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A B S T R A C T   

Critical Raw Materials (or CRMs) are materials that are in high demand, difficult to replace and whose supply is 
prone to disruption. Various nations have defined CRM lists, although terminology, supporting data and 
assessment frameworks differ. The European Union (EU) has the longest published history of CRM lists with the 
first one published in 2011, followed by 3-year revisions. In this study, we analyze CRM designation trends over 
time by using the EU’s five CRM lists to deduce the driving factors. Overall, the number of CRMs have increased 
by 1.67 new CRMs per year from 2011 to 2023, with the number of new CRMs yet to reach a plateau. Our 
analysis also reveals issues that could affect the value of the CRM lists including: (1) a hidden two-stage process 
with transparency issues; (2) static baselines with regards to criticality; (3) an overemphasis on ideology versus 
pragmatism; (4) a lack of differentiation between CRMs and strategic raw materials (SRMs); (5) a lack of fore-
sight; and (6) a lack of consideration for extrinsic risks and system behaviour. Given these issues, we provide 
suggestions to improve the CRM assessment methodology and discuss the implications for the EU and the 
minerals industry. Subsequently, we extend our findings to Canada and South Africa, which are nations in the 
early stages of CRM framework creation. We find that Canada has more time to realize its CRM framework as 
compared to the EU, and that South Africa may be faced with a bifurcating reality of extra-national and national 
needs. Our findings also highlight serious geopolitical implications with the ensuing competition for resources 
likely resulting in the formation of economic blocs, clubs or cartels. Finally, improvements to the methodology 
resulting in more predictable outcomes would better incentivize the minerals industry to lower investment risk 
and ensure a smooth and pragmatic green energy transition.   

1. Introduction 

Over the last few decades, a concept began to emerge that drives 
national to supernational policy, economic activity across the mineral 
value chain and geopolitics, known as the ‘criticality’ of raw materials. 
The definition of criticality is based on the characteristics of the dy-
namics of the supply and demand system, such that high-demand ma-
terials that are difficult to replace in a modern context, but for which, the 
supply is prone to disruption, are considered variably critical (Graedel 
et al., 2014). This concept is similar to, but more civilian-focused, than 
the earlier ‘strategic’ materials, which were materials deemed necessary 
to conduct war (Bradfish, 1987; Burnett et al., 2022). ‘Criticality’ des-
ignations focus a sovereign entity’s resources on socio-economic and 
political activities to reduce ‘criticality’. The specifics of criticality and 

particularly, the assessment frameworks and supporting data sources 
differ globally (Fig. 1; Schrijvers et al., 2020 and references therein). For 
example, the European Union (hereon EU) refers to this class of mate-
rials as ‘Critical Raw Materials’, while Canada uses the term ‘Critical 
Minerals’ (European Commission, 2023b; Government of Canada, 
2022b). These are technically colloquialisms, because ‘minerals’ do not 
necessarily refer to minerals but could refer to any raw material. We 
standardize the terminology hereon and refer to all such materials as 
Critical Raw Materials (CRMs). CRM lists are a notable outcome of CRM 
frameworks and are intended to provide support to national-level stra-
tegic planning and foreign relations policy around research and devel-
opment, and investment into the mineral value chain to pursue CRMs (e. 
g., Government of Canada, 2022b). Because of differences in the tra-
jectory of socio-economic development, cultural context, material 

* Corresponding author. 
E-mail address: glen.nwaila@wits.ac.za (G.T. Nwaila).  

Contents lists available at ScienceDirect 

Resources Policy 

journal homepage: www.elsevier.com/locate/resourpol 

https://doi.org/10.1016/j.resourpol.2023.104247 
Received 8 June 2023; Received in revised form 13 August 2023; Accepted 1 October 2023   

mailto:glen.nwaila@wits.ac.za
www.sciencedirect.com/science/journal/03014207
https://www.elsevier.com/locate/resourpol
https://doi.org/10.1016/j.resourpol.2023.104247
https://doi.org/10.1016/j.resourpol.2023.104247
https://doi.org/10.1016/j.resourpol.2023.104247
http://crossmark.crossref.org/dialog/?doi=10.1016/j.resourpol.2023.104247&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Resources Policy 86 (2023) 104247

2

endowment and climactic conditions, the history and membership of 
CRM lists are unique. In the case of Canada, only a single list has been 
designated recently, whereas for the EU, there has been five installments 
since 2011 to 2023 (European Commission, 2011, 2023b). 

Focusing on the EU’s CRMs, because the EU has the longest public 
history of such lists, it is clear that the number of CRMs has been 
growing over time, from 14 in 2011 to 20 in 2014, 27 in 2017, 30 in 
2020, and finally, 34 in 2023 (European Commission, 2011, 2014, 
2017a, 2020a, 2023b). This is a critical observation because the increase 
in CRMs per unit time seems to be significantly faster than the 
exploration-to-exploitation timescale of mining, which varies depending 
on the context and resource involved, but in general, is a decadal process 
(International Energy Agency, 2023). Consequently, from the perspec-
tive of mining companies, it is unclear how agility could be achieved to 
capitalize on criticality designations, before focus shifts or designation 
fizzles. Simultaneously, the mineral value chain is characterized by a 
high degree of operational and market inertia, because like petroleum 
extraction, once a mine or a processing plant is operational, it is difficult 
or impossible to pause such operations, making investments in the 
mineral value chain long-term gambits that are also high-risk in rapidly 
evolving physical and commodities markets (Rahmanpour and Osanloo, 
2016). In addition, downstream processing and beneficiation are spe-
cific to upstream geometallurgical characteristics of ores and like the 
petroleum industry, downstream activities cannot generally change 
input material-source without significant re-engineering and retrofitting 
of plants. In this case, relative to the timescales of high-tech industries, 
which are a key consumer of CRMs, the timescale of the mineral value 
chain is sufficiently slow that resources in the chain exhibit a substantial 
conserved, or zero-sum-like system behaviour. Consequences of this 
behaviour are many. For example, a rapid shift of attention of mining 
companies towards one set of commodities implies a diversion of 
attention away from a different set, potentially increasing the criticality 
of other materials, including CRMs. Materials that may become critical 
are here referred to as ‘emerging CRMs’. In the case of the EU, over the 
period of 2011–2023, there have been more emerging CRMs than stable 
CRMs initially designated in 2011 by a factor of 2.43 (European Com-
mission, 2011, 2014, 2017a, 2020a, 2023b). 

The importance to understand the changes in CRMs over time lies in 
the strategic and tactical value of CRMs for the minerals industry, and 

building practical knowledge of the construction and implementation of 
CRM frameworks. We conducted an analysis of the five CRM lists from 
the 2011 to 2023 period, including the 2017 methodology report and 
the 2020 CRM foresight report, alongside other relevant material to 
deduce the changes in the number of CRMs and their proximal (to within 
documentation) driving factors (European Commission, 2011, 2014, 
2017a, 2017b, 2020a, 2020b, 2023b). We then identify potential issues 
with EU’s methodology and offer suggestions and implications for 
countries in early stages of their own CRM frameworks with a focus on 
Canada and South Africa, which both are well-endowed in natural re-
sources, but are in different stages of economic development. 

2. Background 

2.1. The European Union critical raw materials list 

The earliest formal and public origins of the EU’s CRM activity traces 
back to the 2008 ‘Raw Materials Initiative’ (European Commission, 
2008). It was established to create an integrated strategy and imple-
mentation in response to challenges related to access to non-energy and 
non-agricultural raw materials. There were three strategic pillars: (1) 
ensuring a level-playing field in access to resources in third-world 
countries; (2) fostering a sustainable supply of domestic raw materials; 
and (3) boosting resource efficiency and promoting recycling. A key 
intention is to leverage this initiative and subsequent developments to 
drive international policy and geopolitical engagement (e.g., national 
self-sufficiency). For example, the strategy references anchoring policies 
towards third-world countries that include: human rights; governance; 
conflict; and stability. Towards fulfillment of the EU CRM strategy, in 
2011 the first set of 14 CRMs were identified on a basis of relatively 
higher supply risk and economic impact compared with most of the 
other raw materials (European Commission, 2011). The specific 
high-level definition of CRMs was provided as: “those which display a 
particularly high risk of supply shortage in the next 10 years, and which are 
particularly important for the value chain” (European Commission, 2011). 
The recognition of supply risk included geographical and intrinsic 
geopolitical factors, and political-economic stability of the entire min-
eral value chain. It was also recognized that low substitutability and 
recycling rates exacerbate criticality. 

Fig. 1. Countries in the world that currently have a Critical Raw Material (CRM) list.  
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The EU updates its CRM list on a 3-year interval, and in general, there 
have been more CRMs added than removed over time (Fig. 2). The 
average rate of growth is 1.67 new CRMs per year from 2011 to 2023 
(European Commission, 2011, 2014, 2017a, 2020a, 2023b). In 2023, the 
CRM list technically consists of a new subsidiary category – ‘Strategic 
Raw Materials’ (SRMs), whose designation uses a similar methodology 
(European Commission, 2023b). By this time, it has become apparent 
that the emphasis had shifted towards domestic concerns and strategic 
pillar (1) is no longer empirically pursued, as part of the methodology, 
the foresight document or assessment reports. In 2023, the EU intro-
duced a new legislative proposal – the European Critical Raw Materials 
Act, which seeks to identify strategic projects along the mineral value 
chain and to build up strategic reserves where supply is at risk (Euro-
pean Commission, 2023a). This is driven at least in part, by an expressed 
desire of the EU to reduce its foreign dependencies and ascertain na-
tional and supernational sovereignty. During the 2011 to 2023 period, 
the EU has witnessed economically impactful events that 
non-exhaustively include: (1) mass digitalization; (2) the Greek debt 
crisis and its associated Eurozone debt crisis beginning in 2015; (3) 
Brexit vote in 2016; (4) COVID-19 pandemic and its associated impacts; 
and (5) the Russia-Ukraine war that began in 2022. Each of these events 
have multiple timescales of impact, some of which are lasting to date. 
For example, while repercussions of the Greek debt crisis are no longer 
prominent in its economic and material impacts to the EU today at large, 

the demand for digitalization is still ongoing. These events could have 
affected changes in the EU’s CRM lists over time. In some cases, the 
connections are obvious. For example, the onset of the Russia-Ukraine 
war in 2022 culminated in the EU’s regulatory proposal that created 
the category of SRMs (European Commission, 2023b), although it had 
been explicitly defined in the 2020 foresight document before the war 
(European Commission, 2020b). The definition of SRMs only differ from 
traditional CRMs semantically by making specific references to a mili-
tary need – “important for technologies that support the twin green and 
digital transition and defence and aerospace objectives” (European Com-
mission, 2023b). As such, SRMs are used in dual-use technologies, which 
are technologies that exhibit both a civilian and military aspect. For 
example, computer systems (for guidance, control and autonomous ac-
tion) rely on the same materials for all purposes (e.g., for drones; Eu-
ropean Commission, 2020b). 

Understanding changes in the EU’s CRM designations over the last 
12 years requires analyzing the changes in the underlying proximal 
drivers, which are dynamic and distally must be shaped by socio- 
economic events, such as the onset of war, energy or financial insta-
bility. Although because of the temporality of the EU’s CRM lists (on a 
fixed 3-year schedule and mostly using temporal averaged data), it is not 
possible, in general, to directly correlate any single societal event to 
changes in CRM membership. However, it is possible to understand 
larger patterns. This insight would enable the minerals industry to better 

Fig. 2. Changes in the lists of CRMs from 2011 to 2023 as per EU’s definitions. Data compiled from the European Commission (2011, 2014, 2017a, 2020a, 2023b).  
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anticipate changes in the material designations in the future and make 
informed business and investment decisions. This would in turn, serve 
sovereign nations to allow their CRM lists to be more pragmatic, 
actionable, and therefore, offer a combination of greater market and 
policy value of designated CRMs, and enhance longer-term material 
security. Presently, there are a sufficient number of CRM lists for the EU 
to conduct this type of analysis and because the timescale of the study 
period (12 years) overlaps with the average timescale of exploration-to- 
extraction of ore deposits (17 years; International Energy Agency, 
2023), the insights are expected to offer value to the industrial and 
governance sectors alike. 

2.2. Canada’s Critical Minerals list 

Canada’s first and only CRM list was published in 2021 and lists 31 
materials (with platinum group metals and rare earth metals grouped 
together; Fig. 3). Materials deemed critical in Canada must be: (1) 
essential to Canada’s economic security and have its supply under 
threat; (2) required for the transition to a low-carbon economy; and/or 
(3) a sustainable source of strategic materials for partners and allies 
(Government of Canada, 2022b). The list is stated to have been created 
in consultation with provinces, territories and industry. Unfortunately, 
no information is provided as part of, or published independently de-
tailing the creation of Canada’s CRM list at the time of this writing. A 
methodology analysis is therefore impossible. The list is set to be 
reviewed every 3 years. The Canadian CRM list is intended to support six 
national strategies, namely: (1) driving exploration, research and 
development; (2) accelerating responsible project development; (3) 
advancing reconciliation with indigenous people; (4) building a sus-
tainable infrastructure; (5) growing a diverse workforce and prosperous 
communities; and (6) strengthening global leadership and security 
(Government of Canada, 2022b). These strategies were developed in 
consultation with provincial and territorial governments, indigenous 
peoples, industry, environmental organizations, academia and the 
public as part of the consultation on the 2022’s Critical Minerals Strat-
egy Discussion Paper (Government of Canada, 2022a). Since Canada 
does not have a history of CRM lists, Canadians would benefit from a 
more thorough understanding of the history of EU’s CRM lists and 
changes within them over time. This would enable Canadians to assess 
the present and future value of such lists. 

2.3. South Africa’s critical raw materials list 

South Africa does not yet have a CRM framework. The Council for 
Scientific and Industrial Research (CSIR) proposed a potential list after a 
comprehensive analysis (Khan et al., 2022, Fig. 4). CSIR’s analysis 
revealed that the EU’s methodology for determining criticality is un-
suitable for South Africa, due to the complexity of its variables and a lack 
of local data (Khan et al., 2022). Instead, CSIR linked CRMs to emerging 
technologies, hypothesizing on the future impact of disruptive tech-
nologies such as clean energy, digital and industrial revolution on South 
Africa. South Africa differs from the EU and Canada primarily by its 
developing stage of economy, which is incomparable with Canada or the 
EU (e.g., by GDP, WorldData, 2023). Furthermore, South Africa has been 
experiencing severe energy supply issues in the form of ‘load shedding’, 
which is a local term for rolling blackouts that lasts many hours per day 
(Ibrahim et al., 2021). In this case, South Africa is an interesting nation 
to be considered because, although in terms of its CRM framework 
maturity it is more comparable to Canada, South Africa faces substan-
tially different needs than either Canada or the EU. It is therefore 
important to explore the concept of criticality in the South African 
context, in contrast to either the EU or the Canadian interpretations. 

3. Analysis of changes in the EU’s CRM lists over time 

3.1. General observations 

Viewing the EU’s CRMs as members of a time-varying collection, 
there are four types of changes observed across all CRM lists: (1) addi-
tion, (2) removal, (3) generalization, and (4) specialization (Fig. 2). The 
addition operation adds a CRM to a list, such that it is new relative to the 
previous CRM list. The removal operation removes a CRM from a list, 
following a previous listing. The generalization operation is rare, and 
seemingly only a single example exists – the change from borates to 
boron/borates in the 2023 CRM list (Fig. 2). Specialization is more 
common, for example, from the refinement of REEs to LREEs and HREEs, 
graphite to natural graphite (2011–2014), and titanium to titanium 
metal (2020–2023). By frequency of occurrence, addition is the biggest 
source of change of the CRM lists, followed by removal, specialization, 
and generalization. From 2011 to 2023, there is a 4 times probability of 
an addition versus a removal (19.2% versus 4.8%, see Fig. 2, all blue- 
colored versus all red-colored CRMs). The remainder of the CRM lists 
are more stable (75.0% probability). Hence, the number of CRMs is 
growing, and refinement of materials (generalization and specialization) 
is less frequent. 

3.2. Changes in materials assessed 

The number of individual materials assessed varies (European 
Commission, 2011, 2014, 2017a, 2020a, 2023b). In 2011, 14 CRMs 
were identified out of 41 raw individual materials assessed, in 2014, 20 
out of 54, in 2017, 27 out of 78, in 2020, 30 out of 83, and finally, in 
2023, 34 out of 87. The EU uses two terms to refer to the count of in-
dividual candidate materials and candidate materials including 
grouping, although this distinction is not explicitly defined in earlier 
assessment reports (e.g., the 2011 and 2014 reports). The following 
analysis makes use of raw candidate materials (‘individual raw mate-
rials’), because groupings of materials have demonstrably changed (e.g., 
specialization of REEs into HREEs and LREEs), and hence assessment of 
grouped candidates is less comparable across CRM lists. There is a strong 
(R2 = 0.9727) trend of increasing number of CRMs with increasing 
number of raw materials assessed (Fig. 5). About 39.34% of all materials 
assessed eventually become CRMs. This indicates that the increase in the 
number of candidates assessed is highly explanatory of the increasing 
number of CRMs. However, this method does not reveal causal mecha-
nisms, and from published material, it is unclear the rationale that drove 
specific increases in the number of candidates over the years. The EU 

Fig. 3. Canada’s 2021 CRM list. Image modified from Government of Can-
ada (2022b). 
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methodology for material candidacy is unpublished. 
Clear examples of additions of CRMs due to new materials intro-

duced to the assessment stage include the bulk of the CRMs added in 
2014 and 2017 (barite, bismuth, chromium, coking coal, hafnium, he-
lium, magnesite, natural rubber, phosphate rock, phosphorous, scan-
dium, silicon metal, tantalum and vanadium; Fig. 2). An important 
observation of the linear trend (Fig. 5) is that there is no plateau, which 
would be expected, if the diversity of the screened materials cumula-
tively over time has approached that of all raw materials consumed by 
the EU. It is possible to infer dynamics of the screening process indi-
rectly. If screened materials were randomly decided and assuming an 
economy that evolves slower than the CRM lists (otherwise the CRM lists 
are of no economic value anyway), then screened materials are a 
random sample of all raw materials needed by the EU. In this case, with 
an increase in the number of screened materials, there would be an 
initial increase in the number of CRMs designated, followed by a 
plateau, as there is a finite variety of, for example, elements of the pe-
riodic table. However, the screening process is unlikely to be fully 
random, because there is a stated rationale for EU’s CRM lists, and 
hence, selection of candidates is probably knowledge-driven. This is 
corroborated by the EU’s reports on CRM assessments that document 
expert involvement in the assessment process (European Commission, 

2023c). Consequently, there is significant sampling bias in the screened 
materials and therefore, the rate of growth of the number of materials 
screened should be proportional to labour. In this case, a naively 
interpreted increasing trend, which is also an upper bound on the future 
number of CRMs would suggest that CRM lists would continue to grow 
until essentially all materials have been nominated. A lower bound 
could be deduced by considering that the economy of the EU ceases to 
grow and therefore complexify, which implies that the number of ma-
terial requirements would stabilize, at least in the short to medium term. 
In this scenario, subsequent number of screened materials would peak 
and then plateau (or even decrease as materials drop out of criticality). 
Although there is no data within the assessment reports to support any 
scenario, there is evidence of a progressively weakening EU economy. In 
particular, the EU economy is expected to be significantly affected by 
weaknesses in the global economic and financial systems, and locally by 
the ongoing Ukraine-Russia war. According to the OECD, the economic 
growth in 2022 was 3.1 percent, while for 2023, the forecast is 2.2 
percent, which is similar to EU’s own 2023 forecast of just 0.3% for the 
growth of GDP (Jenkins, 2023). Hence, because the supporting data 
used for assessments since 2017 has come from 5-year intervals and 
assuming that the state of economic downturn continues until the next 
assessment (in 2026), the 2026 assessment will have encompassed a 
significant duration of a slowing and stalling economy. If this scenario 
develops, then it would be fair to assume that the number of CRMs 
designated in 2023 is close to the beginning of a plateau and hence, we 
expect less growth to the CRM lists in the 2026 assessment. 

3.3. Changes in supporting data 

Changes in the supporting data occur with each update of the CRM 
lists, because the assessment methodology requires up-to-date data that 
reflects current conditions without forecasting. However, the 2011 
report clearly expressed the intention to use CRM lists to guide risk 
assessment over a 10-year horizon (European Commission, 2011). 
Whether this could occur without a forecast component seems to be a 
potential contradiction and has not been explicitly reconciled. Never-
theless, the updating of supporting data is a key source of the changes in 
assessment outcomes. Prior to the 2017 assessment (and therefore for 
the 2011 and 2014 assessments), the supporting data was specified to 
cover only one year before the assessment year. For the 2017 and sub-
sequent assessments, the time interval of the data had been increased to 
an average of the last 5 years (European Commission, 2017a, 2020a, 
2023b), which is greater than the interval between assessments (3 

Fig. 4. CSIR’s proposed CRM list for South Africa, shown in highlighted elements and minerals. (image modified from Khan et al., 2022). Vectorized periodic table of 
elements provided by D’Alessandro (2010). 

Fig. 5. Number of CRMs as a function of the number of raw materials assessed 
from 2011 to 2023 (European Commission, 2011, 2014, 2017a, 2020a, 2023b). 
A fitted linear model is shown along with the coefficient of determination (R2). 
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years). Therefore, any assessment would incorporate some past history 
of the state of the economy. Quantitatively, this means that in a uni-
formly weighted averaging scheme, 40% (2 out of 5 years) of the weight 
of any assessment (from 2017 onwards) is placed in a time interval 
before the previous assessment. This implies that from the 2017 
assessment onwards, there is an extent of data smoothing, implying that 
rapid market, economic or financial fluctuations that are substantially 
shorter than 5 years (e.g., up to half a year) are dampened. This would 
remove effects of smaller temporal changes in the EU economy, unless 
short-term events are extremely disruptive, such that their cumulative 
effects alter the subsequent years despite damping. Although at this 
time, there are no comprehensive analyses of the timescales of major 
drivers of material consumption in the EU (or other developed nations). 
The sizing of the time period of supporting data controls the balance of 
method sensitivity (to rapidly developing events) and stability. 
Increasing the temporal duration of supporting data enhances 
designation-stability, because existing CRMs are more likely to remain 
critical on subsequent assessments (increased membership inertia). 
Beyond changes in the time period of the supporting data, there have 
been other substantial data specification changes on an ad-hoc basis as 
part of methodology evolution. 

3.4. Changes in methodology 

From 2011 to 2023, there was one notable instance of formal change 
in assessment methodology, which occurred between 2014 and 2017, 
such that from 2017 onward, all assessments were made using the newer 
methodology (European Commission, 2017b). In general, both the 
pre-2017 and post-2017 methodologies are largely similar in that they 
both feature two main parameters: (1) economic importance (EI); and 
(2) supply risk (SR). Further substantiating SR are various indices used 
in the calculation (through a parametric formula) that include the: (1) 
Herfindahl-Hirschman Index (a proxy for country concentration of a 
material); (2) a scaled World Governance Index (a proxy for country 
governance stability); and (3) a material substitution index. Other pa-
rameters used in the calculation include the global and domestic supply 
and an end-of-life recycling input rate. However, there are notable dif-
ferences described by the EU’s methodology document, which are 
summarized in Table 1. 

It is unclear the cause of the formal change in methodology, although 
it is conceivable that such a change is associated with a maturation of the 
EU’s CRM framework. There have been other identifiable ad-hoc 
methodology changes. For example, there was a supporting data 
change in 2023 that significantly affected the outcome of the assessment 
of indium (European Commission, 2023c). In 2023, the assessment of 
indium indicated that it was no longer critical, because: (1) the sup-
porting data was changed from solely domestic supply to a combination 
of global and domestic supplies; (2) the allocation of indium in the 
high-tech sector has become more precise; and (3) the domestic pro-
duction meeting or exceeding the current demand. In this case, it is clear 
that the change of supporting data from solely domestic supply (in 2020) 
to a combination of domestic and global supply (in 2023) would result in 
an enhanced supply of indium and therefore, reduce its supply risk. 

Another ad-hoc methodology change occurred in 2023 for nickel. 
According to the 2023 assessment report, previous assessments of the 
criticality of nickel made no attempt to reflect: “the concentration of 
ownership of the projects and production capacities, nor private contractual 
arrangements, which may become an issue for the future” (European 
Commission, 2023c). The assessment report, as well as a foresight study 
indicated that high purity nickel is required for electrification because it 
is a key component of batteries (also certain steels). This prompted a 
more detailed examination of the supply risk of nickel, following the 
Indonesian ban on the exportation of nickel (Widiatedja, 2021). Indo-
nesia’s export ban is expected to significantly impact the EU’s supply, 
because Indonesia is the main producer of nickel at 26% (48% world-
wide) of ores and concentrates (European Commission, 2023c; McRae, 

2023). Simultaneously, Indonesia is also the world’s second largest 
refiner of nickel, at 12% of the global refined nickel supply (European 
Commission, 2023c). Consequently, the loss of Indonesian nickel could 
significantly derail the EU’s electrification goals. The proximal drivers of 
the ad-hoc methodology changes are clearly stated, although their 
rationale is unpublished at this time. 

3.5. Changes in socio-economic conditions 

The evolution of the EU’s CRM lists contains examples of changes in 
socio-economic conditions. Theoretically, this type of change should be 
observable in two ways: (1) a change in the EI metric score of one or 
more CRMs; and (2) a change in the EI threshold. Only type (1) change 
has been observed, which mostly affects marginal CRMs in terms of EI. 
Due to annual fluctuations in the economy supported by a CRM, its EI 
could increase or decrease due to changes in the economic activity itself. 
A prominent example is helium, which first appeared on the CRM list in 
2017, disappeared in 2020 and re-appeared in 2023 (Fig. 2). In this case, 
changes in EI were due to “relative higher increase of value added in the 
most relevant NACE-sectors C32 - Other manufacturing, C24 - Manufacture 
of basic metals, C25 - Manufacture of fabricated metal products” (European 
Commission, 2023c). This is also true for arsenic, which also witnessed 
an increase in EI, such that it became critical on the 2023 CRM list. In 
particular, the changes in EI were due to “relatively higher increase in 
added value of application metals making NACE sectors C23 - Manufacture 
of other non-metallic mineral products and C24 - Manufacture of basic 
metals” (European Commission, 2023c). In the 2020 CRM list, bauxite’s 
EI also changed due to “changes in the value-added of NACE Rev. 2 sectors” 
(European Commission, 2020a). Sub-critical changes in EI are common 
but do not affect the CRM membership status. The total amount of CRMs 
affected by EI changes that are traceable to changes in EU’s 
socio-economic condition is difficult to identify, because the changes are 

Table 1 
Changes in the EU’s assessment methodology between the 2014 and 2017 as-
sessments of CRMs (European Commission, 2014, 2017a, 2017b).  

Change Type Description 

Supporting Data A change from solely relying on the past 1 year’s data to an 
average of the last 5 years. 

Screening Introduction of a bottleneck screening into the SR assessment 
to determine the limiting factor in the mineral value chain, 
where possible given data availability and quality. 

Assessment Metric Adoption of algebraic formulas to estimate SR and EI (former 
method not disclosed officially). Introduction of the 
substitution index into EI and refinement of substitution index 
in SR. 

Allocation 
Refinement 

Changed the allocation of raw materials to economic sectors 
from estimates using industrial mega-sectors and gross value 
added to material-specific applications and their 
corresponding Nomenclature of Economic Activities (NACE) 
Rev. 2 sectors at the 2-digit level. 

Supporting Data Incorporation of both potential global and current suppliers in 
SR where possible given data availability and quality. 

Supporting Data Introduced data priority and rank ordered data by source for EI 
and SR calculations: (1) official EU data; (2) EU Member State 
authorities’ public data; (3) public data from international 
organizations and non-EU authorities (e.g., United States 
Geological Survey); and (4) trade/industry associations’ public 
data and expert judgement. 
Furthermore, data priority order for the end-of-life recycling 
input rate in SR: (1) EU raw material system analysis data; (2) 
United Nation’s Environmental Programme (UNEP) report 
“recycling rate of metals”; (3) rates from the previous European 
Commission criticality reports or sectorial reports; and (4) an 
expert judgement. 

Assessment Metric Introduction of an importance reliance (dependency) 
parameter in SR, to balance the risk associated with the global 
supply mix and the actual EU sourcing mix. 

Assessment Metric Introduction of trade aspects (export restrictions and trade 
agreements) in SR.  
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often explained with vague wording that does not explicitly differentiate 
a change in assessment methodology and a change in socio-economic 
reality. Additionally, prior to 2017, there were no explanations given 
for changes in the EI values of various materials. In 2020, a total of 4 
CRMs featured EI changes that altered the criticality status – bauxite, 
helium, lithium and coking coal. In 2023, a total of 4 CRMs were affected 
– arsenic, helium, indium and feldspar. 

No examples of change type (2) have been observed in the EU CRM 
lists. The SR and EI thresholds remained at 1.0 and 2.8, rounded to one 
decimal place. This is peculiar, because the first CRM list (2011) clearly 
indicates that “… raw materials listed below are critical because the risks of 
supply shortage and their impacts on the economy are higher compared with 
most of the other raw materials” (European Commission, 2011). This 
implies that the threshold of criticality along both SR and EI should be 
dynamic. The 2017 methodology report indicates that criticality is a 
matter of the SR and EI assessments of a material exceeding “the 
thresholds for both parameters defined by the European Commission” (Eu-
ropean Commission, 2017b). Consequently, the definition of the 
thresholds is not a part of EU’s CRM methodology but is determined 
externally, whose methodology is not published. From 2011 to 2023, a 
large number of significant events have impacted the EU economy that 
most recently include a prolonged pandemic and the onset of war. It 
would reason that, as the EU economy shifts to cope with energy 
shortage and wartime needs, the criticality thresholds would change. In 
lieu of this outcome, wartime needs have resulted in the creation of 
SRMs, which in a technical sense, is a selective lowering of criticality 
thresholds (European Commission, 2023b). For example, the designa-
tion of copper as a CRM does not meet the EI threshold that had been 
used throughout 2011 to 2023, but is nevertheless critical because of its 
military significance. 

3.6. Changes in drivers 

SRMs were introduced in 2023 following an analysis of CRMs for 
strategic sectors in the foresight document in 2020 (European Com-
mission, 2020b) and the actual onset of the Ukraine-Russia war over 
concerns of the ability of EU nations to conduct and sustain war (Eu-
ropean Commission, 2023b). Key additions to the CRMs under the 
subclass of SRMs included copper, which did not meet the SR threshold 
criteria because of its diversified supply chain, but was nevertheless 
included as an SRM because of its ubiquitous presence in all strategic 
technologies. In the 2020 foresight planning document, the class of 
strategic technologies were extensively explored and particularly with 
respect to the dual-use nature of many of the technologies (European 
Commission, 2020b). Therefore, in the event of armed conflict, the EU 
would not only require raw materials to meet civilian requirements, but 
also a significant amount of such materials may be used for military 
purposes. There was a total of 39 raw materials identified for defence 
purposes, of which, 22 were already CRMs in 2020 (European Com-
mission, 2020b). A total of 3 defence raw materials were added in the 
2023 CRM list, which are nickel, copper and manganese. None of the 
CRMs prior to 2023 were identifiably attributable to solely defence 
needs, which is incontrovertibly not the case for copper, because it does 
not meet the CRM criteria. 

For dual-use purposes, SRMs are less elastic than CRMs, because 
substitutions would not generally be possible for military uses (Euro-
pean Commission, 2020b). This designation of SRMs in addition to 
civilian uses of CRMs constitutes a significant change in underlying 
drivers. CRMs were initially defined as materials that meet the criticality 
thresholds that would be required to achieve the EU’s climate ambitions. 
Including SRMs as part of CRMs means that an additional driver – mil-
itary needs become at least parallel in hierarchy to climate ambitions. 
However, because of the inelasticity of military needs and by the lower 
standard in which SRMs are designated (e.g., copper does not techni-
cally meet the SR and EI thresholds), it is clear that SRMs take some 
pragmatic precedence over CRMs. This is obvious considering the 

implications of war – a loss of sovereignty would imply that climate 
action becomes irrelevant, as short-term needs become more immediate, 
and governance and infrastructure could collapse (Żuk and Żuk, 2022). 

It is difficult to determine on a per CRM basis, the proportion of 
military to civilian consideration, because such information does not 
seem to be public domain. However, it is possible to determine the hi-
erarchy of needs to rank the relative importance of civilian versus mil-
itary drivers. For many military applications, the use of substitute or 
recycled materials is not possible, because of two reasons: (1) materials 
must be pristine and meet high standards; and (2) recycling is generally 
not possible because of the nature of munitions, launchers and crafts 
(European Commission, 2020b). Hence, for example, materials that are 
used in drones, missiles, launchers and aircrafts, material needs of mil-
itary origin supersedes those of civilian origin. For example, for mate-
rials such as germanium and beryllium (key components of fighter jets in 
the EU, see European Commission, 2020b), the primary supply must first 
satiate all military needs before being diverted to civilian uses. In this 
view, for many materials, such as lithium, the fact that they meet the SR 
and EI thresholds are a convenience to military needs, because even in 
the absence of their civilian demand, many would have remained SRMs 
and therefore be listed on the CRM lists anyway. This is formally 
demonstrated for copper, which did not meet the SR and EI thresholds 
but was designated as a CRM due to the military’s inelastic demands 
(European Commission, 2023b). Similarly, this may be the case for 
nickel and a variety of battery-related metals, based on their usage as-
sociation with lithium. This implies that from the 2020 CRM list on-
wards (and also the temporally coincident foresight document, 
European Commission, 2020b), the highest priority driver for dual-use 
CRMs (because proportionality is not declared) has become military 
rather than civilian. Although even in this case, the change in CRM 
membership (e.g., Fig. 2; the 2017 list compared with the 2023 list) is 
not substantial, because as the European Commission (2020b) indicated, 
a large variety of CRMs are already dual-use in nature. In the future, 
escalating global conflicts or geopolitical tension would result in a large 
number of CRMs initially secured for military use. 

3.7. Analysis summary 

The underlying causes of the changes in CRMs from 2011 to 2023 for 
the EU CRM lists can be examined by cause, and the impacts can be 
calculated on a basis of total number of CRMs affected from 2011 to 
2023 (European Commission, 2011, 2014, 2017a, 2020a, 2023b). For 
example, there has been a maximum of a total of 20 CRMs identified 
from 2014 and the criticality status of 4 CRMs (chromium, magnesite, 
LREEs and HREEs) were found to have been likely affected by a change 
in the supporting data compared with either the previous or subsequent 
assessment. Therefore, the maximum impact of the change in supporting 
data over the period is 20%. This calculation cannot relate the number of 
materials assessed to the impact, and instead a linear model is used to 
express the functional relationship. For a summary of all causes, their 
descriptions, examples and impacts, see Table 2. 

4. Discussion 

4.1. Stability of CRM lists 

We define two types of CRM stability – absolute (longer term) and 
relative (shorter term). Absolute stability is the survival of a CRM’s 
designation through the study period. This can be estimated based on 
the EU’s CRM designations in the initial 2011 CRM list that have per-
sisted to 2023 (12 in total, which became finer divided into 13 CRMs, of 
a total of 34 CRMs designated in 2023) (Fig. 2; European Commission, 
2011, 2023b). Therefore, the absolute stability of the CRM lists from 
2011 to 2023 is 38.2%. In this study, we define the relative stability as 
the fraction of the CRMs on all EU’s CRM lists from 2011 to 2023, such 
that they were featured on at least 2 lists consecutively and were still on 

S.E. Zhang et al.                                                                                                                                                                                                                                



Resources Policy 86 (2023) 104247

8

the last CRM list (but once added, can remain on the list), which is 
82.4% of the total of 34 current CRMs. Hence, the absolute or 12-year 
stability of the EU’s CRM lists is poor, primarily because the CRM lists 
have been continually growing, whereas the relative stability (6 years or 
list-to-list) of CRMs is generally good with some cyclicity. This implies 
two confounding mechanisms: (1) that events captured by the sup-
porting data to make CRM assessments evolve substantially over a 
decadal timescale; and (2) changes in methodology, including the 
nomination stage (which is technically outside of EU’s established 
methodology) is more significant over the decadal timescale. Because 
the actual supporting data and the procedures of the nomination stage 
are not published, it is impossible to substantiate the significance of the 
two mechanisms. The number of CRMs designated is strongly related to 
the number of candidate materials assessed, with the latter exhibiting a 
97.2% explanatory power of the former. However, because the EU’s 

reports preclude details of the nomination phases, it is impossible to 
leverage this model to make robust inferences about the future state of 
CRM lists. Aside from this factor, the greatest influence on the change in 
the CRM lists is the change in supporting data, which affected 20% of 
any given CRM list, followed by methodology changes, which affected 
10% of any given CRM list and lastly by changes in drivers, which 
affected 8.8% of any given CRM list (Table 2). 

4.2. Potential weaknesses in critical raw material lists methodologies 

4.2.1. Insufficiently transparent methodology 
Given that, for the EU list, there is a strong relationship between the 

number of candidate materials assessed and the number of CRMs 
designated, the ability of the public and private sectors to anticipate 
candidate materials ahead of CRM assessments is critical to anticipating 
the structure of future CRM lists. However, there is currently no docu-
mented disclosure of the EU’s selection process and criteria. Other na-
tions, such as Canada, provide even less insight, as they lack a 
published/disclosed selection methodology. Consequently, the evolu-
tion of the CRM list is contingent on a non-transparent and plausibly 
bureaucratic approach. Because there appears to be a biased selection 
process of candidate or screened raw materials ahead of actual assess-
ments, the EU methodology is technically a 2-stage methodology, 
similar to, but is the reverse of that of the United States (US). In the US 
methodology, the two stages consist of: (1) geometric mean of indicators 
for: supply risk (production concentration), production growth (change 
in market size and geological resources), and market dynamics (price 
changes); and (2) in-depth analysis of minerals meeting threshold in (1) 
(Fortier et al., 2018). In the EU methodology, knowledge-based and 
presumably in-depth consideration occurs during the nomination stage 
of raw materials, followed by a quantitative assessment. The lack of 
transparency in the nomination stage is more significant when the entire 
assessment methodology is examined as a two-stage process, because the 
first stage is essentially hidden and undocumented. To remediate this 
weakness, a simple solution would be to publish a replicable method-
ology of the nomination stage of the assessment, such that there is 
transparency (also see Schrijvers et al., 2020). 

Another source of opaque methodology is the use of static baselines 
to delineate critical from non-critical raw materials. This is particularly 
important because the EU has experienced a substantial number of 
events that currently, and foreseeably, are resulting in minimal GDP 
growth, which is an aggregate metric, implying that there must have 
been great variability around the mean in various industries. Energy 
generation for example, was severely impacted by the cessation of 
productivity due to public health measures associated with the COVID- 
19 pandemic worldwide, coupled with a recent war between Ukraine 
and Russia. Evidence of energy generation disruption include a surge of 
almost 8 times exportation of coal from South Africa to Europe, in an 
attempt to alleviate energy bottlenecks in the society (Banya, 2022). 
Since South Africa is part of BRICS+, the SR score of coal must be high 
(invoking an application of the assessment methodology to coal), and 
because of its role in the mineral value chain, military energy needs and 
manufacturing of green energy technologies, its EI score must also be 
high at the time of this writing. In the approach that coal (but also oil 
and gas) is not included as a CRM, because it is not connotated with 
clean energy, then questions arise as to why baselines would not shift, as 
coal is a non-critical material, against which, designations of criticality 
occur on a relative basis (European Commission, 2011). This is a type of 
‘hidden criticality’, because coal is used to power the electrical grid, 
which at least in the foreseeable term, is used to drive productivity to-
wards energy transition, satiate civilian demand and empower the 
military (e.g., Michaux, 2021b). Consequently, the use of static thresh-
olds means that regardless of the actual status of non-critical materials, 
after the first delineation of the threshold of EI, all subsequent reports 
are less valuable because the baselines become progressively detached 
from reality. This issue can be remediated by explicitly dynamic 

Table 2 
All identified causes, descriptions, examples and impact of changes in status of 
CRMs for the EU from 2011 to 2023 (European Commission, 2011, 2014, 2017a, 
2020a, 2023b).  

Cause Description Example Maximum 
Impact 

Number of 
materials 
assessed 

The number of 
candidate materials 
to be considered for 
assessment, which 
precedes 
assessments, but 
whose methodology 
is not replicable or 
transparent. 

In the 2017 CRM list 
- barite, bismuth, 
hafnium, helium, 
natural rubber, 
phosphorous, 
scandium, tantalum, 
vanadium. 

Unknown by 
percentage of all 
CRMs assessed, 
but the linear 
model suggests 
that 97.27% of 
the variability in 
the CRM lists is 
explained by the 
number of 
materials 
assessed. 

Supporting 
Data 

Changes in the 
supporting data used 
to make assessments 
that are outside of 
methodological 
changes. 

LREEs and HREEs in 
the 2014 CRM list. 
Possibly chromium, 
magnesite and 
tantalum between 
the 2014 to 2017 
CRM lists 
(confounded with a 
methodology 
change). 

20% (4 total 
CRMs in the 
2014 CRM list 
were affected). 

Methodology Changes in the 
methodology by 
design. 

The formalization 
and standardization 
of methodology in 
the 2017+
assessments. 
Possibly chromium, 
magnesite and 
tantalum were 
affected in the 2017 
CRM list. 

10% (2 total 
CRMs in the 
2014 CRM list 
were affected – 
removed in 
2017). 

Socio- 
economic 
Condition 

Changes in the 
socio-economic 
environment that 
changes the 
assessment 
outcomes, e.g., the 
EI threshold and EI 
metric scores. 

Helium, arsenic, 
indium, and feldspar 
in the 2023 CRM list. 

Impossible to 
determine 
because: (1) 
insufficient 
information 
before 2017; and 
(2) information 
provided is 
vague. Based on 
EI scores, 
possibly up to 
13.3% (4 out of 
30 in the 2020 
CRM list). 

Drivers Changes in the 
underlying drivers 
of CRM lists. 

The adoption of 
defence specific 
SRMs following 
onset of war in the 
2023 CRM list. 

8.8% (of the 
2023 list of CRMs 
were included 
due identifiably 
defence-related 
reasons).  
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baselines that are indexed to a group of essential commodities that are 
not directly critical to the energy transition. Fossil fuels provide an 
effective group, because they are not part of the green energy transition 
directly, but are intricately related to the socio-economic status of the 
society, for example, they drive the economy as measured through the 
GDP metric (Lee, 2006; Warr and Ayres, 2010). 

4.2.2. Over-emphasis on ideology 
Within the EU CRM methodology, there is an over-emphasis of an 

ideological direction. According to various EU documentation, the main 
motivation behind the creation of CRMs has been and continues to be, to 
achieve climate action, and recently, national defence (European Com-
mission, 2011, 2014, 2017a, 2020a, 2023b). In 2011, the assessment 
report read “in many cases, a stable supply is important for climate policy 
objectives and for technological innovation” (European Commission, 
2011). Recently in March of 2023, in the announcement of the EU’s 
Critical Raw Materials Act, the president of the EU stated that “this Act 
will bring us closer to our climate ambitions” (European Commission, 
2023a). These statements indicate that EU’s CRM list is presently 
strongly driven by an ideological motivation to achieve an environ-
mental state through geo-engineering. This is an ideological motivation 
because feedback on actual outcomes is not yet empirical or obvious, 
and hence, empirical adjustment of direction and execution is not yet 
possible. This is also in contrast with the traditional energy sector, which 
is much more mature and for which, there is much more accessible data 
regarding its environmental impacts to inform policy. 

In more mature sectors, such as the oil sector, natural resource pol-
icies progressed from ideological motives to pragmatic ones (e.g., 
Arbatli, 2018). This is temporally associated with more realizable out-
comes, and a move away from geopolitics, such as a shift away from 
sweeping nationalization towards regulatory control. This is probably 
because as extraction proceeds, the knowledge of the nature of the 
resource (e.g., its sustainability) and its role in the society (e.g., the 
intimate relationship between energy and GDP) becomes better quan-
tified empirically and the motivation shifts towards ‘what is possible or 
useful’ from ‘what we imagine we would like to do’. It is difficult to 
imagine that this would not occur for CRMs, because no state would 
willingly invest into poverty. Assuming that, as more climate action 
becomes implemented (e.g., electrification), and evidence to assess 
progress becomes pervasive, reasonable and concrete feedback to the 
assessment of CRMs would be necessary to direct policy, including: (1) 
expansions or contractions of the initiative; (2) balancing of central 
versus local implementation; (3) geopolitical maneuvering and inter-
national policy; and (4) diversion of resources towards other initiatives 
that may have demonstrated better cost-benefit analysis. In this case, it 
would be necessary to de-emphasize ideological motive towards more 
pragmatism in natural resource policy around CRMs. In the long term, if 
climate change mitigation is demonstrably successful, then necessarily, 
the drivers of the CRM lists would have to evolve. If not, then it would 
become increasingly necessary to question the validity of our approach 
towards geo-engineering. In one hypothetical future, in which war and 
economic issues continue (e.g., the EU GDP continues to decrease, into 
negative growth), then necessarily, a range of materials aside from those 
associated with climate change mitigation would become critical to 
sustain societies, because geo-engineering would not democratically be 
the sole concern. Presently, there is no obvious general solution to this 
weakness, aside from a congruent component to the CRM policy, such 
that action taken around, for example, electrification, is assessed and 
audited for its efficacy and sustainability and feedback be provided to 
steer CRM policy. This is not an easy task, as it requires planning for the 
long term and for instance, it would be necessary to research the effect of 
the energy transition on the EU’s climate ambitions, such that in time, 
data and knowledge could be used to evolve the EU’s CRM and associ-
ated policies towards a pragmatically better outcome. 

4.2.3. Lack of differentiation between CRM and SRM 
A weakness that is demonstrated by the EU methodology is the 

combination of SRMs with CRMs and the ambiguity of the underlying 
drivers (European Commission, 2023b). This implies that the propor-
tionality of each driver is unknown for each dual-use CRM, which 
further implies that it is difficult to ascertain whether participation in 
the mineral value chain or other activities (e.g., recycling or extraction) 
serves climate or military ambitions. The two drivers are polar opposites 
in the sense that military uses of materials (e.g., defensively or offen-
sively) results in a loss of human lives, destruction of the environment 
and society in general, whereas climate ambitions are intended to 
deliver the opposite. Hence, ethically, the juxtaposition of defence and 
climate needs into a single list does both drivers a disservice. The 
dual-use of CRMs could lead to serious geopolitical and economic im-
plications. For example, a supply nation may embargo materials for fears 
that it could be used for national defence or offensive purposes. This is 
similar to the restriction of minerals from conflict zones (e.g., conflict or 
blood diamonds) to reduce resource-aided conflicts (Le Billon, 2008). 
Consequently, the lack of transparency and accountability of dual-use 
materials could lead to sanctions and conflicts, including kinetic war. 
Strict definitions and disclosures as to what material, the proportion to 
be used and for what purpose is optimal to diffuse possible tensions and 
enhance transparency. Subsequently, disclosure of accountability is 
necessary to ensure sustained commodity chain transparency and miti-
gation of conflicts and sanctions. 

A good but challenging solution is to create a transparency frame-
work around the demand chain, in a manner similar to that of supply 
chain transparency. A transparent demand chain would welcome ethical 
investment and trades, because stakeholders could readily identify 
outcome of their investment or trades. Additionally, the inclusion of a 
military importance criteria, in addition to the economic importance 
criteria could serve to better disambiguate the relative strengths of the 
drivers. This is also methodologically preferable to a selective lowering 
of thresholds to include certain materials that otherwise do not meet 
strict criticality thresholds, because the latter approach introduces 
subjectivity (e.g., copper). However, it is unclear how demand chain 
transparency and accountability could be achieved, because geopolitical 
competition disincentivizes military transparency. Perhaps the only 
mechanism is through market disclosures, because increasing market 
activity of both civilian and military procurements increases world 
peace by building trust (e.g., capitalist peace, Poast, 2019). 

4.2.4. Lack of foresight 
Terms such as ‘transition to the green economy’, ‘the just transition’ 

and ‘green transition’, to name a few, must be anchored in quantitative 
analysis, because they necessitate physical supply of CRMs, which are 
already prone to supply disruption. For instance, it is necessary to 
appreciate the quantities of materials needed to replace the current 
fossil-fuel based system to alternative sources (e.g., solar, wind, battery, 
nuclear, etc.). To date, the only first principles-based, comprehensive 
analysis is a report by Michaux (2021a). Surprisingly, the quantity of 
materials (most of which are featured in CRM lists worldwide) needed to 
manufacture a single generation of alternative energy sources world-
wide ranges from feasible (e.g., 5.9 years to produce the necessary 
amount of silicon as per 2019 production rates) to seemingly impossible 
(e.g., 29,113 years to produce the necessary amount of germanium as 
per 2019 production rates) (Michaux, 2021a, 2022). Thus far, none of 
the nations that have constructed CRM lists (Fig. 1) have incorporated 
realistic quantitative planning to examine the actual needs of grid 
electrification. Furthermore, actual needs must vary geographically for 
multiple reasons: (1) nations are at different stages of development and 
have different energy infrastructure; (2) energy production methods 
vary depending on factors such as insolation and climate; and (3) energy 
consumption varies depending on factors such as climate, population 
density and economic productivity. In this sense, every country would 
require their own CRM frameworks and foresight, because it is not 
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possible to standardize considerations given geographical, geological, 
cultural and economic variability. 

In the case of the EU methodology, because the data used to support 
assessments spans 5-year intervals since 2017 (European Commission, 
2017a, 2020a; 2023b), it is important to project a foresight duration that 
is the same or shorter in length. A longer duration of foresight is more 
likely to deviate from reality but provides more artificial stability. For 
example, if lithium is expected to remain a dominant element in batte-
ries and the sales of electric vehicles seems to be growing, then it is 
rational to suppose that lithium would remain critical for the next 3 
years (to the next CRM list) based on data from the previous 5 years (or 
more). A quantitative estimate of the amount of lithium that would be 
required can be based on a projection of consumer and military demands 
of lithium-bearing batteries and a reasonable forecast could be derived 
(e.g., Rachidi et al., 2021). Even in the presence of disruptive and 
breakthrough innovations, such as a new and indisputably superior 
battery chemistry, the inertia of downstream activities (e.g., production 
capacity) would dominate at the timescale of CRM list updates. There-
fore, a 3-year horizon of foresight, for example, should be feasible in 
general. 

4.2.5. Lack of consideration of extrinsic risks and system behaviour 
The effects of CRM lists must be anticipated in a system context. 

Presently, CRM lists nearly solely consider intrinsic effects, essentially 
treating participants of the CRM market as non-interacting entities. This 
is a grave mistake. Fundamentally, negligible system effects (in-
teractions of suppliers and consumers of CRMs) only occur if there are a 
large number of uncorrelated (non-coordinated production or invest-
ment, for example) producer and consumer nations. There clearly is an 
insufficiency of independently operated and governed CRM-bearing 
mineral deposits, because mineral deposits and downstream activities 
are highly concentrated geographically (e.g., Bertrand et al., 2016). For 
the EU, nickel serves as an example. Indonesia banned nickel ore exports 
in 2020 (Widiatedja, 2021) following a success of its vertical integration 
of the stainless-steel supply chain after a similar national measure in 
2014 (Merwin, 2022). This move is intended to foster and protect a 
developing national mineral value and manufacturing chain, capital-
izing on the rise of electrification. Similarly, realizing the value of 
lithium, Chile is planning to nationalize its lithium sector (Villegas and 
Scheyder, 2023). These events are mainly strategic and not economic 
responses to the rising criticality of materials, because the timing of 
these events is uncorrelated with commodity prices. In fact, lithium 
carbonate prices had continued to fall during Chile’s announcement of 
its measure. 

From the perspective of CRM supplier nations, a key intention of 
CRM frameworks is to increase national self-sufficiency, which is a type 
of geopolitical move and is intonated with resource nationalism (Shi-
quan et al., 2023 and references therein). Other examples include 
state-sponsored security of domestic supply and formation of clubs or 
cartels (e.g., European Commission, 2023a). Hence, the designation of 
CRM status of various minerals creates a strong incentive for net 
exportation countries to secure their resources and control their market 
to maximize their gain, or to at least hedge against undesirable geopo-
litical activity, such as sanctions. This can be appreciated from the game 
theory perspective, in which the designation of criticality creates an 
explicit goal, which is to maximize benefits associated with the CRM 
value chain. The game is completed with the rules of the market and 
murkier rules of geopolitics and inevitably, all entities (usually sover-
eign nations) become, de facto, players. In fact, this is the same reality in 
the oil market that led to the formation of the Organization of the Pe-
troleum Exporting Countries (OPEC), which leverages collaboration and 
coordination to gain a competitive advantage for its participants (OPEC, 
2023). Similar organizations in the CRM trade would likely occur in 
response to many factors, including the increasing coalescence of con-
sumer countries into friendly clubs or blocs. In this situation, mineral 
exporting countries could unify mineral policies among member 

countries to secure and obtain social, economic and geopolitical bene-
fits. For example, Argentina, Bolivia and Chile, which are major pro-
ducers of lithium (lithium triangle; Jaskula, 2022), could create a 
lithium exporting-countries organization, and hence, control worldwide 
supply. Power dynamics, geopolitics and the use of game theory in en-
ergy transition is a very under-appreciated aspect in the literature (Palle, 
2021). Their effects on the value and evolution of CRM lists could be 
profound, as producers of CRMs become aware of their geopolitical and 
economic significance as witnessed by the changes in the EU lists (e.g., 
addition of nickel). 

A negative effect of creating CRM lists, clubs and blocs, is that 
globally, there is increasing awareness (non-exhaustively) of: (1) the 
value of resources; (2) the value of national self-sufficiency; (3) the 
aggregating geopolitical power of economic blocs; and (4) the inter-
section between energy and material needs and foreign relations. Since, 
at least for developed nations, energy security using renewable tech-
nology necessitate a mostly consistent palette of CRMs, competitive and 
anti-competitive behaviour must occur. This is especially important 
because the mineral value chain is configured for efficiency and is thus 
inflexible. Capacity expansions occur slowly. In effect, as more nations 
designate CRM lists and attempt to source CRMs (Fig. 1), the mineral 
value chain would increasingly behave like a zero-sum or closed system. 
In this environment, cooperation (to the extent possible) would be 
increasingly displaced by competition, because sellers could always find 
buyers. System-level effects could entail: (1) inflated and/or unstable 
market prices; (2) incidental and purposeful supply and demand dis-
ruptions; (3) geopolitical disputes (e.g., war and sanctions); (4) 
nationalization of resources (e.g., Chile and its lithium industry; Villegas 
and Scheyder, 2023); and (5) lack of resources for nations that do not 
consider CRMs a priority (Fig. 1). Such scenarios are not imaginary as 
they have already occurred. Using an example that heightened the 
global awareness of supply disruptions, in 2010, over 97% of worldwide 
REEs were produced in China (Cordier, 2011). In late 2010, the terri-
torial dispute between Japan and China over the Diaoyu/Senkaku 
Islands resurfaced when a Chinese fisherman strayed close to the 
disputed islands and was detained by the Japanese coast guard. This 
incident, further fueled by a history of WWII atrocities committed by 
Japan (Tanaka, 2018), combined with a slow response from Beijing, led 
a handful of port workers and officials to take matters into their own 
hands to hold up Japan-bound shipments of REEs, thus reminding Japan 
of its economic dependence on China. This incident ignited a worldwide 
market panic and a political crisis after the New York Times wrote ar-
ticles suggesting a formal REE embargo from China (Bradsher, 2010; 
Bradsher and Tabuchi, 2010). During the panic, some metal prices 
increased by 2000% (Klinger, 2018). Thereafter, many countries enac-
ted initiatives and policies to mitigate REE supply risks, varying from the 
inclusion of REEs on CRM lists to accelerated exploration and creation of 
REE mines (The Canadian Press, 2023). Such incidents and sanctions 
have conclusively demonstrated that where resources are traded, both 
producer and consumers of resources will utilize power dynamics to 
achieve geopolitical goals and strict altruistic cooperation is naïve and 
dangerous to assume. 

4.3. Implications for the European Union and the minerals industry 

Our analysis revealed weaknesses in the EU’s methodology that 
lowers the trustworthiness of CRM designations, undermines the sta-
bility of the CRM lists and creates ethical concerns around investment in, 
or supplies of CRMs. These are summarized in Table 3. The EU is 
economically developed and mainly a CRM consumer that relies heavily 
on imports, because it generally lacks a well-developed mineral value 
chain and skills base. Given the EU’s state of civil infrastructure, the 
EU’s immediate focus is not insufficient energy generation. However, 
this assessment assumes that the Ukraine-Russia war is not prolonged 
and energy supply to the EU would largely revert to its pre-war 
configuration. In this case, electrification will likely be the focus 
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eventually (as opposed to securing military needs). Hence, the EU’s CRM 
lists in the short-term future would likely be a combination of traditional 
CRMs to enable electrification and SRMs. Core technologies, such as 
electric motors, solar panels, possibly eventually nuclear power are 
likely to be high in demand in the EU in the long term. This implies that 
CRMs associated with these technologies would either continue to exist 
on the lists or be added eventually, assuming a static methodology. 

The EU seems to coordinate economically and politically mainly with 
the G7 nations. For instance, the Critical Raw Materials Club established 
by the EU initially includes the US and Canada (European Commission, 
2023a). To achieve EU’s sufficiency for CRMs, it is plausible that Canada 
and the US, as well as other friendly nations will increasingly align into 
blocs formally and informally to counter similar supplier movements. It 
should be increasingly important for the EU to comprehend and incor-
porate system effects and extrinsic geopolitics in their supply disruption 
considerations. Furthermore, establishment of trades with friendly and 
resource-rich nations, such as Canada, could reduce supply risks, 
decreasing the criticality of some CRMs, assuming that Canada would 
recognize mineral deposits that contain such CRMs and build a capable 
mineral value chain. 

The minerals industry can both be motivated and discouraged by 
CRM frameworks and lists. For the EU, many CRMs have remained 
relatively stable, and a minority of CRMs have remained absolutely 
stable over the study period (Fig. 2). Stability encourages investment in 
the minerals industry, because its value chain is inflexible, has a 
decadal-scaled lag from discovery to exploitation, on average (Interna-
tional Energy Agency, 2023), and the industry is generally conservative 
because of high risks of investment into physical uncertainty. However, 
adaptability is key to survival in a rapidly evolving, uncertain and 
ambiguous time, which seems to apply to the green energy transition. 
Therefore, CRM frameworks must optimize between adaptability and 
stability. An overly adaptive CRM framework could experience exces-
sive variability of CRM membership between lists and discourage in-
dustry involvement. A highly stable CRM list would encourage industry 
involvement but may become outdated. For example, driven by 
high-tech consumption, tantalum demand increased substantially, 
which was sufficiently motivating to artisanal and small-scale mining 
(ASM) but insufficiently motivating for large-scale mining (Fritz et al., 
2018; Schütte and Näher, 2020). This was a key driver of the increase in 
ASM in tantalum, cobalt and many other commodities, because ASM is 
more agile than large-scale mining, and hence can capitalize on 
emerging, uncertain and marginal conditions. Therefore, the global rise 
of CRMs implies that a combination of ASM and large-scale mining 
would benefit and the stability of CRMs influences the proportion of 
ASM versus large-scale mining activity. 

Downstream of extraction, material suppliers are increasingly 
absorbing value creation, such as through vertical integration. China’s 
REE processing and beneficiation prowess is an example, as well as 
Indonesia’s nickel ore-export ban. This trend is likely to continue into 
the long term, because it is economically advantageous to the supplier, 
especially in a seller’s market. There are other benefits to integration 
that include a potentially reduced production cost, energy consumption 
and environmental impact through increased mineral value-chain 
coupling. This could lead to a combination of more profit and cheaper 
goods for both the producer and consumer nations. The stability of CRM 
lists would favour investment in integration because mineral processing 
and beneficiation are ore-specific. Once processes are developed, they 
cannot be easily adapted to new ore types. 

Understanding the variability of CRM lists and methodology weak-
nesses allows the minerals industry to better anticipate changes in 
criticality of materials. For example, due to heightened national defence 
concerns and consistent with the designation of copper as a SRM, other 
similar materials may become critical in subsequent CRM lists. How-
ever, because there is no transparency in the demand chain for dual-use 
CRMs, it is impossible to deduce whether they will be used for military 
or civilian purposes. This could intensify geopolitics around CRMs, 
because geopolitical competitors would be unwilling to arm their ad-
versaries. As such, investors and businesses in the minerals industry 
could have national, ethical, political, and/or personal qualms about the 
role of their materials and therefore, choose their consumers carefully. 

4.4. Implications for Canada 

Canada has a single and recent CRM list without a published and 
replicable methodology. This means that it is not possible to evaluate 
Canada’s CRM methodology or the rigor of the CRM list. Consequently, 
it is important to understand the EU framework and lists to provide 
useful commentary around Canada’s CRM journey. Methodology 
transparency was not formalized for the EU until the methodology 
publication in 2017 (European Commission, 2017b). We expect that if 
Canada follows EU’s footsteps, there will soon be a formalized meth-
odology that provides data- and knowledge-based anchoring of its CRM 
lists. Without a formal methodology or quantitative criticality analysis 
(e.g., SR and EI scores), it is impossible for investors and suppliers to 
understand the significance of any of the CRMs and prioritize action. 
This means that informed investment into the Canadian CRMs is 

Table 3 
EU’s methodology weaknesses, implications and potential solutions.  

Weakness Implication Potential Solution 

No clear methodology on 
the nomination 
process of candidate/ 
screened raw 
materials 

The one-stage process is 
really a two-stage process, 
with the first stage hidden 
from public view. This 
makes the results non- 
replicable and impossible 
for the public to 
anticipate changes in 
CRM membership. 

Establish a formal, 
replicable methodology of 
the nomination stage of 
the assessment, such that 
there is transparency. 
Make early 
announcements of 
potential candidates and 
rationale. 

Static criticality 
baselines along both 
SR and EI 

Changes in socio- 
economic state of the EU 
has no impact on actual 
CRM membership, 
resulting in tunnel vision- 
focus on legacy criticality. 

Adopt dynamic baselines 
that are indexed to a 
group of stable 
commodities outside of 
CRMs. 

Over-emphasis of 
ideology versus 
pragmatism 

Activity around CRM in 
achievement of 
geoengineering goals are 
not explicitly linked to 
outcomes. Ideological 
focus creates difficulty 
identifying immediate 
priorities to achieve best 
societal outcomes 
through energy 
transition. 

No obvious solution, 
however to enable 
feedback, funding 
research into the outcome 
of the energy transition on 
climate is necessary. Data 
and knowledge should be 
used to evolve CRM and 
associated policies 
towards a demonstrably 
better outcome. 

Lack of differentiation 
between CRM and 
SRM 

Investors and suppliers 
cannot differentiate 
between military or 
civilian use, which 
discourages external 
stakeholders. 

Create transparency 
around the demand chain. 
Adopt a separate military 
importance criterion in 
addition to SR and EI in 
CRM assessments. 

Lack of foresight No considerations on the 
quantity of materials 
needed in the future, 
therefore, no ability to 
prioritize action. Short 
planning horizon leads to 
unstable lists, which 
reduces public interest in 
CRMs. 

Establish a multi-year 
foresight for all raw 
material candidates based 
on technological and 
market progression in the 
past years. 

Lack of consideration of 
extrinsic risks and 
system behaviour 

Supply disruption and 
therefore SR is generally 
under-estimated, because 
power dynamics, 
geopolitics and resource 
competition are not 
explicitly considered. 

Incorporate system-type 
analysis on candidate 
materials to better 
consider historical events 
(e.g., embargos, cartels, 
sanctions and war) and 
the use of game theory in 
the analysis of SR.  
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unfeasible. Given the EU’s growth trajectory of CRM lists, the intention 
of Canada to participate in the Critical Raw Materials Club with the EU 
and the US, an obvious expectation is that in the future, the Canadian 
CRM list will grow and possibly reach parity with the EU list. This as-
sumes that Canada would expand in its trade in CRMs with the EU in the 
future to meet EU’s needs. 

Canada, unlike the EU, is relatively under-populated. This fact 
combined with Canada’s extensive permafrost coverage, vast coastlines 
and arctic access implies that there ought to be many natural resource 
discoveries, some of which would contain current or future CRMs 
(Government of Canada, 2022b). The resource potential for Canada is 
therefore potentially greater than that of the EU’s. Consequently, Can-
ada is in a different resource and energy position than the EU and in 
general, the concept of ‘criticality’ is less urgent for Canada than it is for 
the EU. Canada has recently announced a national-scale governmental 
program to expedite the exploration of CRMs in a data-driven manner, 
focusing on data re-purposing and analytics instead of traditional data 
generation activities, such as surveying (Natural Resources Canada, 
2023). In the future and assuming that Canada would discover CRM 
resources, then Canada has the potential to become a substantial CRM 
supplier (Government of Canada, 2022b). Although Canada is also 
attempting to establish a value-added infrastructure downstream of 
extraction (Natural Resources Canada, 2022). Therefore, Canada could 
supply a range of processed materials from ore to fully refined metals. 
Given that Canada has an abundance of energy and has expressed in-
tentions to explore for uranium and develop its nuclear energy sector 
(Government of Canada, 2022b), Canada seems well-positioned as a 
value-added provider of CRMs, because mineral processing is energy 
and resource intensive. 

4.5. Implications for South Africa 

South Africa is less economically developed than the EU or Canada 
but is one of the most well-developed and mineral resource-rich Global 
South countries, endowed with many CRMs, such as platinum group 
elements and uranium (U.S. Geological Survey, 2023). Therefore, South 
Africa is well-positioned to develop its CRM framework. However, South 
Africa’s energy challenges are different than those of the Global North 
countries and are centered around a lack of net energy generation ca-
pacity and outdated distribution infrastructure. An inability to meet 
energy demand is resulting in sustained rolling blackouts (‘load shed-
ding’, Ibrahim et al., 2021). In this case, a meaningful benchmark for a 
future green South African energy supply should be the increase in en-
ergy supply and distribution, such that a just energy transition could 
occur. Otherwise, an energy transition towards even more energy scar-
city would solicit serious questions about the practicality of energy 
transitions and undermine the movement. This is important for devel-
oping and underdeveloped nations, where the average energy con-
sumption in many countries is less than that of a North American 
refrigerator (BP, 2022; Natural Resources Canada, 2018). In our 
opinion, it is unethical to transition towards energy poverty. 

A key consideration for Global South countries is the definition of 
criticality. In the case of South Africa, the immediate step towards 
electrification is to expand national electrical infrastructure and energy 
availability. These tasks require different materials than those in bat-
teries or electric vehicles. Stable and abundant energy supply further 
fuel mineral value chain-activities, such as extraction, processing and 
beneficiation, which supply CRMs. Subsequently, South Africa’s energy 
supply could be increasingly augmented by renewable energy sources 
and energy storage devices. Therefore, criticality for South Africa must 
be defined in context of its domestic challenges, which could result in a 
CRM framework that is substantially different than those of the EU and 
Canada. Additionally, because the South African mineral resource- 
potential is large relative to domestic consumption, South Africa will 
likely remain a significant exporter of raw materials. This means that 
South Africa would have to contend with two types of CRM lists – one for 

domestic and one for foreign needs. For example, the EU may desire a 
particular CRM, for which, South Africa is a supplier but an insignificant 
consumer. In this case, it may be important to consider the long-term 
costs and benefits of exporting such materials. Using the example of 
gold, South Africa’s production is substantially past peak production 
(Frimmel, 2019; Sheaffer, 2023). If this becomes the future of many 
CRMs, South Africa could jeopardize its future energy supply if it solely 
produces CRMs to meet foreign demand. South Africa’s participation in 
BRICS+ may strengthen, both due to trade and geopolitics (e.g., 
enlarging economic blocs and resource nationalism). 

5. Summary and conclusions 

Emerging criticality is a key concern for the minerals industry 
because: (1) raw materials could spontaneously become critical in 
various countries, creating a sudden demand (e.g., through stockpiling) 
that needs to be anticipated, because the minerals industry is generally 
not agile; and (2) critical designations could evaporate without notice 
and investment into such commodities at any stage of the mineral value 
chain increases risk. Using the EU’s public CRM documentation from 
2011 to 2023, we analyzed changes that occurred in CRM membership 
across time to deduce the influencing or controlling factors. This 
knowledge could prove useful to the minerals industry by lowering in-
vestment risk to ensure a smooth and pragmatic green energy transition. 
Our analysis identified issues that range from a hidden two-stage process 
with transparency issues to ad-hoc changes in supporting data. These 
methodological issues should ideally be remediated, such that more 
trust and value could be placed in the CRM lists. Ideally, CRM lists 
should be as stable as possible over a timespan that is consistent with the 
duration from deposit discovery to exploitation. However, there is a 
trade-off between the agility of the methodology and the stability of the 
results. An overly agile methodology promotes spontaneous changes in 
CRM membership and therefore is of low strategic value. A highly stable 
result is useful for long-term planning, which would favour societal 
development at the expense of sluggish response to disruptive techno-
logical advancements. Subsequently, we extended our findings to Can-
ada and South Africa, which are two countries in early stages of creating 
their own CRM frameworks. We find that insofar as national self- 
sufficiency is concerned, Canada is less urgently in need of CRM 
frameworks than the EU, and that South Africa may be faced with a 
bifurcating reality of foreign and domestic needs. The quest for resource 
sufficiency could increase geopolitical activity, for instance, driving the 
formation of supplier and consumer blocs, clubs or cartels. For the 
minerals industry, involvement in CRMs would be more productive, if 
the CRM methodology becomes more transparent and the results more 
predictable. Lastly, demand chain transparency could diffuse geopolit-
ical tensions by allowing suppliers and investors to distinguish between 
CRMs destined for civilian versus military use. 
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