting to help
DECARBONIZE
industry society

CARBON REDUCTION THROUGH
INVESTMENTS AND COLLABORATION

TPA

Sharing Experience

507

UPSTREAM METHANE INTENSITY TARGET

BASELINE 2017

OUR TARGET
IN DETAIL

HOW WE REDUCE
METHANE EMISSIONS

Includes all operated ~\ Expand leak detection and

upstream oil and gas assets / repair campaigns
All OGCI members support the aims )\ Replace or upgrade
of Zero Routine Flaring by 2030 / high-emitting devices
We will report our collective Reduce flaring

methane intensity annually

Consistent with support
for Paris Agreement

Reduce venting in new and
existing assets

NEAR ZERO

TPA Toolbox Energy Book 3 - GHG
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TotalEnergies:
Development of CCS Technology

TPA 508 TPA Toolbox Energy Book 3 - GHG {9@
b
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Total’s objectives in reducing Carbon Intensity

TPA

Sharing Experience

Source: IEP
“Climate

solufiors for
EU indusiry:
interaction
bebween

electrificati
on, CO,uze
and CO,
storage”.

Source:

CCUS - A PRAGMATIC APPROACH

- sineie CO: recycling at geeat resouree cos!
= 140 DErMAnEnt Stomace

{arbon
(fiure gnd

Total 2020

Source: US DOE / NETL (Nafional Energy Technology Laboratory), Cost and Performance Baseline for Fossil Energy Plonts, Revision 3, July 2015

=

e CCU and CCS both contribute to capture
technology development and necessary costs
reductions

® Storage: necessary for CO, sinks, and a
permanent solution for large volumes of
residual CO, (cement, steel, etc.)

e Utilization has far less volume potential (case
specific, R&D efforts required)

509 TPA Toolbox Energy Book 3 - GHG

hat) (9]

A&



Total’s objectives in reducing Carbon Intensity

OUR CCUS AMBITION

To have CCUS globally recognized leadership by 2035
To provide our customer a CCUS solution towards carbon neutrality.
To prepare for new business opportunities.

® One R&D strategy for CCUS ® R&D key enabling factors

1. Toreduce CCS Cost - Work for CCUS sustainability
» Optimize mature technologies thought scale-up Develop int | .
effect - Develop internal expertise

- Leverage our impact through OGCI

» Promote technologies competition
and through partnership funding

» Push disrupftive technologies to the market
To evaluate mass market opportunities in CO, Utilization
To be present all along the value chain of CCUS
+ Take part in industrial projects
» Create new business models
4. To scale-up CCUS impact on Climate
» Derisk mega CO, storage capacities

Source: Total 2020 510 TPA Toolbox Energy Book 3 - GHG ‘9@
b

W

Worldwide involvement :
USA, EU, Asia, Middle East

TPA
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Total’s involment in CCS projects in Europe

OVERVIEW OF EXISTING AND PLANNED CCS PROJECITS IN EUROPE

]
NORWAY ;|=

1. Sleipner CO, storage P

2. Snahvit CO.» atarzge: -

3. Morthern Lights

L |
= SWEDEN

17.Preem CCS

e La*]
uk k=
. Acorn a

]

£. Caledconia Clean Energy
7. H21 North of England
8. Lwerpool-Manchester Hydrogen Cluster
8. Clean Gas Froject
1

Q. Humber Zere Carkbon Cluster NETHERLANDS
13. Porthos

14. Athas

ireLano [ 15. Magnum
16, Aramis

4. Ervia Cork CCUS f 8) ..
(4

FRANCE l I l l BELGIUM

11.DMX Demonstration in Dunkirk & P 12 Port of Antwerp
Source: [QCGE hene 20019

Source: Total 2020

TPA 511 TPA Toolbox Energy Book 3 - GHG {9@
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The start-up: A TOTAL Project :
CCS pilot project in Lacq - General Objectives.

Sharing Experience

CO, capture B’ = 'l CO, storage

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

512 TPA Toolbox Energy Book 3 - GHG {9@
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Pilot location:

Total Exploration & Production in France

TPA
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The Lacq plant - South-West of France

TPA
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Carbon Capture & geological Storage
in the Lacq region

Injection du CO2

Transport du CO2

515 TPA Toolbox Energy Book 3 - GHG

O

A&

-



CO, injection into a depleted gas reservoir

HSE002 RSE001 SFT15DG2 PADO4 LNS001

s "R NORD Mano dolomitic _
. & — — fractured reservoir
I
“tprésien \'\, Molasse
: e R Depth # 4500m
1000_] | ‘ _ 5 : -
e L e e ] L eeeem— | Temp. # 150°C
] ? / : -V ; i A mgw
: : : S _ Initial P = 485 barg
a bae e L - Current P # 30 barg
e ety 2 ey :
> i 5] .
oo [ ”'d* 5000 No aquifer
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Installations for CO, Capture at Lacq

Oxycombustion:
Revamping of
existing boiler
and installation of
CO, treatment
installations

Air separation
unit and
compression of
CO,

TPA 517 TPA Toolbox Energy Book 3 - GHG ‘9@
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Boiler revamping

TPA

Sharing Experience

» Existing boiler revamping with

CO, recycling

> 40 t/h ot steam 60bar/450°C
(30 MW,,) to HP steam network

Ventilateur de
recycle des fumées

JHneee = & W

L
W
X

Registre

.”.‘.l T -
=———=> Oxygene
=== Combustible ‘
———> Fumées d’oxy-combustion Traitement
=P Fau d’alimentation / des fumées
=P Vapeur produite

Ventilateur booster vers

traitement de fumées

» 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

518 ' TPA Toolbox Energy Book 3 - GHG
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Lacq CCS oxycombustion basic process

¢ Combustion using pure oxygene releases flue gas with a high
concentration of CO, and water vapor

¢ The flue gas is purified and dehydrated. The wet CO, (concentration of
90 to 93%) is compressed at 27 bar then dried for transport (27 km)

¢ The CO, 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

TPA 519 TPA Toolbox Energy Book 3 - GHG
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CO, injection at Lacq: volume and pressure of CO,
Pre-project estimates

INITIAL SITUAETION
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Monitoring System of the CO, Lacq injection

Sondes sismiq

Stockage du CO2

|
|

© Ecoute microsismique
Roche réservoir du Mano e Mesure des gaz du sol
Marnes et argiles 7 ; : M ‘ © Suivi du puit injecteur

0 Suivi pression et température
du gisement

© vanne de fond
O Détecteurs de CO2

TP A 521 TPA Toolbox Energy Book 3 - GHG
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Monitoring System of the CO, Lacq injection

Monitoring System includes:

® & 6 6 O O O o o o

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

522 TPA Toolbox Energy Book 3 - GHG
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Project Planning - History

20086 2007 2008 2009 2010 2011
Site screening and conceptual studies

Basic engineering studies

Detailed engineering and procurement -

Construction works

Injection well work over I

Operational Phase and injection/storage * *

Base line surveys and monitoring

Information to stakeholders Public inquiry

Permitting process with regulatory agencies *

Over 3 years, more than 50 000 metric tons of CO, 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.
Source: Total
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Other Lacq CCS Project features

¢ Independent Scientific Committee
¢ Voluntary Public consultation
¢ Helping to prepare the future European directive on CO, storage

¢ Sharing the results with Indonesian authorities (December 2007 Agreement signed in
Bali)

¢ Many visits of international companies and organisations
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Northern Lights, a Major Milestone
in the Development of CCUS
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October 2017 : Equinor (ex Statoil), Shell and
Total enter Norway CO, Storage Partnership
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October 2017 : Equinor (ex Statoil), Shell and
Total enter Norway CO, Storage Partnership

L NORTHERN LIGHTS PROJECT
-

Morthem Lighis, CO, shipping and siorage part of the first full-chain

CCs commercial project based upon multiple industrial CO, "

emissions. =

Project design capacity 1.5 MTPA (1 phase)
Offshore pipeline designed for 5 MTPA

-_-L Maturgassparken
. - =5 _Bergs
AURDEA : I

1-2 injector wells

WD 300 m I

VD 3000 m - =
Well spud on \ Norcey ) f |
Movemiber 17 ) \ '

- > ~ 00 km g a

. Unloading of > 99% Lig CO,
MP option : 15b, -30°C
Anaolog LPG ship design, 2 x 7.500 m3

Northern Lights : shipping / storage operator

© 4 @ sioono

Source: Total 2020 527

M 2
equinor e :
[cperator) ToTaL

@ Capture

v MAX 0.8 MTPA estimated State

reserved capacity for volumes
from capture sites in the Oslo

ared -

= Enabling low carbon industry

and CO, sinks

* Fortum, waste incinerator

FEED phase
CO, capture : 0.4 MIPA

* Marcem, cement factory

FEED phase
C O capture - 0.4 MIPA

¥ MIN 0.7 MTPA available
capacity to market

)
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October 2017 : Equinor (ex Statoil), Shell and TotalEnergy
enters Norway CO, Storage Partnership

Current contracts with:
CO, Storage:

Conceptual and

EEED Studies R Yara (fertilizers)
f - Orsted ex DONG Energy
=o= - TSR | | (Energy)
hesr-atibaiid | Heidelberg Material, Norcem

=== | shareholder (Cement)

i %"5

Osloll B

Storage capacity:
1,5 Mt CO,/year
5,0 Mt in a second phase

Yara Ammonla

Injection in a salin aquiler
:‘i‘tcoe; eemé';t 1st phase financed by
_ B | Norwegian Government (80%):
7 500 M$

First integrated industrial-scale

s Stk | Second phase: 700 M$
Norwegian Government )

Source: TotalEnergies, Shell, Equinor (ex Statoil) 528 TPA Toolbox Energy Book 3 - GHG ‘9@
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Northern Lights project — @ygarden Norway
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