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Abstract
Environmental aspects are more and more relevant for rawmaterial policy-making and responsible sourcing strategies. This trend
is partly based on growing public awareness of problems and impacts associated with extraction and processing of ores and
minerals. Disaster events such as the tailing dam failures in Kolontár (Hungary, October 2010) and Bento Rodriguez (Brazil,
November 2015) quite frequently highlight the fact that many mining and processing practices are associated with substantial
environmental impacts and risks for the local and even regional environments. However, there is also increasing recognition that
the rather devastating environmental performance of many past and current mining projects is a major reason for communities
around the world to oppose both the development of new and the expansion of existing mines. Although mining companies
constantly have to increase their efforts to secure the social license to operate, many scholars already point out that both
environmental impacts and associated social and political reactions are emerging as a decisive factor determining current and
future raw material supply. In light of these concerns, raw material policy-making requires solid information on environmental
hot spots in mining, as well as on raw materials of particular concern. Whereas indicators and information systems are already
well developed for geological, technical, structural, political, regulatory, and economic supply risks, there is currently no holistic
method and information system for environmental concerns associated with the mining of raw materials. Although life cycle
assessment can provide methodological support for various environmental aspects, it has substantial weaknesses in the fields of
ecosystem degradation, impacts on fresh- and groundwater resources, and hazard potentials from episodic disaster events. This
paper presents a methodology that aims to fill this gap. Our proposed method provides a system of 11 indicators allowing the
identification of raw material-specific environmental hot spots and rankings of raw materials. Although the indicator system is
qualitative in nature, its composition and aggregation cover the most relevant environmental concerns arising from mining and
allow prioritizing of raw materials from a global environmental perspective.
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Introduction

The mining and processing of minerals is always associated
with environmental impacts resulting from ecosystem dam-
age, soil removal, and the use of water, energy, and chemicals.
Although increased environmental awareness has led to a
multitude of initiatives promoting improved management
practices in mining (Buxton 2012; Mori Junior and Sturman
2017; Kickler and Franken 2017; Rüttinger and Scholl 2017),
such practices are not yet equally implemented across all
world regions. The reasons for substandard mining are mani-
fold and vary from case to case, yet there is no doubt that
economic considerations are a crucial factor: while an im-
proved environmental performance requires investments in
management processes, technology, infrastructure, and reha-
bilitation, the world market does not differentiate between
mining products from conventional and more responsible
sources. Thus, the commodity markets do not provide any
direct monetary incentive to invest in responsible mining.
However, such short-sighted and environmentally harmful
mining practices have—together with constantly increasing
scales of mining activities globally—provoked resistance
from communities and societies around the world
(Schaffartzik et al. 2016; Conde 2017). New and existing
mining projects are now challenged in various countries and
market analysts have almost uniformly identified the Social
License to Operate as one of the most crucial success factors
of mining projects worldwide (Ernst & Young 2015; Pike
2012; Willis 2013; ICMM 2017a).

In the past, mining-related debates about environmental
impacts, local development pathways, and the sharing of bur-
dens and profits have mostly been limited to a local level.
However, these days, downstream enterprises are increasingly
challenged to take responsibilities for their mineral supply
chains (Friends of the Earth 2012; Misereor & Brot für die
Welt 2013; Scheele et al. 2016; Partzsch and Vlaskamp 2016).
This trend initially started with the supply chain due diligence
concepts for conflict minerals around ten years ago, resulting
in guidelines (OECD 2012), regulations (US Congress 2010;
EU Parliament and the Council 2017), and voluntary initia-
tives,1 thus creating a governance framework for conflict min-
erals. Events such as the tailing dam failures in Kolontár
(Hungary, October 2010) and Bento Rodriguez (Brazil,
November 2015) increased global attention for environmental
problems in mineral supply chains and civil society

organizations now regularly demandmanufacturing industries
to extend supply chain due diligence to a broader range of
materials and to consider environmental concerns in these
approaches (Friends of the Earth 2012; Misereor & Brot für
die Welt 2013; Scheele et al. 2016). In consequence, there is
broad agreement that efforts should particularly focus on
countries with weak environmental governance, i.e., where
administrations are either incapable or unwilling to effectively
regulate the mining sector and where improvement processes
particularly depend on initiatives of other actors. In response,
some front-running industries started dialog processes with
stakeholders and their raw material suppliers and are thinking
about ways on how to positively influence mining (The
Sustainable Trade Initiative 2017; Aluminium Stewardship
Initiative 2017; Cobalt Institute 2017; ICMM 2017b;
ResponsibleSteel™ 2017; World Economic Forum 2017).
At the same time, raw material policy-makers are also increas-
ingly interested in promoting more responsible sourcing strat-
egies. This is not only reflected in the EU action plan for the
Circular Economy (EU COM 2015a), but also in the EU’s
trade policy (EU COM 2015b).

Generally, these trends have two root causes: firstly, the
increasing awareness of sustainability aspects and acceptance
of responsibilities both from consumer (downstream indus-
tries, importing countries) and producer side (mining compa-
nies), which in consequence aim to improve the sustainability
of products and business models. Secondly, the recognition
that social and environmental misconduct in mining are likely
to further aggravate the negative sentiments of local commu-
nities as well as regional and global non-government organi-
zations towards many mining projects, which are again likely
to translate into local conflict and legal and societal challeng-
ing of mining projects, especially in cases where mining and
its environmental hazards threaten other resource uses and
livelihoods. From this latter perspective, responsible sourcing
strategies are not only an ethical requirement, but also a major
strategy to secure long-term stability in mineral production
and trade, which in turn presents a way to reduce supply risks
(Chapman et al. 2013). However, there is another perspective:
in the short-term, better environmental performance can lead
to higher production costs, smaller reserves, and higher raw
material prices due to internalization of external costs. The
implementation of effective environmental protection mea-
sures through voluntary or mandatory standards can therefore
be regarded as a short- to mid-term supply risk (Kosmol et al.
2017; Blengini et al. 2017; EU COM 2010). In this way of
thinking, we introduce the term “environmental availability”
which designates the influence of environmental factors on
production costs and profitability of mining projects, which

1 F o r e x amp l e , R e s p o n s i b l e M i n e r a l s I n i t i a t i v e (www.
responsiblemineralsinitiative.org/responsible-minerals-assurance-process);
Solutions for hope (http://solutions-network.org/site-solutionsforhope/)
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subsequently also influences global availability of primary
raw materials (Mudd and Jowitt 2018; UN 2018). From this
environmental economics perspective, there could be a trade-
off between security of supply and responsible sourcing and
mining that needs to be addressed by a sustainable raw mate-
rial policy.

From a practical perspective, the implementation of re-
sponsible sourcing strategies provides a major hurdle: most
countries and sectors rely on a large number of mineral com-
modities that are usually sourced from numerous companies
and countries. This complexity can only be managed by pri-
oritizing material streams and commodities that have—during
their primary production phase—a specifically higher envi-
ronmental relevance in relation to other commodities.

Evaluation with conventional life cycle assessment
methods is currently not able to capture all concerns of
responsible mining adequately due to the lack of scientif-
ically sound characterization models for land use, biodi-
versity, and water consumption, which are particularly
relevant impact categories for mining. This lack of appro-
priate methodology is further aggravated by the fact that
many impacts result from disaster events and are therefore
difficult to assess. Disaster events such as tailing dam
failures often have far-reaching consequences for both
the surrounding and downstream environments (Carmo
et al., 2017; Roche et al. 2017). They are largely tied to
management practices (stability and maintenance of tail-
ing dams) and potential external triggers, e.g., torrential
floods and earthquakes. In addition to these methodolog-
ical challenges, data availability is another critical issue:
even if all impacts could be assessed and ranked, quanti-
tative data on impacts are sparse and not available for all
commodities and all mining areas.

Despite these considerable challenges and limitations,
decision-makers in downstream manufacturing companies
and raw material policy-makers in countries with raw material
intense manufacturing industries need complementary
supporting tools and assessments to prioritize raw materials
on the basis of their environmental relevance of their primary
production phase. Here, the key challenge is to provide assess-
ments that (1) consider all relevant environmental impacts, (2)
can be applied to a wide range of mineral commodities despite
the current limitations in data availability, and (3) that provide
robust and reliable results.

This paper provides an overview of existing methods to
assess environmental relevance of raw materials, discusses
their strengths and weaknesses, and presents a novel meth-
odology that was initially developed in the project
“Environmental Limits, Environmental Availability and
Environmental Criticality of Primary Raw Materials”
(OekoRess I) (Dehoust et al. 2017b). At present, this meth-
od is advanced in the ongoing project “Further development
of policy options for an ecological raw materials policy”

(OekoRess II) and applied to more than 50 raw materials.
First results of this assessment are presented here. We con-
clude with a brief discussion of the strengths and weak-
nesses of the novel approach. Finally, we give recommen-
dations on how the presented methods and results of the
assessment can be used to support actions to increase sus-
tainability in mining, raw material supply and use.

State of research and existing methods

Primary raw materials and their environmental
hazards

During prospection and exploration, the environmental
impacts of mining are limited in time and magnitude.
This changes as soon as the actual extraction process be-
gins. Opening of the mine structure, disintegration of the
mineral deposit, and deposition of mine residues often
consume massive areas, destroy vegetation, remove or
seal soil, and alter the surface and groundwater regime.
Release of the ore and the host rocks enables oxidation of
sulfide minerals, which causes acid drainage and subse-
quent release of associated heavy metals due to the re-
duced pH. In the case of radioactive components or com-
panions, mobilization of geogenic radionuclides leads to
increased radioactivity. Erosion has impacts on water
streams. Dust pollution from stockpiles and transport ve-
hicles is caused by wind erosion. Blasting, transport, and
processing cause vibrations and noise pollution to the en-
vironment. Transport and operation of power and machin-
ery release greenhouse gases. Toxic reagents may be used
in the concentration process, which are released into the
environment along with mining residues. After the closure
of the mine, individual environmental impacts mentioned
above may continue for long periods of time and require
appropriate environmental management measures (see
also Jain 2015).

In addition to these environmental impacts during regular
operation, there is also the risk of environmental accidents
caused by natural stress events such as earthquakes, heavy
rainfall, or by operational failure. Examples of accidents are
dam fractures, leakages, accidents with reagents, slippage of
overburden and stockpiles, landslides, seam and stockpile
fires, gas explosions/outbursts, firedamp explosions, coal
dust explosions, water inrushes, and rock falls (see also
Roche et al. 2017).

These potential hazards are to be addressed by environ-
mental impact assessments, environmental management
plans, laws and regulations to prevent environmental interfer-
ence by the mining industry. The implementation of these
standards is strongly tied to the quality of governance in the
respective producer countries (see also Pedro et al. 2017).
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Existing assessment methods

Currently, a variety of methods suitable in principle to assess
the environmental relevance of raw materials exist. However,
these either focus on specific areas like toxicological effects
or, in the case of life cycle assessment, fail to sufficiently map
the environmental impacts of mining. The following sections
give an overview of such methods, including their strengths
and limitations for the given task. In addition, the criticality
assessment is addressed as a potential method to include en-
vironmental aspects.

Toxicological assessments

Raw materials can be assessed and classified according to
their toxicological properties, a process which follows
established methods and is commonly done for substances
(including raw materials) used in industrial production.
Although such methods can also be applied for complex com-
positions such as ores and tailings, such assessments would
require quite extensive data collection. In addition, the envi-
ronmental relevance of mining is not limited to toxicological
risks only. Therefore, toxicological assessment methods are
incomplete and should be used as part of a holistic environ-
mental hazard assessment.

Life cycle assessments

Life cycle assessment (LCA) is one of the several envi-
ronmental management techniques (e.g., risk assessment,
environmental performance evaluation, environmental
auditing, and environmental impact assessment) being de-
veloped to better understand possible impacts associated
with products (including services). The LCA method as
standardized in ISO 14040 and 14044 (DIN EN ISO
14040, 2006; DIN EN ISO 14044, 2006) addresses the
environmental aspects and potential environmental im-
pacts throughout a product’s life cycle (“cradle-to-grave”),
where mineral extraction and processing of raw materials
is the first stage. In principle, the LCA approach is also
well applicable for eco-profiles of raw materials (“cradle-
to-gate”). In addition, although LCA typically does not
address economic or social aspects of a product, the ap-
proach can be applied to these aspects. Nowadays, life
cycle thinking is broadened to a framework indicated as
life cycle sustainability assessment (van der Voet and
Guinée 2018). However, there are two major obstacles
for attentively assessing the environmental relevance of
primary raw materials mining: (1) availability of represen-
tative data for the mining sector on a global level and (2)
the current lack of scientifically sound models for input
categories on resources, which are particularly relevant
for mining.

In general, environmental data are available through life
cycle inventory databases like ecoinvent2 or ProBas.3

However, these data are mainly derived from relatively few
mining, processing, or smelting sites. Extrapolating these data
on a global scale inevitably results in the risk of high uncer-
tainties. Whereas data on global warming potential or cumu-
lative energy demand from primary raw material mining are
comparatively well documented (see, e.g., Nuss and
Eckelman 2014), although mostly not representative globally,
other relevant impacts resulting from, e.g., acidification,
heavy metal emissions, water or land use are fragmentary.
Scientifically sound characterization models are missing for
the most relevant environmental aspects in the context of min-
ing (Mancini et al. 2015). The recommended models in the
ILCD handbook (EU COM JRC 2011) for water use and land
use are classified with the lowest quality level III (“recom-
mended, but to be applied with caution”). Although the de-
fault model for resource depletion—the CML model devel-
oped by Guinée (2006)—is classified with the quality level II
(“recommended, but in need of some improvements”), it is
open to debate if the economically motivated metric of re-
source depletion referenced to the ultimate reserves does ade-
quately address environmental aspects of resource use. This
and other update criteria for input categories on resources,
including land- and water-related aspects, are comprehensive-
ly discussed in Sala et al. (2016). Although Sala et al. (2016)
recommend further developed characterization models for re-
source, land, and water use, they still classify these models
with the quality level III. Thus, these models and others in the
stage of development like the hemeroby concept (Fehrenbach
et al. 2015) which addresses land use, and in addition, biodi-
versity and intact ecosystems are still not readily applicable to
assess environmental hazards from mining. Furthermore, the
LCA approach fails to assess potential environmental hazards
from accidents.

Criticality assessments

Criticality assessments are a screening tool to highlight con-
cerns of raw material supply that require deeper analyses to
build up a knowledge base for targeted actions (Blengini et al.
2017; Kosmol et al. 2017). Numerous studies have been un-
dertaken to identify critical raw materials in the last ten years.
Although the methods used vary substantially, most criticality
studies build upon the matrix-type criticality framework intro-
duced by the US National Research Council’s (NRC) critical-
ity definition in 2008 (Jin et al. 2016):

A material can be regarded as critical only if it performs
an essential function for which few or no satisfactory

2 http://www.ecoinvent.org
3 http://www.probas.umweltbundesamt.de
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substitutes exist, in addition, an assessment also indi-
cates high probability that the supply of the material
may become restricted, leading either to physical un-
availability or significantly higher prices for that mate-
rial in key applications.

Most criticality studies assess supply risks by analyzing geo-
political and technical as well as geological and economic
factors of influence (EU COM 2014; Chapman et al. 2013;
EU COM 2017; Blengini et al. 2017; Coulomb et al. 2015;
Morley and Eatherley 2008; Moss et al. 2011; Blagoeva et al.
2016; Graedel et al. 2015; EU COM 2010; US DOE 2010).
Despite their relevance for supply risks, future price increases
through internalization of external costs and securing a sus-
tainable supply of raw materials (see Mudd and Jowitt 2018),
there are so far only few rather elementary approaches to in-
tegrate environmental aspects into criticality analyses which
are not further developed for the time being. For instance, the
NRC identified the “environmental and social availability” as
one of five dimensions of raw material availability, but did not
provide indicators to include it in its criticality analyses (US
NRC 2008). The European Commission measured the envi-
ronmental availability of raw materials in its 2010 criticality
study (EU COM 2010) using the Environmental Performance
Index (EPI), an indicator for environmental governance devel-
oped by Yale University (EU COM 2010; Hsu, 2016).
Chapman et al. (2013) proposed to continue with this ap-
proach in the follow-up study. The European Commission,
however, dropped this approach in its 2014 report arguing that
not all parameters of the EPI are relevant for criticality assess-
ment and that the indicator does in certain cases not properly
reflect the environmental performance in the mining sector
which artificially influences the results of supply risk calcula-
tion (EU COM 2014). Also, the use of LCA data has been
considered in the 2010 EU study to address environmental
impacts, but was dropped due to the controversial nature of
including LCA data scaled to the functional unit “1 kg of raw
material” in a cradle-to-gate approach that neglects the use and
end-of-life phase and thus forbids comparison between raw
materials. Morley and Eatherley (2008) included global
warming potential and total material requirement as risk com-
ponents arguing that “external environmental and social costs
are rarely incorporated into the internal costs of production,
either by compulsory or voluntary schemes” and “environmen-
tal constraints may limit the growth in supply.” It is however
questionable whether the selected indicators are able to repre-
sentatively map the environmental impacts of rawmaterial pro-
duction from mining (Müller et al. 2017) (see section on Life
cycle assessments). Graedel et al. (2015) integrated environ-
mental implications into their criticality concept by adding a
third dimension next to supply risk and vulnerability. As
Morley and Eatherley (2008), Graedel et al. (2015) used LCA
data, but focused on toxicity aspects using the ReCiPe 2008

(Goedkoop et al. 2009) endpoint indicators damage to human
health (disability-adjusted life years—DALYs) and damage to
ecosystem quality (species loss).

However, the certainty and validity of the characterization
models and endpoint methods applied are contested in the
scientific debate (Weidema 2015; Huijbregts 2014; Pizzol et
al. 2011).

OekoRess—a new approach to assess
the environmental hazard potentials of raw
materials

In the light of the given situation, and with the assumption that
data gaps will not be fully resolved in the medium term, the
OekoRess approach focuses on a different level of assessment.
Instead of assessing environmental impacts based onmeasure-
ments, the focus is shifted to assessing potential environmen-
tal hazards frommining. In this context, we introduce the term
environmental hazard potential (EHP), which is defined as the
sum of all environmental impacts that are likely to occur if no
appropriate countermeasures are taken. The resulting raw
material-related evaluation—consisting of 11 indicators with
11 associated EHPs—aims at contributing to the knowledge
base and identifying potential hazards as a risk radar. In anal-
ogy to criticality assessments, this assessment aims at raising
attention for raw materials of particular high concern and
highlight raw material-specific risks, in this case from an en-
vironmental perspective (Blengini et al. 2017).

Scope and system boundaries

The method was developed for abiotic raw materials and is—
due to the design of its indicators—only applicable for raw
materials from mining sources. So far, the method is designed
but not limited to assess EHPs of the current global primary
production. Results can primarily be used to prioritize raw
materials of particular environmental concern, rather than for
comparisons of defined raw material quantities.

Although the evaluation is done at the level of raw mate-
rials that have the quality to be used in industrial production
(e.g., pure copper), 9 out of 11 indicators refer to the extraction
and processing stage, which reflects the project’s goal to find
practical means to assess the EHPs of mineral mining and
processing (see Fig. 1). Raw material production (mostly
smelting/refining) is not addressed by specific indicators, but
included in indicator 10 (cumulative energy demand of the
process chain from mine to raw material production) and in-
directly addressed by the indicators on acid mine drainage and
heavy metals (see section on The indicator system). This in-
direct link results from the fact that these two characteristics of
minerals (sulfidic deposits, paragenesis with heavy metals) do
not only point to EHPs during mining and processing, but also
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during smelting where sulfides and heavy metals can lead to
severe environmental impacts if not managed appropriately.

Methodological approach

The methodological approach for developing a raw material-
related evaluation was guided by the following two main re-
flections on the starting point:

1. Lack of inventory and assessment data necessitates a fo-
cus on potentials instead of quantitative data.

2. Identification of the most relevant aspects of mining ac-
tivities likely to cause environmental impacts.

In response to these reflections, environmental impacts at
40 mining sites around the world were analyzed, and three
major levels for potential environmental impacts were identi-
fied from a general perspective: geology, which predefines
pollution hazards from the formation of ores; technology,
which predefines the degree of interference with the natural
environment and pollution hazards from auxiliary materials;
and the natural environment, which predefines potential haz-
ards resulting from natural disasters increasing accident haz-
ards, as well as potential impacts caused by mining whose
severity depends on the sensitivity of the environment (espe-
cially valuable ecosystems, low water availability). In addi-
tion, the global scale of the potential impacts is of importance
for assessing the environmental availability of raw materials.
Also, environmental governance was identified as a relevant
aspect to address the capability of governments to effectively
regulate the potential environmental impacts.

Based on the identified levels, environmental goals were
defined, firstly to allow the identification of indicators suitable
to measure goals and secondly to ensure that goals are evenly
represented by indicators across levels. In addition, the selec-
tion of indicators had to consider data availability. The final 11
indicators were described by instructions how to measure
them and evaluation guidance was developed.

The identified set of indicators to measure the goals in the
identified fields or levels are referred to as the indicator system
in the following. In general, the indicators, i.e., the indicator
system, are in line with the following principles:

– The indicators address themost relevant EHPs frommining
– They are valid for a broad range of abiotic raw materials

(specifics are acknowledged separately)

– They are exclusive and complementary (no double ac-
counting), and distinct (basic metrics instead of complex
aggregated indicators)

– They address the essential hazard potentials, meaning
possible measures to reduce environmental hazards are
not taken into account

– They can stand alone, but all have to be considered for an
evaluation as they are interdependently addressing envi-
ronmental goals

The latter aspect is of major relevance, e.g., a high hazard
potential due to a technology with a high direct impact on
ecosystems will be further exacerbated if raw materials are
likely to be mined in the vicinity of valuable ecosystems.

The indicator system

The indicator system consists of 11 indicators in the five men-
tioned groups: geology, technology, natural environment, val-
ue chain to address the global scale, and a governance indica-
tor assigned for producing countries. The evaluation of the 11
indicators is carried out on a three-level scale (low, medium,
and high EHP) using a detailed evaluation guide.

The geological indicators reflect environmental hazards
arising from pollutants present in the deposits and released
by mining:

1. The preconditions for the generation of acid mine
drainage (AMD) refer to circumstances which lead to
the formation of acid waters by oxidation of ore minerals
and accompanying substances. The consequences of
these acid waters are massive changes in the pH value
in surface and ground waters, but also increased solubility
of other pollutants from mining residues. The element
properties according to Victor Moritz Goldschmidt
(lithophilic, siderophilic, or chalcophilic elements)
(White 2013) refer to the geological circumstances in
which the deposits have formed and are used here to
assess the AMD potential. Chalcophilic and some
siderophilic elements tend to undergo sulfide paragenesis
during the geologic formation processes of deposits. This
leads to strong acidic water formation; correspondingly,
these elements are assessed with a high EHP. The assess-
ment is refined by information on economically important
deposits of rawmaterials and their paragenetic conditions.

Fig. 1 Generic value chain of
mined raw materials. Source:
authors’ illustration
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2. Paragenesis with associated heavy metals is another in-
dicator of geological hazards. Specific element properties
lead to associations with other metals during deposit for-
mation. In consequence, minerals can release heavy
metals that have a toxic effect on humans and the envi-
ronment into solution during weathering. The type and
extent of the association, e.g., by using the Reuter wheel
(Wellmer and Hagelüken 2015), as well as the concentra-
tion of heavy metals are used to assess the EHP.

3. Finally, the paragenesis with radioactive substances, es-
pecially uranium and thorium as well as their decay prod-
ucts, is another indicator of geological hazard. The con-
centration of these in the mined material is determining
criteria for the assessment of the EHP.

The group of technical indicators assesses the interventions
directly or indirectly linked to extraction and processing
activities.

4. The extraction orminingmethod serves as an indicator for
the intervention in the natural environment, primarily land
consumption, vegetation destruction, changes in the hy-
draulic regime, etc. by the actual mining as well as the
deposition of tailings and stockpiles. The assessment cri-
terion is the standard procedure for extracting the respec-
tive raw material: underground mining with a low EHP,
loose rock mining, or alluvial mining with a high EHP are
distinguished.

5. The use of toxic auxiliary substances in processing or
mining operations serves as an indicator of environmental
risks from process-relevant pollutants. The standard
methods of treatment are also factored into the assess-
ment, e.g., procedures with toxic reagents, such as
cyanidation, amalgamation, or flotation, result in a high
EHP.

The third group of indicators addresses the impacts of min-
ing on the natural environment of mining operations. For each
raw material, the distribution of the deposits and pits is based
on data from the United States Geological Survey’s Mineral
Resources Data System (USGS MRDS) (USGS 2017b),
which is used as the basis for a linkage with the criteria spec-
ified in the indicator. Only operational mine sites (“pro-
ducers”) were included in the assessment. In case of limited
data, further mine sites were complemented by additional re-
search. Due to the lack of production data per mine site, a
method to use country production data for approximation
was developed. The indicator criteria are:

6. The indicator for the accident hazards due to floods,
earthquakes, storms, and landslides is intended to char-
acterize environmental hazards from natural disasters.
The four sub-indicators flooding, earthquakes, storms,

and landslides were identified as sufficiently representing
the potential accident hazard complimentary and exclu-
sively. The rating system uses publicly available
georeferenced data from risk maps like the Global
Seismic Hazard Map from GSHAP,4 data from the
Global Risk Data Platform provided by UNEP/UNISDR
2013,5 and the more recent Risk Data Platform in connec-
tion with the Global Assessment Report on Disaster Risk
Reduction (GAR) 2015.6 Metrics were directly taken
from the given risk assessments and adapted where nec-
essary. The indicator total is determined by the highest
hazard level of the sub-indicators. Available hazard maps
do not cover arctic regions which are acknowledged sep-
arately and conservatively assessed with medium EHP.

7. The Water Stress Index and desert areas indicator is used
to characterize the dangers of mining for available and
usable water resources and to avoid competition between
water uses. Water security is both a critical operational
and a critical environmental issue. As before, the deposits
and extraction sites per raw material are compared with
available georeferenced data. The Water Stress Index
(WSI) provided by Pfister et al. (2009) was selected as it
provides characterization factors at watershed level cov-
ering the majority of the globe. The metric is distinct for
water scarcity but does not reflect absolute water short-
ages in dry areas. Therefore, it was supplemented by de-
sert areas according to the WWF classification.7 Again,
the highest hazard level of the sub-indicators determines
the total result. The two sub-indicators may both as well
be represented in the more recent Water Depletion Index
(WDI) developed by Berger et al. (2014) which recog-
nizes (semi)arid basins and in addition added factors for
usable surface water stocks and for availability of ground-
water. This is subject for review in the follow-up study
OekoRess III. Nevertheless, no major differences are ex-
pected as both models are based on the global freshwater
model WaterGap,8 and according to Sala et al. (2016), the
two models are positively correlated.

8. Protection of biodiversity and conservation of high-
quality ecosystems are the focus of the indicator of des-
ignated protected areas and Alliance for Zero Extinction
(AZE) sites. Here, georeferenced data are available from
the World Database on Protected Areas (WDPA)9 and
AZE sites can be explored in a live map10 Nationally or
internationally defined nature conservation areas, national

4 http://www.seismo.ethz.ch/static/GSHAP/
5 http://preview.grid.unep.ch/
6 http://www.preventionweb.net/english/hyogo/gar/2015/en/home/
7 https://www.worldwildlife.org/publications/terrestrial-ecoregions-of-the-
world
8 http://www.watergap.de/
9 https://www.protectedplanet.net/
10 http://www.zeroextinction.org/sitesspecies.htm
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parks, or other areas with high biodiversity are investigated
to assess hazards posed by mining extraction of the respec-
tive raw material. Due to the lack of a georeferenced data
base, non-designated areas of valuable ecosystems like
“high conservation values” (HCV) 11 cannot be addressed
for the time being. The metric to assess the EHPs for
protected areas and AZE sites corresponds to the method
first described in the draft standard of the Initiative for
Responsible Mining Assurance (IRMA 2014).

The developed metric of this third group of indicators was
applied to 42 raw materials where sufficient data on mining
sites are available. The result of the GIS assessment weighted
by country production data for each raw material is the pro-
portional distribution of mining in areas with a low, medium,
or high EHP. The final rawmaterial-related assessment for this
third group of indicators is based on limit values for the three-
level scale. Such limits cannot be derived empirically. There is
no scientific basis to identify what percentage of mining, e.g.,
in areas with a high EHP for competition in water usage shall
be the limit for a high EHP for all raw materials. Here, we
choose a mathematical approach consistent with the approach
for the following two indicators addressing the value chain.

The two indicators addressing the value chain aim to in-
clude the smelting and processing of raw materials produced
at the mining site in the analysis and to achieve a certain scale
on global importance through the integration of world produc-
tion, respectively. The use of these indicators is based on the
following considerations: While indicators 1 to 8 are well
suited to cover a wide range of environmental aspects, they
do not account for any scale effects of mining. But for the
basic aim of this methodology—to provide decision-makers
a prioritization tool to identify raw materials of particular en-
vironmental relevance—scale matters significantly as some
commodities are mined in comparable small and others in
quite large quantities—with varying specific impacts per mass
of material. Obviously raw materials that are mined in larger
quantities are likely to have, from a global perspective, larger
impacts on ecosystems than rawmaterials mined in only small
quantities, presupposing comparable results for indicators 1 to
8. This aspect is covered by indicator no. 9 that does not only
account for global production volumes, but also considers
concentrations of target material in deposits as well as the
mass of the raw materials (e.g., fossil energy) needed for ma-
terial production. Thus, indicator 9 also covers the fact that
mining of some raw materials produces more mining residues
as of others. Indicator 10 also addresses global production
volumes but brings in another important element: The total
energy requirements for extraction, processing, and refining
are a major factor closely linked to various environmental
impacts such as greenhouse gas emissions and emissions of

combustion particles as well as many other environmental
issues, as studies on correlation analyses have indicated
(Müller et al. 2017, pp. 12–13). This factor is not considered
by the indicators 1 to 9 and therefore needs to be added. By
summarizing energy requirements along the material produc-
tion value chain, this indicator also closes the methodological
gap between the focus on mining and the need to produce
results on the level of (refined) raw materials.

9. The cumulative raw material demand of world production
(CRDglobal) is an indicator of the global scale of the poten-
tial environmental hazard measured in million metric
tonnes per year. In addition to global production and pro-
motion of the actual commodity, it includes the mass of all
extracted materials required for the production of the com-
modity as well as the volumes of mining residues after
processing. Thus, the average deposit content is also taken
into account here. Indicator values were calculated using
the raw material-specific CRD data from literature sources
(Giegrich et al. 2012), multiplied with data fromUSGS and
BGS on global annual mine production. The assessment is
based on limit values for the three-level scale (see below).

10. The indicator cumulative energy demand of world
production (CEDglobal) measured in petajoule per year
is also aimed at characterizing the global scale of the
EHP. This energy expenditure considers all energy input
during extraction, processing, transport, and smelting.
Thus, the potentially very dissimilar chemical binding
conditions in different ores and the differing necessary
efforts to smelt and refine them are taken into account.
Indicator values were calculated using the raw material-
specific CED data from literature sources (Nuss and
Eckelman 2014; Giegrich et al. 2012), multiplied with
data from USGS and BGS on global annual mine pro-
duction. Similar to the above indicator, the assessment is
based on limit values for the three-level scale.

Limit values for the indicators on the natural environment
(6 to 8) and the value chain (9 and 10) cannot be based on
scientific evidence. Instead of subjective grading, we tested
different mathematical approaches and decided to use the 25%
and the 75% quantiles as limit values. Thus, half of the ana-
lyzed raw materials are attributed with a medium EHP and
only one quarter with a high EHP and a low EHP respectively.
For the value chain indicators, a medium EHP is neutral to the
finally aggregated results per raw material, and for the natural
environment indicators, the broad range of raw materials with
medium EHP well reflects the given data uncertainties. To
derive quartiles for the latter, the proportional distribution of
EHPs for each rawmaterial are combined bymultiplying them
with 0-1-5 for low-medium-high. We decided on this combi-
nation to especially amplify the percentage results with high
EHP, while the influence of low EHP percentages is kept low.11 https://www.hcvnetwork.org/about-hcvf
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11. Governance

For all four groups of indicators described above, it
should be noted that the evaluation approach deliberately
excludes actual management and possible countermea-
sures to avoid harmful environmental consequences.
This is not to imply that such measures would be ineffec-
tive. However, from a global perspective, it must be as-
sumed that risk mitigation measures are not or only insuf-
ficiently implemented in many projects and regions for
reasons such as cost pressure or governance problems.
For a rough estimate on the extent to which there is com-
pliance with effective environmental protection standards,
the following evaluation level “environmental gover-
nance” makes the general assumption that countries with
good governance are more likely to take effective envi-
ronmental protection measures. Although mining compa-
nies can implement high standards (e.g., on a voluntary
basis) even under poor governance conditions, they have
many options to not or only partially implement standards
to save operating costs.

In acknowledgement of these circumstances, environmen-
tal governance is taken into account. A country index using a
combination of publicly available governance indicators (e.g.,
Resource Governance Index (RGI), Corruption Perception
Index, World Governance Indicators, Fraser Investment
Attractiveness/Policy Perception Index) and including special
risks arising in certain countries and for certain raw materials
from artisanal small-scale mining is currently being compiled.
The index applies to the respective countries of production in
proportion to their share of world production. The production
shares are based on BGS and USGS data also used for indi-
cators 6 to 10. Thus, if a large proportion of world production
is provided by a country with poor environmental governance,
the resulting environmental hazard is relatively high.

The result of the assessment is a 11-tier risk profile on a
three-level scale for each mineral resource. The following sec-
tion outlines a method of aggregation for a single score result.

Aggregation

For reasons of scientific accuracy, transparency, and reliabili-
ty, non-aggregated results, e.g., in a dashboard format for all
11 indicators, are preferable for sustainability assessments and
as a basis for policy recommendations.

Nevertheless, single-score indicators seem to be un-
avoidable in both political and public debates. Therefore,
we decided to provide an appropriate aggregation method.
Such an aggregation must be qualitative and needs to
reflect environmental concerns. The developed aggrega-
tion method is based on a ranking method for environ-
mental impacts developed by the German Environment
Agency for LCA results (Schmitz and Paulini 1999).

This method differentiates five levels of environmental
significance, i.e., very low, low, medium, high, and very
high. It takes into account the environmental hazard and
the distance to target (e.g., political goals) of impacts like
global warming potential, land use, and acidification. Not
all of the 11 indicators represent environmental impacts.
Therefore, prior to ranking and combination of individual
results, the indicators are clustered into environmental
goals and influencing boundary conditions (iBCs). The
latter comprise those indicators which do not represent
environmental impacts but are on the inventory level
and/or provide indirect information on impacts (e.g., po-
sition in the arctic region). Environmental goals from the
indicator system are as follows: avoiding pollution risks,
limiting direct impacts on ecosystems, avoiding natural
accident hazards (and resulting pollution risks), avoiding
competition in water usage, and protecting valuable eco-
systems. We assumed all these goals to have at least a
high environmental significance. Thus, ranking of the envi-
ronmental goals is reduced to the decision if they are of high or
of very high environmental significance. For this decision, we
used Rockström’s Planetary Boundaries (Rockström et al.
2009; Steffen et al. 2015) as a reference. Table 1 shows the
result of the indicators thus grouped.

Based on this ranking, the individual indicators are first
combined within the environmental goals following specific
rules, e.g., “the environmental goal is considered to have high
EHP in case two or more indicators score a high EHP, or one
indicator scores a high EHP and all others a medium.” These
interim results for the different environmental goals are further
combined into preliminary total EHPs again following specif-
ic rules. The iBCs are aggregated in similar fashion. The iBCs
are used to fine-tune the preliminary results if necessary to
obtain the total EHP for each raw material.

First results

Table 2 reports the assessment results for the EHPs for seven
raw materials—iron, gold, copper, natural graphite, nickel,
tantalum, and tungsten. Whereas the results of the indicators
addressing geology and technology (indicator nos. 1 to 5) are
based on the analysis of the main types of ores, deposits,
and standard mining technologies applied, the values for the
indicators 6 to 8 are based on a GIS assessment where the
georeferenced data layers described in the “Abstract” are ap-
plied on mine sites from the USGS (USGS 2017b) and further
researched sites. Since production data on mine site level was
not available, country production data was used for approxi-
mation (reference year 2014, basically derived from BGS
2016 and USGS 2017a). The values for indicators 9 and 10
are based on material-specific life cycle inventory data, mul-
tiplied with the global annual mine production for 2014. The
results reported in Table 2 are explained in more detail below.
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Indicators 1 to 3: geology

Preconditions for acid mine drainage As indicated in the
“Abstract,” the assessments were based on the element prop-
erties according to Victor Moritz Goldschmidt, as well as on
the geological circumstances under which deposits formed.
The latter aspect was mostly assessed using the work of
Cissarz on the geochemical distribution of elements in deposit
groups (Cissarz 1965). This analysis revealed that iron, graph-
ite, and tungsten—all classified as siderophilic elements—are
partly or mostly mined from oxidic deposits with medium or
low EHP for acid mine drainage. In contrast, gold as another
siderophile element is mostly mined from sulfidic stockwork
deposits with high associated EHP.

Paragenesis with heavy metals For this analysis, arsenic, cad-
mium, chromium, lead, mercury, copper, nickel, selenium,
and zinc were classified as heavy metals due to their toxico-
logical properties. These raw materials were uniformly con-
sidered as having a high EHP for indicator 2. Accordingly,
copper and nickel were attributed a high EHP (see Table 2).
Other raw materials were considered to have a medium EHP
when deposits are commonly associated with elevated heavy
metal concentrations, which is basically the case for all major
ores. This association explains the medium EHP of iron, gold,
tantalum, and tungsten. Heavy metal concentrations in tung-
sten mining sites have been reported to be high (Li et al.
2014). In consequence, the data quality was set to “high” for
tungsten and kept at “medium” otherwise. Apart from ores,
elevated heavy metal concentrations are also known for sev-
eral other deposits such as phosphate rock. Uranium and

thorium were not considered for indicator 2, as these materials
are covered by indicator no. 3.

Paragenesis with radioactive substances A high EHP was
assigned to raw materials that are commonly mined from de-
posits with naturally occurring high concentrations of radio-
active substances. In this context, high concentrations (mea-
sured either as the concentrations of uranium and thorium in
ppm, or as the activity concentration of uranium and thorium
in Bq/g) were defined as concentrations that would require the
ore or substrate to be placed under nuclear supervision accord-
ing to International Atomic Energy Agency safety standards.
This applies mainly to ores and deposits of the following raw
materials: uranium, thorium, rare earth, tantalum, niobium,
zirconium, and sedimentary phosphate. A medium EHP was
assigned to raw materials that are commonly mined from de-
posits that have a lower, but still elevated naturally occurring
concentration of radioactive substances that would—accord-
ing to EU Directive 2013/59/ EURATOM (Council of the
European Union 2014)—prohibit the use of this substrate for
building purposes in the EU.

Due to data scarcity for this indicator, further systematic
research is needed. Better data availability might lead to a
revision of assigned EHPs for gold, graphite, nickel, and
tungsten.

Indicators 4 and 5: technology

Mining method Raw materials that are mostly mined in open
pits from unconsolidated sediments were considered to have a
high EHP under this indicator, which does not apply to any of

Table 1 Grouping indicators by key environmental goals and as influencing boundary conditions

Environmental goals Indicators

Very high environmental significance

Limiting the direct impacts on ecosystems and protection
of valuable ecosystems (‘Ecosystems’)

No. 4 Mining methods
No. 8 Protected areas and AZE sites

High environmental significance

Avoiding pollution risks and their spread by natural
accident hazards (“pollution risks”)

No. 1 Preconditions for acid mine drainage

No. 2 Paragenesis with heavy metals

No. 3 Paragenesis with radioactive substances

No. 5 Use of auxiliary materials

No. 6 Accident hazards due to floods, earthquake, storms, landslides

Avoiding competition in water usage (“water”) No. 7 Water Stress Index (WSI) and desert areas

Influencing boundary conditions (iBC) Indicators

Position in the Arctic region (“Arctic”) No. 6 Special rule on Arctic regions

Global extent of EHP (“CRDglobal”) No. 9 Cumulated raw material demand of global production

Global extent of EHP (“CEDglobal”) No. 10 Cumulated energy demand of global raw material production

Compliance with standards (“environmental governance”) No. 11 Environmental governance in major production countries
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the raw materials presented in Table 2. Raw materials such as
iron, gold, copper, nickel, and tantalum that are mostly mined
from open pits from solid rock were classified to have a

medium EHP, and raw materials mostly extracted from under-
ground mining were assigned a low EHP. The latter applies to
graphite and tungsten in Table 2.

Table 2 Results for selected raw materials
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Use of auxiliary substances Raw materials where extraction
and/or beneficiation commonly include leaching and/or amal-
gamation processes were considered to have a high EHP un-
der this indicator. This applies to gold and copper in Table 2.
Raw materials where chemicals are commonly used for other
purposes, in particular flotation processes, were assigned a
medium EHP (iron, graphite, and tungsten in Table 2). Raw
materials that are extracted and processed without the use of
auxiliary chemicals were considered to have a low EHP, e.g.,
tantalum (Table 2).

Indicators 6 to 8: natural environment

In Table 2, a low EHP corresponds to values equal or below
the 25% quantile of the combined assessment result of the 42
evaluable raw materials, a medium EHP corresponds to the
range above the 25% quantile up to the 75% quantile, and a
high EHP to values above the 75% quantile (derivation of
quantiles see section “The indicator system”).

Altogether, the application of the 25% and the 75%
quantiles as limit values on the 42 raw materials with suffi-
cient data availability results in 11 raw materials with a high
EHP, 20 raw materials with a medium EHP, and 11 raw ma-
terials with a low EHP for each of the three indicators. The
results in Table 2 for the seven raw materials show all varia-
tions and well represent the results for the 42 raw materials
which could be assessed. None of the 42 raw materials shows
a high or a low EHP for all three indicators, which indicates
their exclusiveness for a broad range of abiotic raw materials.

In addition to the final assessment, Table 2 also provides
the proportional distribution of the GIS assessment weighted
by country production data (standard assessment). It becomes
obvious that a high EHP for the indicators 6 and 7 corresponds
to high shares of a high EHP from the standard assessment as
for copper with 53 and 57% respectively. This is different for
indicator 8. Here, raw materials with a rather low percentage
of high EHP from the standard assessment are attributed with
a high EHP in the raw material-related evaluation. This is
because due to lack of data, only designated protection areas
could be analyzed, and the results show that these are mostly
respected, but not in all cases. Thus, a high EHP for raw
materials reflects cases where mining activities interfere with
designated protection areas, although only to a low
percentage.

In general, the results are derived from data of medium
quality due to the lack of data on production volume per mine
site. Nevertheless, the standard assessment of each raw mate-
rial had to comply with certain quality requirements: a mini-
mum total of ten mine sites, and particularly coverage of at
least 75% of global production share for producer countries in
the reference year 2014. In case of non-compliance, further
mine sites were added after additional research in producer
countries. This additional assessment was necessary for

several raw materials (e.g., tantalum) where the USGS
MRDS database provided no or too few production sites in
known producer countries.

Indicators 9 and 10: value chain

Cumulated raw material demand of global production
Environmental hazard potentials were assigned according to
a comparison between various rawmaterials: the quantile with
the highest indicator values was attributed a high EHP and
the quantile with the lowest indicator values was attributed
a low EHP. Those ranging in the middle were attributed a
medium EHP.

Cumulated energy demand of global production The method
for allocating EHPs to raw materials follows the same princi-
ples as applied for indicator no. 9.

Indicator 11: environmental governance

Indicator 11 addressing the governance environment is still
under development. The methodology and the associated as-
sessment values will be published by the end of 2018, along
with the evaluation results for > 50 raw materials for all 11
indicators.

Conclusion and recommendations

The method presented in this paper represents an innovative
approach to gauge EHPs of abiotic rawmaterials frommining.
Main advantages of the methodology are the direct or indirect
coverage of all relevant environmental issues associated with
mining and mineral processing; its applicability to a wide
range of raw materials in the absence of comprehensive quan-
titative data on environmental impacts; and its limited number
of indicators facilitating the interpretation of results. However,
the method also has certain limitations, which can be summa-
rized as follows:

& Evaluations are based on the annual global mine produc-
tion and mostly qualitative in nature. Thus, results repre-
sent EHPs for the global mine production and cannot be
used to compare defined quantities of raw materials. In
any case, such comparisons require a life cycle approach
including use and end-of-life phase of the manifold prod-
ucts manufactured from these raw materials using quanti-
tative data on environmental impacts.

& The focus on EHPs of rawmaterials necessarily represents
a simplification of the diverse situation in mining areas
across the world. Thus, results represent average EHPs
of a defined raw material that cannot be scaled down to
the level of individual mines. Assessments at the level of
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mines and individual supply chains require alternative
tools such as environmental impact assessments (EIAs).
For a first quick but robust screening of potential environ-
mental impacts, the site-related evaluation of the
OekoRess project may be used (Dehoust et al. 2017b).

& The method is designed to assess EHPs of the current
global primary production. Future dynamics would need
a focus on reserves. In principle, this is also feasible
with the developed method, but is a question of data
availability.

& The method presented here allows a qualitative assess-
ment of the potential environmental impacts of primary
production of raw materials. It is not meant to substitute
cradle-to-grave assessments of products or detailed site-
specific assessments. It can however complement other
assessment methods and tools and support policy-
making and business strategies.

Despite these limitations, we are convinced that the meth-
odology and the results it delivers for abiotic raw materials are
necessary elements for developing effective and focused re-
sponsible sourcing strategies, both at the country level and at
the level of individual companies and industry sectors. As a
matter of fact, mining is—from a global perspective—still far
from being environmentally sound (ICMM 2017a). Although
in many places and mines, effective measures are undertaken
to mitigate EHPs, mining continues in many regions of the
world that observe no or insufficient environmental protective
measures. The following recommendations for action have
been derived during developing the OekoRess methodology.
Large segments of these recommendations have also been
published in the relevant project documents in German and
English (Dehoust et al. 2017b;Manhart et al. 2017; Dehoust et
al. 2017a):

& Many industrialized countries—and in particular many
countries in Europe—are largely dependent on the import
of abiotic raw materials. This causes a situation in which
many value chains are associated with negative environ-
mental impacts from mining in other world regions.
Furthermore, environmental impacts are often unequally
distributed along the global value chains: while a majority
of economic value addition occurs in industrialized coun-
tries with relatively controlled environmental impacts,
mineral extraction and processing in many places are as-
sociated with extreme local environmental impacts that
would not be accepted in this form in many industrialized
countries. This connection results in an ethical co-
responsibility for industry and policy of many industrial-
ized countries. In particular, raw material policy is chal-
lenged to adopt as core objectives not only the interest of

supply security, but also that of environmental aspects of
mining and processing and—together with industry—to
translate this responsibility into appropriate measures.

& For the planning and design of effective measures, a re-
duction of complexity is indispensable as a first step. It is
recommended that measures focus first on those raw ma-
terials that both have a particularly high EHP and a high
economic significance for the affected entity, e.g.,
Germany or the EU. The presented method for raw
material-related evaluation enables such a prioritization
and is currently applied to over 50 abiotic raw materials
in the ongoing follow-up project (OekoRess II). Such pri-
oritization can also be used by companies for their efforts
to achieve sustainable supply chain management. In addi-
tion, the raw material-related evaluation can complement
LCA or other assessments with focus on certain raw ma-
terials. For example, future technologies for the energy
transition like renewable energies or e-mobility will in-
crease the need of specific raw materials. The evaluation
results can be used to better understand the potential en-
vironmental impacts from increased mining of those ma-
terials, and help to incite precautionary measures.

& For the debate on science and industrial policy on critical
raw materials, it is recommended to examine to what ex-
tent the method introduced here can be included in the
existing criticality assessment. Generally, efforts should
be made for raw material-related evaluation systems to
give a comprehensive overview of risks and impacts asso-
ciated with raw materials. Environmental problems and
impacts ought to be treated transparently in an equal man-
ner and mapped as a separate evaluation dimension. Such
an integrated presentation is also effective because EHPs
are likely to have a significant impact on future price and
scarcity developments as a result of an expected increase
in the internalization of external costs in the mining sector
through effective implementation of voluntary and man-
datory standards. Thus, they provide an important addi-
tional information basis for a sustainable raw material pol-
icy. Raw materials ought to be considered environmental-
ly critical when they show high EHPs, corresponding to a
low environmental availability, while simultaneously be-
ing of great economic importance.

& The assessment results should also be considered in re-
source efficiency policies, which aim to reduce material
use-related environmental pressure while enhancing com-
petitiveness. To address these policy targets, resource ef-
ficiency policy measures such as research funding pro-
grams for a circular economy should expand their focus
on environmentally critical raw materials rather than fo-
cusing on conventionally critical raw materials or relying
solely on mass-based indicators.
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