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Abstract

Purpose Several methods were developed to quantify the damage to mineral resources in LCA. Building on these and fur-
ther expanding the concept of how to assess mineral resources in LCA, the authors developed in previous articles a method
to account for dissipative resource flows in life cycle inventory (LCI). This article presents a price-based life cycle impact
assessment method to quantify the potential impact of dissipative uses of resources.

Methods This article firstly defines an impact pathway from resource use to resource dissipation and subsequent damage to
the safeguard subject for “mineral resources”. It explores the quantification of this damage through the definition of char-
acterization factors (CFs), for application to dissipative flows reported in LCI datasets. Market prices are used as a relevant
proxy for the multiple, complex and varied functions and values held by mineral resources. Price data are collected consid-
ering a 50-year timeframe. Intervals of 10, 15, 20 and 30 years are considered for sensitivity analysis. Price-based CFs are
tested on one cradle-to-gate case-study (copper production), in combination with accounted resources dissipated across the
life-cycle. An approach to calculate the normalization factor (NF) is explored at the EU level.

Results and discussion CFs are calculated for 66 mineral resources, considering copper as reference substance. Precious
and specialty metals have the largest CFs. Minerals are instead ranked at the bottom of the hierarchy. New insights that this
method brings in LCA are discussed for the copper production case-study. Losses due to final disposal of tailings are key (90%
of total value loss), as opposed to e.g. emissions to environment. Relevance, robustness, completeness and consistency of
the price-based CFs are discussed. This method in particular offers a relatively large coverage of elementary flows, with
underlying data of good quality. Sensitivity of CFs to the chosen time interval is relatively limited. Initial analysis for a NF
based on 14 key resources dissipated in the EU in 2016 is presented.

Conclusions The developed CFs are relevant to address the issue of mineral resources value loss in LCA. They may be
used in combination with dissipation-based methods at the LCI level, as tested in this study, or potentially (i) with classical
extraction-based LCI datasets or (ii) as potential complements to existing life cycle impact assessment methods not captur-
ing damage to resource value. Future refinements shall aim at extension to additional mineral resources and investigate the
possibility of regionalisation of CFs and NF calculation.

Keywords Life cycle impact assessment (LCIA) - Mineral resources - Normalization value - Price - Dissipation

1 Introduction

Mineral resources are part of our daily lives and are key
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“critical” is particularly crucial for the EU, and actions to
increase EU resilience and open strategic autonomy are
therefore underway (EC 2020).

Several methods, capturing diverse dimensions of the
issue related to mineral resources, have been developed
in the last two decades to quantify the damage to mineral
resources in the LCA of a product or a system (Sonderegger
et al. 2020). The “task force mineral resources” of the Life
Cycle Initiative hosted by UN Environment classified these
methods according to the questions they address, recom-
mending existing life cycle impact assessment (LCIA) meth-
ods in relation to these questions (Berger et al. 2020). The
abiotic depletion potential (ADP, ultimate reserve; Guinee
et al. 2002; van Oers et al. 2002) is in particular recom-
mended for use by practitioners when addressing the ques-
tion of the relative contribution of a product system to the
depletion of mineral resources (Berger et al. 2020). This rec-
ommendation is in line with that of the product and organi-
zation environmental footprint (PEF/OEF) methods, cur-
rently in its transition phase in the European Union (Zampori
and Pant 2019; EC 2021). LIME2 (standing for life-cycle
impact assessment method based on endpoint modelling)
is moreover interim recommended to quantify the relative
(economic) externalities of mineral resource use (Berger
et al. 2020). It evaluates the effect of a hypothetical lack of
investment of earnings from the sale of finite resources in
terms of potential externality of lost future income (Berger
et al. 2020; Itsubo and Inaba 2014). The future welfare
loss, not published at the time of the “task force mineral
resources” work and therefore not recommended (Berger
et al. 2020), is a market-price-based method that aims at
assessing the social cost of resource exhaustion (Huppertz
et al. 2019). In these three methods (ADP, LIME2 and future
welfare loss), and generally in other LCIA methods, char-
acterization factors (CFs) are applied to resource extraction
flows as classically reported in life cycle inventory (LCI)
datasets.

During the development of the Organization Footprint
Sector Rules (OEFSR) of the copper producing sector, the
Technical Secretariat (TS) in charge of drafting the rules
highlighted the shortcomings of depletion-based approaches,
such as ADP in its various applications (EC 2018a, b). As
a follow up, the Joint Research Centre (JRC) explored the
possibility of implementing the concept of resource dissipa-
tion in an LCA, with a specific focus on the environmental
footprint (EF) methods (Zampori and Sala 2017).

The “task force mineral resources” additionally called for the
definition of the concept of dissipative resource use and for its
integration in future method developments (Berger et al. 2020).
Several authors have subsequently explored the concept of
resource dissipation and its potential implementation in LCA.
Beylot et al. (2020b) described the status of resource dissipa-
tion in the literature of life-cycle-based studies and suggested a
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comprehensive definition for this concept, in the absence of a
common understanding (in literature) of what a dissipative flow
is. In parallel, several authors have developed methods to opera-
tionalize the accounting of resource dissipation in LCI and/or
LCIA (van Qers et al. 2020; Owsianiak et al. 2022; Charpentier
Poncelet et al. 2021; Charpentier Poncelet et al. 2022; Beylot
et al. 2020a; Beylot et al. 2021). In particular, the Joint Research
Centre of the European Commission developed a life cycle inven-
tory method (named as “JRC-LCI” method in the following) that
relies on accounting for dissipative flows at the unit process level
in LCI datasets, considering a short-term perspective (Beylot
et al. 2020a, 2021). Tested on a case study, this method proved
relevant to identify hotspots in terms of resource dissipation in
supply chains, in mass units. Yet, so far, this method stands for
a “fate model” enabling to distinguish between dissipative and
non-dissipative resource flows at the unit process level, while
the “effect” induced by these dissipative flows is not assessed.

The “task force mineral resources” stated that the damage
to the safeguard subject for “mineral resources” is the reduc-
tion or loss of the "potential to make use of the value that
mineral resources can hold for humans in the technosphere"
(Berger et al. 2020). In this context, this article complements
the JRC-LCI method, which so far enables to account for
dissipative flows in a product system at the LCI level in
mass units (Beylot et al. 2021), with an impact assessment
method that further quantifies the damage induced by these
dissipative flows. The combination of the JRC method, at
the LCI level (Beylot et al. 2021) and at the impact assess-
ment level (this article), overall enables to quantify reduced
accessibility to mineral resources value in LCA.

This article is structured as follows: Sect. 2 describes the
proposed method (including impact pathway description and
computation of CFs); Sect. 3 presents the resulting CFs and
impact assessment in a case-study; Sect. 4 discusses these
results in terms of (i) the new insights this method brings as
support to decision-making, (ii) sensitivity to the timeframe
considered for CFs calculation, (iii) possible approach for
defining normalization factor; and (iv) relevance, robust-
ness, completeness and consistency of the method.

2 Method
2.1 Impact pathway description

2.1.1 “Value”: the key concept to be captured
in the damage assessment

The “task force mineral resources” defined the safeguard
subject for “mineral resources” with the intention to account
for “humans as the most relevant stakeholders for min-
eral resources, i.e., the focus is on the instrumental value
of resources for humans” (Berger et al. 2020). “Value”, or
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“utility” (i.e. by providing a certain function) for a certain
subject (usually humans, in the common anthropogenic per-
spective) is more generally classically core in the definition
of natural resources in the literature (Ardente et al. 2019).
Value was moreover key in the intended consensus process
as described for the SUPRIM project by Schulze et al. (2020),
which concluded that the so-called type B perspective (“Abi-
otic resources are valued by humans for their functions used
(by humans) in the technosphere”) best summarized their
view on the role of abiotic resources. Still at this stage, there is
no consensus on the way either the resource value (potentially
“instrumental”) or the “potential to make use of the value that
mineral resources can hold for humans in the technosphere”
(Berger et al. 2020), shall be captured, in particular in LCA.
Capturing value in the quantification of the damage to mineral
resources in LCA is moreover also in line with principles of
circular economy, as e.g. fostered in the EU action plan for
the circular economy (EC 2015). In the latter, the instrumental
value/function of the natural resources (extracted, harvested
and overall transformed) are aimed to be maintained for the
beneficial use by humans.

2.1.2 Accounting for mineral resource dissipation
and induced value loss in LCA

In this context, this study suggests the following impact
pathway to account for the reduction or loss of the potential
to make use of the value that mineral resources can hold
for humans in the technosphere. A product system requires
the use (“consumption”) of mineral resources. Part of these
are extracted from ground (primary resources), while the
remaining share stems from the life cycle of other product
systems via recycling activities (secondary resources). It is
noteworthy that:

— The concept of “resources” as intended here matches
the understanding by the “task force mineral resources”,
which encompasses resources from both ecosphere
and technosphere. It also aligns with the perspective
promoted by Schulze et al. (2020), according to which
“resources may originate from both primary and second-
ary production”;

— “resources” here refers to the ones used by the product
system, not to the geological stock of resources as some-
times implicitly considered when referring to “resource
depletion”.

All along the life cycle of the product system under study,
part of these resources are rendered not accessible to future
users due to different constraints, which prevent humans
to make use of the function(s) that these resources could
have in the technosphere (e.g. mineral resources emitted
to environment). Building on the definition of “resource

dissipation” provided by Beylot et al. (2020b), the product
system under study consumes/uses mineral resources as
inputs, and delivers part of these mineral resources in a dis-
sipated form. It is noteworthy that the level of accessibility
of (potentially) dissipative mineral resources may depend
on technological and economic factors, which can change
over time (Beylot et al. 2020b). The temporal perspective is
therefore key in the determination of dissipative flows and
shall be specified in any method development building on
this impact pathway.

Subsequently, these dissipative flows (or losses; Beylot
et al. 2020b) of mineral resources further imply the loss
of the value that these resources can hold for humans in
the technosphere, as humans cannot access them anymore
within the time horizon in the problem definition. These
dissipative flows damage the safeguard subject for “min-
eral resources” in terms of a loss of value. Any method that
is developed following this impact pathway is accordingly
expected to address the question: “How can I quantify the
consequences of temporal or permanent loss of the func-
tional values of natural resources (as related to dissipation)
caused by its use in a product system?”.

2.1.3 Resource “prices” as a representative proxy
for resource “value”

Mineral resources hold a value regarding what they can be
used for by humans, i.e. in terms of “services” they may pro-
vide to humans within a product (either alone or in combina-
tion with other mineral — and sometimes non-mineral —
resources). This can reflect an anthropocentric perspective
focused on the role of resources in the economy (Schulze
et al. 2020). For example, the use of tungsten allows mobile
phones to vibrate, while gallium and indium are part of
light-emitting diode technology in lamps. This “value” is
therefore highly connected to the function(s) that the mineral
resources may provide to humans, so that the term functional
(or instrumental) value may sometimes be used instead of
“value”.

The market price of mineral resources represents the
way that these resources are valued by the economic actors
requiring their use for product manufacturing (e.g. electron-
ics, automotive, building, etc. sectors). Higher priced metals
(e.g. tungsten, gallium and indium) are generally used in
more specialized applications than cheaper ones, for which
their specific functionalities can be fully utilized. Despite
these natural resources may also provide some more basic
functions, their high production cost normally prevents their
use in lower added-value applications for which they are
substituted by lower priced resources.

Metal price variations and their consequences in terms of
substitution highlight further the close connection between
function, value and price of mineral resources. Resource
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prices also reflect their availability in the market (in a cer-
tain moment), as also affected by geopolitical tensions and
social aspects: prices are affected by (and to some extent,
reflect the) competition between different production pro-
cesses. In case of higher prices of metals, the latter are used
specifically for some of their higher-valued functionalities,
e.g. copper substituted by aluminium for pipes or electri-
cal applications when the price of copper increased in the
2000s. In that case, the increase in copper price led to its
use preferentially in applications of higher value. We may
conclude that market prices of resources may be influenced
by a large number of factors (some of them as listed above),
being, however, a discussion of how prices are determined
beyond the scope of this article.

The use of economic relations is also not new in LCA:
for instance, the use of allocation factors based on the eco-
nomic value of different co-products can summarize complex
attributes of products or services quality that cannot be easily
measured by physical criteria (Ardente and Cellura 2012).

Overall, the general assumption and concept behind the
proposed method for building CFs for resources is that price
can be considered a proxy for the multiple, complex and
varied functions and values that natural resources can have
in highly interconnected socioeconomic systems. It is rec-
ognized that natural resources could have cultural, spiritual
or emblematic “values” that could not be captured by the
economic value (Dewulf et al. 2015); still, we consider that
price-based CFs can be a good proxy of the overall resource
functions and values,’ especially for short-term evaluations,’
with the additional benefit that these are easy to be calculated.

2.2 Impact assessment and associated
characterization factors: operationalization

This section describes the operationalization of the above-
presented general impact pathway. Dissipative flows of
mineral resources are accounted at the LCI level through
implementation of the JRC-LCI method (Sect. 2.2.1). The
associated value lost is assessed through a market-price-
based method as described in Sects. 2.2.2 and 2.2.3.

2.2.1 Resource dissipation in life cycle inventories

The JRC-LCI method consists in reporting dissipative flows
of mineral resources at the unit process level, in mass units,

! For a comprehensive discussion on value and functions of resources,
we recommend dedicated articles on the subjects, as in Dewulf et al.
(2015) and Schulze et al. (2020)

2 Different and better proxies could be used in long-term assess-
ments, although the authors believe that, due to their simplicity, long
historical series of market prices may be also considered for assess-
ments referred to longer time frames.
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considering a predefined list of dissipative mineral resource
flows to a number of compartments (Beylot et al. 2020a,
2021). Beylot et al. (2020a; 2021) suggest to consider a
short-term perspective (25 years). In this context, any flow
of resources to (i) environment, (ii) final waste disposal
facilities and (iii) products-in-use in the technosphere, with-
out providing any significant function anymore (including
due to non-functional recycling), is suggested to be reported
as dissipative. The JRC-LCI method shall be implemented
in two steps: (i) mapping the flows of mineral resources into
and out of the unit processes under study (“resource flow
analysis”, RFA, i.e. substance flow analysis of the resources),
and (ii) identifying the dissipative flows and reporting them
in the LCI at the unit process level. The JRC-LCI method
focuses on dissipation, and therefore excludes “occupation-
in-use” for which by definition the function(s) that the
resources could hold in the technosphere is (are) exploited
(Beylot et al. 2021). Yet, it is recalled that, despite not being
a form of dissipation, “occupation-in-use could be consid-
ered as potentially affecting the accessibility of the resources
for other users” (Beylot et al. 2021).

RFA consists in quantifying the flows entering the unit
process as resources from ground and resources embodied
in products from the technosphere, and coming out of the
unit process. The outputs from the unit process are in one of
the three following forms:

i) Embodied in the output product. In that case, resources
may be conserved (that is, holding a significant function
in the product) or, by opposition, dissipated (if holding
none or low function);

ii) Directly dissipated as emissions to the environment;

iii) Embodied in a waste for further treatment. In that case,
the resources may be conserved (i.e. significant function
conserved, through e.g. a recycling process) or dissi-
pated (e.g. final disposal in a landfill, without valorisa-
tion of the function).

Moreover, regarding the definition of mineral resources,
the same rules as the ones considered in Beylot et al. (2021)
for the implementation of the JRC-LCI method have been
followed in this study. In short:

— Regarding primary mineral resources: “if the mineral
or aggregate has a value as such (e.g., gypsum or sand),
the mineral is considered the relevant elementary flow”
(Berger et al. 2020), that is to say, it is the resource;
instead if the value of a mineral ore is to host elements
only, then the target elements in the ore are considered to
be the resources (as in the ecoinvent 3 database; Weidema
etal. 2013);

— Regarding mineral resources in use in the technosphere:
as long as the chemical elements, minerals and aggre-
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gates hold their value in the product system under study,
they are resources.

As a basis, the list of mineral resource flows derives from
the EF reference package (version 3.0; EC 2019), consider-
ing all minerals classified as “resources from ground”.

2.2.2 Damage assessment

The impact of resource dissipation in terms of value loss
can be calculated as the sum of the mass of each individual
resource dissipated multiplied by a CF that reflects its value
with respect to a reference substance (Eq. 1):

Value Loss(VL) = Y m; - CF; 1)

where:

— Value loss (VL) =impact related to dissipation of mineral
resources value [kg Ref. sub. ¢ ]

— m;=mass of the i™ mineral resource dissipated [kg];

— CF,=characterization factor of the i"" resource, compared
to a reference substance and calculated as in Eq. (2):

) €
Pricey,; ks,
CF; = o= (2)
Price €
Av,ref .sub. —_
kg Ref .Sub.

where:

— Price,,;=average price (over a certain timeframe) of the
i resource [€/kg];

— Price,, er. s, = average price (over a certain timeframe)
of a reference substance [€/kg].

This method delivers the impact of a product system on
the safeguard subject “mineral resources” in terms of “Value
Loss” (VL), i.e. in terms of the loss of value that mineral
resources can hold for humans in the technosphere. The
approach proposed in Eqs. 1 and 2 is relevant for assessment
in a short-term perspective, although it might be relevant
also for longer temporal scopes, especially in the absence of
easy and suitable alternatives. Through this method, all the
flows of different resources dissipated accounted for in the
LCI phase (e.g. copper, aluminium and iron) are translated in
the equivalent dissipated mass of a reference resource (e.g.
copper, gold or antimony) based on their relative values.
For example, assuming copper as reference substance, an
hypothetical impact of VL equal to 2.5 kg Cug,, would mean
that, along the whole life cycle of the system under study, the
overall amount of all the resources dissipated is equivalent,
in value terms, to 2.5 kg of copper.

2.2.3 Price data for characterization factors determination

The Historical Statistics for Mineral and Material Com-
modities of the United States Geological Survey (USGS)
are considered in this study for implementation of Egs. 1 and
2 (USGS 2020). They represent a comprehensive database
for resources’ prices, characterized by good data availabil-
ity (relatively high completeness), precision, representa-
tiveness and with up-to-date information. Net present value
(which is the economic function that allows to compare cash
flows occurring in different times) is considered in order to
account for the time value of money.

Prices of resources can be affected by variability, espe-
cially in short timeframes, induced by a multitude of aspects
not necessarily related to the utility of the resource (e.g.
political decisions, wars and tariffs), and beyond the scope
and problem definition of this article. However, when con-
sidering longer periods (e.g. some decades), price fluctua-
tions of many resources tend to be less important. One main
temporal perspective (50 years) is considered, with four
additional temporal perspectives (10, 15, 20 and 30 years)
considered within a sensitivity analysis (see Supplementary
Information—Online Resource).

2.2.4 Scope of the impact assessment method

The resource scope, temporal scope and geographical scope of
this price-based impact assessment method may be reported
with building on the framework developed by Schulze et al.
(2020). In this study, price-based CFs are developed consider-
ing elements (e.g. copper and zinc) and configurations (e.g.
clays and gypsum). They may be applied with LCI account-
ing for either dissipative flows or flows extracted from ground,
at the elemental and configurations level as in the JRC-LCI
method (for dissipative flows) or standard LCI databases (for
resource flows extracted from ground). The five temporal per-
spectives (10, 15, 20, 30 and 50 years; with 50 years as the main
reference) are all rather short-term perspectives. This temporal
scope of the price-based CFs makes them particularly fit for
combination with the JRC-LCI method in a short-term per-
spective (25 years) as developed by Beylot et al. (2020a, 2021).
Still, the proposed price-based approach might be relevant to
be used for longer perspectives, but this requiring additional
investigation. Finally, the developed method enables to address
the mineral resource issue on a global scale, yet with potentially
some differences in values (prices) depending on the region of
the world where losses actually occur (see the “Sect. 4” where
potential need for regionalization is addressed).

2.3 Case study

This method to account for resource value loss in LCA is
tested on one case study. It builds on the work of Beylot et al.
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(2021) who assessed direct dissipation of mineral resources
along the cradle-to-gate primary production of copper, with
1 kg of copper cathode as the reference flow. Beylot et al.
(2021) accounted for the mass of dissipative flows along
the production process steps; in this article, the damage
induced by these dissipative flows is further assessed. The
system boundary first encompasses mining and concentra-
tion, which result in the production of copper concentrate
(containing around 30% of copper) from sulfidic copper ore
extraction and treatment. In this case study, tailings are con-
sidered to be disposed of in a tailings management facility.
The copper concentrate is then further treated in pyrometal-
lurgy, resulting in the production of copper cathodes from
the treatment of copper concentrate. This case study mainly
builds on the exploitation of two ecoinvent (version 3.5)
datasets: “copper mine operation, sulphide ore, GLO” and
“copper production, primary, GLO”, respectively represent-
ing the process of copper concentrate production and cop-
per production (from copper concentrate) at a global scale
(ecoinvent 2019; Classen et al. 2009).

It is highlighted that this case-study has been discussed to
analyse the applicability of the proposed method, although
further testing of full cradle-to-grave examples would pro-
vide further relevant insights regarding dissipation in the
use and product end-of-life phases of products and systems
life-cycles.

3 Results
3.1 Characterization factors

The CFs are computed for 66 minerals and chemical ele-
ments based on their 50-year price-average, considering cop-
per as the reference mineral resource. They are represented
in Figs. 1 and 2 distinguishing four categories of metals as
defined by the UNEP (2011; precious, specialty, ferrous and
non-ferrous metals), in addition to one generic category of
minerals. For sake of clarity, CFs have been represented in
two separate figures, distinguishing resources with CFs> 1
from those with CFs < 1. CFs are available in the Supple-
mentary Information (Online Resource) associated with this
article, considering alternative timeframes (10, 15, 20 and
30 years, in addition to 50 years) and different reference
substances (e.g. gold and antimony, in addition to copper).
Highest CFs are observed for precious metals (gold, plati-
num group metals — PGMs — and to a slightly lower extent
silver; Fig. 1). Precious metals have historically been prized
for their relation to wealth and status, but they are increas-
ingly used in technological applications (UNEP 2011). The
CFs associated with gold and PGMs are more than three
orders of magnitude larger than that of Cu, by definition
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set to 1 in this method as the reference chemical element.
Moreover, specialty metals are also globally highly ranked
in this classification (Fig. 1). They are classically used in
industrial and consumer products in small amounts thanks
to their specific chemical and physical properties. Rhenium,
thallium, gallium, germanium, etc. in particular have CFs
between 2 and 3 orders of magnitude larger than that of
copper. Thirdly, ferrous and non-ferrous metals have CFs
in-between one order of magnitude larger and one order of
magnitude lower than that of copper. In particular, the basic
metals lead, nickel, tin, aluminium and zinc are ranked rela-
tively close to copper. Finally, minerals are globally ranked
in the second part (and bottom) of this hierarchy. These min-
erals include in particular gypsum, feldspar, diatomite, salt,
sand and gravel, etc.

3.2 Application to a case study

Dissipative flows of mineral resources are accounted at the
LCI level, based on the JRC-LCI method, as already pre-
sented in Beylot et al. (2021), including the discussion on
main assumptions and limitations. In order to produce 1 kg
of copper cathode, 0.88 kg of direct dissipative resource
flows is generated, mainly in the form of calcium carbonate
(51% of the total mass) with copper additionally represent-
ing a significant contribution (30% in mass terms), while
iron (8%), sulphur (5%), molybdenum and chromium (2%)
overall represent more limited shares (Fig. 3). Tailings final
disposal, and to a slightly lower extent pyrometallurgy and
mining and concentration, all represent important contribu-
tions in mass terms (respectively 42%, 29% and 26%).

The further implementation of market price-based CFs
as developed in this study, applied to the dissipative flows
at the unit process level, enables to account for the associ-
ated resources value loss. Copper is the main contributing
mineral and metal resource, representing 62% of the total
impact. Mineral resource value loss is mainly associated
with copper loss in tailings disposal facility (54%), and
to a lower extent in slags used in construction (7%) and
in environment (1%). Molybdenum is the second most
contributing resource (25%, in tailings disposal facility).
Other dissipative resource flows have more limited con-
tributions (nickel, 5%; iron, 3%; calcium carbonate, 2%;
etc.), as driven by smaller masses dissipated compared
to copper and molybdenum (e.g. in the case of nickel)
and/or due to lower CFs (e.g. regarding iron and calcium
carbonate). Tailings final disposal is the hotspot process
step, representing 90% of the damage to mineral resources
value. Instead, dissipation as emissions to the environment
(from mining and concentration and pyrometallurgy) only
represents 3% of the total damage to mineral resources
value.
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Fig. 1 Price-based CFs for Au
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4 Discussion

4.1 Comparison with depletion-based impact
assessment method

Price-based CFs may be put in perspective with abiotic
depletion potential (ADP) CFs, ultimate reserve, as recom-
mended respectively by the "task force mineral resources"
and by the European Commission in the PEF method, to
calculate the contribution of mineral and metal resource use
to depletion (EC 2021). Prices and ultimate reserves cap-
ture two distinct aspects of mineral resources, respectively
value and scarcity, only poorly interconnected and eventu-
ally resulting in very different sets of CFs, as demonstrated
by a poor correlation (R*=0.26; Fig. 4). For example, ADP

Other minerals

m Non-ferrous metals

1E+01

Ferrous metals

m Specialty metals

Precious metals

1E+02 1E+03 1E+04

CFs for gallium and germanium are very low (order of mag-
nitude of 1077) because they are not scarce in the Earth’s
crust. Instead their CFs based on prices are relatively high
(beyond 200): the amount of these resources available in
the market for practical uses is relatively low compared to
demand in several very specific, high-valued, applications.
Actually, a resource may be largely present in the crust (as
magnesium, one of the most abundant element in Earth’s
crust and marine water), but still the resource can be scarce
in forms that can be mined and made available for the pro-
duction processes (e.g. magnesium listed among the EU
Critical Raw Materials list; EC 2020). The proposed method
therefore may be more relevant for assessment in a short-
term perspective, focusing on the use of the resources in the
technosphere (as currently known).
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Fig.2 Price-based CFs for
mineral resources value loss
accounting: only negative
values in logarithmic scale are
represented (i.e. CFs< 1 [kg

Cu ¢ .//kg]); considering Cu as
reference substance and 50 year-
price average

Other minerals

1E-03

4.2 Timeframe and price variations

Metal prices are known to be relatively volatile. This is for
example the case for rare earth elements, whose prices have
significantly increased in 2011, e.g. by a factor 70 for neo-
dymium considering its value in July 2011 compared to the
period 2002-2003, in average (Bru et al. 2015). Despite their
volatility, in a very common context of metal co-production
(i.e. multi-functional) processes, metal prices have classically
been considered in LCA as an allocation key to assess the
impacts by co-produced metals. For example, in their LCA
study applied to metal production, including rare earth oxides,
Nuss and Eckelman (2014) consider average prices over the
period 2006-2010. Arshi et al. (2018) instead consider prices
for rare earths in 2016. The choice for different short-time
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intervals to calculate price averages as allocation keys, in par-
ticular in the context of rare-earths elements which showed
very extreme price increase in 2011, may partly drive differ-
ent impact assessment results as obtained in different studies.

Building on this observation, in this study, the timeframe
for deriving average prices has been intentionally set to
a relatively long period (50 years). Such time interval is
particularly adapted to smooth out prices fluctuations and
prevent that sudden, short-term, effects of volatility have
large effects on the determination of the average price. It is
also assumed that the relative differences in prices between
resources may be considered a proxy for the price differ-
ences between resources in the short-term future.

The influence of the chosen timeframe set to calculate
price-based CFs is further investigated in a sensitivity
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analysis considering average prices over 10, 15, 20 and
30 years, as compared to 50 years set as the reference in
this study. Sixty mineral resources are covered in this sen-
sitivity analysis, compared to 66 covered with a CF for the
50-year timeframe. This is due to lack of recent data which
hampers to calculate reliable CFs for shorter timeframes.
Despite differences between CFs of different resources cal-
culated respectively for a 50-year timeframe and for 10, 15,
20 and 30 years, one observes a very good correlation, as
demonstrated by R? in the interval [0.96; 0.99] (Fig. 5 and
Supplementary Information—Online Resource). Despite
price evolution over time, both in the long-run and in the
short-run (with sudden peaks), relative prices as captured by
the developed price-based CFs are relatively similar regard-
less the timeframe considered. Detailed calculation of the
different CFs for different timeframes, and different refer-
ence resources, is provided in the Supplementary Informa-
tion (Online Resource).

Fig.4 Price-based CFs (average

4.3 Strengths and weaknesses

Strengths and weaknesses of the price-based characteriza-
tion method are discussed, both in absolute terms (consider-
ing this method only) and in relative terms (comparison with
other, widely-used, impact assessment methods), regard-
ing the following criteria: relevance to the question to be
addressed; robustness of underlying assumptions; complete-
ness (coverage of elementary flows); data quality (including
uncertainty and representativeness); consistency with other
impact categories; operationalization and communication.

4.3.1 Relevance

The “task force mineral resources” of the Life Cycle Initia-
tive hosted by UN Environment set the issue of “value” as
of utmost importance regarding the safeguard subject for
“mineral resources” (which is “the potential to make use of
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the value that mineral resources can hold for humans in the
technosphere”; Berger et al. 2020). The price-based charac-
terization method enables to capture “value” in the impact
assessment step, especially to what concerns the functions
that resources may have for humans in the technosphere.
When combined with a method to account for dissipated
resources at the LCI level, it enables to capture the loss of
value of mineral resources as induced by a product-system
over its life cycle, i.e. the damage to the safeguard subject as
defined by the “task force mineral resources”.

Methods to account for dissipation in particular encom-
pass the JRC-LCI method as considered in the case study of
this article. Further combination of price-based CFs with
other methods to account for dissipative flows at the inven-
tory level is additionally conceivable, e.g. with the method
developed by Owsianiak et al. (2022) that enables to distin-
guish the actual dissipative emissions of resources to envi-
ronment, from the non-dissipative ones, in the LCI step in
mass units. Yet in the latter case, the associated robustness
of conceptual foundations for the combination between such
LClI-based methods and price-based CFs (e.g. regarding con-
sistency in temporal perspectives) and associated potential
issues of operationalization (e.g. nomenclatures of elemen-
tary flows) still require to be assessed.

It is noteworthy that more generally, price-based CFs may
be directly combined with (i) classical approach to resource
accounting in LCIs, which consists in reporting resources
extraction from ground, or even (ii) in combination with
LCIA methods that apply to current LCI (e.g. average dis-
sipation rate, ADR, and lost potential service time, LPST,
methods developed by Charpentier Poncelet et al. 2021, for
estimating the impacts of dissipative flows of metals). These
possible combinations shall be further explored regarding
a number of aspects, including actual complementarity
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(e.g. in terms of conceptual ground for these methods, and
operationalization) and consistency in terms of assumptions,
defined problem and scope.

4.3.2 Robustness

This method builds on a limited number of both hypotheses
and layers of data, whose uncertainty would add in the deri-
vation of CFs. Still, it builds on one fundamental hypothesis:
historical market prices of mineral resources are assumed
to represent a best available proxy for their “values” in the
technosphere and representative for resource prices in the
near future. At this stage, there is not only no consensus on
the way resource value shall be captured in LCIA of mineral
resource use; there is also still no consensus on what the
concept of “value” covers and how it should be defined. We
consider that market prices of mineral resources represent
the way that these resources are valued by economic actors,
using them for the specific functions they provide. It is true
that on the production side, market price is driven by a num-
ber of parameters, like energy consumption and associated
costs, scarcity, etc. Energy consumption, in particular, rep-
resents a relevant component of resource price. Anyway,
value of resources should reflect also their accessibility and
the difficulties to get the resource available for their use in
a product system (including energy necessary to mine and
refine). Therefore, we consider that costs for energy con-
sumption should be considered in the impact assessment of
resources. As future development of the method, the pos-
sibility to decouple the costs for energy from the resource
value should be investigated.

It is also recommended to grant consistency between the
inventoried dissipative flows and their corresponding CFs.
This can be difficult in some cases, as for example dissipated
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metals in unrefined ores may have a value lower than that of
refined metals. Still, we would recommend to use the price
of refined metals as best proxy available (in the absence of
more precise price figures). This is, however, a limitation
needing further exploration.

Still, on the demand side, the price that is paid by eco-
nomic actors is conditioned by the benefit that they will
make from the use of these mineral resources. In terms of
robustness of the underlying assumptions, it can be con-
sidered that the use of resources prices well fits as a proxy
to determine their value as intended in this paper. The use
of proxies has been adopted also by other impact assess-
ment methods. For example ADP CFs are built consider-
ing that resource content of the continental crust (assuming
12 km depth) is a correct proxy for the ultimate reserve;
which is further assumed to be a correct proxy for ulti-
mately extractable reserve in the computation of CFs
(van Oers et al. 2020). Similarly, Owsianiak et al. (2022)
assume that average concentration in the continental crust
is a good proxy threshold for mineral resources accessi-
bility, and that all chemical elements in extracted mineral
ores (even those in concentrations close to 0) are mineral
resources. Therefore, we consider that (i) the price-based
method developed in this article enables to account for the
loss of value of mineral resources, which makes it fully rele-
vant as this topic is core according to the "task force mineral
resources” recommendations, and (ii) there is some trade-off
regarding robustness of the underlying assumptions (here
considering “price” as a good proxy for “value”), yet accept-
able in view of assumptions made in other classically imple-
mented LCIA methods for mineral resource use.

4.3.3 Data quality and completeness of coverage

CFs are based on mineral resources market price data which
overall can be qualified of good quality. This encompasses
(i) reliability, (ii) representativeness and (iii) completeness:

i) Prices are by definition a quantified value agreed upon
and communicated between stakeholders (sellers, buyers
and potentially transparently available to market). In this
study, data are drawn from the USGS. Therefore, both
the nature of the data at stake and their source as used
for CFs compilation make them reliable, in absolute
terms (relatively low uncertainty) and in relative terms
as compared to other types of data (in particular physical
flows) classically implemented in LCA calculations;

ii) Representativeness here refers to both temporal and geo-
graphical representativeness. Data over a 50-year interval
are implemented in the CFs, so that temporal representa-
tiveness may be considered good. Shorter temporal scopes
moreover show rather limited influence on differences in
CFs, as discussed in Sect. 4.2. Moreover, geographical

representativeness is also expected to be good, with many
metal markets classically at a worldwide scale;

iii) Finally, coverage of substances is rather large. CFs have
been developed for 66 minerals and chemical elements,
which is e.g. comparable to the good coverage in ADR/
LPST methods and in the updated ADP method (respec-
tively 61 metals covered, and 76 chemical elements
covered; Charpentier Poncelet et al. 2022; van Oers
et al. 2020). One asset of the price-based CFs relies in
particular on the possibility to consider not only chemi-
cal elements but instead both chemical elements and
minerals as “mineral resources”.

4.3.4 Consistency with other impact categories,
operationalization and communication

The price-based method to account for resources value loss,
as developed in this study with respect to mineral resources,
may be further extended to other types of natural resources.
This in particular includes fossil resources, while it is still to
be explored and it may be questionable the applicability to
other natural resources such as land or freshwater.
Price-based CFs as developed in this study are available
in the Supplementary Information in Excel format (Online
Resource). They are ready for use by practitioners, either
directly combined with classical approach to account for
mineral resources extracted from ground in LCI datasets, or
with more recent method to account for dissipative flows,
such as the JRC-LCI approach. Moreover, the concept of
“value loss”, that is captured by these CFs when combined
with dissipative flows in LCI datasets, may be adequately
understood by (and therefore communicated to) decision-
makers or non-expert public audience. However, consistency
with other impact categories requires careful evaluation,
especially in respect to time frame and problem definition.

4.4 Improved CFs and developing normalization
factor: a way forward

4.4.1 Improving CFs reliability and completeness

Despite overall good quality (including representativeness)
of the CFs as computed in this study, they may be further
improved in the future in a number of ways.

Firstly, CFs for chemical elements refer to metals in their
refined form; whereas losses in the life cycle are not neces-
sarily in such metal form, but rather e.g. in oxidized form
and therefore of lower value. Moreover, in one case, the
price of a material (steel) was used as a proxy for the price
of the major metal it is composed of (iron). The CFs as listed
in this study accordingly tend to overestimate the impact
of dissipative losses in the production steps along the life
cycle of products and systems. Secondly, it is noteworthy
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that some commodities (e.g. rare earths) are primarily traded
on over-the-counter markets (i.e. directly between two par-
ties and without a central exchange or broker). This implies
less transparent data, and as a consequence potentially more
uncertain reporting in databases such as that of the USGS.
These limits may be overcome by exploring further data
sources. These include e.g. data published by the London
Metal Exchange (LME 2022), Fastmarkets (Fastmarkets 2022),
Oanda (Oanda 2022), etc. Exploring these other data sources
is beyond the scope of this study, but may be relevant in further
developments, as it will potentially open the door to:

— More complete data, i.e. potentially integrating additional
mineral resources beyond those covered in Figs. 1 and 2,
including disaggregation of the CF associated with rare
earth elements (REEs) into CFs for individual REEs;

— Less uncertain data, including intervals of values to be
integrated in sensitivity analysis;

— Regionalisation of CFs and evaluation of associated rel-
evance (or not), at a level of disaggregation (in terms of
countries/regions) to be determined;

— Evaluation of the relevance of regionalization of CFs, at
a level of disaggregation (in terms of countries/regions)
to be determined. “Relevance” could here be explored
both in terms of (i) any actual, observable, difference in
prices for each mineral resource (as a function of regions
where these are sold); and (ii) conceptual validity of such
potential regionalization (in a context where the devel-
oped impact assessment method intends to evaluate value
loss for humans). This latter point would require explor-
ing how far the LCIA method shall be approached either
in one single global perspective (i.e. one single value of
each mineral resource for humans, independently on any
price difference by region), or shall instead account for
potentially different (regional) valuations by humans, as
might be reflected by different prices per region.

Moreover, while mineral resource elements may hold a
value for humans, in some cases, they may reduce the acces-
sibility of other mineral resource elements, and/or the func-
tionality of these other elements, therefore negatively affect-
ing the value of these other resources. This is e.g. the case
of arsenic in copper concentrates, which is deleterious for
downstream resources recovery though smelting and refin-
ing processes. Each smelter sets diverse limits for contami-
nants, reflected by diverse penalties potentially escalating
with increasing concentration (Salomon-de-Friedberg and
Robinson 2015). More generally, the content of impurities
is sometimes used to reflect quality of recycling (Tonini
et al. 2022). It is also considered that the presence of poten-
tial impurities is somehow factored in by the price paid by
a smelter. However, these aspects are not addressed in the
LCIA method presented in this article. Further developments
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both at the inventory level (within the JRC LCI method) and
at the impact assessment level would be relevant to further
reflect how far impurities affect the accessibility and value
of other mineral resources in a material (whether a product
or a waste).

Finally, it is noteworthy that CFs shall be updated in a
sufficiently regular basis, at a frequency that depends on
the temporal perspective considered for the CFs; that is,
more frequent updates for CFs averaged over 10 years than
regarding CFs averaged over 50 years. The use of a 50-year
timeframe as a reference allows also to reduce the need of
frequent updates due to the smoothing effect associated with
such a long timeframe.

4.4.2 An approach to develop a normalization factor

In LCA, and in particular in EF, normalization factors (NFs)
are developed as a useful step for a better interpretation of
results. As an example, Crenna et al. (2019) developed
global NFs for EF impact categories.’

A way forward to develop a NF for the impact category
on dissipated resources is presented here. Calculations
have been based, however, on annual data of resource dis-
sipation as available for the EU. Value loss is quantified
considering 14 mineral resources, based on the data from
material systems analysis (Matos et al. 2021, 2020; Passarini
et al. 2018). These references adopted a common approach
to flows accounting, despite showing some inconsistencies
in geographical and temporal scopes, as (i) data have mainly
been drawn for year 2016, yet also considering data for ear-
lier or later years regarding some mineral resources; and
(i1) they are not globally representative whereas generally
referring to the EU-27 (i.e. without the UK), except for three
substances (Al, Cu and Fe). We checked the correspond-
ence in flows to ensure that dissipative flows as in these
abovementioned references were equivalent to dissipative
flows in JRC-LCI, including estimations for in-use dissipa-
tion.* Correspondence between nomenclatures and calcula-
tions is described in the Supplementary Information (Online
Resource). In this context, the estimated normalization fac-
tor for the EU amounts to 1.63E+07 tonnes Cugy, with large
contribution of Fe (76%), and to a lower extent Al and Cu

3 EF impact categories include climate change, ozone depletion,
human toxicity (cancer and non-cancer), ecotoxicity, particulate mat-
ter, ionizing radiation, photochemical ozone formation, acidification,
eutrophication (terrestrial, marine, and freshwater), land use, water
use and resource use.

4 In use dissipation refers, for example, to loss of zinc due to corro-

sion of zinc coating on steel and loss of copper due to spread of cop-
per sulphate as a fungicide.
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(9% each). This large contribution of Fe to the total value
loss in the EU is primarily driven by its large contribution
(93%) to the total mass of resources dissipated. The mass of
Fe dissipated is more than 1 to 5 orders of magnitude larger
than that of each of the 13 other resources accounted for in
this analysis.

The approach here described represents a first attempt to
estimate the NF based on the proposed method, and therefore
the use of this NF by LCA practitioners for normalization
should be implemented with caution. Additional research
to develop a robust NF is, however, needed, especially con-
cerning data availability of amounts dissipated so far for a
limited number of resources. Moreover, the approach here
described for NF for the EU should be also considered at
global scale (especially to grant consistency with price series
used for the calculation of the CF).

5 Conclusions and perspectives

This article presents a price-based characterization
method to quantify the impact of mineral resource use
in LCA and, in particular, the loss of value that abiotic
resources (primary and secondary) may hold for humans
in the technosphere (Schulze et al. 2020). The price of a
given resource is used as a representative proxy for the
functions that such resource has in the economy. The
CFs of this LCIA method are calculated for 66 minerals
considering configurations (e.g. clays and gypsum) and
chemical elements (e.g. copper and zinc) based on their
50-year price-average, considering copper as the refer-
ence mineral resource. Alternative CFs are moreover made
available regarding other temporal perspectives (10, 15, 20
and 30 years). General considerations on the method are
not affected by changes in the chosen reference substance
(e.g. copper, gold or antimony). The temporal scope of the
method is rather oriented to short-term assessment, and
geographical scope is global. The potential use for longer
time frames and the relevance of regionalization should
be further explored.

The 50-year-price-based CFs are tested in this article
on one cradle-to-gate case study (copper production), in
combination with the JRC-LCI method which accounts for
dissipative mineral resource flows at the inventory level.
This combined use of the JRC-LCI and the price-based CFs
enables to capture the loss of value of mineral resources as
induced by a product-system over its life cycle. The devel-
oped price-based CFs may alternatively be further combined
with (i) other methods to account for resource dissipation
in the LCI of products and systems, e.g. methods that con-
sider only emissions of mineral resources to environment

as dissipative flows; (ii) classical approach to accounting
of resources extraction from ground; or (iii) some mineral
resource LCIA methods that apply to current LCI datasets,
yet without capturing the value of resources (e.g. ADR and
LPST). Such combinations shall be further explored, in par-
ticular in terms of consistency (e.g. of underlying assump-
tions in each method) and operationalization.

The developed price-based characterization method is rel-
evant to address the issue of mineral resources value loss in
LCA. Associated CFs enable good coverage of elementary
flows, with using as a basis underlying data of good quality.
These CFs could be easily understood by LCA practitioners
and non-expert public (including policy makers). They moreo-
ver offer relevant perspectives for coherently accounting for
natural resources (including mineral resources) in LCA. Yet,
despite this overall satisfying level of quality, the developed
CFs offer in the meantime perspectives for short- and long-
term improvements. In the short-term, these CFs may be further
refined considering (i) higher disaggregation at the level of sub-
stances, including distinction between the form of metals (e.g.
as metal at a high purity versus in oxidized form); (ii) extension
to additional mineral resources, not covered yet; (iii) potential
regionalisation of CFs (e.g. at the level of some regions of the
World; e.g. the EU); and (iv) further development and testing
of NFs following the approach proposed in the present article.
Finally, it is noteworthy that the developed CFs have so far
not been tested extensively to a broad number of case studies.
Therefore, potential users of these CFs should be aware of this
limitation. It is recommended that these CFs should be further
tested before they are applied routinely in LCA studies.
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