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Domestic winners and losers



Democratization of the energy system ownership

Ownership of global power generation

capacity commissioned in 2015
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in Germany (2020)

Renewable energy in the hands of the people
Ownership distribution of installed RE capacity for power production in Germany in 2019
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Changes in employment structure

China  11.5M jobs in RE as of 2019
EU / \
Thousand jobs
United States @\‘ f \ 1 M USD invested (USA)
of America
Germany|‘ \ => 7.5 jobs in RES
\ India | => 2.6 in fossil energy
i ®

Sources: IRENA,
Garret-Peltier 2017

million jobs in 2019



https://www.irena.org/publications/2020/Sep/Renewable-Energy-and-Jobs-Annual-Review-2020
https://doi.org/10.1016/j.econmod.2016.11.012

Changes in employment structure
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https://doi.org/10.1016/j.oneear.2021.06.005

International winners and losers



Winners: the greentech race

Qil Solar
Exploration and production Raw materials production
Refining Manufacturing and assembly
Transportation Transportation
Retail and distribution Installation
Operation and maintenance




Winners: the implementation race

Small Island Developing States

Japan

South Asia

Latin America
Sub-Saharan Africa
CIS

Middle East & North Africa
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Winners: the implementation race

100% solar, wind,
and batteries systems
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https://static1.squarespace.com/static/585c3439be65942f022bbf9b/t/5fa57fc9d228a73c73ec4669/1604681700368/Rethinking+Energy+2020-2030.pdf

Power, influence, and security implications



(Anti)fragility of the all-electric system

Sector coupling - an integrated energy system based on renewable electricity

i Power-to-heat
Power-to-mobility

Power-to-gas ; ﬁﬁ I
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Cyberattacks

Average number of weekly cyberattacks per organization in selected industries, 2020-2022
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Will there be enough transition materials?



RES are material-intensive

Our World

Materials used for low-carbon electricity sources in Data

Measured in kilograms per gigawatt-hour (GWh) of power generation. Waste rock produced from mining is not
included.
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5,144 kg

I 1,953 kg
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Wind (offshore)

Solar PV
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Data source: Seaver Wang et al. (2024). Updated Mining Footprints and Raw Material Needs for Clean Energy.
OurWorldinData.org/metals-minerals | CC BY



And mining-intensive

Our World

Rock-to-metal ratios of mined materials

The quantity

of rock that has to be mined to produce one unit of metal. For example, a ratio of 50 means that 50

kilograms of rock has to be mined to produce one kilogram of that metal.

Silver
Molybdenum
Uranium
Tin

Lithium
Tungsten
Cobalt
Copper
Niobium
Nickel
Titanium
Zinc

Lead
Phosphate
Boron
Chromium
Manganese
Magnesium
Iron
Graphite
Aluminum
Silicon

Data source:

22,378

| 99

Nassar et al. (2022); Wang et al. (2024) OurWorldinData.org/metals-minerals | CC BY



And yet they will need less mining than fossil fuels

Mining requirements of different electricity sources o e
Measured in kilograms of material per gigawatt-hour (GWh) of electricity generated. Metals and minerals include
all of the materials used used for manufacturing and construction. Rock includes mined coal and the amount of
rock that has to be mined for the extraction of minerals.
M Metals and minerals [l Rock
Coal 1.18 million kg 1.18 million kg

Wind (onshore) 59,480 kg
Solar PV 45,281 kg
Battery storage 39,719 kg
Wind (offshore) 34,882 kg
Nuclear (EPR) §§ 13,453 kg

Nuclear (AP1000) § 9,956 kg

Data source: Seaver Wang et al. (2024). Updated Mining Footprints and Raw Material Needs for Clean Energy.
OurWorldinData.org/metals-minerals | CC BY



IN 2021

IRON ORE @™ - 1000000 tonnes

2,600,000,000 tonnes

= ! 78 The world produced roughly 2.8 billion tonnes of metals in 2021.
/‘___Tgl: Here are all the metals we mined, visualized on the same scale.

LARGEST END-USE Steelmaking Construction @ Chemicals Alloying Agents
Energy/Batteries Magnets Electronics Other

INDUSTRIAL METALS TECHNOLOGY AND

181,579,892 tonnes PRECIOUS METALS
1,474,889 tonnes

ELEMENTS |®)] Source: USGS Mineral Commodity Summaries (2022) 2;%’;3]‘::;‘]‘"{;’:2;: Z‘;’ i iﬁf{;ﬂ‘;g;’:&eg}‘o‘j;‘:’““’°" ‘Smelter/refinery production. Represents titanium mineral concentrate production. ELEMENTSVISUALCAPITALIST.COM

Sources: USGS, visual capitalist


https://pubs.usgs.gov/periodicals/mcs2022/mcs2022.pdf
https://www.visualcapitalist.com/all-the-metals-we-mined-in-2021-visualized/

Figure 1.25 = Announced manufacturing capacity for selected energy
technologies relative to deployment in the APS, 2021 and 2030
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Source: |[EA WEO 2022



https://www.iea.org/reports/world-energy-outlook-2022

Getting the timing right: boom and bust cycles

Lead times from discovery to production, 2010-2019
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https://www.iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions

Getting the timing right: boom and bust cycles
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Will new energy materials breed new Saudi Arabias?

Share of top three producing countries in total production for selected minerals and fossil fuels, 2019
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https://www.iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions
https://www.volts.wtf/p/minerals-and-the-clean-energy-transition

Will new energy materials breed new Saudi Arabias?

Share of processing volume by country for selected minerals, 2019
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https://www.iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions
https://www.volts.wtf/p/minerals-and-the-clean-energy-transition

Fossil fuels and critical materials are different

CRITICAL MATERIALS Z.

Low mining quantities

Some 10 million tonnes energy
transition minerals were produced in
2022 for low-carbon technologies.®

Large
2021 1

Generate smaller profits

Exports of copper, nickel, lithium,
cobalt and rare earths generated
96 billion in 2021.

Input to manufacturing

Critical materials are housed
within energy assets that typically
have a 10-30 year lifespan.

PR Energy transition risk
I::nerg',r securill_lhrfl_:!ls.k S Disruptions in the supply of critical
— minerals can delay the construction of
new clean energy assets, but do not
affect current energy prices or supply.

Reusable and recyclahle
High potential for reducing use,
reusing and recycling.

Copper Other
Weight: 13%  Weight: 13%
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B Anode 4 Cathode A Electrolyte

Other e
Weight: 12%
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® Current collectors # Other pack components

Sources: IRENA 2024, Schmidt & Staffell 2023



https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2024/Apr/IRENA_Geopolitics_transition_energy_security_2024.pdf

Demand accelerates
- from new
applications

high reliance on by-product supply  lead times, and low capital intensity

|
T 1 T

Application requires Technology alternative  Technology alternative

Material shortages: prices and substition

.

No spare Spare capacity,
capacity, limited/short-lived
prices react price reaction
| 1 |
Industry is not able to increase Industry is able to increase supply
: : . . Technology
supply quickly, leading to long lead relatively fast, with large o
. . o . . - transition
times, high capital intensity, and existing/known resources, short continues

technological allows for (large) scale allows for (large) scale
alternative, with substitution in new substitution in existing
different material needs application applications
L
Technology transition Technology
continues, but with transition
— alternative technology, continues,
with different with different
material needs material needs

Source: McKinsey


https://www.mckinsey.com/industries/metals-and-mining/our-insights/the-raw-materials-challenge-how-the-metals-and-mining-sector-will-be-at-the-core-of-enabling-the-energy-transition

