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B Assessment of past,
present, and future
material flows in the
anthroposphere.

B Environmental impacts of
material flows, particularly
the triple planetary crisis:

m Climate change
m Biodiversity loss

m Pollution
B Impact of technological ' Livestoc
development, business )\ R . )

decisions, regulation,

policy, and societal NAS M, Forest Ering e

change.

Haberl et al. 2019, Nature Sustainability 2(3), 173-184
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== Qres and metals == Stocks of metals == Excrement from humans and livestock

=== Fossil energy carriers == Stocks of aggregates and sand === Demolition, industrial and municipal waste

== Non-metallic minerals Stocks of wood, glass and plastics Emissions of carbon, nitrogen, sulfur

-8~ Water (secondary Y axis) === |Jseful physical work (secondary Y axis) and methane

=== GDP (secondary Y axis) CO, emissions (fossil fuels and cement)
—— Life expectancy (secondary Y axis) (secondary Y axis)

=== Population (secondary Y axis)

- we live in a stockpiling society rather than a throwaway society (Krausmann et al. 2017)
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M Triple planetary crisis

®m We need net zero global CO, 80%
emissions, currently we have
about 40 Gt per year. — 60%

B Biodiversity loss is rapid.

B Global pollution with plastic
waste, particulate matter, and
persistent chemicalsis
continued.
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Direct emissions

58 Gt COz2¢eq
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Other -
-
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to sectors as
indirect
emissions
Industry 24.5%
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Direct and indirect emissions

58 Gt COzeq

1%

34 8%

22.3%

14.7%

Lo /I

O Il

-Oil and gas fugitive emissions (4.3%)

Other incl. Indirect N20 (3.1%)

Coal mining fugitive emissions (2.2%)

Petroleum refining (1.1%)
-Biomass energy systems (0.3%)

Other industry (14%)

Metals (7.9%)

Chemicals (6.5%)

Waste (3.7%)

Cement (2.7%)

Largest GHG emitting sectors:
1. Residential buildings (11%)
2. Road transport (10.7%)

3. Land use CO, (9.4%)

Land-use COz2 (94%)
Enteric Fermentation\CHa4) (4

Road (10.7%)
International Shipping (1
International Aviation (1%

Rail (0.5%)

Other incl. Indirect N
Inland Shipping (0.3%)
Residential (11%)
Non-residential (6.1%)

Non—-COz2 (all buildings) (0%)

4. Metals (7.9%)
5. Chemicals (6.5%)
6. Non-residential buildings (6.1%)

7. Cement (2.7% + heatregs.)

Lamb et al. 2021, Environ. Res. Lett. 16(7), 073005
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Global annual demand projection for Fe and Al
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Watari et al. 2021, Resources, Conservation and Recycling 164, 105107
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e.g., EU CRM List

e.g., supply risk assessment

- we can interpret CRMs either as materials “on a list” (good for policymaking)

or with “high scores” (good for decisionmaking and monitoring/benchmarking)

Graedel et al. 2014 Social Ecology Lecture | Christoph Helbig 11
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Risk Matrix (classical risk definition in ISO 31000) Criticality Matrix as defined by the NRC
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European Critical Raw Materials Act Regulation proposal
Benchmark targets (Art. 1)
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CRM Act in the version of the Commission Proposal for a regulation from 16 March 2023

Lists of Strategic and Critical Raw Materials
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Capacity building

Strategic projects

Criteria for strategic projects (Art. 5, 6, 7, 9) ke
One-stop-shop and timelines (Art. 6, 7, 8, 10) fit
Environmental assessment (Art. 7, 11) 1l bes
Financial aspects (Art. 15, 16) il ke

Information (Art. 13, 17, 33)&

Circular Economy and
Environmental Sustainability

i

Circularity
Reporting requirements (Art. 25) it

I

List of CRM recovery potentials (Art. 25) it

Risk Monitoring and Mitigation

i

Extractive waste recovery (Art. 26) il les

Permanent magnets (Art. 27, 28
National exploration requirements (Art. 18) it : ( ) s

xR

Environmental footprint ket &

/_7 (Art. 30, Annex V)

%o Planning and zoning (Art. 12) fit
(‘)_A_Q Certification (Art. 29, Annex VI) js &

Stakeholders: & Consumers and communities Ml Administrations and governments les Mining, recycling, and manufacturing industries

Monitoring and stress testing 1l ke
(Art. 19, 20)

Strategic stocks (Art. 21, 22) 1 bee

Joint purchasing (Art. 24) 1l les

w Strategic partnerships (Art. 33)m

Hool et al. 2023, Mineral Economics
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Criticality assessment results
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Annex | of Critical Raw Materials Act

Strategic Raw Materials

- High demand increase due to strategic sectors

- High ,production scale” (log of annual production)
- Low reserve-to-production ratio
(no quantitative publicly reported assessment!)

2023 Critical Raw Materials (Strategic Raw Materials in italics)

aluminium/bauxite
antimony

arsenic

baryte

beryllium

bismuth
boron/borate
cobalt

coking coal
feldspar
fluorspar
gallium
germanium
hafnium
helium
HREE

lithium

LREE
magnesium
manganese
natural graphite
niobium

PGM

phosphate rock
copper*

phosphorus
scandium
silicon metal
strontium
tantalum
titanium metal
tungsten
vanadium
nickel*

* Copper and nickel do not meet the CRM thresholds, but are included as Strategic Raw Materials.

Annex Il of Critical Raw Materials Act
Critical Raw Materials

Criticality assessment results

.. lllllllllllllllllllllllllllllllll :
— Supply Risk (SR) :
Senussssnssnsnsnsssnnnnnnnann Bt

/ I Substitutes Global Supply \
JAUEEEREES R REE R AR R R s ouNEEsEEEmsEnssdususEssnnuEnnn, s EU Sourcing
: - 2: Substitution Index SI(SR) Z| | 4usssnsussssnnsnnnunnnnnnnnnnn
i Substitution Index SI(EL) 22 ‘production, criticality and  §| [ # Global Supply concentr. (HHls) §
ostand performance : coproduction #| | ® and EU Sourcing conc. (HHIey) »
%sasssssssssssssssssssnnnannnn ¢ “suEssssEEEEssEpEEEEEEEEEEEEES R —
..............................
...................................... f_Country Governance (WGI) £
E Substitutes for each application E ..-----------------------------
: and their subshares H : Import reliance H
¢EEEEsEEEEEEIEEEEEEEEESEEEEEEEEEEEEES . Ssssssssssssssssssssssssssssa?
\ 4iEEEEEEEENEEEEENEEEEEENENEEE [
E Trade restrictions .
----------------------------- v
s Sectors geeeesessmcssissacsssnennns,
R L e L L L CLILLEEL? . = Supply chain/Bottlenecks }j
H Name and share of each E --------------------------
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Junesnanass Value added v §  Endof Life Recyding &
Value-added by NACE sector ¢ [Inputrate (EOL-RIR) 3
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[ Sources, assumptions ]

European Commission 2023
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Li-ion batteries

Wind turbines

QE

Heat pumps

Rabatics

Traction motors

Hydrogen direct reduced iron and
electric arc furnaces (H2-DRI)

F

163

Smartphones, tablets and laptops

Drones

9o

o
5|0
I
1]

Electrolysers

s
.'O\.

&

Solar photovoltaics (PV)

&

Data transmission networks

r%_?J

Additive manufacturing (AM)

Space launchers and satellites

European Commission 2023
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EU Critical Raw Materials Assessment 2023

| HREE ® Non-critical raw materials
5 | ® @ Critical raw materials
: Nickel and Copper
: —== El Threshold
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Economic Importance

- most raw materials are above the threshold for Economic Importance anyway

European Commission 2023 Social Ecology Lecture | Christoph Helbig 18
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Indicator included in EU
CRM/SRM assessment Other indicators X

A Concentration

Diversification of suppliers ];g[

Import dependence J

Financial hedging und erice volatility 1

long-term contracts B Scarcity

Al
x|

. Unsubstitutability H Su!)ply
_(a)- Research & development Risk
Categories

’

< of new material substitutes
C Political instability

Demand growth G
Sustainable selection

of suppliers ”l—_

. D Regulations
Dependence on prima

Investments in recycling  productionF

. E By-product
and processing technology dependence

Helbig et al. 2021, Resources 10(8), 79 Social Ecology Lecture | Christoph Helbig 19
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M Input cycling is the
circulated part of
processed materials.
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B Socioeconomic cycling
considers secondary raw
materials.
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Hydrogen

Na

Sodium

K

Potassium

Rb

Rubidium

Fr

Francium

Average lifetime Waste management and recycling
J, Use phase 100%
I Fabrication and manufacturing 50%

Radlum \ Rutherfordium \

*Lanthanide series Pm
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“*Actinide series | A ~ T P U Np
Actinium Thorium Protactinium|| Uranium Neptunium
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22yr
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4yr I
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0%

24 yr

Rh

10 yr

Ir|d|um

Mt

Pb SSbg Bh \H

Meitnerium

Rhodium

Ferrous metals

Non-ferrous metals

Precious metals

Specialty metals
Palladium Silver I\.
I 192 yr I

Platmum Gold

41 yr
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N [0 (F [Ne

Nitrogen Oxygen Fluorine Neon

P S |C] [Ar

Phosphorus ||Sulfur Chlorine Argon

Br (Kr
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|
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Lv |Ts |Og
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en eleku Nobelium Lawrencium

Charpentier Poncelet et al. 2022, Nature Sustainability 5, 717-726
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0.6 1 10 L
Cr 50% remaining inuse | - %
Mo - 0.8 %
0.4 - o)
- 06 =
Mn :
05 - = - 0.4
vV - 0.2
Loss stocks 0 . | i 0

0 25 50 75 100 125 150 175 200

PP, primary production Time after extraction (yr)

F&M, fabrication and manufacturing
WM, waste management (collection and sorting)
REC, recycling

1K 002
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Dissipative losses of specialty metals ORT w BAYREUTH
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— 16Mt — j][‘
Specialty metals | Individual specialty metal
(per kg extracted, left axis) - 14
— All specialty metals
l |New scraps ol i ' '_@ (yearly cohort, right axis) 12
scraps -
PP —> F&M —> Use —> WM —> REC % 10 &
t= &
g 50% remaining in use | 8 ;of’,_;
o 2
£ -6 =
5 -4
o
-2
Loss stocks Cumulative losses ' i 1 | | 0
B 0 25 50 75 100 125 150 175 200

PP, primary production

F&M, fabrication and manufacturing

WM, waste management (collection and sorting)
REC, recycling

Time after extraction (yr)

1K 00
1K 00
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“Lifetimes” of metals in the global economy ORT w BAYREUTH

Ressourcentechnologie

250
o e et
Precicus metal
> Au, Fe, AL, Ni, Cu, Ag, Pt s Spaciiy it
0 have lifetimes of centuries o
or at least many decades. S P
ImaPro
J Mineral Resource Dissipation
£ (Charpentier Poncelet et al. 2022)
;i-f‘mo_ Life Cycle Impact Assessment
< New method added in v9.5
- Half of the periodic table has
lifetimes of 10 years or less.

AuFe Al Ni CuAg Pt Pd CrPbBeZn B MoNbRhMnZr Er Ti HORuSbSnSmRe Si Ir TaCd Bi V NdMg Li TI DyTmYb PrGdLu W Y CeSrTbHgLaCoOsBaEuAs In Te SeGaHfGeSc
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Loss rates, end-of-life recycling rates, recycled content
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H

Hydrogen

Li 0.14

Lithium

EOL-RR

B e 0.038

Beryllium

Na

Sodium

K

Potassium

Rb

Rubidium

Francium

*Lanthanide series 0.24 0.18 0.15
La (Ce "|[Pr

**Actinide series

0.13

Mg

Magnesium

=

100%

50%

0%

Recycled content

]

M >50%

| | >25-50%
[ ]>10-25%
[T 1-10%
D <1%

Loss rate (kg yr'

=

<0.01

0.10

>1.00

E No data

per kg extracted)

C'\IC\U"‘ ﬁ

0.13
Vanadlum

Sr 0.19 0.17 ‘ 0065” bO.MI\ 0 X
Strontium Yﬂ:rlum Zirconium Niobi Molybdenum

— 0034 0054
Cr “Mn”
Chromium || Manganese

0.041 TC

Technetium

Ru 0.075|

Ruthenium

B a 0.39

Barium

Ra

Radium

Rf

0.1
Tant.alum

Db

Rutherfordium || Dubnium

Cerium

Praseodymium|

R e 0.098

Rhenium

OS 0.28

Osmium

| Tungsten

Sg

Seaborgium || Bohrium

Bh |[Hs

Hassium

Nd 0.13

Neodymium

Ac

Actinium

Th |Pa |[U

Thorium

Cobalt Copper

Zinc

Zn 0.040

Rh 0.042 PdO .035

Rhodium Palladium

Ag 0.023

Silver

Cadm

0.12

Ir

Iridium

Mt [Ds |Rg

Cn

T|n
0024 022 ‘ 0. I4\
Plaﬂnum Mercu Thalllum

Nh

Meitnerium || Darmstadtium | |[Roentgenium || Copernicium || Nihonium

B™Ic N Jo |[F

Boron

Carbon Nitrogen || Oxygen

P S

Phosphorus ||Sulfur

Pb0.037

Lead

0.12
Blsmuth Po\cmum

Mc

Fl Lv

Flerovium

Cl

Chlorine

Br

Bromine

lodine

At

Astatine

Ts

Moscovium || Livermorium || Tennessine

Ar

Argon

Kr

Krypton

Xe

Xenon

Rn

Radon

Og

Oganesson

Samarium Europium Gadolinium || Terbium Dysprosium || Holmium Erbium Thulium Ytterbium || Lutetium

Np |[Pu

Protactinium| | Uranium

Neptunium || Plutonium

Cm

Curium

Am

Americium

Bk |ICt

Berkelium Californium || Einsteinium || Fermium

Es |[Fm |Md [No

Mendelevium| | Nobelium

Lawrencium
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End-of-life recycling input rate in EU Criticality method ORT w BAYREUTH

Ressourcentechnologie

- EU method assumes

recycled materials are supply
risk free. Is that so?

IR
+ HHIWGI,EUsourcing ’ (1 - ?)] ) (1 - EOLRIR) 'SISR

B Supply Risk Calculation of the European Commission‘s method:

IR
2
M High EoL-RIR causes supply risk reduction. - End-of-life recycling input

B SR = |HHlye1 giobar

B Lead 83% % o rate is a socioeconomic
m Copper 55% = 7 input cycling in terminology
m Rhenium 50% s - of Haas et al. 2020
B Tungsten 42% %0 :
m Zinc reported 34%, should have been 11% % »
(Bradley et al. 2024) O
m Aluminium 32% L o
m Iron 31% L
m Tin31% T
m Cadmium 30% T AR ST S
B Molybdenum 30%
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Part 4:
Vision for Circularity
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Metal-material-component-product composition model ORT w BAYREUTH
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Metal X Material Component m ProductA (p,c,m,e)
Production Production Production

(e) (m, e) (c,m,e)

Product B (p,c,m, e)

B Typical quality questions Product C (p,c,m, e)

m [sita homogeneous material?
What is the purity of the material? ma ProductX (p,c,m,e)
Does it follow a specific composition?

Metal Y

Production

(e)

Are the products disassemblable?
Are the components disassemblable?

What are contaminating elements?

Electric vehicle

Example Cathode active material Lithium-ion battery

In-ear headphones

Social Ecology Lecture | Christoph Helbig 30
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Modeling of metal material flows and losses ORT w BAYREUTH
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:Fij: Flows
;: Losses
Element

Product
Scrap

a
p
¢ %
m: Material p:
|

¢: Componente:
» ¢
5 n

3Manufacturing 4 Use phase

F34 (p, c,m, e)‘

Stock

F72(m, e) Fy7(c,m, e) Fe3(c,m,e) F36(p,c;me)  Fus(p,c,m,e)

Production efficiency
Fabrication efficiency W Recycling
Manufacturing efficiency
Repair rate

Collection rate

Sorting rate

Recycling process efficiency

6

Sorting &
 Fg7(c,m,e) Separation

Cpsme
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Perspectives of downcycling
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Ressourcentechnologie

Extraction from
lithosphere

Direct remelting of materials
(used as reference system
for downcycling metrics)

Perspective 1

Reduction of material quality

Perspective 1b

Reduction of
‘material value

Engineering material

Material Function

Recycling Product

End-of-Life Product

Fabrication &
Manufacturing

Product '

Suitable only for

less demanding
'applications

Use in less

valuable products

i = Perspective 1a
E i Accumylation of
| e contaminations
5 Production of |
. —»  Engineering [
Primary material . !
; v Materials :
berdssitorsinrnon ey e
Perspective 6
Need of additional | §
virgin material g
S
: g
Perspective 5 3
Different material 8
(%]
Waste n
Management
: Other material system
i | PEM — FaMm
§ ) ¥
WM e USE

—

Perspective 4
Loss of alloying
elements

Use phase

Helbig et al. 2022, Journal of Industrial Ecology 26(4), 1164-1174
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Metal Wheel (Reuter et al. 2019)
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€Ca0

NiO
FeO,

MgOo Zn

See also steel segment for Cr Fe
other nonalloying minors

See also other sulfide

segments for As
i Co
otaermmurs Ag Te
Pt
Cu
In
Au
ALO, Ge
Ca0
Mgo

Key

Electrolysis, Ti
Steel remelt,  Pyro-, hydro-
BOFandEAr)  fefine  Ch-metallurgy;
' remelt;
TRIP, austenitic, Fe-Tialloy Hectrolyshs,

ferroalloys remelt, refine

Niand Cr
Stainless steel Interconnected
ferroalloys B
agile-process

Zn and Pb g s

fume, refine

Smelt, refine Smelt, fume, refine

Cu and Ni Sn

Hydro-and
pyrometallurgy

AlLO;

FeO,

.

Ficl
Br cao
K0
Na,0
*2% p,0;

MnO;

metallurgical REs

Hydrometallurgy,
RLE, smelt, battery recycling

- All parts of the metal wheel are

required for a functional circular
economy of metals (Reuter 2023)

Economically viable destinations of complex resources and
materials, designed functional material combinations, scrap,
residues, etc., to metallurgical processing infrastructure (each
segment) to produce refined metals, high-quality compounds,
and alloys in the best available technology.

Mainly element

Compatible with the base metal as an alloying element or can
l)&‘ fEf'OVF‘H-‘d in SUh.‘-(-‘C]UE-‘ﬂI processing.

Recovered in alloy/compound or lost if in the incorrect
R/L stream/scrap/module

Governed by functionality, if not detrimental to base metal or

product (e.g,, if refractory metals in Eol product report to slag,

and slag is also intermediate product for cement).

metal or product

Detrimental to properties and cannot be economically
recovered; e.g., Au dissolved in steel or aluminum will be lost,

o Mainly lost element: not always compatible with base

CE’s agile base metal processing infrastructure
Extractive metallurgy’s backbone, the enabler of a CE as it also
recovers technology elements used, e.g., in renewable energy
infrastructure, loT, and eMobility, etc.

Dissolves primarily in base metal if metallic (mainly
pyrometallurgy and smelting route)

Valuable elements recovered or dissipatively lost (metallic, speiss,
compounds, and alloys in EoL also determine the destination). Linked
hydro- and pyrometallurgical infrastructure determines percent recovery.

Compounds primarily to dust, slime, speiss (mainly
hydrometallurgy and refining route)

Collectors of valuable minor elements as, e.g,, oxides, sulfates, and
chlorides, and mainly recovered in appropriate predominantly hydro-
metallurgical infrastructure if economical. Often separate infrastructure.

Primarily lost to benign, lower-value building material products;
also contributing to dissipative loss

Relatively lower value but an inevitable part of society and material
processing. A sink for metals and loss from the CE system as oxides/
compounds. Usually linked but separate infrastructure.

Reuter et al. 2019, Annu. Rev. Mater. Res. 49, 253-274
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Causes and types of downcycling ORT w BAYREUTH

Ressourcentechnologie

B “Downcycling is the phenomenon of quality reduction of materials
reprocessed from waste relative to their original quality, [...].

- Nickel from stainless steel
B Downcycled materials count as recycled materials. [...]” still enters carbon steels.

Waste Hierarchy

Causes for downcy.ling Types of downcycling
Recycling processes (cause-effect-chain) (phenomenon)

Dilution Thermodynamic

downcycling

Closed-loop
recycling

Contamination

Functional
downcycling

Open-loop Lack of demand

recycling 3
Economic
Design-induced cling

- If Ga production capacity is = Thin films will always be - Steel gets more and more

underutilized, why recycle? very hard to recycle. contaminated with copper.

Helbig et al. 2022, Journal of Industrial Ecology 26(4), 1164-1174 Social Ecology Lecture | Christoph Helbig Seite 34



Checklist for CRM Circularity ERT w UNIVERSITAT

Ressourcentechnologie

Metal-material-component-product composition

== Improve Digital Product Passport / Battery Pass / Catena-X
[[o~] GHG taxes and allowances composition \ =
Regulate environmental impacts knowledge —
3 Make Reduce
L > primary material More intensive product and
materials stock infrastructure utilization

expensive growth

o s A\

Increase Improve Take-back mechanisms CQ

end-of-life ey
recyclate waste Extended producer responsibility

Avoid downcycling phenomen 2\ collection Product-as-a-service (PaaS) >=¢
E a2 Avoid contaminations Selective a
Wl#® Make cascades slow recycling o-¢

processes New hydrometallurgic process routes .«3
Alternative routes (deep eutectic, direct recycling)
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B Primary raw material demand is a major

. . . [l End-of-life recycling rate (%) E Loss rate (kg yr' per kg extracted)

driver over environmentalimpacts and the g omm - e

triple planetary crisis. 0 50 100 <0.01 0.10 >1.00
B Critical Raw Materials are (ideally) o o

materials with high Supply Risks and high 5]

Vulnerability to Supply Reduction. Ig N D2 £ e

. Na (Mg P S Cl Ar

B EU CRM list of 2023: 32 “true CRMs”, |

plus Ni and Cu, which are strategic raw K&l i lllV Cr_{Mn |m'°‘° Ni |CJ|,Z“ E. Kr

materials. Rb b o 7o [ Jin [ Jag oo [ Jn [So 1o 1 e
M Increasing recycled contentis a core Cs @HME— W_|[Re @l—_lﬂﬂﬁlmﬂﬂ{ Po At Rn

measure to decrease supply risks in the fr|Re | * |Re | ok |sg! Bk (e el Ba| Ryl onl NR| FIT Me iy T | 0

Critical Raw Materials Act.

B Circularity takes inter- and transdisciplinary
efforts for material information, waste Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
collection, and recycling technology.

*Lanthanide series; tActinide series. onature
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