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Abstract 
Companies, economies and technologies are vulnerable to supply disruptions or price peaks of 

specific raw materials. Multiple research groups worldwide have proposed methodologies for 

determining the criticality of raw materials, including assessments on the vulnerability to supply 

restrictions. These raw material vulnerability assessments use manifold indicators but are not 

consistent concerning their selection, calculation, interpretation and weighting. Their indicators 

estimate a raw material’s economic importance or its significance for a strategic goal, or they inform 

regarding the impact of supply disruptions. Here, we provide an overview of 18 vulnerability 

assessments in 16 recent criticality studies. Our results reveal 18 different vulnerability indicators, 

among which a set of six indicators is frequently used and therefore might be recommended for 

decision makers. The range of possible vulnerability assessment results is exemplified by evaluations 

of the transition metal copper and the rare earth neodymium. Our overview can serve as a starting 

point for future raw material criticality assessments concerning the selection of vulnerability 

indicators and appropriate calculation and weighting methods. 
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1 Introduction 

Analyses of critical raw materials have been added to the family of system-analytical assessment 

tools in recent years. The term ‘criticality’ describes an evaluation of the holistic importance of a 

resource, which can be interpreted as an assessment of the risks connected with resource 

production, use and end-of-life (Graedel and Nuss, 2014). Criticality assessments always have an 

interdisciplinary character, which connects them with different aspects of importance or risks from 

other disciplines and evaluations of resilience. A major differentiation has become the triad of supply 

risk, environmental implications and vulnerability to supply restriction. Supply risk expresses the 

likelihood of a supply disruption situation (potentially only for selected countries, companies or 

technologies due to focused export policies or controls), which may also be revealed by an increased 

price level (Achzet and Helbig, 2013). Environmental implications evaluate the damage caused by raw 

material extraction or usage and thereby indirectly assess the likelihood of emerging environmental 

regulations or negative impacts on the public image of the material (Glöser and Faulstich, 2014). The 

dimension of environmental implications was introduced by Graedel et al. (2012) as an extension of 

previous matrix-based approaches (European Commission, 2014; 

U.S. National Research Council, 2008). The third term, vulnerability to supply restriction, is generally 

meant to describe the potential damage caused by an involuntarily reduced utilization of a material, 

whether due to physical shortage, increased competition or market regulation. Here, we focus on a 

review of raw material vulnerability assessments within criticality assessments. The article is a follow-

up to the previously presented overview concerning raw material supply risk evaluation 

(Achzet and Helbig, 2013). The research method remains the same: we analyze the scope and focus 

of criticality assessments that evaluate raw material vulnerability; we list and categorize their 

indicators and describe different calculation options for indicators that are frequently used. Some 

studies from the supply risk overview reappear, but the list has been updated with recent studies 

that include raw material vulnerability assessments. 

Vulnerability assessments rely mostly on internal information to identify the most relevant materials 

for a company, a country (whether for economic, environmental or security/defense reasons) or a 

technology. The question of relevance and strategic importance is linked to classical assessments 

from strategic management (e.g., SWOT analysis, Value Chain analysis), which are however focused 

on products rather than raw materials (Carpenter and Sanders, 2009). Considering vulnerability and 

supply risk as two dimensions of economic risks in raw material value chains follows the approach of 

classical risk assessment, where a potential scale of damage and the probability of occurrence of a 

scenario are considered to assess a risk level (Glöser et al., 2015). For raw material utilization, 

criticality assessments serve as this type of risk level evaluation, although considered scenarios of 

many studies remain intangible. For example, the European Commission (2010) carefully describes its 

four indicators and data sets for supply risks but never defines what it calls a “shortage of material”. 

The approach of criticality assessments is indicator-based and requires a normalization of data to a 

common scale for each indicator. Indicators are aggregated through weighted averages or algorithms 

in each target value (i.e., supply risk, environmental implications or vulnerability) and are eventually 

aggregated to a criticality score or placed in a criticality space (Achzet and Helbig, 2013). Criticality 

assessments may lead to policy recommendations for a more sustainable or resilient use of raw 

materials – depending on their scope and target. These recommendations can vary between 

extended monitoring and reporting of material flows and utilization (European Commission, 2014), 

the substitution of critical raw materials (CRM_InnoNet, 2015; Erdmann et al., 2011), or the search 

for secure raw material sources or increased material utilization in production (Graedel et al., 2015). 
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Graedel and Reck (2015) highlighted the need for holistic approaches including a large variety of 

importance factors, the consideration of specific target customers, a periodic update of criticality 

assessments with a transparent methodology as well as a harmonized methodology. To get closer to 

these goals, a detailed and direct comparison of existing methods and covered aspects can help 

identifying strengths and weaknesses of individual approaches and serve as an orientation towards a 

structured and well-designed indicator-based vulnerability determination. 

Beginning with the methodology of indicator analysis and a presentation of considered studies, the 

article continues with a detailed description of indicators used most frequently in vulnerability 

assessments. Less frequently used indicators are described more briefly. The applicability of 

vulnerability assessments is demonstrated by a case study of the raw materials copper and 

neodymium. The article ends with a discussion and conclusion. 

2 Method 

Sixteen criticality studies including a vulnerability analysis into their assessment were evaluated for 

this review, with publication years ranging from 2008 to 2015. These studies include peer-reviewed 

journal articles, research project reports and policy reports. To our knowledge, this sample includes 

the methodologies of all (semi-)quantitative vulnerability assessments published in the past ten years 

in either the English or the German language. Only studies that used another publication’s 

methodology were excluded. All of the evaluated studies are listed in Table 1. 

The characteristics of contemplated studies differ as raw material criticality assessments are 

determined by their respective scope and target, which is displayed in Figure 1. The scope can be 

distinguished between the corporate, national, global and technological levels, whereas the targets 

vary between an assessment of economic importance, strategic importance and the potential impact 

of supply disruptions. Evaluating the economic importance of a raw material focusses on current (or 

past) economic data. It therefore highlights the status-quo of raw material utilization without any 

scenarios. By contrast, the strategic importance assessment focusses on the potential emerging from 

the extended, future use of a raw material. The third focal point for vulnerability, namely, impact of 

supply disruption, analyses the potential damage caused by disruption scenarios. All three 

characteristics of vulnerability assessments are used, mixed and weighted to different extents in the 

studies. 
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Figure 1: Characteristics of contemplated vulnerability approaches 

The main differentiation of the supply risk evaluations is their time horizon, expressed either in years 

or in relative expressions (e.g., “long-term”). Differences in the vulnerability dimension are more 

complicated – revealed by various terms for raw material vulnerability evaluations. The first 

contemplated study, published in 2008 by the United States National Research Council implemented 

a two-dimensional criticality matrix and designated the dimension of interest as impact of supply 

restriction for evaluating the importance of raw materials (U.S. National Research Council, 2008). 

Further studies use specified terms such as economic importance (European Commission, 2014; 

Gandenberger et al., 2012) or importance to clean energy (US Department of Energy, 2011). A 

demonstration of the importance can be considered a positive way of designating the dimension, 

whereas other studies demonstrate a threat and consequentially use the term vulnerability 

(AEA Technology and Defra, 2010; Erdmann et al., 2011; Parthemore, 2011) or the more specified 

vulnerability to supply restriction (Graedel et al., 2012). The meaning of the term in this case is the 

identification of a weak spot, namely, a raw material that would cause heavy damage if it was 

unavailable; vulnerability here does not evaluate the likelihood of a supply restriction. Terms such as 

impact of supply restriction (Duclos et al., 2008), exposure to disruption (Roelich et al., 2014) or 

economic risk (Goe and Gaustad, 2014) represent the future scenario perspective of vulnerability 

assessments. Former overviews have stated that all these different terms can more or less be 

interchanged with each other (Speirs and Gross, 2013). Duclos et al. (2008) described the aim of their 

assessment as a “challenge of global competition for materials” that requires companies to “know 

where a shortage can hurt and then plan around it” (Duclos et al., 2008). 
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Some studies use indicators without directly mentioning terms such as criticality or vulnerability 

(Angerer et al., 2009; Moss et al., 2013). However, for the purpose of this article, these studies are 

still counted as criticality studies considering raw material vulnerability, as they assess effects of 

possible supply restrictions. For simplicity and readability reasons, in the following discussion, 

vulnerability will be the main term used. 

Studies differ concerning their scope: they evaluate vulnerability on either the corporate, national or 

technological level. The only study considering multiple scopes is from Graedel et al. (2012), who 

assess vulnerability on the corporate, national and global levels. For this purpose, the global level is 

matched with other assessments on the technological level. Selecting a specific scope has an impact 

on the set of indicators and their specific calculation. However, a joint evaluation of the levels is 

adequate, as frequently used indicators are used in all three of them. 
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Table 1: Evaluated vulnerability studies and their respective focus and target 

Level Study Title Target 

M
u

lt
i 

Graedel et al. 
(2012) 
corporate, 
national & global 

Methodology of Metal Criticality 
Determination 

Methodology for the assessment of metal 
criticality at the global, national and 
corporate levels 

C
o

rp
o

ra
te

 Duclos et al. 
(2008) 

Design in an Era of Constrained Resources Identification of critical raw materials for 
General Electric 

N
at

io
n

al
 

U.S. National 
Research Council 
(2008) 

Minerals, Critical Minerals, and the US 
Economy 

Analysis of critical minerals for the modern 
US society 

AEA Technology 
and Defra (2010) 

Review of the Future Resource Risks Faced by 
UK Business and an Assessment for Future 
Viability 

Identification of essential resources for the 
UK industry that are most at risk of future 
scarcity 

Erdmann et al. 
(2011) 

Critical Raw Materials for Germany (German: 
“Kritische Rohstoffe für Deutschland”) 

Identification of critical raw materials for 
German companies 

Parthemore 
(2011) 

Elements of Security Analysis of the risks of US dependency on 
critical materials 

Gandenberger et 
al. (2012) 

Supply of the German High-Tech Sector with 
Raw Materials (German: “Die Versorgung der 
Deutschen Wirtschaft mit Roh- und 
Werkstoffen für Hochtechnologien”) 

Further development of German resource 
policies 

European 
Commission 
(2014) 

Report on Critical Raw Materials for the EU Identification of critical raw materials for the 
European Union 

Beylot and 
Villeneuve (2015) 

Assessing the National Economic Importance 
of Metals: An Input-Output Approach to the 
Case of Copper in France 

Consideration of the value added by services 
dependent on a certain material. The 
domestically induced value added by a metal 
is separated into the value added by 
products and services 

Hatayama and 
Tahara (2015) 

Criticality Assessment of Metals for Japan’s 
Resource Strategy 

Japan’s criticality of 22 metals in 2012. 
Support in developing Japan’s resource 
strategy 

Te
ch

n
o

lo
gi

ca
l 

Angerer et al. 
(2009) 

Raw Materials for Emerging Technologies 
(German: “Rohstoffe für 
Zukunftstechnologien) 

Estimation of additional resource demand 
from future technologies 

US Department of 
Energy (2011) 

Critical Materials Strategy Identification of critical metals for clean 
energy technologies 

Moss et al. (2013) Critical Metals in the Path towards the 
Decarbonisation of the EU Energy Sector 

Identification of the raw material 
requirement and raw material criticality of 
green energy technologies necessary for the 
EU’s decarbonization strategy 

Goe and Gaustad 
(2014) 

Identifying critical materials for photovoltaics 
in the US: A multi-metric approach 

Identification of critical materials for 
photovoltaics in the US 

Roelich et al. 
(2014) 

Assessing the dynamic material criticality of 
infrastructure transitions: A case of low 
carbon electricity 

Assessment of the dynamic material 
criticality of the infrastructure 

Simon et al. 
(2014) 

Criticality of metals for electrochemical 
energy storage systems – Development 
towards a technology specific indicator 

Development towards specific indicators for 
individual technologies 
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Table 2 shows that all 16 evaluated criticality studies assess vulnerability, 13 of them also assess raw 

material supply risks and 4 of them additionally assess the environmental impact emerging from the 

usage of the raw materials. An aggregation to the vulnerability value, if necessary, is usually 

conducted through (weighted) averages or the multiplication of indicator values. If an aggregation of 

the vulnerability result to a criticality value is required, it is often through a positioning within a 

matrix or a vector length. Assessments that only evaluate raw material criticality due to supply risks 

(without evaluating raw material vulnerability) are not listed here and can be found in the previous 

supply risk overview by Achzet and Helbig (2013). 

Table 2: Criticality dimensions and aggregation logic used in observed criticality studies that use vulnerability to 

supply restrictions as a dimension 

Level Study Vul SR Eco Criticality aggregation Vulnerability aggregation 

C
o

rp
o

ra
te

 Duclos et al. (2008)    Matrix Average 

Graedel et al. (2012)    Vector length Weighted average 

N
at

io
n

al
 

U.S. National Research Council (2008)   ○ Matrix Maximum 

AEA Technology and Defra (2010)    Not aggregated Average 

Erdmann et al. (2011)   ○ Matrix Weighted average 

Parthemore (2011)    Not aggregated Not aggregated 

Gandenberger et al. (2012)  ○  Not aggregated Multiplicative 

Graedel et al. (2012)    Vector length Weighted average 

European Commission (2014)    Matrix Multiplicative 

Beylot and Villeneuve (2015)    Only 1 target value Only 1 target value 

Hatayama and Tahara (2015)    Score Score 

Te
ch

n
o

lo
gi

ca
l 

Angerer et al. (2009)  ○  Only 1 target value Only 1 indicator 

US Department of Energy (2011)    Matrix Weighted average 

Graedel et al. (2012)    Vector length Weighted average 

Moss et al. (2013)    Not aggregated Not aggregated 

Goe and Gaustad (2014)    Not aggregated Not aggregated 

Roelich et al. (2014)    Only 1 target value Multiplicative 

Simon et al. (2014)    Index value Multiplicative 

Vul: Vulnerability, SR: Supply Risk, Eco: Ecological Risk 

: considered, ○: partly considered, : not considered 

Some methodologies of criticality assessments were adopted by other studies, updated or slightly 

adapted by follow-up publications. For example, the European Commission (2010) approach was 

used as methodological basis for other criticality assessments at the national level within the 

European Union, such as the Policy Document on Raw Materials in the Netherlands 

(Dutch Ministry of Foreign Affairs, 2013). The methodology of AEA Technology and Defra (2010) was 

used by Scottish policy makers for evaluating their resource vulnerability (Kind et al., 2011). The Yale 

University working group split their publications into a methodology article and several application 

case articles (Graedel et al., 2015, 2012; Harper et al., 2015, 2014; Nassar et al., 2015, 2012; 

Nuss et al., 2014; Panousi et al., 2015). In the case of a methodical adoption, only the primary paper 

is considered, whereas in the case of a methodical update, changed indicators are introduced 

separately. 
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3 Vulnerability indicators 

Indicators with a similar interpretation are summarized into categories to quantify their usage. Figure 

2 presents a one-to-one mapping of indicator categories and vulnerability assessments. Whereas a 

total number of 18 different indicator categories were identified from the 18 vulnerability 

assessments, only six of these indicators have been used more than twice and will be described in 

detail: substitutability, value of products affected, future demand-to-supply ratio, strategic 

importance, value of utilized material and spread of utilization. The other indicators were used by 

only one or two assessments and are therefore described more briefly afterwards. 

 

 

Figure 2: One-to-one mapping of the 18 vulnerability indicator categories and the 18 raw material vulnerability 

assessments 

Many of the vulnerability indicators listed in Table 3 are either qualitative assessments or relative 

expressions, which is why arbitrary units and percentages appear often. For some indicators, it is 

possible to use quantitative values such as mass flows or monetary values. Some vulnerability 
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indicators have already appeared in supply risk assessments (Achzet and Helbig, 2013), particularly 

those indicators that overlap with possible risk mitigation strategies (e.g., substitution or recycling). A 

lack of these risk-reducing factors increases the impact of supply disruptions (thus a part of 

vulnerability assessments), whereas having these opportunities reduces the likelihood of supply 

disruptions and can thus be included in supply risk assessments. We discuss different interpretation 

opportunities for each of these double-use indicators individually. In the following subchapters 3.1 to 

3.7, indicators are further described concerning their measurement, possible thresholds, and their 

weightings in the corresponding vulnerability assessments. 

Table 3: Indicators: number, frequency and unit of indicators used for evaluating vulnerability in the selected 

studies 

Indicator #Corp #Nat #Tech Σ Unit SR 

Substitutability 2 5 3 8* Qualitative, %  

Value of products affected 2 3 1 6 USD, EUR, %  

Future demand to supply ratio 0 3 2 5 Qualitative, %  

Strategic importance 1 1 3 5 Qualitative, %  

Value of the utilized material 0 2 1 4 USD, USD/kg, %  

Spread of utilization 0 2 1 3 % Population , Stock-to-reserve-ratio  

Ability to pass-through cost increases 2 0 0 2 Qualitative  

Change in demand share 0 2 0 2 %  

Import dependency 0 2 0 2 %  

Target group’s demand share 1 1 0 2 %  

Ability to innovate 1 1 0 1* Qualitative  

Change in imports 0 1 0 1 %  

Company concentration 0 1 0 1 Qualitative  

Consumption volume 0 1 0 1 kg  

Mine production change 0 1 0 1 %  

Price sensitivity 0 0 1 1 %  

Primary material price 0 0 1 1 USD  

Recyclability 0 1 0 1 Qualitative  

*: Graedel et al. (2012) define the same indicator for different levels, which are only counted once. 

SR: The indicator is also used as a supply risk indicator in some criticality assessments 

3.1 Substitutability 

The most frequently applied indicator for vulnerability is substitutability, used in 8 out of 16 studies. 

The usage of substitutability as a vulnerability indicator is summarized in Table 4. Substitutability can 

be interpreted as an aspect of both supply risk and vulnerability (Achzet and Helbig, 2013). In the 

supply risk interpretation, a supply shortage is less likely if some producers can easily use substitutes, 

lowering the overall demand for the material (Duclos et al., 2008; European Commission, 2014; 

Pfleger et al., 2015). As an indicator of the vulnerability dimension, feasible substitution options 

display a reduced importance compared with a resource without proper substitutes 

(Graedel et al., 2013, 2012; U.S. National Research Council, 2008). Substitutability of a material can 

be considered on multiple levels in product development: one can distinguish between material 

substitution, technological substitution, functional substitution, quality substitution and non-material 

substitution (Kausch et al., 2014) . Substitution can be performed at the conceptual, sub-assembly, 

component or composition level (Habib and Wenzel, 2016). Research on finding substitutes at either 
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level is also a frequently proposed policy recommendation for resources evaluated as critical. 

Consequently, multiple projects at the national or global level are conducted, such as the European 

CRM_InnoNet “Substitution of Critical Raw Materials”. Some projects focus on obtaining the use of 

an application by either type of substitution (CRM_InnoNet, 2015). Other projects aim for the 

substitution of certain raw materials in specific technologies (Graedel et al., 2013). Examples of the 

substitution of raw materials can be the use of aluminum instead of copper for wires or the recent 

research and development efforts concerning rare earth free permanent magnets – for example, for 

electric vehicles. 

Although there are remarkable efforts to quantify the potential of substitution, so far there is no 

generic approach to evaluate the substitutability of a raw material. All studies used expert opinions 

to estimate substitutability, mostly on a four- or five-point rating scale. Most of these estimations 

were nontransparent and therefore cannot easily be adapted or improved by future criticality 

approaches. The Yale University research group published a comprehensive summary of potential 

substitutes for 62 different metals in all their major uses (Graedel et al., 2013). 

Graedel et al. (2012) divide the indicator substitutability into four equally weighted sub-indicators. 

These four substitutability indicators of Graedel et al. (2012) together are weighted the highest of all 

studies, with 33.3%, whereas Erdmann et al. (2011) gave the substitutability only a 10% weight in 

their criticality assessment. Three of Graedel and colleagues’ indicators are also the only indicators 

with a threshold given: substitutes showing twice the environmental impacts, price or net import 

reliance than the evaluated raw material are assessed with the highest possible vulnerability score. 
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Table 4: Usage of substitutability as a vulnerability indicator 

Criterion Measurement Threshold Weight Study 

Availability of substitutes 

 

Expert opinion, 5-point rating 

scale 

n/a 25.0% Duclos et al. (2008) 

Expert opinion, 4-point rating 

scale 

n/a 25.0% US Department of 

Energy (2011) 

Expert opinion, 3-point rating 

scale 

n/a not 

aggregated 

AEA Technology and 

Defra (2010) 

Expert opinion, 3-point rating 

scale 

n/a not 

aggregated 

Parthemore (2011) 

Substitute performance Expert opinion, 5-point rating 

scale 

 weighted by application share 

n/a 8.3% Graedel et al. (2012) 

corporate, national & 

global 

Substitutability, technical 

& economical 

Expert opinion, 4-point rating 

scale 

 weighted by application share  

n/a not 

aggregated 

Gandenberger et al. 

(2012) 

Expert opinion, 4-point rating 

scale 

n/a 10.0% Erdmann et al. (2011) 

Share of products for 

which substitution is 

difficult or impossible 

Expert opinion, (%) n/a n/a U.S. National 

Research Council 

(2008) 

Substitute availability Supply risk value of the 

substitute 

n/a 8.3% Graedel et al. (2012) 

corporate, national & 

global 

Environmental impact (EI) 

ratio 
ER = 50 × 

EI (substitute)

EI (raw material) 
 

Capped at twice the 

environmental 

impact 

8.3% Graedel et al. (2012) 

corporate & national 

Price ratio (PR) 
PR = 50 × 

price (substitute)

price (raw material)
 

Capped at twice the 

price 

8.3% Graedel et al. (2012) 

corporate & global 

Net import reliance (IR) 

ratio 
IRR = 50 × 

IR (substitute)

IR (raw material)
 

Capped at twice the 

import reliance 

8.3% Graedel et al. (2012) 

national 

3.2  Product value 

In six studies, the value of the products affected by a possible supply disruption is used as an 

indicator for vulnerability, as seen in Table 5. This indicator assesses the potential damage of a total 

supply disruption of a resource, considering only the occurrence of each raw material in a product 

but not the quantity. To place the exposed revenue in relation, it is often compared to the total 

economic output of a national economy or a company. Beylot and Villeneuve (2015) additionally 

quantify the value added of services dependent on the metal supply based on a hybrid monetary 

physical input-output analysis. Part of their result is a comparison of the product-specific 

contribution to the total metal requirement with the share of product value added. Their calculation 

of the final national economic importance of a material is debatable because the index negatively 

correlates with the number of products and services utilizing the material. Another emerging 

problem with quantifying the value of products affected can be the difficulty of obtaining data on 

product composition. For companies in the IT industry, copper will likely be included in all their 

products; this information is well known, and therefore, the value of products affected by a copper 

supply disruption is close to the total value of the products. At the same time, it may be difficult to 

assess which products include spice metals such as platinum group metals, at least unless 
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environmental regulations (e.g., REACH or RoHS) or socio-political regulations (e.g., Dodd-Frank-Act) 

apply to these elements. 

The value of products affected can be critical in assessing vulnerability; for example, the European 

Commission used the value of products affected, referring to the GDP of Europe as its only 

vulnerability indicator (European Commission, 2014). Graedel et al. (2012) weighted this indicator as 

only 11.1% in their vulnerability assessment. Graedel et al. (2012) classifies a metal as highly critical 

for a company whenever more than 5% of the revenue is dependent on that resource. 

Table 5: Studies using the value of products affected as the vulnerability indicator 

Criterion Measurement Threshold Weight Study 

Value of 

products 

affected 

∑ share of consumption(s)×value added(s)s

GDP (Europe)
 

n/a 100.0% European 

Commission (2014) 

Total revenue of affected products Threshold not 

transparent 

25.0% Duclos et al. (2008)  

Total revenue share of affected products > 5% rated with 

max. criticality 

11.1% Graedel et al. 

(2012) corporate 

Total production value n/a not 

aggregated 

Gandenberger et al. 

(2012) 

Economic value by sector n/a not 

aggregated 

Goe and Gaustad 

(2014) 

 Total value added of products & services by 

metal 

n/a not 

aggregated 

Beylot and 

Villeneuve (2015) 

s = megasector 

3.3  Future demand 

In 5 out of 16 studies, the ratio between the future demand and current or recent supply has been 

used as an indicator for vulnerability. In all five cases, the assessments were at the national or 

technological level.  Table 6 presents an overview of the usage of this indicator in criticality 

assessments. This indicator differs from most of the other indicators in that the value is based on 

future prospects and not on present or historical data. The general conception is that “ramp-up” 

materials are of particular importance, whether for a national economy or a technology that is meant 

to be implemented on a wide scale, such as low-carbon energy or resource-efficient technologies. A 

limited availability of essential raw materials can become an enormous problem for the rollout of 

emerging technologies, such as PV solar cells (Kavlak et al., 2015). For a national economy or 

strategy, this can be considered as more important than handling supply disruptions of existing 

technologies and widely utilized materials. This indicator has also been used as a measure for supply 

risk with a reversed interpretation: Reliance on future technology materials is a threat for 

technologies, whereas emerging technologies with their rapid demand growth can also be a problem 

for continuous raw material supply. Today, most emerging technologies rely on spice metals or 

companion metals (Angerer et al., 2009). 

Erdmann et al. (2011) adopted the method of Angerer et al. (2009) and reported a demand impulse 

of over 200% until 2030, the highest vulnerability rating. Whereas Angerer et al. (2009) used the ratio 

between the future demand and the current or recent supply as the only indicator, 

Erdmann etal. (2011) weighted the indicator as 20%. All the other studies do not provide a threshold 

or weight for this indicator. 
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Table 6: Studies using the future demand to supply ratio as the vulnerability indicator 

Criterion Measurement Threshold Weight Study 

Future 

demand 

2030 demand from future technologies

2006 supply
 

n/a 100.0% Angerer et al. (2009) 

≥200% demand 

impulse 2030 

20.0% Erdmann et al. (2011) 

EU Energy Road map 2050, own 

calculation 

n/a not 

aggregated 

Moss et al. (2013) 

Expert opinion n/a not 

transparent 

U.S. National Research 

Council (2008) 

Qualitative assessment n/a not 

aggregated 

Parthemore (2011) 

3.4  Strategic importance 

In 5 of the 16 considered studies, the so-called strategic importance of the raw material is used as an 

indicator for raw material vulnerability. Table 7 gives an overview of the usage of this indicator. 

Strategic importance is either taken as an indicator evaluating raw material needs arising from 

strategic future technologies or as an indicator assessing future raw material needs to secure the 

status of a country. Three of the five studies examined national strategies toward clean energy 

technologies. Whereas Roelich et al. (2014) and Simon et al. (2014) investigated the rollout of a 

certain technology, the US Department of Energy (2011) considered clean energy demand to be a 

strategic goal and assessed the raw materials necessary to serve this strategic demand. 

Parthemore (2011) examined the raw materials for the US government’s most important defense 

and energy requirements. Only Graedel used this indicator in connection with future revenue that is 

at risk of resource scarcity. The high weighting (50% to 100%) of this indicator by three of the 

examined studies is remarkable; by contrast, Graedel et al. (2012) weighted it with only 11.1%. No 

particular thresholds for the interpretation of strategic importance were given by any study. 

Table 7: Studies using strategic importance as the vulnerability indicator 

Criterion Measurement Threshold Weight Study 

Strategic 

importance 
∑ importance (expert judgement) × 

weight share in active material

specific capacity of material
 n/a 100.0% Simon et al. 

(2014) 

goal sensitivity = 
goal certain technology

goal green energy overall
 

n/a 50.0% Roelich et al. 

(2014) 

Expert opinion, 4-point rating scale n/a 11.1% Graedel et al. 

(2012) 

corporate 

Qualitative assessment n/a not 

aggregated 

Parthemore 

(2011) 

Clean energy 

demand 

deployment x market share x material intensity n/a 75.0% US Department 

of Energy 

(2011) 

3.5  Material value 

In 4 studies, the value of the utilized material has been considered as an indicator for raw material 

vulnerability, for which Table 8 gives an overview. Compared with the indicators described before, 

the value of the utilized material is easier to quantify, as data can be directly collected from 

corporate or economic statistics. Only if composite materials or products are purchased (for which 
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their composition may be unknown), data collection may become more problematic. In contrast with 

the indicator value of products affected, this indicator implies that a supply shortage will lead to 

increased raw material prices rather than a physical supply disruption. The considered risk is not 

decreasing revenue, but rather increasing material costs caused by supply restrictions. 

Only Graedel et al. (2012) give a threshold and a weighting for this indicator: Raw materials with a 

0.1% value share concerning the national GDP are considered to have the highest criticality, 

accounting for one-sixth of the total vulnerability assessment in the national scope. In the study of 

Duclos et al. (2008), the value of the utilized material is not used as an indicator assessing the raw 

material vulnerability but as a bottleneck to prioritize the resources of interest. Therefore, this 

indicator is given a higher importance than all other indicators. 

Table 8: Studies using the value of the utilized material as the vulnerability indicator 

Criterion Measurement Threshold Weight Study 

Value of utilized 

material 

metal price × apparent consumption

GDP
 

≥0.1% rated with 

max. criticality 

16.7% Graedel et al. (2012) 

national 

metal price × metal use n/a bottleneck Duclos et al. (2008) 

US consumption in USD 2006 n/a n/a U.S. National Research 

Council (2008) 

US consumption in USD n/a not 

aggregated 

Goe and Gaustad 

(2014) 

3.6  Spread of utilization 

Spread of utilization is used by three studies with the highest weighting given by Graedel et al. (2012) 

on the global level, which is displayed in Table 9 (Erdmann et al., 2011; Graedel et al., 2012; Harper 

et al., 2014). For the methodology of the Yale University working group, the approximation of this 

indicator established by Graedel et al. (2012) was replaced by the indicator material assets (MA), 

implemented by Harper et al. (2014). The indicator material asset considers that a resource can be of 

higher importance for the population of a certain country compared with the rest of the world. 

Erdmann et al. (2011) named the indicator the sensitivity of the value chain and assessed the extent 

of a resource crisis on the German economy on a four-point rating scale by experts. The weighting of 

the spread of utilization in the vulnerability assessments varies between 16.7% in the national 

perspective of Graedel et al. (2012) and 50% in its global perspective. No specific thresholds were 

given by any of the studies. 

Table 9: Studies using spread of utilization as the vulnerability indicator 

Criterion Measurement Threshold Weight Study 

Spread of 

utilization 

Expert opinion, 4-point rating scale n/a 25.0% Erdmann et al. 

(2011) 

∑ population utilizing end-use(i)×material share end-use(i)

𝑛

𝑖=0

 
n/a 16.7% Graedel et al. 

(2012) national 

 n/a 50.0% Graedel et al. 

(2012) global 

Material assets 
log10 [(

national per capita in use stock

global in use stock + reserves
× 1012 + 1)] × 40 

n/a 16.7% Harper et al. (2014) 

national 

i: material of interest 
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3.7  Occasionally used indicators 

There are twelve more vulnerability indicators that are used by a maximum of two different criticality 

assessments, all of them listed in Table 3. For these indicators, an affiliation with one of the six 

previously mentioned indicator groups or an additional indicator group was not identified. Rare 

utilization of an indicator does not necessarily mean low quality. It is also possible that the indicator 

has a narrowed focus or that it has just recently been added to the list of possible vulnerability 

indicators and might be used more frequently in subsequent assessments. Four indicators were used 

twice in the 16 criticality studies: the ability to pass-through cost increases, the change in demand 

share, the import dependence and the target group’s demand share. 

The ability to pass-through cost increases was used by two studies to evaluate corporate vulnerability 

(Duclos et al., 2008; Graedel et al., 2012). In both studies, this indicator is assessed by a qualitative 

expert opinion. The indicator evaluates the corporate possibility to pass material cost increases to 

their customers. Price asymmetries in which some market players can obtain a resource cheaper 

than others make it difficult to pass cost increases to customers. The change in demand share was 

used by two studies to evaluate the change in a resource demand compared with the global resource 

demand over a certain period (Erdmann et al., 2011; Hatayama and Tahara, 2015). 

Hatayama and Tahara (2015) implemented a second indicator belonging to this category, the 

domestic demand growth for specific uses. Changes in the resource demand for specific technologies 

indicate raw material vulnerability. The import dependence was used to evaluate the vulnerability of 

countries by two different studies (Graedel et al., 2012; Parthemore, 2011). Graedel et al. (2012) 

calculate the net import reliance by accounting material flows of a country, including imports, 

exports, and stock changes in comparison with the apparent consumption. The target group’s 

demand share was used by two studies to assess the importance of a material on either the national 

or corporate level compared with the global demand (Duclos et al., 2008; Erdmann et al., 2011). 

Erdmann et al. (2011) argue that a high demand share of a certain material compared with the global 

demand indicates the importance of a material for a country. This indicator does not consider the 

fact that industrial sectors utilizing the material can be relatively unimportant to the national 

economy.  

All other indicators are used by only one of the mentioned studies. The ability to innovate was 

implemented by Graedel et al. (2012) for evaluating the resource vulnerability of companies and 

nations. This indicator evaluates a company or country as a whole but does not help to evaluate the 

importance of a single material. The change in imports was used for assessing the resource 

vulnerability of countries. This indicator measures the change in dependence from foreign resource 

suppliers (Erdmann et al., 2011). The country concentration was used for evaluating the US 

dependence on foreign resource suppliers. It is argued that resource supply can be used as a political 

instrument for placing a country under pressure (Parthemore, 2011). In other criticality studies, this 

indicator can be utilized for evaluating the supply risk (Achzet and Helbig, 2013). The consumption 

volume was used to assess the material vulnerability of Great Britain 

(AEA Technology and Defra, 2010). This indicator employs absolute values in the assessment and 

does not make any difference in the considered materials. For example, fish consumption in an 

economy is compared with the demand for rare earth elements, which is difficult to interpret, as the 

assessment follows a mass-based approach. Mine production change was used once as an indicator 

assessing the global raw material demand change (Hatayama and Tahara, 2015). Price sensitivity was 

used as a technology specific indicator for evaluating the share of costs of a certain resource in a 

technology (Roelich et al., 2014). This indicator, which is particularly helpful on the technological 
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level, assesses the impact of a raw material price increase on the overall price of a technology. The 

material price development of a technology is highly significant for any technology rollout scenarios. 

Consequently, this indicator helps to assess whether the rollout can be affected strongly by price 

changes in certain raw materials. The primary material price was considered by one study for 

evaluating the resource vulnerability of different photovoltaic technologies. However, the primary 

material price in USD/kg does not provide information regarding the consumption volume and the 

contribution to the overall price of a technology. Recyclability was used by one study to evaluate the 

raw material vulnerability of the US (Parthemore, 2011), while several other studies used 

recyclability for evaluating the supply risk of a raw material (Achzet and Helbig, 2013). 

4 Case study 

Throughout the 16 considered studies on resource criticality, 20 separate assessments were 

performed. The Yale University working group performed assessments with different scopes; the 

US Department of Energy, with different time horizons. The vulnerability results can vastly differ 

based on the scope, time horizon and target of each study. Approximately 100 different raw 

materials and natural resources were assessed in the examined 20 assessments. Figure 3 gives an 

overview of the final results of elements that were considered in at least five different assessments. 

The color indicates the final vulnerability value calculated by each assessment, after a linear 

normalization of all results, with red colors representing high vulnerability and blue colors low 

vulnerability. Gray cells imply that no final vulnerability values were calculated by the corresponding 

study or that the given value could not be normalized and hence is not comparable to other results. 

Groups were identified in which some studies did not distinguish between contained raw materials, 

such the rare earth elements or the platinum group metals. Due to diverging study scopes, 

assessment targets and reference years, the comparison between results and interpretation requires 

caution. The specific characteristics of each study can lead to deviating vulnerability values. The 

results of individual vulnerability indicators are exemplified by two metals: The mass metal copper 

and the rare earth element neodymium are sometimes represented by the rare earth element group 

or by the light rare earths. The case study also serves to demonstrate data acquisition. 
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Figure 3: Overview of the vulnerability assessment results of elements and element groups evaluated at least 
four times in the criticality assessments. Copper and neodymium are highlighted for the sake of the case study 

Table 10 reveals that substitutability for the mass metal copper is considered in six of the 

contemplated studies. These studies mostly agree that substitutes exist for most copper applications. 

However, a substitution is often associated with a lower performance or a higher price. 

Substitutability values for neodymium and light rare earth elements achieve more critical values 

because the special advantages of REEs are rarely found in elements outside the REE family 

(Nassar et al., 2015). For copper, the poor performance of substitutes is a critical factor, while the 

environmental impact ratio is non-critical. For neodymium, the performance of the substitutes is the 

critical factor (Nassar et al., 2015, 2012). The U.S. National Research Council (2008) calculated that 

for 15% of the copper-based products, substitution is impossible, whereas for neodymium-based 

applications, this value is 44%. Erdmann et al. (2011) used values based on expert assessments that 
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were made for the European Commission (2014) study and used as a supply risk indicator in that 

assessment. AEA Technology and Defra (2010) estimated the substitutability of copper as 

unproblematic and also named possible substitutes for certain applications. They assess the situation 

for neodymium as more strained because substitutes show a lower performance. Parthemore (2011) 

generally agrees that a substitution of neodymium in the US is possible, whereas the 

US Department of Energy rates the substitutability as more strained (Parthemore, 2011; 

US Department of Energy, 2011). 

The future demand to supply ratio of copper was assessed by four studies with consistently small 

vulnerability values, while all five studies that contemplated neodymium estimated the criticality in 

that context as high. Erdmann et al. (2011) derived their values from Angerer et al. (2009) and 

neodymium with the most critical value for the German economy. Angerer et al. (2009) stated that 

the copper demand from future technologies in 2030 will be approximately 24% and the neodymium 

demand approximately 382% of 2006’s production. Moss et al. (2013) based their calculation on the 

EU Energy Roadmap 2050 and reckoned that the copper demand of decarbonization technologies is 

approximately 1% of the expected supply, whereas this value for neodymium rises to 8% 

(European Commission, 2015; Moss et al., 2013). 

For copper and neodymium the indicator value of the utilized material was calculated by three 

studies. The mass metal copper is widely spread over nearly all industrial sectors, which leads to a 

high monetary consumption volume compared with the GDP. Therefore, this indicator is rated by 

high criticality values for copper, whereas neodymium is assessed as much less critical, as illustrated 

by the results of the Yale University working group (Nassar et al., 2015). For neodymium, they 

calculated this indicator separately for China. The neodymium-dependent industry in the US is small 

compared with the GDP, and the criticality thereby is almost rated as zero, while the same indicator 

for China is rated distinctly higher (Nassar et al., 2015). The second direct comparison leads to similar 

results. The US NRC calculates a value of 16.6 billion USD of utilized copper and above 1 billion USD 

for utilized neodymium in 2008 in the US (U.S. National Research Council, 2008). A study published 

six years later calculated 65.4 billion USD of utilized copper for the US and mentioned USGS as the 

data source (Goe and Gaustad, 2014). 

The value of affected products for copper was evaluated by four studies, but only for one assessment 

in the case of neodymium. Nassar et al. (2012) introduced a hypothetical photovoltaic manufacturer 

for assessing corporate vulnerability. The challenge of this indicator is the data acquisition. 

Companies often do not know which material or what share of a material is used in a certain product 

or component. Certain companies and organizations are making efforts to overcome this problem by 

extending product data bases with material information, e.g., The International Material Database 

System (IMDS) of the automotive industry (IMDS Data, 2015). It would be a good practice to gain 

better information about the materials used in products because this information is also required for 

efficient recycling management. A direct comparison of the European Commission (2014) calculated 

similar values for neodymium and copper. Goe and Gaustad (2014) stated that 21% of the US GDP is 

dependent on copper, with the data derived from the US Bureau of Economic Analysis 

(Goe and Gaustad, 2014; U.S. Bureau of Economic Analysis, 2013). Beylot and Villeneuve (2015) 

introduced an indicator based on an Input-Output Analysis, in which services dependent on a raw 

material are considered in calculating the national economic importance. In the case of France, 

copper induces the generation of 1.869 billion euros of domestic value added. This value is calculated 

by an input-output analysis that also considers the value added by services 

(Beylot and Villeneuve,2015). 
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The strategic importance of copper was calculated by Nassar et al. (2012) at the corporate level only. 

The criticality of the hypothetical photovoltaics manufacturer was rated in the medium range. This 

indicator was evaluated by three studies for neodymium, and in two of them, a higher criticality 

rating was given. Roelich et al. (2014) computed that, in 2015, 5% of the UK’s rollout strategy of 

decarbonizing electricity generation is exposed to neodymium supply disruption. This value is 

calculated for every year until 2049, where 2045 achieves the highest value, with 28%. This 

prediction is based on a study from the Department for Energy and Climate Change (DECC), which 

developed the UK’s pathway toward low carbon technologies 

(Department of Energy and Climate Change, 2011; Roelich et al., 2014). Parthemore (2011) agrees 

that neodymium is strategically important for the US (US Department of Energy, 2011). 

Copper is virtually used in every area of life, particularly in industrial countries. Consequently, the 

indicator spread of utilization was assessed with the maximum possible criticality rating at the 

national level for Germany and the US (Erdmann et al., 2011; Nassar et al., 2012). Nassar et al. (2015) 

rated the indicator for neodymium three times more critical for the US than for China (35.8 to 10.9), 

but compared with copper, its values are still in the lower criticality range for both countries. By 

contrast, Erdmann et al. (2011) reported that neodymium is widely used in the German economy. 

The global spread of utilization, evaluated by Nassar et al. (2015), achieves very low values. This 

disparity might be attributed to the utilization of neodymium mainly in high-tech industries, whereas 

the utilization is more evenly spread in industrial countries. 
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Table 10: Individual indicator results for the raw materials copper and neodymium. *: The neodymium value is 

based on the evaluation of all rare earth elements together 

Indicator Study Description or scale  Copper Neodymium 

Su
b

st
it

u
ti

o
n

 

Nassar et al. (2012) corporate 0-100 39  

Nassar et al. (2012) country  0-100 35  

Nassar et al. (2015) USA 0-100  62.5 

Nassar et al. (2015) China 0-100  54.8 

Erdmann et al. (2011) 0-1 0.56 87% 

U.S. National Research Council 

(2008) 

Share for which substitution is 

impossible 

15% 0.44%* 

AEA Technology and Defra 

(2010) 

Qualitative description of 

substitutes 

For most applications, 

proper substitutes exist 

Substitutes are available for 

many applications but 

generally are less effective* 

Parthemore (2011) Critical - Not critical  Critical* 

US Department of Energy (2011) 1-4  3 

Nassar et al. (2012), 

Nassar et al. (2015) technology, 

global 

0-100 28 69.2 

Fu
tu

re
 d

em
an

d
 t

o
 s

u
p

p
ly

 r
at

io
 

Erdmann et al. (2011) 0-1 0.3  

U.S. National Research Council 

(2008) 

1-4 1 3* 

Parthemore (2011) Critical - Not critical  Critical* 

Moss et al. (2013) Decarbonization technologies 

demand a share of the expected 

supply 

1% 8% 

Angerer et al. (2009) Material demand of future 

technologies in 2030 compared 

with the current supply 

24.00% 382.00% 

St
ra

te
gi

c 
Im

p
o

rt
an

ce
 Nassar et al. (2012) corporate 0-100 38  

Parthemore (2011) Critical - Not critical  Critical* 

US Department of Energy (2011) 1-4  3 

Roelich et al. (2014) Proportion of technology rollout 

exposed to neodymium supply 

disruption (in 2015) 

 5% 
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Nassar et al. (2012) corporate 0-100 88  

European Commission (2014) 0-10 5.76 5.21* 

Beylot and Villeneuve (2015) Not available yet 4.27*10^-3  

Goe and Gaustad (2014) 0-100% of GDP 21.00%  
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 m
at
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ia

l Nassar et al. (2012) country  0-100 97  

Nassar et al. (2015) USA 0-100  0.5 

Nassar et al. (2015) China 0-100  24.2 

U.S. National Research Council 
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Erdmann et al. (2011) 0-1 1  

Nassar et al. (2012), 

Nassar et al. (2015) technology, 

global 

0-100 78 7.4 
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5 Discussion and conclusion 

Raw material vulnerability is an ambivalent term. All across the 18 herein analyzed vulnerability 

assessments, its interpretation is manifold. The characteristics of the vulnerability assessments differ 

concerning their scope and target and vary with respect to the consideration of economic 

importance, strategic importance and impact of supply disruption, resulting in varying terms. In 

general, this part of the criticality assessments attempts to evaluate the importance of a raw material 

for a specific company, economy or technology on a quantitative or semi-quantitative basis. This 

approach is suitable to identify those elements with the highest economic or strategic importance or 

with the highest damage potential in the case of a supply restriction situation. A vulnerability 

assessment enables further investigation of the resilience aspects in the supply chain. 

The different assessments all use an indicator-based approach but have different approaches to 

define what a relevant raw material is. The 18 identified indicators target qualitative aspects, such as 

substitutability or strategic importance, or follow a quantitative approach, measuring (for example) 

the value of the utilized material or products. They may also attempt to measure the current or 

future use of a material, be it in monetary values or in relation to the stocks of current products. A 

vulnerability assessment is very often attached to a supply risk assessment, either performed parallel 

to or in advance of the supply risk assessment. In the latter case, the vulnerability assessment serves 

as a filter, attempting to identify raw materials for which a supply risk evaluation has high priority. 

Future criticality assessments should ensure that their indicator selection, for vulnerability as well as 

for the supply risk dimension, follows the risk matrix approach. While supply risk indicators should 

evaluate the likelihood of a raw material supply disruption scenario, vulnerability should evaluate the 

potential scale of damage caused by these scenarios (in monetary or strategic terms). As the scope 

and target differ, so may the indicator set, but not all of the identified vulnerability indicators were 

consistent with this approach. 

The examples of copper and neodymium revealed how single indicator results can be presented and 

compared. For interpreting aggregated vulnerability or criticality scores, understanding the applied 

indicators is crucial. Whereas, for example, neodymium achieves high vulnerability values in studies 

at the technological level, industrial applications using neodymium are a niche leading to lower 

vulnerability scores at the national level. For copper, the opposite is true: It is a mass metal necessary 

for most electric and electronic applications and therefore is essential for the entire modern 

economy. However, there are no expectations for sudden market shifts in the copper market due to 

future technologies. 

The present overview on vulnerability can help future criticality assessments to select vulnerability 

indicators, corresponding thresholds and weightings best fitted for the corresponding focus of the 

assessment and to harmonize criticality assessment methods. The individual indicators presented in 

this overview must be further validated, possibly with considerations of economic damage of real 

case supply shortages in past years, as for rare earth elements or helium. Overall, a periodic update 

of criticality evaluations, including an assessment of raw materials with the highest vulnerability to 

supply restrictions, may serve as a step toward a more sustainable raw material usage and increased 

resilience at the corporate, national or technological levels. 
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