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“If you are receptive and humble, mathematics will 
lead you by the hand.”

As quoted in The Strangest Man: The Hidden Life of Paul Dirac, Mystic of the Atom (2009) by Graham Farmelo, p. 435
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Crude oil vs. critical raw material supply:
a few notes 
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Global platinum reserves

Global annual demand in the range of 220 tons per year.
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Platinum production cost

Thomson Reuters, & GFMS. (May 31, 2019). Production costs of platinum by selected region from 2013 to 2018.



9



10

 Critical raw materials (CRMs) are needed for the green and digital transitions
‒ are at the beginning of many industrial supply chains 
‒ their global demand is increasing (key components of wind turbines, batteries, etc.)

 To enhance long-term competitiveness 
 To maintain our open strategic autonomy in a fast-changing and increasingly challenging 

geopolitical environment
 EU demand for lithium batteries powering electric vehicles set to increase 12 times by 2030
 EU demand for rare earth metals set to rise 5 to 6  by 2030

The EU’s critical raw material act (released in March 2023)
The EU is aiming to ensure a secure and sustainable supply of critical raw materials for 
Europe’s industry.

Source: European Critical Raw Material ActCRM: 1 of 2

https://ec.europa.eu/commission/presscorner/detail/en/ip_23_1661
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 63% of the world’s cobalt is extracted om the Democratic Republic of Congo, while 60% is 
refined in China.

 97% of EU’s magnesium supply is sourced from China.
 100% of the rare earths used for permanent magnets globally are refined in China.
 South Africa provides 71% of the EU’s needs for platinum group metals. 

The EU’s critical raw material act
Europe faces dependencies on key critical raw materials.

Source: European Critical Raw Material ActCRM: 2 of 2
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 Leading to a projected sharp increase in electrolyze and fuel cell capacity 
‒ increase in demand for platinum by 24%, iridium 43%, and scandium 68% by 2030 (IEA, 2022)

 Focusing on the need for critical raw materials in the hydrogen economy uptake, our paper examines:
‒ The interaction between the dominant player in the market for platinum and the EU.
‒ In light of global demand for CRMs, the work assesses whether the CRM Act contributes to the 

resilience of Europe’s CRM supply chain, particularly in addressing the potential risks associated 
with its ambitious hydrogen domestic production targets by 2030.

‒ It investigates the impact of the market-dominant player's strategic behavior, encompassing factors 
such as supply disruptions, on the European supply chain for platinum, crucial for hydrogen 
production. 

EU’s hydrogen target by 2030 and our core objective
2022’s “REPower EU” plan highlights investments in renewable energy, with a 10 bcm H2 
production target by 2030.
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1. How does the main player's strategic dominance in the platinum market 
influence the EU's supply chain dynamics, particularly in terms of supply chain 
dependency, vulnerability to disruptions, and the impact on technological 
innovation, and what are the long-term implications for the European CRM sector? 

2. To what extent does the CRM Act, through provisions compliance and effectiveness 
in promoting diversification, contribute to reducing the EU's dependency on the 
dominant player REEs, creating a more resilient CRM supply chain, and fostering 
technological innovation in the platinum sector?

3. How do the stockpiling provisions of the CRM Act mitigate the impact of 
geopolitical tensions and supply disruptions on the EU's REEs supply chain, and to 
what extent do these provisions contribute to the resilience of the supply chain, 
address challenges in meeting hydrogen production targets, and influence strategic 
decision-making amid market uncertainties and volatility?

Research questions
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 A focus of existing studies is certainly the modeling of the CRM demand and requirements in 
techno-economic, mostly large-scale energy system models 
(e.g., Liang (2022), Zhang (2023), Tokimatsu (2017), and Peiró (2022)).

 Another strand of the existing literature deals with the prices of CRMs and how they might 
evolve in the context of an expected significant increase during the sustainable transition of the 
global energy system.
(e.g., Sun (2011), Schnuelle (2019), Parra and Patel (2016), Robinson (2017), Bao (2020))

 Another interesting aspect is the secondary supply and the recycling of CRMs. 
‒ The current literature already provides plenty of studies dealing, for example, with the 

recycling of steel and iron from a techno-economic perspective but hardly any about CRMs 
especially platinum. (one exception: Tong (2022))

Literature review
As far as the proposed techno-economic modeling approach is concerned, to the best of our 
knowledge there is no equivalent publication. Still, the literature offers studies that are worth 
mentioning.
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 A deterministic bi-level optimization problem is proposed to answer the research questions.
‒ The lower-level problem considers the behavior of competitive fringe supply, in which a fixed 

demand is met by minimizing supply cost by the fringe suppliers, given the upper-level 
decisions by the major exporter (“Stackelberg” leader).

‒ The leader maximizes her profit and can exercise market power.
 The main links between the lower-level problem and the upper-level problem are the export 

price and quantity offered by the major exporter to the market clearing1 and, in the other 
direction, the cleared quantity and price2.

 In the lower-level problem, the market clearing is treated separately for the European and 
global markets M1 and M2 (by having two separate supply-demand equilibrium constraints), 
but the total cost of both is minimized.

Proposed bi-level optimization model (overview)

1Decision variables from the upper-level problem serve as parameters for the lower-level problem.
2Decision variables from the lower-level, whose dependence on the upper-level variables is recognized by the leader
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The basics of bi-level optimization (1 / 2)
An upper-level feasible solution must be an optimal lower-level solution.

Figure: Evolutionary bilevel optimization

1. Sequential game: the upper-level (leader) acts 
first, then the lower-level (follower).

2. Therefore, full information about the lower-
level problem (objective, constraints, etc.) of the 
upper-level problem is assumed.

3. In other words, equilibrium means that neither 
the leader nor the follower can improve its 
objective (function value) by a change in 
strategy.

https://dl.acm.org/doi/10.1145/2598394.2605362
https://dl.acm.org/doi/10.1145/2598394.2605362
https://dl.acm.org/doi/10.1145/2598394.2605362
https://dl.acm.org/doi/10.1145/2598394.2605362
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  Retrieved quantity per exporter (e), market (m), and time (t)
  Available yearly generation capacity per fringe exporter (e’), and time (t)
  Stocked stored at the European Market (M1) per time (t)
  Specific generation cost per exporter (e’), and  time (t)
  Specific maintenance cost of available generation capacity per fringe exporter (e’) 

Lower-level problem (market clearing at minimized total cost)
The objective is to minimize the sum of the generation cost of all exporters, the maintenance 
cost of fringe exporters, and the stockpiling cost of the European market when satisfying the 
demand of the European and global markets.
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Upper-level problem (profit maximization of the major exporter)
As is often the case with bi-level optimization, the upper-level problem is much simpler than 
the lower-level problem. There are only two equations: the objective function (top) and a 
capacity constraint.



19

 Not much literature exists dealing with the techno-economic modeling of critical raw material 
supply for the decarbonization of energy systems (this is especially true for platinum)

 Advanced modeling techniques are likely to be required for the modeling, as traditional cost-
minimizing approaches do not adequately represent the expected market situation.

Key takeaways

contact: zwickl@eeg.tuwien.ac.at
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