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Abstract: In times of increasing awareness of limited resources, companies are becoming especially
interested in criticality assessments. Based on the existing approaches of ESSENZ (integrated
method to assess resource efficiency) and SCARCE (approach is to enhance the assessment of critical
resource use at the country level), a method called CS-ESSENZ (company-specific ESSENZ) has been
developed to measure the company-specific aspects of criticality and social impact in supply chains
for abiotic resources. These comprise 20 categories and corresponding indicators, based on 19 ESSENZ
and 25 SCARCE categories. Eleven of these indicators were modified, four were newly developed
(e.g., economic importance), and the last five were applied as they are in ESSENZ or SCARCE. CS-
ESSENZ was tested using the case study of a smartphone, demonstrating the method’s applicability
as well as generating additional information on company-specific improvement potential. The results
for supply risk showed that 29 out of 58 ESSENZ hotspots showed high, and 12 showed medium,
improvement potential from the company perspective. CS-ESSENZ enables companies to obtain
specific information on criticality and social aspects in their supply chains and points out areas for
improvement, e.g., with respect to purchasing strategies for cobalt.

Keywords: abiotic resources; ESSENZ; SCARCE; criticality; supply risk; vulnerability; LCA

1. Introduction

Over the last few decades, the international demand for resources and raw materials
has continued to increase, and is predicted to double by 2060 [1]. Temporary shortages
of abiotic resources [2] and politically imposed restrictions have hit international markets
several times in recent years [3,4]. Simultaneously, evidence of the negative environmental
and social effects of resource use has increased [5]. These aspects, along with others, have
made the sustainable management of resources and raw materials shift into the political
and societal focus [5–7]. Various national and international measures to increase resource
efficiency have been taken, such as the “Roadmap to a Resource Efficient Europe” [8]
and the “German Resource Efficiency Program” [9]. The increasing awareness, political
legislation, and economic necessity have increased businesses’ attention to supply chain
risks arising from sustainability.

Various factors and dimensions are relevant in this context. The environmental and
the social dimension are most prominent among society as a whole, but as mentioned
above, the economic sustainability of a supply chain has become increasingly relevant for
both companies and countries (e.g., [10]). On the one hand, companies need to be aware of
the potential supply risks they are facing, and on the other hand, they need to measure
the economic impact of those risks (this economic aspect is referred to in the literature
as “vulnerability”). This combined assessment of a resource’s supply risk and economic
importance is referred to as its “criticality” [10]. Measuring these factors is essential for
making informed economic and political decisions.
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Schrijvers et al. [11] supply a comprehensive overview of the current state of the
art of criticality assessment. They clarify the mechanisms that affect the methodological
choices, which then impact the results of criticality assessments. Two approaches exist
for generally assessing criticality on the product level, as shown in the comprehensive
review by Cimprich et al. [12]. These are called GeoPolRisk [12–14] and ESSENZ (an
integrated method to assess resource efficiency) [15,16]. These methods assess supply
risks for materials that make up the product, over the life cycle and throughout the
supply chain. These use either global data or import-based data, and therefore cannot
guarantee that the hotspots identified are relevant for the supply chain of a specific company.
Fewer approaches exist for company-level assessments (e.g., [17–20]), which in addition to
supply risk (availability constraints) also include measurements of vulnerability (to those
availability constraints) within a company.

However, so far, there is no comprehensive approach to assess company-specific
criticality and the social aspects of a product’s supply chain. Companies have to rely on
global averages, which might not represent the specific threats or opportunities related to
their own supply chains. For example, a company endeavoring to maintain high social
standards within their supply chains might perform better than the world average. This
company would not be able to assess some of its efforts if it used methods based on
world averages. Thus, this paper supplies a method that enables companies to obtain
specific information on criticality, as well as social aspects in their own supply chains,
and that points out areas for improvement. It uses company-specific data to develop a
company-specific method to measure company-specific criticality and the social aspects of
company-specific product supply chains.

This newly developed approach is based on ESSENZ [15,16] and SCARCE [21]
(approach is to enhance the assessment of critical resource use at the country level)
(see Figure 1). Based on these two approaches available for product assessment, ESSENZ
was chosen because it was identified as one of the more appropriate approaches for ad-
dressing criticality aspects within product assessments, according to the UNEP/SETAC
task force for mineral resources [22–24]. SCARCE is a region-specific approach derived
from ESSENZ. As some of the authors of this paper were also involved in developing
ESSENZ and SCARCE, the limitations and characteristics of both approaches were known,
and background data for calculation were available.

Resources 2021, 10, x FOR PEER REVIEW  3  of  21 
 

 

the method can reveal areas where a company can improve its position with respect to 

criticality and enable it to increase the transparency of its supply chains. 

Section 2 presents the CS‐ESSENZ method. Its application is then demonstrated on a 

theoretical case study of a smartphone in Section 3. Based on the results of the case study, 

its limitations and challenges are discussed (in Section 4), and some conclusions are drawn 

(in Section 5). 

 

Figure  1. Overview  of CS‐ESSENZ  (company‐specific ESSENZ method)  and  its  relationships  to ESSENZ  (Integrated 

method to assess resource efficiency) and SCARCE (approach is to enhance the assessment of critical resource use at the 

country level). 

2. The CS‐ESSENZ Method 

2.1. Developing CS‐ESSENZ 

CS‐ESSENZ was  developed  in  five  steps.  Step  1  entailed  selecting  ESSENZ  and 

SCARCE categories relevant from a company’s perspective. Categories that did not prove 

relevant for the company‐level perspective were excluded (more details are presented in 

Section  S1.2  of  the  Supplementary  Materials).  Out  of  19  ESSENZ  and  25  SCARCE 

categories, 20 were relevant from a company‐level perspective. 

Step 2 involved adapting all indicators of the categories included to a company‐level 

perspective (see Table 1). The  indicators for five of these categories were taken directly 

from  ESSENZ;  for  one  indicator,  different  input  data were  used,  but  otherwise,  this 

approach followed the same logic as the ESSENZ indicator. Another five indicators had 

to be adjusted, and four completely new indicators developed (see detailed information 

in  Sections  2.2.1.  and  2.2.2.  of  the  paper  and  in  Section  S1.3  of  the  Supplementary 

Materials). The main objective of these modifications was to derive indicators that would 

display the opportunities for and threats to the company’s supply chains. These were then 

analyzed for redundancy in Step 3 to minimize the number of indicators (see Section S1.2 

of  the Supplementary Materials). Existing  target values were adjusted, and new  target 

Figure 1. Overview of CS-ESSENZ (company-specific ESSENZ method) and its relationships to ESSENZ (Integrated method to
assess resource efficiency) and SCARCE (approach is to enhance the assessment of critical resource use at the country level).



Resources 2021, 10, 56 3 of 19

ESSENZ is an approach for determining the resource efficiency of abiotic materials
on the product level throughout the supply chain, considering social and environmental
impacts as well as criticality. SCARCE assesses the criticality of abiotic resources on a
regional level, and also considers social and environmental impacts. Impacts are measured
in 21 (ESSENZ) and 25 (SCARCE) categories. For each category, an indicator is defined,
and this is used to calculate the final characterizing factors (CFs) (more details on the
methods, categories, and indicators can be found in Section S1 of the Supplementary
Materials). In ESSENZ, the CFs are based on global averages. The data fed into SCARCE
are mainly derived from the import mix of the country under review. The indicator values
for availability and/or criticality are placed in relation to target values, applying the
distance to target approach (DtT) (see Equation (1)). A DtT value lower than one means
that the indicator value is lower than the target, and thus at least as good as the target.
Therefore, it can be set to zero, and ignored in further evaluation.

DtT − valuei,c =

(
indicatorvaluei,c

targetc

)2
(1)

The company-specific ESSENZ method developed in this paper (hereafter referred to
as CS-ESSENZ) identifies potential points of criticality within a company’s supply chain for
a specific product. It extracts the results generated with ESSENZ and complements these
results with data from SCARCE’s vulnerability measurements, using company-specific data
along the supply chain as well as for its vulnerability (see Figure 1). This way, the method
can reveal areas where a company can improve its position with respect to criticality and
enable it to increase the transparency of its supply chains.

Section 2 presents the CS-ESSENZ method. Its application is then demonstrated on a
theoretical case study of a smartphone in Section 3. Based on the results of the case study,
its limitations and challenges are discussed (in Section 4), and some conclusions are drawn
(in Section 5).

2. The CS-ESSENZ Method
2.1. Developing CS-ESSENZ

CS-ESSENZ was developed in five steps. Step 1 entailed selecting ESSENZ and
SCARCE categories relevant from a company’s perspective. Categories that did not prove
relevant for the company-level perspective were excluded (more details are presented
in Section S1.2 of the Supplementary Materials). Out of 19 ESSENZ and 25 SCARCE
categories, 20 were relevant from a company-level perspective.

Step 2 involved adapting all indicators of the categories included to a company-level
perspective (see Table 1). The indicators for five of these categories were taken directly
from ESSENZ; for one indicator, different input data were used, but otherwise, this ap-
proach followed the same logic as the ESSENZ indicator. Another five indicators had to
be adjusted, and four completely new indicators developed (see detailed information in
Sections 2.2.1 and 2.2.2. of the paper and in Section S1.3 of the Supplementary Materials).
The main objective of these modifications was to derive indicators that would display the
opportunities for and threats to the company’s supply chains. These were then analyzed
for redundancy in Step 3 to minimize the number of indicators (see Section S1.2 of the Sup-
plementary Materials). Existing target values were adjusted, and new target values were
defined in Step 4 (see Section S1.4 of the Supplementary Materials). Finally, Step 5 involved
deriving the CS-ESSENZ method (see Figure 2). The following sections explain in detail
the various sub-dimensions, categories and corresponding indicators, and calculations.
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Table 1. Overview of indicator adjustments in comparison to ESSENZ and SCARCE.

CS-ESSENZ Category ESSENZ SCARCE Modification for Application in
CS-ESSENZ

Concentration of reserves X X Modified based on ESSENZ indicator
Concentration of production X X Modified based on ESSENZ indicator
Company concentration X X Modified based on ESSENZ indicator
Occurrence of coproduction X X According to ESSENZ, different input data
Political stability X X Modified based on ESSENZ indicator
Demand growth X X Modified based on ESSENZ indicator
Feasibility of exploration projects X X Modified based on ESSENZ indicator
Price volatility X X Derived from ESSENZ
Primary material use X X Modified based on ESSENZ indicator
Mining capacity X X Modified based on ESSENZ indicator
Trade barriers X X Modified based on ESSENZ indicator
Economic importance X Newly developed indicator
Dependence on imports X Newly developed indicator
Purchasing strategy X Newly developed indicator
Substitutability X Newly developed indicator
Human rights violations X Derived from SCARCE
Small-scale and artisanal mining X Derived from SCARCE
Sensitivity of local biodiversity X Derived from SCARCE
Water scarcity X Derived from SCARCE
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In comparison to ESSENZ, which addresses resources in line with sustainable de-
velopment, the focus of CS-ESSENZ focuses on comprehensive criticality by covering
the two dimensions: (classical) criticality (consisting of supply risk, physical availability,
and vulnerability) and the societal dimension (compliance with social and environmental
standards), which represents the extended criticality view. The environmental assessment
of ESSENZ, which consists of carrying out a life cycle assessment, is omitted in CS-ESSENZ,
because the focus is on an extended criticality assessment.

2.2. The Application of CS-ESSENZ

The following section describes the procedure of applying CS-ESSENZ in two steps.

2.2.1. Preparatory Step: Hotspot Analysis Using the ESSENZ Approach

Since CS-ESSENZ complements results from the ESSENZ evaluation, the relevant
product system should first undergo an ESSENZ evaluation. The results of ESSENZ reveal
hotspots, which are then further evaluated with CS-ESSENZ. The identification of hotspots
among the supply risk categories proceeds as follows:

1. identification of the highest results for each category (five highest, except for cases
where several results were very close);

2. identification of the highest results for each resource (four highest, except for cases
where several results were very close);

3. when the element–category combinations identified in Steps 1 and 2 overlapped,
these were identified as hotspots;

4. finally, the highest and second-highest results from Steps 1 and 2 were identified as
hotspots as well.

This process ensures that no category or resource is limited to a single combina-
tion of analysis, which could otherwise generate blind spots in the interpretation of the
scaled results.

2.2.2. Determination of Company-Specific Characterization Factors

The next step involves calculating the CFs for a company-specific product assessment.
In CS-ESSENZ, the supply risk is represented by 11 categories (see Table 2). The fol-

lowing paragraphs describe how these company-specific product indicators are calculated
for each of these categories:

• Concentration (reserves, production, and company): when the global concentration of
one of the elements is high, it is harder for a company to improve its supplier structure.
Therefore, each concentration category consists of two values set in relation to the
others. One value represents the concentration among the suppliers/supplying coun-
tries, and the second value reflects the global concentration of reserves, production,
or companies. The Herfindahl–Hirschmann Index (HHI) was used to calculate the
concentration values [25]. The concentration of reserves is calculated as the ratio of
the HHI of reserves among the supplying countries to the global HHI of reserves. The
concentration of production, and company concentration, are calculated analogously.
Equation (2) shows the generic concentration formula that is used for all three concen-
tration categories. A concentration indicator lower than one implies that the company
is performing better than the world average; a value higher than one, on the other
hand, implies that the concentration within the company’s supply chain is higher than
the world average, and therefore there is potential for improvement.

Concentration indicatori =
HHIi, among supplying countries

HHIi,global
(2)

• Mining capacity: the indicator for mining capacity is calculated using a static lifetime.
Only countries with current supply reserves are considered, because only these coun-
tries can provide information on how long a resource is available in the short term.
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Changing the supplying countries would require finding new suppliers and, thus,
cause transaction costs due to information needs, exploration, and negotiation [26].

• Feasibility of exploration projects: the indicator for a material i is calculated by mul-
tiplying Stedman and Green’s policy perception indicator (PPI) [27] in supplying
country x (PPIx) for material i by the relative share of supply of material i from
country x (sspx,i) and finally totaled (see Equation (3)). A high value indicates high
attractiveness for further exploration projects within the supplying countries, and
vice versa.

FEi = ∑ PPIx × sspx,i (3)

• Occurrence of coproduction: in CS-ESSENZ, the indicator results are based on data
by Nasser et al. [28]; this publication supplies data on the occurrence of a metal as a
byproduct on a scale from zero to 100% in steps of 10%. The data from Nasser et al. [28]
were recalculated so that the indicator ranges from zero to one. Zero represents a
metal occurring strictly as a main product, while one represents a metal occurring
only as a companion.

• Trade barriers: to avoid value judgments concerning liberalism and protectionism,
the CS-ESSENZ indicator for trade barriers assesses the facilities of trade in a country,
such as the efficiency and transparency of border administration, and the quality of
transport infrastructure, as well as the viability and security of economic contracts
(e.g., the quality of public institutions and protection of property rights), but omits
market access. In other words, three of the pillars of the enabling trade index (ETI)
are incorporated into this indicator: border administration, infrastructure, and the
operating environment [29]. The three scores are equally weighted as a single trade
score (tsx) for each country x. They are then multiplied by the country x’s share of a
material i relative to all countries supplying that material (see Equation (4)).

TBi = ∑ tsx × sspx,i (4)

• Political stability: the indicator result for political stability is calculated analogously as
in ESSENZ (for details, see Section S1.3 of the Supplementary Materials). The only
difference is that only supplying countries are used.

• Demand growth: in CS-ESSENZ, the demand growth of material i (DGi) of the relevant
company in the previous year (DGi, company previous year) is divided by the ESSENZ
indicator (see Section S1.3 of the Supplementary Materials) for demand growth (see
Equation (5)). Here the DGi of ESSENZ is not interpreted as demand growth, but
rather as a production trend. The company-specific DGi represents the relationship
between the increasing/decreasing need of a specific material i of a company to the
change in the production of that raw material i. If the company purchases significantly
more material i than in the previous year but global production of the given material
does not increase at the same rate, this will lead to a result greater than one. This poses
a higher supply risk to the company.

DGi,companyspeci f ic =
DGi,company previous year

DGi,ESSENZ
(5)

• Primary material use: in CS-ESSENZ, the ESSENZ results for the primary material
use (PMU) of metal i are used to determine the relative performance of the company
in primary material use (PPM), in relation to the global average (see Equation (6)).

PPMi =
100% − recycledcontenti,company

PMUi
(6)

A PPMi higher than one indicates that the company is using more primary material
than the world average, while a PPMi lower than one will result when a company is
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performing better than the world average. An indicator result that is higher than one
implies the potential for improvement.

• Price volatility: the indicator result is calculated analogously to ESSENZ.

Table 2. Overview of the categories assessing supply risk and vulnerability considered in CS-ESSENZ.

Category Description Indicator

Supply Risk

Concentration of reserves
Reserve concentration based on reserves in

supplying countries in relation to the
global concentration

Herfindahl–Hirschman index (HHI) for
the market share of each supplying
company or country with regard to

production or reserves divided by the
HHI for all companies or countries [25]

Concentration of production
Concentration of production based on

production in supplying countries in relation
to the global concentration

Procurement data from the company

Company concentration
Company concentration of supplying

companies in relation to the
global concentration

List of strategic partners of the EU and
Germany [30,31]

Occurrence of coproduction Companion metals within host metal ore Percentage of production as companion
metal [28]

Political stability Weighted governance stability of
supplying countries World governance indicator [32,33]

Demand growth Increase in a company’s internal demand in
comparison to global production trend

Percentage of a company’s internal
demand growth divided by the

percentage of global
production trends, based on [34]

Feasibility of exploration projects Political and societal impacts, influencing the
opening of new mines in supplying countries

Policy perception indicator [27] of
supplying countries

Price volatility Unexpected variation of the price Volatility of the price [35]

Primary material use Primary material in products compared to
global averages

Share of recycled content in products
(internal production data) divided by the
global average share of recycled content,

based on [36]

Mining capacity
Overall mining time of a material in

supplying countries considering
current production

Ratio of reserves to annual production of
supplying countries

Trade barriers
Material from supplying countries weighted

by the degree of trade hindering
circumstances in these countries

Average of sub-index B, C, and D of the
enabling trade index [29]

Vulnerability

Economic importance Importance of a material for a company to
keep their turnover stable or increase it

Relevance for the functionality of the
product (based on [37–39]) rated by the

turnover generated with this product and
divided by the total turnover of

the company

Dependence on imports Percentage of imported material Procurement data from the company

Purchasing strategy Amount of raw material with a politically
secured procurement

List of strategic partners of the EU and
Germany [30,40]

Substitutability Technical, economic, geological, and political
ability to substitute a material

Average of the two substitutability
indices by the European Commission [10]

and Vidal-Legaz et al. [31]
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The determination of the CFs of supply risk is analogous to ESSENZ (details are
described in Section S1.1 of the Supplementary Materials).

The CS-ESSENZ method uses four categories to constitute the dimension of vulnera-
bility (see Table 2):

• Economic importance: the more important a material is for the economic activities of a
company; the higher the company’s vulnerability is to supply problems. The economic
importance of a raw material can be reflected in how important this mineral is for
the functionality of the company’s product or products. To measure the importance
of material i for functionality, qualitative data from various sources [37–39] were
transformed into functionality scores (fsi,p) of material i for product p. The economic
importance of a material (EIi) is calculated based on the fsi,p, as shown in Equation (7).
The functionality scores range from zero to one, where one represents the material
being essential for functionality, and zero as irrelevant for functionality. These scores
are multiplied by the turnover the company generates with product p (top) and totaled.
The sum is then divided by total turnover (tto). This way, the different functionality
scores are weighted by their contribution to total turnover.

EIi =
∑ f si,p × top

tto
(7)

• Dependence on imports: this indicator result is calculated analogously to SCARCE,
with the difference that company-specific imports for the product are used.

• Purchasing strategy: The indicator for purchasing strategy (PSi) represents the share
of material i originating from countries that have signed raw materials partnerships
with the company’s home country.

• Substitutability: To generate an indicator for the substitutability of a material (SIi) that
accounts for technical substitutability as well as economic, geological, and political
considerations, CS-ESSENZ’s SIi is an average of both substitution indices (SIi,EI and
SIi,SR) from the European Commission [10] and Vidal-Legaz et al. [31] (see Equa-
tion (8)). SIi,EI covers the economic supply risk of substitutes for material i and SIi,SR,
including societal, political, and geological parameters for substitutes. Both are limited
to materials that are technologically proven to be substitutes of material i [31].

SIi =
SIi,EI + SIi,SR

2
(8)

The determination of the CFs of the vulnerability dimension is analogous to the
process in SCARCE. However, CS-ESSENZ uses target values for vulnerability as well.
This is done for consistency and to ease interpretation. These target values are derived
from the following assumptions:

• Economic importance: the high economic importance of a material implies a high de-
pendence on the material. To reduce the impact of potential supply risks of individual
materials on the overall business activities of a company, the economic importance of
the materials should not be minimized. Since this is limited by technological factors, a
relatively high target value of 0.25 was set.

• Purchasing strategy: since a politically secured procurement should be the goal, the
target value is set to one.

• Substitutability: to keep vulnerability low, substitutability should be very high. There-
fore, 0.1 was chosen as a target on a scale from one to zero, where one represents no
substitutability and zero completely equivalent substitutability.

The same approach as presented in SCARCE was applied to determine the categories
of “human rights violations” and “small-scale and artisanal mining” of the subdimen-
sion of “compliance with social standards.” “Compliance with environmental standards”
is displayed in the “sensitivity of local biodiversity” and “water scarcity” analogously
to SCARCE but leaves out “climate change.” “Climate change” is not included in the
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company-specific method, as an assessment of the specific global warming potential would
demand a complete life cycle assessment (LCA). In the case of a given LCA, the global
warming potential, as well as other environmental impacts, can and should be integrated
in CS-ESSENZ.

3. Case Study: A Smartphone

This section demonstrates how CS-ESSENZ is applied and how to obtain results.
CS-ESSENZ was used to further evaluate the hotspots identified when applying ESSENZ,
and to verify their relevance for a specific product using the company’s data. With the
help of a theoretical case study, the applicability of CS-ESSENZ is shown, for which several
simplifying assumptions are made concerning the company’s product portfolio and the
bill of materials (BoM) of the smartphone.

3.1. Goal and Scope of the Case Study

The case study uses a hypothetical German smartphone-producing company for anal-
ysis. The model assumes that the company produces only smartphones, and exclusively of
one type. The functional unit of the case study is a single smartphone ready for customer
use. The processes from the mineral resources to the production of the product are included
(see Figure 3), as these processes are part of the company’s supply chain. The resources
used for infrastructure, transportation, energy, and heat production are not considered.
The BoM is based on a literature review including papers on older technologies. Therefore,
elements that are no longer allowed to be used, such as lead [41], are still included in the
BoM, while other commonly used elements, such as silicon and lithium, are not included.
Nevertheless, this does not undermine the goal of this paper, which is merely to demon-
strate the applicability of the method. The comprehensive BoM, as well as the supplying
countries, share of supply by country, demand growth, recycling content in production,
and criticality for the functionality of the phone, are presented in Section S2, Table S2 of the
Supplementary Materials.
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Figure 3. Product system of a theoretical case study.

The BoM of the smartphone is based on Cucchiella et al. [42], who determined an
average BoM based on a literature review. In the case study, the mining and producing
countries in the supply chain were selected based on information from [43–45]. Detailed
information on the BoM and the origin of the materials can be found in Section S2 of the
Supplementary Materials.

First, the ESSENZ approach was applied to determine global supply risk hotspots
(see Section 3.2). Next, the CS-ESSENZ approach was applied for these hotspots (see
Section 3.3) to assess the product on the company-specific level and to refine the global
results from ESSENZ.
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3.2. ESSENZ Results of the Case Study

The results for supply risk are displayed in Figure 4, where the aggregated results for
each category of materials are set to 100% (for more details, e.g., on physical availability,
compliance with social standards, and compliance with environmental standards, see
Section S3 of the Supplementary Materials). It shows which material has the highest
relative result within a category. Within the categories of political stability, demand growth,
trade barriers, feasibility of exploration projects, occurrence of coproduction, and primary material
use, cobalt has the highest impact. Cobalt is primarily mined in the Democratic Republic of
Congo (Dem. Rep. Congo), which contributed about 56% of the worldwide production
in 2015 [46]. The political situation in the Dem. Rep. Congo is highly unstable due
to political conflicts that officially ended at the beginning of the 21st century (e.g., the
Second Congo War) but continue to have an impact [47]. Thus, the country’s trading
environment is unstable. Beryllium is the element most profoundly affected by mining
capacity and company concentration, as the majority of beryllium is mined in the USA by
one company [48]. Concentration of reserves is mainly driven by palladium and platinum.
About 95% of the world’s platinum group metal reserves are in South Africa [48]. For price
volatility, palladium has the biggest impact. The concentration of production is the highest for
beryllium and platinum.
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Table 3 lists the material/category combinations that were identified as hotspots (as
described in Section 2.1).
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3.3. CS-ESSENZ Results for the Case Study

The resulting hotspots were further evaluated with CS-ESSENZ by applying the CS-
ESSENZ CFs (as presented in Section 3). This enabled a company-specific evaluation of the
product to be achieved, since the CFs are based on company data. In addition, vulnerability is
evaluated for all elements of the BoM. Figure 5 shows the CS-ESSENZ results for criticality
(vulnerability and supply risks). The bigger the circle in the figure, the higher is the hotspot
of the element-category combination. No circle means that the result is at least as good as
the company-specific target values (e.g., crude oil and feasibility of exploration projects) or that
no hotspot was identified with ESSENZ (e.g., gold in demand growth). The element-category
combinations evaluated with CS-ESSENZ are listed in Table 3.
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Figure 5 shows the results scaled to the category, setting the sum of the outcomes of
all elements within one category to 100%. Figure S6 in Section S5 of the Supplementary
Materials presents these results scaled to each element. Here the sum of the results of all
categories for one element was defined as 100%. In the following, the results shown in
Figure 5 are presented and compared to the ESSENZ results. If the detailed presentation is
not of interest to the reader, he or she is advised to skip to Section 4.

Figure 5 shows the results of the categories of supply risk and vulnerability. The
results for supply risk show that low political stability has the highest impact on the supply
chain of cobalt, followed by palladium, silver, platinum, and tin. This trend was also
observed in the ESSENZ results. The result for demand growth indicates that the production
trends for the materials are higher than the company’s demand trend, except in the case
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of platinum. As in ESSENZ, the mining capacity of beryllium and gold was identified as a
limiting factor for the supply chain. The concentration of reserves was found to be a relevant
factor for platinum. The effect on beryllium and cobalt is negligible in comparison to
platinum. Similarly to the ESSENZ results, the concentration of production poses the highest
risk to beryllium and platinum, followed by antimony and rare earth elements. Although
the concentration of reserves is identical for the production of beryllium and platinum within
the supply chain, the overall results of the two differ. In CS-ESSENZ, the HHI of suppliers
is placed in relation to the HHI of the global concentration. Since the global beryllium
market, production, and distribution of reserves are highly concentrated [48], the CF of the
company-specific concentration categories is lower for beryllium. Both CS-ESSENZ and
ESSENZ reveal that the supply of cobalt, gold, nickel, palladium, platinum, silver, tin, and
zinc is especially threatened by trade barriers. In CS-ESSENZ, the restriction on the supply
of antimony and iron is not high in contrast to ESSENZ. The reason for this is that the
majority of antimony is imported from Australia and Bolivia (80%) and the majority of iron
(90%) comes from Brazil in the case study. A lack of feasibility of exploration projects is highly
relevant to the supply of aluminum. In contrast to the ESSENZ results, neither the feasibility
of exploration projects of cobalt, nor crude oil is affected in the company-specific case, as the
supplying countries (Canada and China) have a low PPI. The trend of ESSENZ in the price
volatility and occurrence in coproduction categories is confirmed by CS-ESSENZ. The primary
material use of beryllium, cobalt, gold, copper, and silver was investigated in greater detail
using CS-ESSENZ. The company in this case does not use secondary material for any of the
elements under review, and thus performs worse than the market average. The company
concentration only proved high for beryllium and crude oil in the company-specific product
evaluation. Although the market concentration of palladium and rare earth elements is
high, the company’s relative performance regarding the given market situation is good,
and there is little potential for improvement for palladium and rare earth elements.

The right-hand side of Figure 5 shows the results for the vulnerability categories.
Beryllium, platinum, rare earth elements, and cobalt are particularly important for the
company economically because it is virtually impossible to replace these materials with
others. They are essential for the functionality of the smartphone [49]. All elements in
the case study are imported to Germany, resulting in a high dependence on imports. The
supply of antimony, crude oil, cobalt, nickel, rare earth elements, tin, and zinc is not based
entirely on bilateral or multilateral contracts. This factor increases the risk of supply chain
disruptions due to changes in diplomacy, because all of these materials are imported. It is
virtually impossible to find replacements for beryllium, gold, palladium, and platinum,
while crude oil can indeed be fully substituted.

Putting the results for supply risk and vulnerability together allows further interpreta-
tion: Although the supply of silver in the case study is likely to be affected by trade barriers,
this material can be substituted and is economically less important for the company, which
is the same case for tin. Both tin and silver perform well in the societal categories, while
cobalt performs poorly in both. Furthermore, the supply of cobalt could be limited by
low political stability, high usage of primary material, trade barriers, and a frequent occurrence
in coproduction. In addition, there is virtually no substitute for cobalt—the material is
economically very important and is imported from countries that have not concluded a
political raw material diplomacy contract. Improving the supply chain of cobalt should
therefore take a higher priority than silver and tin. The improvement of supply chains for
materials with a high supply risk and vulnerability should be prioritized by the company
(e.g., cobalt), to minimize risks arising from criticality.

The societal categories were evaluated for crude oil, aluminum, cobalt, iron, and
copper. Cobalt (20%) and copper (6%) are supplied in part by artisanal and small-scale
mining (ASM). Since more copper than cobalt is used in the production of the smartphone,
the difference between the results for both artisanal and small-scale mining is small (see
Figure S7 in the Supplementary Materials). The results for human rights violations (see
Figure S8 in the Supplementary Materials) show that crude oil performs worst in this
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category, mainly due to 50% of it originating from China and 10% from Saudi Arabia.
Human rights violations are also likely to occur in the exploitation of the iron, cobalt, and
copper supplied. The iron in the case study originates from Brazil and China. The cobalt
is mainly imported from China and the Dem. Rep. Congo. All these countries perform
badly when it comes to human rights. The case is slightly different for copper. The CF of
copper for human rights violations is less than half of the CFs of iron or cobalt. However,
since the mass of copper in the smartphone is much higher than the mass of the other two
metals, its overall result with regard to human rights violations is the third worst result.
The local biodiversity is gravely impacted by copper (see Figure S9 of the Supplementary
Materials), since the majority of copper is mined and produced in high-density biodiversity
zones (e.g., most parts of Chile). The effect of crude oil is less than half as high, followed
by iron and cobalt. Water scarcity is highest for crude oil, followed by iron and copper
(see Figure S10 of the Supplementary Materials), due to high water scarcity in some of the
mining countries.

4. Discussion

Table 4 shows a comparison of the hotspots identified by ESSENZ, and the result of
the evaluation of these hotspots using CS-ESSENZ for the supply risk. The “H” on the
left indicates a hotspot identified using ESSENZ; the value on the right stands either for
“hotspot not confirmed” (N), “small potential for improvement identified” (S), “medium
potential for improvement identified” (M), or “high potential for improvement identified”
(H). The results of the case study show that 11 out of 58 hotspots identified using ESSENZ
could not be confirmed using CS-ESSENZ in the supply risk dimension. Six hotspots
showed only a small potential for improvement in the company’s supply chains. Most of
the hotspots identified using ESSENZ (29 out of 58) proved to have a high potential for
improvement for the company; 12 more exhibited a medium potential for improvement
from the company perspective.

The European Commission identified 30 raw materials as critical [50]. Most of the
materials with a high potential for improvement in more than three categories identified
using CS-ESSENZ (Table 4) are also included in the list of 30 raw materials identified as
critical by the European Commission. Beryllium, cobalt, palladium, and platinum are
among them. Silver, however, was identified by CS-ESSENZ as having a high potential for
improvement in more than three categories, and yet it was not identified as critical by the
European Commission. The deviation in results is caused by the differences between the
average EU supply chain and the specific supply chain of the company regarded in the
case study.

Since only the hotspots identified by ESSENZ were evaluated in further detail (e.g.,
the impact of political stability on the supply of aluminum or the demand growth for
cobalt, etc.), there can be no guarantee that all relevant aspects are considered in CS-
ESSENZ. A further inspection of aspects that were not identified as hotspots by ESSENZ
(e.g., the impact of political stability on beryllium, the demand growth for lead) revealed
that, for some category-element combinations, further hotspots occur when CS-ESSENZ
is applied (see Section S5, Table S6 of the Supplementary Materials). The results show,
for example, that the impact of the feasibility of exploration projects on palladium and
platinum was neglected, because it was not identified as a hotspot by ESSENZ. This was
despite the fact that the values resulting for CS-ESSENZ are high when applied to all
category-element combinations and not only to the hotspots identified using ESSENZ.
Calculating the supply risk results for all elements may therefore reveal additional supply
risk challenges, which could be useful information for a company. However, applying
CS-ESSENZ to all category-material combinations would scale up the volume of the results,
making them less manageable. This decision should therefore be taken depending on the
audience and target of the evaluation.
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Table 3. Hotspots of elements in the categories under consideration.

Crude Oil Aluminum Antimony Beryllium Lead Cobalt Iron Gold Copper Nickel Palladium Platinum REE Silver Zinc Tin

Political stability X X X X X X X X X X
Demand growth X X X X
Mining capacity X X

Concentration of
reserves X X X

Concentration of
production X X X X X X X

Trade barriers X X X X X X X X X X
Feasibility of

exploration projects X X X

Price volatility X X X X X X
Occurrence of
coproduction X X X

Primary material use X X X X X X X X X X
Company

concentration X X X X X X

(Non-)compliance
with social standards X X X X X X X X X X

(Non-)compliance
with environmental

standards
X X X X

Table 4. Comparison of ESSENZ and CS-ESSENZ results for supply risk.

Category
Element

Political
Stability

Demand
Growth

Mining
Capacity

Concentration
of Reserves

Concentration
of Production Trade Barriers Feasibility of

Exploration Projects
Price

Volatility
Occurrence of
Coproduction

Primary
Material Use

Company
Concentration

Crude oil H/N H/M H/M
Aluminum H/M H/N H/H
Antimony H/S H/M H/S
Beryllium H/H H/S H/H H/H H/H H/H

Lead H/M H/M
Cobalt H/H H/N H/H H/N H/H H/H

Iron H/S H/S
Gold H/N H/M H/H H/H

Copper H/S H/M
Nickel H/N H/M H/M

Palladium H/H H/N H/H H/H H/H H/N
Platinum H/H H/H H/H H/H H/H

REE H/H H/M H/H H/N
Silver H/H H/H H/H H/H
Zinc H/N H/M
Tin H/H H/H H/N
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The CFs use a distance-to-target approach to determine criticality results. A target
value or a global average served as a reference value. In this case, therefore, the results
reflect not only an assessment of criticality aspects, but also the company’s potential
for cost-efficiency improvements. The case study shows, for example, that the mining
and production of beryllium is highly concentrated [48]. Nonetheless, its result in the
concentration of reserves category is comparably low. This accounts for the fact that an
improvement in the company’s own supply chain is harder to achieve when the global
mining, production, and marketing of a material is highly concentrated. However, the use
of target values poses a major challenge. The target values or the comparison with global
averages reduces improvement incentives for companies that are already performing better
than the target. To meet this negative incentive scheme, both CS-ESSENZ and ESSENZ only
consider target values for the criticality/supply risk categories, whereby the incentive for
improvement in the societal and environmental categories is not affected. Global averages
are only taken as a reference value, where a buying company has little to no impact in the
case study, e.g., the concentration of reserves, concentration of production, company concentration,
and demand growth. The only exception is primary material use, for which the global average
recycling values were included, although improvement is possible if primary material
is used. However, a target value was used here because not every industry sector can
supply its goods using large quantities of secondary material, e.g., the production of
microelectronics demands a high quality and purity of materials [51]. A smartphone, such
as the one in the case study, is mainly composed of microelectronic devices. For this reason,
such a product cannot be expected to use the same share of recycled content that is used
to produce many other goods. For sectors in which a higher share of secondary material
usage can be expected, the target value of primary material use should be decreased. Since
the indicator for primary material use represents the ratio of a company’s own share of
secondary material used compared to the global average secondary material of an element,
reducing the target value to less than one would mean that the company must perform
better than average to meet the target. Moreover, all target values should be revised before
each evaluation to adjust them to the sector/product system, the values of the evaluating
institution, and the technological state of the art. The use of outdated target values can
generate wrong or misleading results.

Even though it is incentive-driven to reduce the overall vulnerability of an economic
entity to the compromise of its supply as much as possible [21], there are two reasons why
targets are introduced for vulnerability categories in CS-ESSENZ: a reduction in vulnerabil-
ity to zero is impracticable, and its introduction enables the results to be to prioritized.

A number of simplifications were needed to determine the indicator for economic
importance. In the defined category, the turnover of a product is only regarded as dependent
on the product’s functionality. However, other factors also have an impact on a company’s
pricing and turnover (e.g., brand, status, marketing strategy, price strategy, etc.). These
factors, however, are either hardly quantifiable or impossible to scale. In addition, there is
no scientific consensus on the extent of the impacts of these factors, and what those impacts
are [52–55].

In particular, the categories constituting societal acceptance might have to be adjusted
over time. If the problems reflected in the societal categories become minor in the future,
new categories might have to be introduced, such as employment contracts, payment, etc.
They are not included at present because more basic factors such as human rights violations
and water scarcity must be addressed.

As in the case of compliance with social standards, it is hard to conduct an individual
and site-specific assessment for compliance with environmental standards. It is assumed
that mining companies at least comply with the environmental standards imposed by
the government in the respective country. The two SCARCE indicators can therefore be
assumed to be a good approximation of the actual individual value. To gain a complete
perspective on company-specific sustainability issues in the supply chain of a company,
the environmental perspective should be extended in further steps.
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Generally speaking, the results should be interpreted cautiously and in the context of
the methodology as argued by Schrijvers et al. [11]. A quantitative result might suggest
a precise result in each category. The results should rather be interpreted as trends and
tendencies to support company-internal communication and improvement processes. To
emphasize this, it was decided to present the results as circles (see Figure 5). This should
avoid having to represent the results as concrete numbers, which might give readers a
misleading impression. Since the method was developed for company-internal purposes,
a certain degree of experience in criticality assessment and the interpretation of results
is assumed.

Building on ESSENZ [15,16] and SCARCE [21] offered great advantages, like their
proven applicability and the solid methodological base [22–24]. On the other hand, it
also held some challenges. The two methods assess the resource use on different levels
(product and national level), as explained in Section 1. CS-ESSENZ supplies an assessment
on the product level, based on company-specific data. Therefore, ESSENZ, which was
recommended by the UNEP/SETAC task force for mineral resources [22–24], was chosen
as the methodological orientation. While SCARCE supplied additional categories for the
vulnerability dimension, all SCARCE indicators in the vulnerability dimension had to
be newly developed (see Table 1) to suit the company-specific assessment. For all other
categories, either the ESSENZ indicator was adjusted, a new indicator was developed, or
the ESSENZ indicator was applied. Thus, the different levels of ESSENZ and SCARCE did
not impact the development of CS-ESSENZ.

In the case of rare earth elements (REE) CS-ESSENZ supplies the results for all REEs
together. A separate inspection of the REEs would supply more information and in practice
should be preferred. However, this aggregated presentation of the results was chosen
to maintain the coherence with ESSENZ [15,16]. Otherwise, a comparison of the results
would not be possible.

Further methodological details are discussed in Section S6 of the Supplementary Materials.

5. Conclusions

CS-ESSENZ adds a company perspective to the criticality assessment and enables
companies to review ESSENZ hotspots in their product system. As such, it enhances the
assessment of company-specific criticality on the product level and generates additional
information, complementing the ESSENZ results. The evaluation of the case study using
CS-ESSENZ showed that 29 of the 58 hotspots identified using ESSENZ proved relevant
to the specific company under review. The case study also analyzed how additional
company-specific criticality aspects can be identified by applying this method. For instance,
improvement potentials regarding the purchasing strategy of cobalt could be identified.
These company-specific results are especially important for the improvement of criticality
aspects within the supply chain because it reflects the actual supply chain of a company
more precisely than global average data can do. Since both aspects—vulnerability and
supply risk—are included, it is possible to measure the implications of the high supply risk
of a specific material for the company and to set priorities.

This, therefore, generates an additional level of resource criticality assessment, con-
tributing to the field of supply risk methods on the company level.

As pointed out by Schrijvers et al. [11] one of the decisive factors for the indicator
selection and their definition is the data availability. Extensive data mining by compa-
nies could enable more precise indicator development (e.g., for the environmental and
social dimensions).
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