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Motivation and background 

In Europe and globally, energy systems are being transformed towards full decarbonization and green 

technologies. This transformation involves not only integrating renewable energy sources (RES) into 

power systems but also a fundamental shift from fossil fuels to RES in the provision of energy services 

in the heating, transport, industrial, and other sectors. As we gain a better understanding of how the 

decarbonization of energy systems could look in concrete terms (e.g., electrification through heat pumps 

in the heating sector or green hydrogen use in the industrial sector), it is also becoming clear that the 

demand for critical raw materials will increase tremendously.  

The importance of how and where critical raw materials are sourced has already been recognized in 

Europe. The European Commission recently published the Critical Raw Materials Act (CRMA) [1]. 

Essentially, the report is one of the first comprehensive reports to shed light on how Europe can meet 

its critical raw material needs as it decarbonizes its energy system. In particular, the report highlights 

the fact that for selected critical raw materials, such as cobalt, Europe is and is likely to remain highly 

dependent on a few exporting countries that hold significant shares (some almost 100%) of the global 

reserves of these materials. Consequently, the report suggests, among others, two measures to reduce 

import dependency and to ensure the security of supply for Europe: 

• Diversification of exporters, with the aim of no single exporter accounting for more than 

65% of annual European demand 

• Strategic stockpiling to make the demand curve more flexible and strengthen its position on 

the global market (even as a major consumer without significant domestic supply) 

Dealing with Europe’s ability to secure an adequate supply of critical raw materials (in terms of both 

supply quantities and prices) is of paramount importance, especially with regard to the foundation they 

provide for the necessary deployment of RES to achieve decarbonized energy systems. The issue takes 

on added importance due to security of supply concerns and significant tensions within European energy 

markets today, largely due to heavy import dependence on fossil fuels from individual exporters [2]. 

Core objective 

The aim is to take the next obvious step in building on the CRMA and to study the global dynamics of 

the critical raw material markets. In particular, this conference paper presents a newly developed 

mathematical model that allows to consider the market equilibrium of critical raw materials under the 

strategic behavior of different market participants. In addition, the measures of the CRMA (such as 

diversification of exporters and strategic stockpiling) are taken into account for the equilibrium of the 

European market. We take a comprehensive look at the markets for platinum, iridium and scandium. 

Each of the three materials is characterized by a key role in Europe's 2030 hydrogen target (production 

of 10 million tons and import of 10 million tons by 2030). By applying our model to these three markets, 

we provide a mathematical tool to describe the interactions between global markets for critical raw 

materials and defined decarbonization targets. More specifically, our analyses provide insights into the 
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vulnerability of the European and global market to the exercise of market power, and how market power 

can be mitigated through means such as limiting market share, creating strategic reserves, and 

developing substitutes and alternative supply chains.  

Methodology 

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.  

The leader maximizes its 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 clearing and, in the other direction, the cleared quantity and price (i.e., decision variables 

from the lower-level, whose dependence on the upper-level variables is recognized by the leader). 

 

Lower-level problem: market clearing at minimized total cost 

 

min
𝑥

𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝐶𝑜𝑠𝑡𝐸𝑥𝑝𝑜𝑟𝑡𝑒𝑟 + 𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒𝐶𝑜𝑠𝑡𝐹𝑟𝑖𝑛𝑔𝑒𝐸𝑥𝑝𝑜𝑟𝑡𝑒𝑟 + 𝑆𝑡𝑜𝑐𝑘𝑝𝑖𝑙𝑖𝑛𝑔𝐶𝑜𝑠𝑡𝐸𝑢𝑟𝑜𝑝𝑒 

𝑥 = [𝐸𝑥𝑝𝑜𝑟𝑡𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦, 𝐸𝑥𝑝𝑜𝑟𝑡𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦, 𝑀𝑎𝑟𝑘𝑒𝑡𝐴𝑟𝑏𝑖𝑡𝑟𝑎𝑔𝑒, 𝑆𝑡𝑜𝑐𝑘𝐸𝑢𝑟𝑜𝑝𝑒, … ] 

 

𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝐶𝑜𝑠𝑡𝐸𝑥𝑝𝑜𝑟𝑡𝑒𝑟 … 𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 𝑠𝑎𝑡𝑖𝑠𝑓𝑦𝑖𝑛𝑔 𝑡ℎ𝑒 𝑑𝑒𝑚𝑎𝑛𝑑 𝑜𝑓 𝑡ℎ𝑒 𝐸𝑢𝑟𝑜𝑝𝑒𝑎𝑛 𝑎𝑛𝑑 𝑔𝑙𝑜𝑏𝑎𝑙 𝑚𝑎𝑟𝑘𝑒𝑡 

𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒𝐶𝑜𝑠𝑡𝐹𝑟𝑖𝑛𝑔𝑒𝐸𝑥𝑝𝑜𝑟𝑡𝑒𝑟 … 𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑟𝑖𝑛𝑔𝑒 𝑒𝑥𝑝𝑜𝑟𝑡𝑒𝑟𝑠 𝑓𝑜𝑟 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑒𝑥𝑝𝑜𝑟𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 

𝑆𝑡𝑜𝑐𝑘𝑝𝑖𝑙𝑖𝑛𝑔𝐶𝑜𝑠𝑡𝐸𝑢𝑟𝑜𝑝𝑒 … 𝑆𝑡𝑜𝑐𝑘𝑝𝑖𝑙𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝐸𝑢𝑟𝑜𝑝𝑒𝑎𝑛 𝑚𝑎𝑟𝑘𝑒𝑡 

𝑀𝑎𝑟𝑘𝑒𝑡𝐴𝑟𝑏𝑖𝑡𝑟𝑎𝑔𝑒 … 𝐴𝑟𝑏𝑖𝑡𝑟𝑎𝑔𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝐸𝑢𝑟𝑜𝑝𝑒𝑎𝑛 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑔𝑙𝑜𝑏𝑎𝑙 𝑚𝑎𝑟𝑘𝑒𝑡 (𝑖. 𝑒. , 𝑛𝑜 𝑝𝑟𝑖𝑐𝑒 𝑑𝑖𝑠𝑐𝑟𝑖𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛) 

𝑆𝑡𝑜𝑐𝑘𝐸𝑢𝑟𝑜𝑝𝑒 … 𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑠𝑡𝑜𝑐𝑘𝑝𝑖𝑙𝑖𝑛𝑔 𝑓𝑜𝑟 𝑡ℎ𝑒 𝐸𝑢𝑟𝑜𝑝𝑒𝑎𝑛 𝑚𝑎𝑟𝑘𝑒𝑡 

 

Upper-level problem: profit maximization of the major exporter 

 

max
𝑦

𝐸𝑥𝑝𝑜𝑟𝑡𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦̃ ∗  𝑀𝑎𝑟𝑘𝑒𝑡𝐶𝑙𝑒𝑎𝑟𝑖𝑛𝑔𝑃𝑟𝑖𝑐𝑒 

 𝑦 = [𝑀𝑎𝑟𝑔𝑖𝑛𝑎𝑙𝐸𝑥𝑝𝑜𝑟𝑡𝐶𝑜𝑠𝑡̃ , 𝐸𝑥𝑝𝑜𝑟𝑡𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦̃ ] 

 

𝐸𝑥𝑝𝑜𝑟𝑡𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 …̃ 𝐸𝑥𝑝𝑜𝑟𝑡 (𝑜𝑟 𝑠𝑢𝑝𝑝𝑙𝑦) 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑗𝑜𝑟 𝑒𝑥𝑝𝑜𝑟𝑡𝑒𝑟 𝑓𝑜𝑟 𝑡ℎ𝑒 𝐸𝑢𝑟𝑜𝑝𝑒𝑎𝑛 𝑎𝑛𝑑 𝑔𝑙𝑜𝑏𝑎𝑙 𝑚𝑎𝑟𝑘𝑒𝑡  

𝑀𝑎𝑟𝑘𝑒𝑡𝐶𝑙𝑒𝑎𝑟𝑖𝑛𝑔𝑃𝑟𝑖𝑐𝑒 … 𝑀𝑎𝑟𝑘𝑒𝑡 𝐶𝑙𝑒𝑎𝑟𝑖𝑛𝑔 𝑝𝑟𝑖𝑐𝑒 (𝑟𝑒𝑠𝑢𝑙𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑝𝑡𝑖𝑚𝑎𝑙 𝑑𝑒𝑠𝑐𝑖𝑠𝑖𝑜𝑛 𝑜𝑓𝑡ℎ𝑒 𝑙𝑜𝑤𝑒𝑟‒ 𝑙𝑒𝑣𝑒𝑙 𝑝𝑟𝑜𝑏𝑙𝑒𝑚)  

𝑀𝑎𝑟𝑔𝑖𝑛𝑎𝑙𝐸𝑥𝑝𝑜𝑟𝑡𝐶𝑜𝑠𝑡̃ … 𝑀𝑎𝑟𝑔𝑖𝑛𝑎𝑙 𝑒𝑥𝑝𝑜𝑟𝑡 (𝑜𝑟 𝑠𝑢𝑝𝑝𝑙𝑦) 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑗𝑜𝑟 𝑒𝑥𝑝𝑜𝑟𝑡𝑒𝑟 
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