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Agenda



Industrial Ecology: Sustainability and Circular Economy

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

◼ Environmental impacts of 
material flows, particularly 
the triple planetary crisis:
◼ Climate change
◼ Biodiversity loss
◼ Pollution

◼ Impact of technological 
development, business 
decisions, regulation, 
policy, and societal 
change.
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Historic increase of global material stocks and flows

→we live in a stockpiling society rather than a throwaway society (Krausmann et al. 2017)

Extraction flows Stocks Waste flows



Impacts of resource extraction, processing and use

◼ Triple planetary crisis
◼ We need net zero global CO2

emissions, currently we have 
about 40 Gt per year.

◼ Biodiversity loss is rapid.
◼ Global pollution with plastic 

waste, particulate matter, and 
persistent chemicals is 
continued.

◼ Large parts of those impacts 
are material-related.
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Direct and indirect GHG emissions disaggregation 2018

Largest GHG emitting sectors:

1. Residential buildings (11%)

2. Road transport (10.7%)

3. Land use CO2 (9.4%)

4. Metals (7.9%)

5. Chemicals (6.5%)

6. Non-residential buildings (6.1%)

7. Cement (2.7% + heat reqs.)



Metals in the periodic table
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Global annual demand projection for Fe and Al

Fe Al



Watari et al. 2021, Resources, Conservation & Recycling 155, 104669 Social Ecology Lecture | Christoph Helbig 9

Global annual demand projection for various metals
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→ “we can defossilize
the economy, but we 

cannot demetallize it” 
(Held 2023)
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Part 1:
Critical Raw Materials
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Preliminary remark: criticality list vs. criticality score

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)
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Criticality Matrix as an equivalent to the Risk Matrix
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European Critical Raw Materials Act

25%
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Annex II of Critical Raw Materials Act
Critical Raw Materials
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Strategic Raw Materials and Critical Raw Materials 2023

Annex II of Critical Raw Materials Act
Critical Raw Materials

Annex I 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!)
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Strategic Sectors and Technologies for the EU



Material demand forecast for strategic sectors

◼ Material demand forecast 
for global demand from 
strategic sectorsin 2030 
and 2050 compared to 
global 2020 annual 
production (in percent).

◼ In boxes: 2020 demand 
from strategic sectors (in t).
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EU Critical Raw Materials Assessment Matrix 2023

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

→ Supply Risk is the key 
factor for distinguishing 
CRMs from non-CRMs
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Supply risks can be managed

Diversification of suppliers

Investments in 
exploration and mining

Sustainable selection
of suppliers

Investments in recycling
and processing technology

Research & development
of new material substitutes

Financial hedging und
long-term contracts

Indicator included in EU 
CRM/SRM assessment
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Part 2:
Circularity Issues



Material flows in the global economy (Haas et al. 2020)
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◼ Input cycling is the 
circulated part of 
processed materials.

◼ Output cycling is the 
circulared art of end-of-life 
wastes.

◼ Socioeconomic cycling 
considers secondary raw 
materials.

◼ Ecological cycling relies 
on biogeochemical cycles 
and plant growth.
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Tracing global material flows and losses in the economy

Bauxite mining

Photo: Hydro.com

Aluminium wrought alloy

Photo: Hydro.com

Aluminium body-in-wite

Photo: Hydro.com

Al scrap from cars

Photo: Hydro.com

Recycled cast Al
in motor blocks
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Coverage of the periodic table with MaTrace-dissipation
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Dissipative losses of ferrous metals
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Dissipative losses of specialty metals
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“Lifetimes” of metals in the global economy

Mineral Resource Dissipation
(Charpentier Poncelet et al. 2022)
Life Cycle Impact Assessment
New method added in v9.5

→ Au, Fe, Al, Ni, Cu, Ag, Pt 
have lifetimes of centuries 
or at least many decades.

→ Half of the periodic table has 
lifetimes of 10 years or less.
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Loss rates, end-of-life recycling rates, recycled content



End-of-life recycling input rate in EU Criticality method

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

◼ 𝑆𝑅 = 𝐻𝐻𝐼𝑊𝐺𝐼,𝑔𝑙𝑜𝑏𝑎𝑙 ⋅
𝐼𝑅

2
+ 𝐻𝐻𝐼𝑊𝐺𝐼,𝐸𝑈𝑠𝑜𝑢𝑟𝑐𝑖𝑛𝑔 ⋅ 1 −

𝐼𝑅

2
⋅ 1 − 𝐸𝑜𝐿𝑅𝐼𝑅 ⋅ 𝑆𝐼𝑆𝑅

◼ High EoL-RIR causes supply risk reduction.
◼ Lead 83%
◼ Copper 55%
◼ Rhenium 50%
◼ Tungsten 42%
◼ Zinc reported 34%, should have been 11% 

(Bradley et al. 2024)
◼ Aluminium 32%
◼ Iron 31%
◼ Tin 31%
◼ Cadmium 30%
◼ Molybdenum 30%
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e → End-of-life recycling input 
rate is a socioeconomic 

input cycling in terminology 
of Haas et al. 2020

→ EU method assumes 
recycled materials are supply 

risk free. Is that so?
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Part 4:
Vision for Circularity



Metal-material-component-product composition model

◼ Typical quality questions
◼ Is it a homogeneous material?
◼ What is the purity of the material?
◼ Does it follow a specific composition?
◼ Are the products disassemblable?
◼ Are the components disassemblable?
◼ What are contaminating elements?
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Modeling of metal material flows and losses

System boundary (time and cohort indices omitted)
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𝐹𝑖𝑗: Flows
ℓ𝑖: Losses
𝑒: Element 
𝑚: Material
𝑐: Component
𝑝: Product
𝑠: Scrap
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𝛾: Manufacturing efficiency
𝜌: Repair rate
𝜀: Collection rate
𝜁: Sorting rate
𝜂: Recycling process efficiency
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Perspectives of downcycling
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Metal Wheel (Reuter et al. 2019)

→ All parts of the metal wheel are 
required for a functional circular 

economy of metals (Reuter 2023)



Causes and types of downcycling

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

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

→ Steel gets more and more 
contaminated with copper.

→ If Ga production capacity is 
underutilized, why recycle?

→ Thin films will always be 
very hard to recycle.



CRM 
Circularity

Improve 
composition 
knowledge

Reduce 
material 

stock 
growth

Improve 
end-of-life 

waste 
collection

Selective 
recycling 

processes

Increase 
recyclate 

quality

Make 
primary 

materials 
expensive
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Checklist for CRM Circularity

Metal-material-component-product composition
Digital Product Passport / Battery Pass / Catena-X

More intensive product and 
infrastructure utilization

Take-back mechanisms
Extended producer responsibility
Product-as-a-service (PaaS)

New hydrometallurgic process routes
Alternative routes (deep eutectic, direct recycling)

Avoid downcycling phenomena
Avoid contaminations

Make cascades slow 

GHG taxes and allowances
Regulate environmental impacts



Summary

◼ Primary raw material demand is a major 
driver over environmental impacts and the 
triple planetary crisis.

◼ Critical Raw Materials are (ideally) 
materials with high Supply Risks and high 
Vulnerability to Supply Reduction.

◼ EU CRM list of 2023: 32 “true CRMs”, 
plus Ni and Cu, which are strategic raw 
materials.

◼ Increasing recycled content is a core 
measure to decrease supply risks in the 
Critical Raw Materials Act.

◼ Circularity takes inter- and transdisciplinary 
efforts for material information, waste 
collection, and recycling technology.
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