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A decision support framework for CRM value chain 
actors







An ethical question.

Our role: 
• Bring worldviews & interests to light
• Understand impact mechanisms
• Measure 
• Identify conflicts
• Identify non-conflicts
• Simplify and focus the decision space



TNO – Internal use

Objective
Improve resilience, sustainability, circularity, and competitiveness of CRM 

supply chains in NL & EU.

We model material flows and environmental impacts
Assess material flows and socioeconomic/environmental implications of 

macro (policy changes, economic shifts, supply disruptions), meso (sector 

trends), and micro-level (technological innovations) interventions and 

events.

To provide decision-support
• Assessing uncertainties & identifying key influencing factors.

• Identifying decisions that can lead to black swans

• Using multi-objective optimization to determine optimal strategies 

amidst trade-offs.
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• Quantified material and product flows of the 
full CRM value chains per (sub)technology, 
country and scenario/model => over time

• What is the role of recycling versus the need 
for primary materials? 

• Do we expect supply/processing bottlenecks?

• How is the current system performing? Is there 
potential for increasing collection and 
recycling?

• What is the effect of policy interventions, 
material substitution and technology 
innovations?



TNO – Internal use

Cucurachi, S., & Blanco, C. F. (2022). 
Practical solutions for ex-ante LCA 
illustrated by emerging PV 
technologies. In M.-V. Florin (Ed.)

van der Hulst, M. K. et al. A systematic approach to assess the 
environmental impact of emerging technologies: A case study for 
the GHG footprint of CIGS solar photovoltaic laminate. J. Ind. 
Ecol. 24, 1234–1249 (2020).
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Category Indicator

Sustainability
Environmental LCA 
indicators

Material Footprint

Circularity
End-of-life recycling input 
rate (EoL-RiR)

End-of-life recycling rate 
(EoL-RR)

Dissipative losses

Material Substitution 
Potential

Resilience
Self-sufficiency of 
extraction, processing and 
manufacturing

Buffer Capacity

Import Dependency Ratio 
(non-EU)

Scarcity potential

Category Indicator

Vulnerability Criticality Index

Exposure to Strategic 
Sectors

By-product dependence

Political instability

Competitiveness Cost Competitiveness

Earning Power Contribution

Resource competition

Cost of extraction



TNO – Internal use

Intervention Archetype Examples

Regulatory or Policy Interventions
- Mandatory recycling targets
- Tax on virgin material extraction
- Bans on single-use products

Technological or Process Innovations
- Electrochemical recycling for CRMs
- Rare-earth material substitution
- Digital material tracking systems

Economic or Market-Based Instruments
- Subsidies for secondary raw materials
- Deposit-refund schemes
- Resource extraction taxes

Circular Business Model Transformations
- Product-as-a-service models
- Modular product design
- Take-back programs

Behavioral or Social Change Interventions
- Public awareness campaigns
- Nudging for waste sorting
- Educational programs on circularity

Supply Chain Restructuring
- Localizing supply chains
- Manufacturer-recycler partnerships
- Diversified sourcing for CRMs

Material Efficiency or Resource Optimization
- Lightweighting products
- Reducing manufacturing scrap
- Industrial symbiosis

Research and Development
- Funding alternative material research
- Increased technology efficiencies
- Innovative recycling technologies

Infrastructure Development
- Recycling facilities
- Renewable energy infrastructure
- Smart city waste systems

Governance and Institutional Change
- Certification schemes
- Harmonized international standards
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A response:



A Decision Support Framework for Critical Raw MaterialsKIC CS&CRM 2025

A response:

“Torture the data until it confesses”

“Torture the data until it confesses
proves innocent”

E. Plischke (2015)



“What are the most 
influential factors 
towards uncertainty 
in the models’ 
results?”



“Under what 
conditions does the 
25×25 policy* 
results in 
unacceptably high 
economic
costs?”

*policy requiring 25 percent of 
electricity and motor fuels to 
be derived from renewable 
sources by 2025.

Bryant & Lempert, 2010
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Possible solutions
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