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PRIMARY ENERGY CONSUMPTION

Global primary energy consumption by source

Primary energy is calculated based on the 'substitution method' which takes account of the inefficiencies in fossil
fuel production by converting non-fossil energy into the energy inputs required if they had the same conversion
losses as fossil fuels.
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Primary energy consumption, 2020

Primary energy consumption is measured Ht terawatt-hours (TWh). |
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Source: BP Statistical Review of World Energy; and EIA OurWorldInData.org/energy « CC BY
Note: Data includes only commercially-traded fuels (coal, oil, gas), nuclear and modern renewables. It does not include traditional biomass.


https://ourworldindata.org/explorers/energy?facet=none&country=USA~GBR~CHN~OWID_WRL~IND~BRA~ZAF&Total+or+Breakdown=Total&Energy+or+Electricity=Primary+energy&Metric=Annual+consumption
https://ourworldindata.org/energy-mix
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https://en.wikipedia.org/wiki/Climate_change_mitigation

CARBON EMISSION INTENSITY: NEXUS ENERGY-GDP

Carbon emission intensity of economies, 2018

Carbon dioxide (CO:) intensity of economies measured in kilograms of CO: per $ of
GDP (measured in international-$ in 2011 prices).
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Source: Our World in Data based on the Global Carbon Project and Maddison Project Database 2020 (Bolt and
van Zanden, 2020)
OurWorldInData.org/co2-and-other-greenhouse-gas-emissions/ ¢ CC BY
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GDP per capita vs. energy use, 2015 Our World

in Data

Annual energy use per capita, measured in kilowatt-hours per person vs. gross domestic product (GDP) per capita,
measured as constant international-$.
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ECONOMY X ENERGY X CO2 EMISSIONS

The “Kaya identity” expresses global £i9||0tt>)a|lcoz elmti_SSionS; "
CO, emissions based on the main = global population growtn;

_ G = global GDP; X €02
governing factors (Kaya, 1995): E = global energy consumption. GDP GDP Energy

CO, _ Emergy

F=P*( )*(E/G)*(F/E) «—___ carbon intensity

/A (kg CO,/kWh)
\ energy
intensity
(kWh/s) TECHNOLOGY
Reduce Carbon /‘\ Expand
Intensity of Renewable
Fossil Energy Share in Energy

It’s not just science (technically feasible) but mainly of economic feasibility at the demanded scale!
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CARBON INTENSITY OF ELECTRICITY

F=P G/P
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Carbon intensity of electricily, 2021 O
Carbon intensity measures the amount of greenhouse gases emitted per unit of electricity produced. Here it is
measured in grams of CO: per kilowatt-hour of electricity.
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Source: Ember Climate (from various sources including the European Environment Agency and EIA) OurWorldInData.org/energy  CC BY
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https://onclimatechangepolicydotorg.wordpress.com/policy-context-2/2-the-elements-of-the-emissions-reduction-challenge/
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Per capila energy [rom fossil fuels, nuclear and renewables, 2021
Primary energy is calculated based on the 'substitution method' which takes account of the inefficiencies in fossil fuel
production by converting non-fossil energy into the energy inputs required if they had the same conversion losses as
fossil fuels.
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Note: Energy refers to primary energy - the energy input before the transformation to forms of energy for end-use (such as electricity or petrol for

transport).

ENERGY USE
PER PERSON

2020

@ United Arab Emirates 117,686 kWh
® Canada 100,310 kWh
® Norway 98,879 kWh
@ United States 73,677 kWh
@ Netherlands 54,673 kWh
® Russia 53,895 kWh
® Germany 40,153 kWh
® Japan 37,403 kWh
@ United Kingdom {:} 28,211 kWh
® China 28,072 kWh
® Brazil 15,692 kWh
@® Morocco 6,607 kWh




SHARE OF LOW-CARBON ENERGY SOURCES

Share of primary energy from low-carbon sources, 2020

Low-carbon energy is defined as the sum of nuclear and renewable sources. Renewable sources include
hydropower, solar, wind, geothermal, wave and tidal and bioenergy. Traditional biofuels are not included.

Share of primary energy from renewable sources, 2020
Renewable energy sources include hydropower, solar, wind, geothermal, bioenergy, wave, and tidal. They don't
include traditional biofuels, which can be a key energy source, especially in lower-income settings.
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Source: Our World in Data based on BP Statistical Review of World Energy (2021) OurWorldinData.org/energy * CC BY Note: Primary energy is calculated using the 'substitution method' which takes account of the inefficiencies energy production from fossil fuels.
Note: Primary energy is calculated using the 'substitution method" which takes account of the inefficiencies energy production from fossil fuels.


https://ourworldindata.org/energy-key-charts

Eleclricily generation, 2021
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Electricity generation from low-carbon sources, 2021

Our World
in Data
Low-carbon electricity is the sum of electricity generation from nuclear and renewable sources. Renewable sources include hydropower, solar, wind,

geothermal, bioenergy, wave and tidal.
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(arbon emission intensity of economies, 2018
Carbpn dioxide (CO:) intensity of economies measured in kilograms of CO: per $ of
GDP (neasured in international-$ in 2011 prices).
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TRANSITIONS TAKE TIME

HOW FAST DOES NEW TECHNOLOGY REPLACE THE OLD?

Robust coexistence

New technology

PERFORMANCE

Old technology

TIME

& %l
Nova
tecnolog\a"ﬁ
Ecossistema
_tecnolégico

N

Nuclear energy

1920
World France LRutherford demonstrates
nuclear rearrangement

No supply

” Experimental Breeder in
e—Idaho produces trivial

Limited supply ! energy supply
-------------------------------------- 100§ .
First commercial nuclear
reactor in France
Rapid growth o
Electricity ®
share (%)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1980
Maximum Peak growth rate
deployment <]

o—Growth rate falls
below 20%

!".’.."‘_'!-_ 2000 o

Growth rate falls
below 1%

Electricity
supply (TWh)


https://hbr.org/2016/11/right-tech-wrong-time
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FOSSIL RESERVES

Old-dated geopolitics.

G.S.P. Libyan AJ.
Algeria

P

Venezuela
* Nigeria -y

Iran LR.
Kuwait
atar
United Arab Emirates
Saudi Arabia

\:ﬁ“ ‘g

Indonesia

Rank |Country Barrels (bbl)
1 Venezuela [298,400,000,000
2 Saudi A. 268,300,000,000
3 Canada 171,000,000,000
4 Iran 157,800,000,000
5 lraq 144,200,000,000
6 Kuwait 104,000,000,000
7 Russia 103,200,000,000
8 UAE 97,800,000,000
9 Libya 48,360,000,000
10  |Nigeria 37,070,000,000
g | Jnited a4 520,000,000
States
12  |Kazakhstan {30,000,000,000
13  |Qatar 25,240,000,000
14 |China 24,650,000,000
15 |Brazil 15,310,000,000
16 |Algeria 12,200,000,000
17  |Guyana 10,000,000,000
18 |Mexico 9,812,000,000
19 |Angola 9,011,000,000
20 |Ecuador 8,832,000,000

PROVEN RESERVES +
PROBABLE + POSSIBLE (3P)
= 24 billions boe

Espirito Santo
\} Basin

* =
I.hh Santos Basin

m fields

pre-salt reservoir




i " — BUZIOS

Ganha o leildo quem oferecer o maior A Petrobras ja exerceu o
percentual de 6leo-lucro, ou seja, a direito de preferéncia e
empresa que aceitar destinar a Unido a sera operadora nas
maior parcela de seu lucro na exploracdo areas de Buzios e Itapu '
do campo RJ
Area Pocos Producéo Bodnus que Aliquota minima r
leiloada ja atual sera pago do lucro que as codbie)
perfurados no leildo empresas terdo que

destinar ao governo

Area de 7 Sem produgéo R$ 22,859 27.88%

Sépia :  pocos ainda . bilndes

Area de 12 Sem producao R$13,742 26,23%

Atapu . pogos ainda . Dbilhdes ’ FPV(\)ISO CDEY‘NAM'C
i : : PRODUCER

Areade 3 Semproducio = R$1766 18,15%

Itapu . pogos ainda . bilhGes

Areade = 54 . 424 mihdes 23,24%

Buzios i pogcos i barris de petroleo :
: ’ por dia* :

LRpIC t uR
WLy

Sobre Buzios

E 0 segundo maior 10 bilhoes ¢ a reserva estimada, o
campo produtor do que pode fazer deste o

pais e a area mais de barrl’s sétimo maior campo no
atrativa do leildo de petréleo mar do mundo** 5
OUTROS EMPREENDIMENTOS DA PETROBRAS M"NNO"
—  GASODUTOS EM OPERACAD
*Critério boe (barril de dleo equivalente, que inclui gas e petroleo) = GASOOUTOS EM IMPLANTAGCAO
*Estimativas da Wood Mackenzie GASODUTO EM LICENCIAMENTO

® UNIDADES EM OPERAGAD

Fonte: ANP

BUZIOS + ITAPU + ATAPU + SEPIA = 15 billion boe = 80% NORWEGIAN OIL RESERVES



4
Annual percentage change in fossil fuel consumpltion, 2021

Shown is the percentage change in fossil energy consumption relative to the previous year. This is the sum of energy
from coal, oil and gas.
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Source: Our World in Data based on BP Statistical Review of World Energy OurWorldInData.org/energy » CC BY

0il production per capila, 2020

0 Add country

Kuwait

Norway 197,303 kWh

United Arab Emirates 194,753 kWh

Saudi Arabia 173,573 kWh

77,710kWh

0kWh 100,000 kWh 200,000 kWh 300,000 kWh

Source: BP Statistical Review of World Energy; the Shift Project OurWorldInData.org/energy « CC BY

https://ourworldindata.org/grapher/oil-prod-per-
capita?country=USA~SAU~KWT~CAN~RUS~ARE~BRA~NOR~GBR~DEU~NLD~JPN
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https://ourworldindata.org/energy-key-charts
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Venezuela
Canada
Algeria

Iran

Sudan
Indonesia
Iraq
Turkmenistan
Oman
Malaysia
Nigeria

Brazil

United States
Argentina
Mexico

India

Libya
Russian Federation
Ecuador
Egypt
Colombia
China
Kazakhstan
Vietnam
Angola
United Kingdom
Australia
Kuwait
United Arab Emirates
Qatar
Azerbaijan
Thailand
Saudi Arabia
Norway
Denmark

o’

Il Upstream
_ Refining
A Upstream and
: — . ;
_ refining combined
I : ncertainty
—
A
=— :«— Gilobal volume-weighted average
A 17.6 gCOme MJ ™’
A :
1 1 1 : 1 1 1
5 10 15 25 30 35

Volume-weighted average Cl (gCO,e MJ)

(UP, MID AND DOWNSTREAM
(SCOPE 3) EMISSIONS: O&G HAVE
DISTINCT CARBON INTENSITIES (Cl)

F=P*(G/P)*(E/G)*(F/E)
=>19g CO2/MJ =6 kg CO,/bbl (2bbl=6000MJ)
Canada O&G emits ~160 kg CO, / bbl (2015)
Brazil O&G emits ~120 kg CO, / bbl (2015)
Global average is ~200 kg CO, / bbl (2015)

Present Cl in the Brazilian E&P: 20 - 30 kg CO, / bbl.
PETROBRAS targets 15 kg CO, / bbl by 2030.
EQUINOR targets 6 kg CO2 / bbl by 2030



- O&G RESERVES

Cost of supply curve for global remaining liquid resources
Brent breakeven price, USD per barrel

Offshore: cost
Improvements =

RYSTAD ENERGY
Shelf, 48 Qil sands, 69

60%
confidence

and supply
60
. Deepwater, 43
p Ot e n t I a | - 50 Averaie/breakeven price
40 4 Producing, 23

Russia onshore,

Recoverable Reserves at Various Breakeven Prices i

30 NA tight liquids, 44 xtra heavy oil, 49
T&T I 20 RoW onshore, 46
Peru |
{ Onshore Middle East, 31
Mexico NN 10
1 ) Width indicates total remaining resources for each supply group as of 2019 Non-producing fields
E’ Guyana | 0
3 | 0 100 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300 1,400
o Ecuador | Ko SR
[ Total remaining resources in billion bbl
Colombia | *The breakeven price is the real Brent oil price that gives an NPV of zero given a real discount rate of 7.5%. The breakeven price only
| includes future costs. The boxes are an average of all fields within each category
Brazil | 1 I Source: Rystad Energy UCube
Argentina |
0 5,000 10,000 15,000 20,000 25,000 /
MMBBL
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< O&G RECOVERABLE RESERVES

M Oeopwater [ Shalowwater [l Lowerd8Tghtod [l Onshore O Weighted average breskeven Ultra-deepwater non-OPEC ~ Shallow water Europe
1 20 based on 2025 production
L48 other tight oil L48 Deepwater
non-OPEC

Niobrara

Canada oil sands

L48
Bakken

100

Onshore
non-OPEC

L48 Bone Spring

Break-even prices

| US$60 bbl

80

60

¢

40

Deepwater

Breakeven USS/bbl Brent equivalent

. Nigeria Deep/
L48 Wolfcamp L48 Eagle Ford Ultra-deepwater

20  Las vertical} ghallow water Angola

L48 Mid-Continent Ultra-deepwater wells non-OPEC

SC009/STACK :

Onshore OPEC  Brazl Ultra-deepwater Nigeria
0
0 1 2 3 4 5 6 7 8 9 10 n 12

Cumulative liquids production 2025 (million b/d)
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Deepwater crude production
Thousand barrels per day

6000 -

5000 -

4000 A

3000 +

2000 4

1000 A

OPEC ... & LATIN AMERICA

"The IEA now predicts crude consumption will reach 99.53 million Farewell 2021, the year that put
barrels per day in 2022, up from 96.2 million this year, and more or OPEC+ back in driving seat:

) . Year 1n Review
less back to pre-pandemic levels. Consequently, carbon emissions
are on track to rise by 16 percent by 2030 according to the UN,
rather than fall by half, the reduction required to keep global
warming below the Paris Agreement limit of 1.5C."

= Brazil

= United States

we NOrway
Angola

== Guyana

ARABNEWS

e Azerbaijan

= Nigeria

we United Kingdom
w— M exico
w—=Ghana

—— \alaysia

——Suriname “THAT LATIN AMERICA IS ABOUT TO BOOM IS
_E:f‘ada RELATIVELY CERTAIN. (...) LATIN AMERICA IS RICH WITH
THE RESOURCES THE REST OF THE WORLD NEEDS”

T T T T T T T T T T T T T T T Congo
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035



TRASITION TIME HAS MANY TIME
FRAMES AND PAST LIABILITIES

Cumulative carbon emissions per capita
from 1850-2021 (tCO2), selected countries

1 CLIMATE

ACTION

MM‘

T eece—
PUVERTY ANU WELL-BEING
“ﬂ "y o
o, T —Vhatisjust ..

is what is

proportional.”

l:lEAN WATER DECENT WORK AND Belgiu h
AND SANITATION ECONOMIC GROWTH
. New Zeala MP Ken Binmore,

CLIMATE LIFE LIFE o
ACTION BELOW WATER ON LAND
China . 174
fair play
India e Ol
F
0 200 400 600 800 1000 1200 1400 1600 1800

Source: Carbon Brief




CARBON LIABILITY (DEBT)

Country Emissions

Cumulative CO2 Emissions (tonnes) of selected countries and the EU
[ rRow [l UsA Ml othereU [l UK [ China

Country climate liabilities

Germany India

1910 1920

1930 1940

1950

1960

1970

1980

1990 2000

2010

1 CLIMATE

ACTION

The cost of the damage likely to be caused
by emissions to date, and which countries
are responsible for that damage.

The cost of carbon

The concept of "externality” motivates the
concept of a "shadow price” of carbon, which
puts a per-unit value on that externality

| Cumulative Emissions Liability
Per
or Share of Capita Liability Share of Per
Shareof  Capita Liability ~ Shareof  Per Liability/ Total (Gt)  Total (tonnes) (Sbn) Total Capita ($)
Total (tonnes) (Sbn) Total Capita (§) GNI [ |
100.0% 212 26,401 100.0% 3.476 30.7% World 1,612 100.0% 212 26,401 100.0% 3,476
41.7% 515 1,710 444% 8,983 22.2% OECD 672 41.7% 515 11,710 44.4% 8,983
22.1% 694 3,616 13.7% 7,045 19.3%
_ 25.1% 1,237 5,054 19.1% 15,449 24.6%
China 210 13.0% 151 5,629 21.3% 4,041 41.4% . e - ~
) ) India 1 2 38 1,309 5.0% 968
United Kingdom 77 4.8% 1,165 469 1.8% 7,057 16.4%
’ 6.2% 697 1,501 5.7% 10,391 90.6% South Africa 20 1.39 351 378 1.4% 6,538
3. 3 ,309 g 8 i =
2% 8 1,30 5.0% 96 48.1% Brazil | 09 70 1.2 1 554
South Africa 1.3% 351 378 1.4% 6,538 102.6%
Brazil 15 0.9% 70 325 1.2% 1,554 17.4%
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DECARBONIZATION

Hardware disposition
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< PATHWAYS TO DECARBONIZATION

AVOIDED » 30 to 70% reduction through design and
EMISSIONS operation choices.

REMAINING
EMISSIONS

CURRENT STATE CARBON
NEUTRAL
POINT

» Carbon offsets to reach neutral carbon.

ZERO CARBON
POINT

» Carbon sinks to reach
net negative carbon.

Source: Synergy Enterprises

o/

O Energy efficiency
O Leak detection
O Zero Flare in normal operation

4 Cccu
d Ccs
O Carbon trading

CDR alternatives:

O DACCS (Direct air carbon capture and
storage);

O Reforestation;

O BECCS (Bioenergy with carbon
capture and storage).
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\/REDUCTION OF CARBON INTENSITY & CCUS
-~ ADD RESILIENCE TO CARBON PRICING

N’

 Pre-Salt E&P (lifting) cost: $5/ bbl

@umu-

J Additional cost from CO2 emission: $40-

$80 / tCO2 &
\ % )
— [
CARBON INTENSITY= 0.06 t CO2/bbl _ \q

2.4 — 4.8 $ | bbl (48%-96% increase) =\
Carbon Pricing 2021

\

_ co $
CARBON INTENSITY = 0.009 t CO2/bbl N Energy Price = 2 2 C

$0.36 - 0.70 $ / bbl (7%-14% increase) Energy CO;

N (U s J



CO,. EMISSIONS

MITIGATION PATHWAYS

13 oo

Unabated CO,

DECENT WORK AND BAU

ECONOMIC GROWTH

POSITIVE NPV

ADOPTED PATHWAY

1.5 CELSIUS



ENABLING TECHNOLOGIES & POLICIES

CO,, EMISSIONS

BAU + CARBON CREDIT = The “compensated CO,. EMISSIONS”

/ remains unabated within the company’s value chain.

LOW- TO MID_SCALE MITIGATION TECHNOLOGY WITH
CARBON UTILIZATION - The technology adds value to
the “avoided CO,, EMISSIONS”.

: ‘“’“K MID-SCALE MITIGATION TECHNOLOGY WITH
CARBON STORAGE - The technology adds costs

\> oS to achieve “reduced or negative CO,, EMISSIONS”.

13 Soiov

Unabated CO,

LARGE-SCALE CARBON MITIGATION TECHNOLOGY OR
AVOIDANCE OF CARBON EMISSIONS - The technology adds

costs to achieve “reduced CO,. EMISSIONS”, reducing or

eliminating sources of emissions associated with the operations
of a company and its value chain.
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< OIL DEMAND & CCUS

Global pipeline of commercial CCUS facilities operating and in development,
mb/d 2010-2021

10

DECENT WORK AND

ECONOMIC GROWTH

105

100 1 GLIMATE

ACTION

3 2

Qil 2021 forecast

95
90
Pre-pandemic forecast
85
80 | | |
2010 2015 2020 2025

IEA. All Rights Reserved

© Pre-pandemic forecast @ Oil 2021 forecast

Number of facilities

250

200

150

100

50

) — 4

—/

In addition to the
commercial CCUS facilities

operating around the world
today, there are many CCUS
pilot or demonstration and
projects in earlier stages of
development.




MARGINAL ABATEMENT COST (MAC) CURVE

The MAC curve will show
projects with a positive net
present value (NPV) alongside
the opportunities that may
have a negative NPV.




COSTS AND SCALES OF ENABLING TECHNOLOGIES

Abatement cost

Gas plant CCS retrofit
Coal CCS retrofit

Iron and steel CCS new build -
Coal CCS new build

Power plant biomass

co-firing
Reduced intensive
agriculture conversion
High penetration wind
Solar PV
Solar CSP

€ per tCOe
60 r Low penetration wind ——
X : ) Cars plug-in hybrid
S0 '~ Residential electronics Degraded forest reforestation ——
40 } — Residential appliances Nuclear —
— Retrofit residential HVAC Pastureland afforestation
- Tillage and residue mgmt Degraded land restoration
20 } Insulation retrofit (residential) 2 9°’f°fa"°" bi.ofuels il
i L Cars tull hybrid S |
Waste recycling
0
-10 g o |~ Organgsou restoration -
~ Geothermal
-20 Grassland management
.30 Reduced pastureland conversion
— Reduced slash and burn agriculture conversion
-40 — Small hydro
.50 — 1% generation biofuels
- Rice management
-60 — Efficiency improvements other industry
— Electricity from landfill gas
-70 — Clinker substitution by fly ash
-80 Cropland nutrient management
Motor systems efficiency
-90 Insulation retrofit (commercial)
-100 Lighting — switch incandescent to LED (residential)

30 35 38

Abatement potential
GtCO_ e per year

https:/ /www.sustainablefuels.eu/assets /uploads /2018 /10/2009_-_Innovations_for_Greenhouse_Gas_Reductions.pdf



MAC CURVE FOR OIL & GAS-RELATED METHANE
EMISSIONS BY POLICY OPTION, 2021

UUUUUUUU

| I

IEA. All Rights Reserved

Zero non-emergency flaring and venting  ® Technology standards LDAR @ Additional measures



| N/ —/
\/ ~ CHALLENGE: LARGE SCALE CCS

- GtCO, captured and stored, 2DS
CCUS = 14% CO,abatement

8
in 2060 (IEA). — — —
7 Power 7Gt |
Oil Natural gas Coal 6 Indust ry
200 . 5 Other -
180 /4 4 transformation 4Gt
~ B 13, S
140 5 o, \
2
120 : 3,3X
1002010 2030 2050 2010 2030 2050 2010 2030 2050 1 —_—/T'_ 1Gt I
e WE0-2021 WEO-2020 e WEO-2016 0 r_<0,3Gf| e —
ER VRO S o S I I I I oS
N N vV v %) > D D ) ) o
S G S VA G S S

Source: IEA, Energy Technology Perspectives 2017
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O&G DECARBONIZATION

Emissions by source, share, and possible solutions, %

B COq (energy related) M COq (not energy related) M Non-COq

UPSTREAM MIDSTREAM DOWNSTREAM
Extraction Flaring Fugitive Crude Refinery heat Hydrogen
and drilling (COy) emissionsY/ transport and power production/
venting (CH,) systems FCC? emissions

® Energy ® Carbon ® Vapor- ® Crude ® Energy ©® Renewable
efficiency capture, use,  recovery units transport efficiency (external)
and storage (ships) hydrogen

® Electrification ® Leak detection ® Change fuel

(eg, : (eg, change p
ek avifarsad of and repair fuel) to biogases @ Hydrogen steam
systems at or hydrogen methane
capiurs;iuse, fE compression @ Crude reforming and
and storage reinjection) stations transoort ® Electrification calbomsantare
(eg, enhanced ti : lp e Carb d ? ’
oil recovery, | ® No flaring (eg: preventive (pipe lnes) arbon use, and storage
T S maintenance, (eg, electri- capture, use, . g
reinjection) (eg, replace : T ® Biogas-based
. replace leaking fication) and storage
equipment, catilbenent hydrogen made
improve agd pi elines) ® Change on site
maintenance, PP refinery .
® Change refinery
capture feedstock L
methane) from crude to ERidETG
vegetable oil vegetable oil

Fugitive
emissions
(CH,)

H“

® Vapor-recovery
units on large
tanks

® Leak detection
and repair,
mainly for
compressors

® Replacing
leaking
equipment
and pipelines

Changing power sources

Smart refinery
Digitalization

Electrification

Rebalancing portfolios

Vapor Recovery Units

Reducing fugitive emissions
(Leak detection)

Increasing carbon capture, use, and
storage (CCUS)

Reducing routine flaring



RENEWABLES

Battery (mostly)
plus hydrogen
for heavy duty

Large battery
systems daily swing
(night-to-day)

Light industry
powered by
renewables

Heatpumps for
efficient use of
electricity in

homes

Complexity to decarbonise |

Hydrogen fuel
cell train

Hydro power as
battery for small
scale intermittency

Heavy industry
powered by
hydrogen from
natural gas + CCS

Hydrogen for efficient
transfer of energy
from production to
end-users

Hard

Liquid hydrogen and
fuel cells for long
haul big ships

Hydrogen fired CCGTs
clean back-up power
for large scale
intermittency

CCS for industry
without other
alternatives

Hydrogen for large
scale seasonal
storage

LOW CARBON
SOLUTIONS

Multiple technologies to address the challenges B




ELECTRIFICATION IfE/ U X
N P

N U L ¥



Contribution to CO2 abatement, 2050 vs 2018, %

Industry 25 B Deforestation 10 B Waste 0

EV \ [l Transport 14 1 Buildings 6 B Carbon dioxide 12
""""""""""""""""""""" removal (CDR
M Power 31 B Agriculture 2 (CDR)

CO2 emissions per sector!, Gigatons of carbon dioxide

45 41 41 41 - = 15°C net emissions pathway

40
35
30
2
20
1
1

The transport sector
accounts for about 17% of
global GHG emissions..

o1

o O o

'Emissions for 2021-29 and 2031-49 based on McKinsey 1.5°C scenario analysis, estimated using linear interpolation.
Source: McKinsey Global Energy Perspective 2019, McKinsey 1.5°C scenario analysis (scenario A)



EU Parliament allows gas and nuclear projects M O R E P OW E R I S N E E D E D FO R
green funding ELECTRIFICATION, ENERGY
Projects will soon be allowed to access significant S E C U R ITY A N D G R OWT H

EU decarbonisation funds.

By Matt Farmer .
The birth of the carbon

removal market

The Intergovernmental Panel on
Climate Change’s (IPCC) latest report

Environmental Sustainability Deals in the power sector: Q1 2020 - Q1 2022

110,000 550 revealed that all pathways to limit
global warming to 1.5°C depend on
100,000 500 carbon removal. Carbon removal, or
CO2 removal, encompasses both
90,000 450 natural solutions, such as
sequestering...
80,000 400
70,000 350
N g
% 60000 200 3 https:/ /www.power-technology.com /environment-sustainability-in-power /
EH 5
S 50,000 Hon 250 9
g =
[=]
40,000 200 1 H . R
Germany's fossil fuel reserves cover around a third of its total
30,000 150 operational gas capacity
Capacity of natural gas, hard coal, oil and lignite power plants by status in MW
20,000 100
@ Natural gas Hard coal @ Oil Lignite
50 operaonst | m
Grid reserve . .
0 0 ;
Capacity reserve l
0, Q Q Q o, Q Q Q 0,
LS "eo "’90 LR 1 "eo ‘990 s Emergency reserve
> > > > 2 2 2 2, 25
0 10,000 20,000 30,000 40,000 50,000 60,000
DealValue ~ —=— Deal Volume Source: Bundesnetzagentur POWER TECHNOLOGY
Source: GlobalData Deals Database

https:/ /www.power-technology.com/environment-sustainability-in-power / https:/ /www.power-technology.com/analysis/germanys-emergency-gas-plan-explained /



POWER CONSTRUCTION PROJECT PIPELINE VALUE
B

0 20,000,000 40,000,000

~

As at the start of 2022,
Power Technology had
identified 11,043
power projects over
$25m at various stages
of development,
including 2,871in
execution.

Source: GlobalData Construction Projects Database

By country, the US was home to the highest number of
power projects with 1,437 projects, followed by India
and China with 1,233 and 531 projects, respectively.



MOROCCO-UK POWER PROJECT, MOROCCO

1,500km?2 in 10.5GW of energy, of A 20GWh/5GW battery The first 1.8GW system of

the Guelmim which 3.6GW is storage facility will also be the

Oued Noun planned to be built on-site, as part of the project is

region of transmitted to the UK project, to store and expected to be connected

Morocco to meet up to 8% of its deliver reliable energy to to the UK's electricity
electricity demand the UK when required network by 2027.

The cable will take a subsea route from north-west of the city of Tantan, Morocco, up the Strait of Gibraltar, and along
the coasts of Portugal, Spain and France, before going around the isles of Scilly off the coast of Cornwall, UK. It will
pass through the exclusive waters of the UK and make landfall at Devon.

The converter station at the Morocco The power transmission A converter station in Devon, UK, will
end will convert the electricity between Morocco and the UK convert the exported electricity back

generated from wind and solar will take place through onshore  from HVDC to HVAC before feeding it
resources from HVAC to HVDC and subsea cables into the British transmission network.

Four subsea cables, each measuring 3,800km long, will be laid to provide exclusive connection to the UK, depths
between 100m and 250m


https://www.power-technology.com/projects/viking-link-interconnector-project-denmark-uk/

SIZEWELL C NUCLEAR PLANT IN UK RECEIVES CONSENT

3.2GW of electricity,
which is enough to
power six million
homes.

Local anti-nuclear
campaigners have raised
several objections to the
nuclear project, including
its planned location next
to the Minsmere nature
reserve.

ill increase t‘he UK’s low-carbon
- electr uction capac1ty and help the country
achleve its net-zero targets.

https://www.power-technology.com/news/sizewell-c-nuclear-consent/



MORAY WEST OFFSHORE WIND FARM, SCOTLAND

882 MW Offshore wind Ownership
farm (60 turbines) Ocean Wind (95%) and Ignitis
: Group (5%)
Moray Firth, Scotland Developer
Ocean Wind

First Power: 2024

To be located 22km from the coast, the
wind farm will be developed over an
area of 225km?. It will be equipped with
60 Siemens Gamesa SG 14-222 DD
offshore wind turbines installed on fixed
monopile seabed foundations.

The project will use 220kV high-voltage
alternating current (HVAC) subsea and
onshore export cable systems.

It is expected to contribute to Scotland’s ambition
of achieving net zero emissions of all greenhouse
gases by 2045. The project is estimated to provide

a reduction in carbon dioxide (CO,) emissions of
1.1 million tonnes




MENDUBIM SOLAR PV POWER PROJECT, RIO
GRANDE DO NORTE, BRAZIL

531 MW SOLAR PV POWER PLANT About 60% of the solar power produced from
the project will be supplied to Alunorte, an
Start of Construction: 2022 Owners: Scatec,  alymina refinery located in Barcarena in the
Comissioning: 2023 Hydro Reinand  state of Para, under a 20-year power purchase
Estimated Investment: US$ 430M  Equinor agreement (PPA) signed with the developers in

July 2022. Alunorte is a subsidiary of Hydro.

The greenhouse gas (GHG) emissions from the
project are estimated to be 159,005t of
carbon dioxide (CO,) equivalent
during the construction phase,

mainly due to deforestation. The
emissions are expected to be reduced to about
2,200t of CO; equivalent in the second year of
construction and will drop further during the
operational phase to approximately 45ot.



https://www.power-technology.com/analysis/power-of-the-ppa-the-risks-and-rewards-of-buying-energy-at-source/
https://www.globaldata.com/company-profile/norsk-hydro-asa

FLOATING SOLAR FARMS IN CALIFORNIA




GLOBAL POWER CONSTRUCTION PROJECTS MOMENTUM INDEX

0.8 0.7

-0.1 0
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0

. Monthly Score —a— Trend Score

Source: GlobalData Construction Projects Momentum Index

The momentum index is based on scoring the latest developments on projects from +5 to -5 based on the
degree to which a development is positive, such as construction commencing or a contract awarded, or
negative, such as delays or cancellations. The overall momentum score is the average score of all project
developments in each month, weighted by the project values.



HYDROGEN




HYDROGEN

Hydrogen as a versatile
energy carrier

*zero carbon energy source
*large scale and long-term
storage media

simportant industrial feedstock
*basis for all kinds of e-fuels =]

announced
projects

90 aw

of electrolyzer
deployment

$300 bn

investments

6.7 Mt/a

H.O expected
Hydrogen for various sectors %3 U [_§
*Industry pastn ) oo
*Transport

Projected developments

i B U i | d i n g S until 2030 Source: Hydrogen Council/McKinsey 2021
*Agriculture



NOTALL HYDROGEN IS CREATED THE SAME

Turquoise hydrogen
Blue hydrogen Energy source: Natural Yellow hydrogen

: gas Technology: Electrolysis
:;ﬁ':;i‘:; iy.cglaJtsural e GHG emissions: Solid Energy source: Mixed-
gasification +CCUS carbon (by-product) origin grid energy
Energy source: Natural GHG emissions: Medium
gas, coal

GHG emissions: Low

Grey hydrogen

Technology: Natural gas

Purple/Pink hydrogen

Technology:

reforming Electrolysis
Energy source: Natural Energy source:
gas

Nuclear
GHG emissions: Green hydrogen

inimal Technology:
Electrolysis
Energy source:
Wind, Solar, Hydro,
Geothermal

GHG emissions:
Minimal

GHG emissions: Medium

Brown/Black hydrogen

Technology: Gasification
Energy source: Black/
brown coal (lignite)

GHG emissions: High



NOT ALL H, COST THE SAME

Global average levelised cost of hydrogen production (USS$S/kg)

7.7

3.3

3 2.5 26 3.2 2.5
24 2.1
0 —
16 ]

2.2
p B . = -

1.2 i ) 13
0.7

Natural gas Natural gas Coal Coal with CCS Low-carbon Natural gas Coal with CCS Low-carbon
with CCS electricity with CCS electricity

https: / /www.eco-business.com /news /explainer-the-many-shades-of-hydrogen/

Hydrogen-based power
generation versus natural
gas. This cost comparison
from the Hydrogen Council
assumes the hydrogen cost
from auto-thermal
reforming with carbon
capture and storage in 2030
in the U.S. will be $1.1/kg;
$.17/kg in Germany; and
$1.8/kg in Japan and South
Korea. Courtesy: Hydrogen
Council



GLOBAL COST OF
H., CONSIDERING
WATER SCARCITY

https:/ /www.irena.org/publi
cations /2022 /May/Global-
hydrogen-trade-Cost

@® Noteligble @06 @1

® 15

2

25
USD/kgH,

3

35

4 ®45 @5 @LCOH>S



ENERGY CARRIER: POWER-TO-

Green power imrnt:srttn}!:sr
Wind, solar, hydro i E.g. food
Natural & beverage

Power-to-H,-to-Power  gasqrid

— Re-electrification / . Chemical
as turbine, g //7 industry
uel cells \ // — Fertilizers,

/ - base

Electrolyzer chemicals

———— Ammonia synthesis ————
from Nz and H:

/’ \ Power-to-H,-Fuel

Methanol synthesis

Power-to-H,-Mobility
Electric cars, /
fuel cells I / from CO, and H,

@ @

Mobility | -

- Petrochemical

Heavy trucks, Py industry ;

aviation, e

marine e
Sector coupling
Pathways
== Electrical
w« Chemical

Power-to-H,-Chemicals

Power-to-H,-to-Ammonia

Source: Siemens Energy



HYDROGEN RE-ELETRIFICATION (POWER)

% .
144 Green Power
Renewable Energy l
Electrolyzer
“Green”
Hydrogen

Roundtrip efficiency Power-to-Power: below 40% >

Rationale for H, combustion in gas

turbines and Combined Cycle plants

» Long term storage of renewable energy in chemical form

» CO; free power production at times of low intermittent
Renewable Energy production

» More efficient use of excess grey hydrogen

» Fuel flexibility between natural gas and H;

o

.

CO, free power —

IOI

“Blue”
Hydrogen

ke

Steam methane
reforming
With carbon capture
and storage

H; Pipeline/Storage
A

“Grey” Hydrogen
(e.g., from refineres)

[l Products available in Siemens Energy portfolio

- 3“ 2
Re-electrification
H, gas
turbine/CCPP

@ @

Industry
-y

e

Households

-



HYDROGEN-READY POWER PLANT (SIEMENS)

WATER

g .
g ;’P o <~
: _gr 17 : ‘ ’_‘ |""'| : .
: ——
5 PV WIND BATTERY ELECTROLYSER HYDROGEN PIPELINE AND
l STORAGE COMPRESSION
i N
OXYGEN J
= | {
E e— ra— fl' —
[eet |
PIPELINE AND REFORMER X
COMPRESSION R .
CCus
: O
\
5 =
[72]
(11] .
% GREY HYDROGEN : PINK HYDROGEN
B Same production process as blue Electrolysis with nuclear . Electrolysis with solar
g hydrogen with CO, released into the air. ! energy as the source. ] power as the only source.




HYDROGEN SUPPLY CHAIN

Production Transport Pathways Consumption
Today's
[\ Demand
. co,
H,0 + air \/?
| ﬂ 4 Refineries/GTL ~30%
Natural Steam Methane co,
Gas Reforming I ccys Chemicals: ~60%
H.0+ 0 ammonia, methanol,
@ : | : @Eﬂ‘ resins and polymers
-
Natural Auto Thermal Pure CO, Other industries: <5%
Gas Reforming ccus hydrogen
v Metal processing: ~5%
Natural Pyrolysis Solid C hydrogen
Gas
H.0 = Methanol
_*_ Ammonia Futurq use:
HO 7 synthetic fuels (e.g., e-methanol,
o e-kerosene), re-electrification
Renewable 2

Power

Electrolysis




MAKE ENERGY
TRANSITION
SUSTAINABLE




MODIFIED KAYA IDENTITIES:
ECONOMY X ENERGY X OTHER IMPACTS

X =P*(G/P)*(E/G)*(X/E)

X intensity
(units of X/kWh)

energy intensity
(kWh/$)

10 #eoueeo

INEQUAL e

per capita economic activity TECHNOLOGY
N 4
Reduce X
X = global impact X; Intensity of
P = global population growth; Fossil Energy
G = global GDP;
E = global energy consumption. Identify optimal

Share in Energy
for minimizing X




DEATH RATE, GHG
EMISSIONS & INVESTMENT
PER ENERGY SOURCES

What are the
4

Death rate from accidents and air pollution

Measured as deaths per terawatt-hour of energy production.
1 terawatt-hour is the annual energy consumption of 27,000 people in the EU.

Coal

25% of global energy

Oil

31% of global energy

24.6 deaths
‘\1230—times higher than solar

18.4 deaths

‘\26 3-times higher than nuclear energy

2.8 deaths Natural Gas
|

23% of global energy

as deaths [l Biomass

7% of global energy

0.02 deaths| Hyd ropower

6% of global energy

0.07 deaths*

4% of global energy

0.04 deaths‘ Wind

2% of global energy

0.02deaths| Solar

1% of global energy

Nuclear ener

safest and cleanest sources of energy?

N

Greenhouse gas emissions

Measured in emissions of CO,-equivalents per gigawatt-hour of electricity over the lifecycle of the power plant.
1 gigawatt-hour is the annual electricity consumption of 160 people in the EU.

820 tonne

273-times higher than nuclear energy

720 tonnes

180-times higher than wind

78-230
- tonnes™

. 34 tonnes

gy | 3tonnes

| 4 tonnes

|5 tonnes

Annual clean energy investment, 2017-2022

billion USD (2021)

1500

1250

1000

750

500

250

2017 2018 2019 2020

Renewable power ® Nuclear

® Grids and storage Low-carbon fuels and CCUS

I |
2021  2022e

Energy efficiency and other end uses

Electric vehicles


https://ourworldindata.org/safest-sources-of-energy
https://www.iea.org/data-and-statistics/charts/share-of-variable-renewables-in-the-global-electricity-mix-2015-2024

Our World
in Data

Land use of energy sources per unit of electricity

Land use is based on life-cycle assessment; this means it does not only account for the land of the energy plant itself but also land
used for the mining of materials used for its construction, fuel inputs, decommissioning, and the handling of waste.
|

(LIFECYCLE) LAND USE

Coal power Mi"g“”m Me.d'an Max'gum
carbon capture & storage (CCS) 25m? per MWh
Concentrating solar
gtower © .24m2 per MWh O
EOOBHEAHH
Solar photovoltaic (PV), silicon o) o O On-ground solar has a relatively high land use, ND WELL-BEING
installed on-ground 22m?2 per MWh but varies a lot based on location and density.
Coal power O . Most land use for coal comes from the mining and excavation of sites
17m? per MWh for the raw coal fuel.
Solar photovoltaic (PV), cadmium o o o
installed on-ground 14m? per MWh
Solar photovoltaic (PV), silicon o) O Land use for solar is smaller if it's installed on roofs. This figure is not zero because
installed on roofs 12.5m2 per MWh  some land is still needed for the mining of materials used to produce these panels.
um e (<SE0R) oTe o LUC - CO, EMISSIONS
small-to-medium plants (<360MW) 12m? per MWh 2
50,000
Gas plant o® o —
carbon capture & storage (CCS) 2.2m? per MWh " ——
c
S £ 10,000 fr—
Solar photovoltaic (PV), cadmium C.O By utilizing roofs, total additional land use for solar can be small. : <
installed on roofs 1.9m? per MWh This figure is not zero because some land is still needed for the mining of materials used to produce these panels. s -g [r—
v 3 — ]
Gas plant E G 30000
c
1.8m? per MWh o3
=%
Nuclear power .E) _ Wh Nuclear energy uses the least amount of land. é _% 20,000 I Land-use change and forestry
| 0.7m? per . , , , , . 2 e Waste
0 10m 20 m 30m 40 m 50 m 60m 'g .g B Industrial processes
. _» w e .
Land use per megawatt-hour of electricity (m?-annum per MWh) E S 10,000 u Agriaiture
i '45 . International transport
Ener
The land use of onshore wind can be measured in several ways, and is distinctly different from land use of other energy technologies. Land between wind turbines can be u 9
used for other purposes (such as farming), which is not the case for other energy sources. The spacing of turbines, and the context of the site means land use is highly variable. 0 - -
. _ P
Onshore wind o Maximum = 247 m o 1990 1995 2000 2005 2010 2015
project site area Minimum = 8.4 m? 99m? — Year

Onshore wind ) This only includes the area directly impacted by the excavation and insertion of wind turbines.
direct impact area of the turbines 0.8m?2 per MWh It does not include the area between turbines - this is captured in the ‘project site area’ measure above.

Nete Capacity factors are taken into account for each technology which adjusts for intermittency. Land use of energy storage is not included since the quantity of storage depends on the composition of the electricity mix.
Source: UNECE (2021). Lifecycle Assessment of Electricity Generation Options. United Nations Economic Commission for Europe for all data except wind. Wind land use calculcated by the author.
OurWorldinData.org - Research and data to make progress against the world's largest problems. Licensed under CC-BY by the author Hannah Ritchie.
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Water scarcity around the world
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Our World
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Oil reserves. 2020
in Data

Shown is the total proven reserves of oil. This is oil that we know with reasonable

certainty can be recovered in the future under existing economic and operating Per ita CO e pms

conditions. Proven reserves decrease when we extract oil, and increase as new CI Ccl[)ll.d 02 CIISS10NS, 2020

resources are discovered or become economically viable to extract. Carbon dioxide (CO:) emissions from the burning of fossil fuels for energy and cement production. Land use change is
not included.

World World

https://ourworldindata.org/co2/country/brazil?country=~BRA

https://ourworldindata.org/fossil-fuels |N° gata, Olt O‘llt O‘ft o'ft s e 2 it 2
O barrels 3 billion barrels 30 billion barrels 300 billion barrels Source: Our World in Data based on the Global Carbon Project OurWorldInData.org/co2-and-other-greenhouse-gas-emiss
Nodata | 1billionbarrels 10billionbarrels = 100 billion barrels 1 trillion barrels

[ I l l [ T

OurWorldIinData.org/energy e CCBY

Source: Statistical Review of World Energy - BP (2021)
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Status of net-zero carbon emissions targets e
The inclusion criteria for net-zero commitments may vary from country to country. For example, the inclusion of
international aviation emissions; or the acceptance of carbon offsets. Per capila CO2 emissions, 2020
Carbon dioxide (CO:) emissions from the burning of fossil fuels for energy and cement production. Land use change is
not included.

To see the year for which countries have pledged to achieve net-zero, hover over the country in the interactive version
of this chart.
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Source: Our World in Data based on the Global Carbon Project Our 1dinDat: fce i imports 10-24.9%
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exports 35% or
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e

Trade and consumption of raw maize, wheat, rice, soybeans, and other minor grains for any purpose. Sources: USDA FAS, UN FAO, and UNCOMTRADE ~ © 2020 Zeihan on Geopolitics
Number of people that cannot afford a calorie sufficient diet, 2017 eEiCH
Adiet is deemed unaffordable if it costs more than 63% of a household's income. The cost of an energy sufficient diet is
defined as the minimum cost to meet energy requirements using the least-cost available starchy staple food in each

MART

B Achieved [l Inlaw [ Inpolicy document [7] Pledge [ | Nodata
hgtps://ourworldindata.or Jco2-and-other-greenhouse-gas-emissions
OuTC

e: Net Zero Tracker. Energy and Climatefntelligence Unit, Data-Driven €nviroLab, NewClimatefnstitute, Oxford Net Zero. Last updated: 2nd country.
November 2021. CLEAN WATER
Little or no water scarcity [T Approaching physical water scarcity ] Not estimated AND SANITATION : < ) TS e yiond
(] Physical water scarcity B Economic water scarcity ;

DECENT WORK AND 1 CLIMATE
ECONOMIC GROWTH ACTION
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Source: Herforth, Bai, Venkat, Mahrt, Ebel & Masters (2020); and World Bank International Comparison Program (ICP).

OurWorldInData.org/food-prices « CC BY




GEOPOLITICS, NEXUS & ENERGY TRANSITION

B “THAT LATIN AMERICA IS ABOUT TO BOOM IS RELATIVELY CERTAIN. (...) LATIN
cenaintyconbe recovered n the fture undr xisting sconomic and operaing ~ AMERICA IS RICH WITH THE RESOURCES THE REST OF THE WORLD NEEDS”

conditions. Proven reserves decrease when we extract oil, and increase as new

resources are discovered or become economically viable to extract. hﬂ'ps;//www.fheIykeion_com/fhe-invesfmenf-cq se-fo r-Iqﬁn-qmericq/
World
[ Little or no water scarcity a Approaching physical water scarcity ) Not estimated
(] Physical water scarcity M Economic water scarcity
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VULNERABILITIES COMITMENTS ON
CLIMATE CHANGE

How the Smith School at Oxford rate each country’s actions and commitments on climate change

a) Natural hazards b) Hydrometeorology

c) Socioeconomics
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ENERGY TRANSITION

A

MULTICRITERIA

"ENERGY INFLATION"

Climateflation, fossilflation
and greenflation

Minimize the risk of the energy EXay

transition creating spiraling price
pressures across the economy


https://www.ecb.europa.eu/press/key/date/2022/html/ecb.sp220317_2~dbb3582f0a.en.html

COVID and Russia-

Technology _
. transitions Ukraine war supply-
The favored energy-transition o bushed inflation AND

technologies — solar, wind and
batteries — require a lot more to
be mined, refined, fabricated and
constructed to replace the fossil-
based energy supply.
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Increased awareness
of energy safety.
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of energy on the
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