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Ages of energy
Higher amount and complexity of required materials
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Elements widely used in Energy Pathways

Source: Zepf et al. 2014. Materials critical to the energy industry.
Pehlken 2023. Lecture V01 — Hidden Champions for RE
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Materials for the energy transition

Critical materials in the energy transition

Definition (IRENA, 2024): Critical materials are the resources needed to
produce numerous key technologies for the energy transition, including
wind turbines, solar panels, batteries for EVs and electrolysers.

Permanent magnets for wind turbines require rare earth
metals such as neodymium and dysprosium,

CRITICAL \
MATERIALS

Permanent magnets for electric vehicles require rare
earth metals such as neodymium and dysprosium,

battery systems typically use lithium,

l Batteries for electric vehicles and stationary ar—a,

Solar energy technologies use
large amounts of copper and silver.
IN THE ENERGY -
TRANSITION The transmission and distribution cables that make ~\.",-§".
up the electricity grid are composed largely of copper. KA
O L

Source: Critical materials (irena.orq), https://www.irena.org/Energy-Transition/Technology/Critical-materials
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Critical materials
Definition (IRENA, 2022)
Materials which...

* require a significant extraction effort
e a massive ramp-up of supply will be needed

Demand

* the production is concentrated in a few countries gy risk

» the quality of natural resources is declining

« prices have shown large fluctuations that reflect supply-demand
Imbalances.

Examples of non-critical materials

steel and concrete or aluminium: not considered to be critical,
despite a need for a massive ramp-up of supply: the resource is in
place and widely distributed
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Top of important materials for Energy transition
By categories

Lithium plays a crucial role in renewable energy technologies
four REEs (neodymium, praseodymium, terbium and cerium)
borates,

Gallium

natural graphite

cobalt.

o 0hAWNE

The critical raw materials most in demand are:
1. feldspar,

2. Strontium

3. lanthanum

4. phosphorus.

Gypsum, selenium and silica are the most required non-critical raw
materials.

Source: https://rmis.jrc.ec.europa.eu/techprofiles/ind/5
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Overview of critical materials

SHORT TERM 2020-2025

W Critical Near Critical ~ m Not Critical
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MEDIUM TERM 2025-2035

Importance to energy High )

Low
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4 O ' Nickel
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Source: https://www.energy.gov/cmm/what-are-critical-materials-and-critical-minerals
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By countries and their ,,governance*

Major EU suppliers of CRMs (2023) and their level of governance
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_%»Nfg%x )r*'*& R g — ~ Silicon metal 35%
h ALY = g
-~ v, r CE L d B
{ | O N Belgium
§ '—\__,L?,w \,}.} Arsenic 59% é' China
S N 7 France -~ Baryte 45%
IR s £k "
T D Hafnium 76% Bismuth 65%
USA | vie= A Spain ? Gallium 71%
Beryllium™ 67% - 3 Strontium 31% v Germanium 45%
" Morocco — Tiirkiye | \ Magnesium 97%
Phosphate rock 27% J,.fl;— ™ \Antimga 63% R Natural graphite 40%
- ™ S m’{sg \ 1 Z LREEs 85%
Level of governance (based on e, ' Guinea Wﬂ 1 i \ 1 HREEs 100%
average of six Worldwide ) Aluminium 2 i >/ % Scandium** 67%
Governance Indicators’, 2021) | LorsPan 33%,_ {bauxite) 63% i ' Kazakhstan Tungsten 32%
ch\rj Phosphorus 71% Vanadium™ 62%
; t Titanium metal 36%
B High (12510 25) | Cobalt™63% | & -
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M Low(-1.24t00) Lithium 79% N b ‘ Coking coal 25%
M Very low (-1.25to -2.5) i, A\
South Africa g
Iridium®** 93% &
= Palladium** 36% ~
~ Platinum** 71%
Rhodium™ 81%
Ruthenium** 94% Italic: extracti h
* Including: Voice and accountability; Political stability and absence of Manganese 41% (NS RS ACTIN PR

violence/terrorism; Govemment effectiveness; Rule of law; Control of corruption

regular: processing stage
** share of global production

Source: https://rmis.jrc.ec.europa.eu/eu-critical-raw-materials
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Production rates, historic data
Lithium

Currently, about 600 kt/a (per year!)

Global primary production
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Source: RMIS - Raw materials' profiles (europa.eu), https://rmis.jrc.ec.europa.eu/rmp/Lithium
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Production rates, historic data
Cobalt
Currently, about 160 kt/a (per year!)
Global primary production
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Source: RMIS - Raw materials' profiles (europa.eu), https://rmis.jrc.ec.europa.eu/rmp/Cobalt
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Projected global demands for E-batteries
2020 - 2040

Figure 1 — Forecast of battery demand globally from processed raw materials [ki]

I 2020 [l 2025 [l 2030 [ 2040
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Cobalt Refined Graphite batt- grade Lithium Refined Manganese batt-grade (HP) Nickel batt-grade

Page 12 i
Source: JRC analysis.

Source: RMIS - Battery supply chain challenges (europa.eu)



https://rmis.jrc.ec.europa.eu/analysis-of-supply-chain-challenges-49b749
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Resources and reserves
Lithium
Currently, about 600 kt/a (per year!), with current reserves: ca. 25 years!

* Projected demand 2030 for E-batteries! = 9 years!
* Projected demand 2040 for E-batteries! - 3 years!
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Data source: RMIS - Raw materials' profiles (europa.eu), https://rmis.jrc.ec.europa.eu/rmp/Lithium
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Resources and reserves

Cobalt

Currently, about 160 kt/a (per year!), with current reserves: ca. 25 years!
« Projected demand 2030 for E-batteries! - 14 years!
« Projected demand 2040 for E-batteries! - 8 years!
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Data source: RMIS - Raw materials' profiles (europa.eu), https://rmis.jrc.ec.europa.eu/rmp/cobalt



https://rmis.jrc.ec.europa.eu/rmp/Lithium
https://rmis.jrc.ec.europa.eu/rmp/cobalt

Universitat Critical materials

Oldenburg

Regional supply

Dependencies and fragilities
- Oligopolies concentrated in China
- Despite of diversification: expected to remain for Co, Ni, Graphite &

Manganese)
Graphite (Anode
precursors from Manganese
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Cobalt graphite+synthetic Lithium EMM+HP Nickel
Country  (Refined Co) graphite) (Refined Li) MSM) (Nis04) Cells
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Source: RMIS - Battery supply chain challenges (europa.eu)
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Supply required for different sectors

Dependencies and fragilities

Technologies
Materials

Supply Risk

(sorted largest to smallest)
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Source: RMIS - Raw Materials Information System (europa.eu)
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Supply required for different sectors
Dependencies and fragilities
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Page 17 Sankey diagram of the raw materials present in each technology of the renewable energy sector (critical = bright red; strategic = dark red)

Source: JRC, 2023.
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Supply required for different sectors Renewables
Dependencies and fragilities ICT, smart-grids
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Supply risks for RE
Supply chain bottlenecks

Raw materials Processed Components Assemblies Super
materials assemblies

Hydrogen

technologies

Overview of supply risks, bottlenecks, and supply patterns along the selected supply chains relevant to the renewable energy
sector. Source: JRC, 2023.
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Source: https://rmis.jrc.ec.europa.eu/techprofiles/ind/5
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Critical materials

Technology profiles

Photovoltaics

Aluminium: in panel frames and
inverters or in alloys for construction and
support

Iron: in steel alloys for different parts and in

fixing systems

Lead: in alloys with tin as solder for electric
circuits and interconnectors

Nickel: in electroplating or in stainless steel
frames, fasteners and connectors

Zinc: as transparent conductive oxide in the
front contact of solar cells

. Strategic Raw Material

. Critical Raw Material

@
©
@

O

Boron: as dopant in crystal lattice
of the silicon-based wafers

Germanium: as semiconductor
materials for multi-junction solar cells
for space applications

Silicon: as semiconductor materials in
crystalline solar cells

000660006

Silver: as conductive paste on front
and back side of the crystalline solar
cells

Source: https://rmis.jrc.ec.europa.eu/techprofiles/ind/7

Copper: highly used for wires, cables, inverters,
also in thin-film copper indium gallium selenide
(CIGS) technology

Selenium: in thin-film CIGS solar cell

Indium: as indium-tin-oxide (ITO) conductive
layer or in CIGS technology

Molybdenum: as back contact for CIGS or in
stainless steel frames

Gallium: as dopant in semiconductors or in CIGS
technology

Tin: in combination with lead for
soldering or with indium in
ITO conductive layers

Tellurium and Cadmium: in thin-film cadmium
telluride (CdTe) PV technology


https://rmis.jrc.ec.europa.eu/techprofiles/ind/7
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Gallium
Boron
Phosphorus
Antimony
Germanium
Arsenic
Silicon metal
Aluminium
Fluorspar
Tin

Silver
Molybdenum
Indium
Nickel

Iron ore
Selenium
Tellurium
Silica

Zinc
Cadmium
Copper
Lead
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Photovoltaics

Raw materials

o
N
H

Critical materials

Technology profiles

Processed materials

Si wafer (Silicon wafer)
BBr3 (Boron tribromide)
Polysilicon

POCI3 (Phosphoryl chloride)
Glass (low iron)

GaN

Al paste

Ag paste

Backsheets

Encapsulants

CdS (cadmium sulfide)

Cu semis

TMAL (Trimethylaluminum)
TMI (Trimethylindium)

Ge wafer (Germanium wafer)
Steel

PH3

GaAs wafer (Gallium arsenide...

TMG (Trimethylgallium)
AsH3

Al alloys

o
N
N

Source: https://rmis.jrc.ec.europa.eu/techprofiles/ind/7

Components

Crystalline Si cells

Inverter

Junction box

Frames (all types)

Connectors

11I-V group compounds
cells

o
N

N

Assemblies

Crystalline Sillicon
modules (c-Si)

Thin film modules
(CdTe; CIGS)


https://rmis.jrc.ec.europa.eu/techprofiles/ind/7
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Technology profiles

Photovoltaics

Raw materials Processed Components Assemblies
materials
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Source: https://rmis.jrc.ec.europa.eu/techprofiles/ind/7
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Technology profiles

Wind turbines

Iron: as cast iron or in steel composition
for tower, nacelle, rotor and foundation; in
neodymium-iron-boron (NdFeB)
permanent magnets

Chromium: essential for stainless steel
and other alloys in rotor and blades

Boron: in composition of NdFeB permanent
magnets or as lubricant

Dysprosium: important additive of NdFeB
permanent magnets

Manganese: essential for steel production

Neodymium: in NdFeB permanent magnets
used for many parts of a turbine

for electricity generation

Molybdenum: in stainless steel
composition for many components of the
turbine

@ Praseodymium: together with neodymium

- 2 : < s in permanent magn
Aluminium: as lightweight material in Ll L L

nacelle equipment, blades, etc.
Zinc: in protective coatings against

corrosion Copper: widely used in generator windings,

. . L cables, inverters, control systems
Niobium: a microalloying element in high

strength structural steel for towers of a
turbine

Silicon: as alloying element in high-
performance steels and as silicone in
polymers (sealants, adhesives, lubricants)

Lead: for soldering or cable sheathing in
electricity transmission (offshore)

Nickel: in alloys and stainless steel for
different components of the turbine

0000060 0-

00060

. Strategic Raw Material
’ Critical Raw Material
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Source: https://rmis.jrc.ec.europa.eu/techprofiles/ind/7
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Dysprosium
Terbium
Niobium

Boron
Neodymium
Praseodymium
Silicon metal
Aluminium
Manganese
Molybdenum
Chromium
Nickel

Iron ore
Silica
Aggregates
Zinc

Copper

Lead
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Source:

Critical materials

Technology profiles

Wind turbines

Raw materials Processed materials

Batsa vood |

NdFeB permanent
magnet alloys

PE (polyethylene)

PET

Polyurehtane

Cu semis

Steel

Carbon fibres

Cement

Al semis

Glass fibres

PS (Polystyrene)

Epoxide resins

"= == s EmEERRRNJ

=]
N
1
o
N
1S

https://rmis.jrc.ec.europa.eu/techprofiles/ind/6

NdFeB PMs

Nacelle casing

Blades

Gearbox

Shafts

Tower (steel)

Bearings

Tower (concrete)

Components Assembly
Power
generator
0 2 4 6 0 1

Super
assembly
Wind
turbine
0 1


https://rmis.jrc.ec.europa.eu/techprofiles/ind/6
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Critical materials

Technology profiles

Wind turbines

Raw materials

U B 2%

Restof turope I 6%
Russia | 2%
Usa 1 1%
China I 2%
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Processed
materials
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Source: https://rmis.jrc.ec.europa.eu/techprofiles/ind/6
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Ways out
Circular Economy

J_,
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ENERGY e e o =”  RECYCLING
RECOVERY
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Source: Pehlken 2023. Lecture V01 — Hidden Champions for RE
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Ways out
y Methods

Circular Econom _
4 » Life-cycle Assessment (LCA)

« Material Flow Analysis (MFA): a great
data base for MFA can be found in the link
here: RMIS - Material system analysis
(MSA) (europa.eu)

>€>> > REUSE
MINING REFINING ROD

ENERGY AR RECYCLING
RECOVERY
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Source: Pehlken 2023. Lecture V01 — Hidden Champions for RE
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Global demand and supply
Primary sources - directly obtained from nature, raw materials

Secondary sources - are any processed materials at any stage of the
subsequent material use

A2 Reserves in ROW
B.1.3 Primary C.1.6Processing D.1.3 Processed D.1.6 Manufacture
material material waste E.1.4 Products F.1.2 Products atend of life
-
C.1.3 Primary C.1.2 Processed
material material D.1.2 Products E.1.3 Products for reuse F.1.1 Products atend of life
I Frimary matenat (ko)
- Secondary material [kg]
l Processed matenal (kg)
B.1.1 Primary material £.1.6 Products atend of ffe [ Product ko]

as main product €.1.1 Processed material D.1.1 Preducts for treatment - Waste ko)

B I use dissipation [kg]
o
— [ Nonfunctionnal recycling ko]

A1.1Reservesin EU

—

I Ovutputfrom the value chain kgl

B.1.2 Primary material E11H
as by product 11 use stock
il Qupatiom b E.1.2 End of lfe stock E.15Inuse
e E.1.7 Annual addition toin use stock dissipation
E.1.8 Annual addition to end of life stock
D.1.5 Manufacture waste
forreprocessing
B.1.4 Extraction D.1.4 Manufacture G.1.2 Secondary matenal from post F.1.4 Products atend
waste / tailings waste fordisposal consumer functional recycling of life for recycling
C.1.5Processing F.1.3 Products atend
waste for disposal of life for disposal
G.1.4 Secondary material
G.1.5 Recycling waste from postconsumer non
i B fordisposal functional recycling
Stock intailings K F.1.5 Stockin landfill &
Y  Fi6Annual stock s
G.1.1 Secondary material from post
consumerfunctional recycling

EU-28 boundary

Page 29 C.1.4 Secondary materials S 1;3%:1%?;5;:?’“

Source: https://rmis.jrc.ec.europa.eu/msa
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Critical materials

Global demand and supply
Primary and secondary sources

Forecast of global Supply-Demand balance for lithium [t LCE]

Demand
for
batteries
and other
uses

Supply
from
primary
and
secondary
sources

Demand
for other

T T T T T T T T T T T T
2016 2018 2020 2022 2024 2026 2028 2030 2032 2034 2036 2038

Source: RMIS - Battery supply chain challenges (europa.eu)

T uses
2040


https://rmis.jrc.ec.europa.eu/analysis-of-supply-chain-challenges-49b749
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Critical materials

Global demand and supply
Primary and secondary sources

Forecast of global Supply-Demand balance for nickel [t]

-~ Demand

for
batteries
and other
uses

Supply
from
primary
and
secondary
sources

Demand

Source: RMIS - Battery supply chain challenges (europa.eu)

T T T T T T T T T T T T T
for other
2016 2018 2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040,

ac


https://rmis.jrc.ec.europa.eu/analysis-of-supply-chain-challenges-49b749
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Potential secondary sources
Forecast of global Supply-Demand balance for nickel [t]

Figure 4 — Estimated consumption of battery raw materials [t] and supply potential from secondary raw
materials (old+new scrap) [%] in the EU (2020-2040)

= Co == Graphite == Li == Mn = Ni
p 3%
900K ,"
”
’
850K .
, 9%
800K > =
’ ,
, PR
750K Pl ~
” -
s ”
700K - -
’ 7
’ -
650K e g
. - 42%
600K > - -
V4 - P
” - P
550K - »Z -
s ’ -
” - -
500K ’ e -
2% - Pt -
450K g = _-
/5:3/ ,’ P
400K s 90, -
r'd v -
rd ” -
rd ” -
350K , Y
L
rd o,
300K , " 7 23%
s -~
,’ P
250K 1% P
Y A
200K o Pt
A
0,
150K ’a”124?g% 23%
P - - 0,
P 17%
100K _eTe” 10% e ——====z==========3
”:’ _.____._-——-——-::: ___________ o
K B L =TT === =T 51%
E==--""_-- -—= 32%
-—-—" 24%

Page 32

Source: RMIS - Battery supply chain challenges (europa.eu)
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- Example: electric vehicles




Carl von Ossietzky

Universitat Cr|t|CaI materlals

Oldenburg
Example: E-vehicles
Circular Economy

Cradle-to-Grave — ,Life Cycle Assessment®

PRODUCTION ) _ USE PHASE ) RECYCLING

Raw Component Vehicle

1ateria productior production

wy A 04 e lo

Page 34 Source: https://www.volkswagengroup.it/ita/media/comunicati-stampa/i-veicoli-elettrici-hanno-il-miglior-bilancio-di-co2
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Example: E-vehicles
Circular Economy

300 # 20-year GWP for methane

M Fuel/electricity production
B Fuel consumption

Bl Maintenance

W Hydrogen tank manufacture
B Battery manufacture

B Vehicle manufacture

I Current policies vs Paris
Agreement-compatible
electricity mix

N
L8]]
o

8]
o
(@]

150

100 V

Life-cycle GHG emissions (g CO, !q_/km)
(%)}
o

0
Gasoline + Battery EV, Battery EV, Fuel cellEV, Fuelcell EV, FuelcellEV, FuelcellEV,
biofuels 2021-2038 renewable 2021-2038 renewable natural gas natural gas
grid mix electricity grid mix hydrogen hydrogen + CCS
hydrogen hydrogen

Reference: ICCT WHITE PAPER, GLOBAL COMPARISON OF THE LIFE-CYCLE GREENHOUSE GAS EMISSIONS OF PASSENGER CARS, 2021

Page 35 Source: Pehlken 2023. Lecture V02 — Hidden Champions for RE




Carl von Ossietzky

Wkl  Critical materials > Tank-to-wheel analysis

Oldenburg

Example: E-vehicles
Circular Economy

= CO2 is not the only relevant
indicator!

300 # 20-year GWP for methane
M Fuel/electricity production
B Fuel consumption

W Maintenance

W Hydrogen tank manufacture
W Battery manufacture

B Vehicle manufacture

I Current policies vs Paris
Agreement-compatible
electricity mix

N
u
(@]

200

150

100 7

Life-cycle GHG emissions (g CO, . /km)
o
o

0
Gasoline + Battery EV, Battery EV, Fuel cellEV, Fuelcell EV, Fuelcell EV, Fuelcell EV,
biofuels 2021-2038 renewable 2021-2038 renewable natural gas natural gas
grid mix electricity grid mix hydrogen hydrogen + CCS
hydrogen hydrogen

Reference: ICCT WHITE PAPER, GLOBAL COMPARISON OF THE LIFE-CYCLE GREENHOUSE GAS EMISSIONS OF PASSENGER CARS, 2021

Page 36 Source: Pehlken 2023. Lecture V02 — Hidden Champions for RE
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Example: E-vehicles
Projections of demand for battery materials (IRENA 2022)

14

12

B Copper
10 B Aluminium
Phosphorus

™ 1ron

B Manganese

6
1 Graphite
Nickel
4 [ |
M Cobalt
2 M Lithium
o

2020 2030

Adapted from: BloombergNEF, 2021a.

Page 37 Source: Pehlken 2023. Lecture V02 — Hidden Champions for RE
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Second-life, reusing, refurbishing and recycling...
...for battery materials

Warranty batlery |
smtry rosucon 20

Y | 18 -
[ E“‘”E;‘;a‘m Ealy failure ] Battery 16
returns 14
Yas Y to 12
i T recycling 10
L Re [1E+06 8 -
units] 6
Mo 4 I
A 2
: - Battery in 0 |
. Recycling  Baseline Repurposing

scenario scenario scenario

Yas

No Ne = 2011-2020 2021-2030 m 2031-2040

)
I-‘
)

Second use
Bppicatlon
End of life

Page 38 Source: Forecasting the EU recycling potential for batteries from electric vehicles. https://doi.org/10.1016/j.procir.2020.01.109 ,
2020.

Battery recycling



https://doi.org/10.1016/j.procir.2020.01.109
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Example: E-vehicles

Second-life, reusing, refurbishing and recycling...
...for battery materials

Rucklaufmenge LIB

2000 ;
e PK\V Zelle  mummm PKW Pack a
[
. N Zelle NFZ Pack i
1200 ESS Zell ESS Pack ]
| ele aC r
5 . 3C Zelle I Andere Zelle b
c [
§ 1000 Zellprod. Packprod. ,,’
Is! S
>4 -==-Min. = ==——— Max. L
. e Mostly e-
-~ vehicles!
e m—ZEma o - -~ '
0 — T - —
2020 2025 2030 2035 2040
Abbildung 4: Prognose  zur Rucklaufmenge  gebrauchter LIB  aus
unterschiedlichen Anwendungen (PKW, Nutzfahrzeuge: NFZ,
stationare Speicher: ESS, ~Computing, consumer,

communication”: 3C) und von Zellproduktionsschrotten in ein
europaisches Recycling. Die Balken bilden das Basis-Szenario ab.

Page 39
Source: https://www.isi.fraunhofer.de/content/dam/isi/dokumente/cct/2021/VDMA Kurzstudie Batterierecycling.pdf



https://www.isi.fraunhofer.de/content/dam/isi/dokumente/cct/2021/VDMA_Kurzstudie_Batterierecycling.pdf
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Example: E-vehicles

Second-life, reusing, refurbishing and recycling...
...for battery materials

Rezyklatmenge europadisches Recycling
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Abbildung 6: Entwicklung von Rezyklatmengen aufgeteilt nach

unterschiedlichen Metallen und Rohstoffen bis 2040. Die Balken
bilden das Basis-Szenario ab.

Page 40
Source: https://www.isi.fraunhofer.de/content/dam/isi/dokumente/cct/2021/VDMA Kurzstudie Batterierecycling.pdf

Li...


https://www.isi.fraunhofer.de/content/dam/isi/dokumente/cct/2021/VDMA_Kurzstudie_Batterierecycling.pdf
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Example: E-vehicles
Recycling processes and their outcomes

Gehduse,
Tabs, etc. Wirme

Energy
intensity

Elektr. Gehiuse, Cu,Al  Co, Ni L Co, Ni,

Energie Tabs, etc. Mn
Abbildung 8: Maogliche Prozessrouten des Recyclings von Lithium-lonen-

Batterien. [Doose2021]

Page 41
Source: https://www.isi.fraunhofer.de/content/dam/isi/dokumente/cct/2021/VDMA Kurzstudie Batterierecycling.pdf



https://www.isi.fraunhofer.de/content/dam/isi/dokumente/cct/2021/VDMA_Kurzstudie_Batterierecycling.pdf
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Take aways

« Critical materials (amount or origin) are required for many
technologies within the energy transition:

« Wind, PV, batteries, smart-grids
- Demands for these materials are expected to ,sky-rocket” as
compared to current demands

* Depletion times in the range of a decade for future demands
and current reserves!

« Recycling and second life:

* Possible but:
* Energy intensive!
* Low recyclability rates for some materials

» Potential for yearly supplies from recycling processes in the
EU: 40% for Cobalt and ca. 15% for Lithium, Nickel und
Copper for new batteries.
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