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Abstract

Purpose The methods for assessing the impact of using abiotic resources in life cycle assessment (LCA) have always been
heavily debated. One of the main reasons for this is the lack of a common understanding of the problem related to resource use.
This article reports the results of an effort to reach such common understanding between different stakeholder groups and the
LCA community. For this, a top-down approach was applied.

Methods To guide the process, a four-level top-down framework was used to (1) demarcate the problem that needs to be
assessed, (2) translate this into a modeling concept, (3) derive mathematical equations and fill these with data necessary to
calculate the characterization factors, and (4) align the system boundaries and assumptions that are made in the life cycle impact
assessment (LCIA) model and the life cycle inventory (LCI) model.

Results We started from the following definition of the problem of using resources: the decrease of accessibility on a global level
of primary and/or secondary elements over the very long term or short term due to the net result of compromising actions. The
system model distinguishes accessible and inaccessible stocks in both the environment and the technosphere. Human actions can
compromise the accessible stock through environmental dissipation, technosphere hibernation, and occupation in use or through
exploration. As a basis for impact assessment, we propose two parameters: the global change in accessible stock as a net result of
the compromising actions and the global amount of the accessible stock. We propose three impact categories for the use of
elements: environmental dissipation, technosphere hibernation, and occupation in use, with associated characterization equations
for two different time horizons. Finally, preliminary characterization factors are derived and applied in a simple illustrative case
study for environmental dissipation.
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Conclusions Due to data constraints, at this moment, only characterization factors for “dissipation to the environment” over a
very-long-term time horizon could be elaborated. The case study shows that the calculation of impact scores might be hampered
by insufficient LCI data. Most presently available LCI databases are far from complete in registering the flows necessary to assess
the impacts on the accessibility of elements. While applying the framework, various choices are made that could plausibly be
made differently. We invite our peers to also use this top-down framework when challenging our choices and elaborate that into a
consistent set of choices and assumptions when developing LCIA methods.

Keywords Abiotic resources - Elements - Configurations - Minerals - Metals - Life cycle impact assessment - System model -

Characterization model - Characterization factor - Dissipation

1 Introduction

Since the early development of life cycle assessment (LCA),
the use of abiotic resources as one of the impact categories for
the life cycle impact assessment has been heavily debated.
Natural (or primary) resources are defined as an area of pro-
tection by the SETAC WIA (Society of Environmental
Toxicology and Chemistry Working Group on Life Cycle
Impact Assessment) (Udo de Haes et al. 1999) and are part
of the life cycle impact midpoint-damage framework devel-
oped by the UNEP (United Nations Environment Program)/
SETAC life cycle initiative (Jolliet et al. 2004). Existing
methods have been criticized by the scientific community it-
self and by (mining) industry representatives, while new
methods keep being added to the already existing ones.

There are several reasons for the arisen situation: (1) it is
debatable whether or not the effects of the use of resources
should be taken into account in a life cycle impact assessment,
since it mostly refers to an economic instead of an environ-
mental problem; (2) the use of abiotic resources is a problem
crossing the economy—environment system boundary, since
potential accessible stocks of resources depend on future tech-
nologies for extracting them (Guinée and Heijungs 1995); (3)
there are different ways to define the problem of resource use,
and all can be justified from different perspectives (Giurco
et al. 2014; Dewulf et al. 2015; Drielsma et al. 2016, b; Oers
and Guinée 2016; Ali et al. 2017; Sonderegger et al. 2017,
Schulze and Guinée 2018; Schulze et al. 2020a); and (4) there
are different ways of quantifying the problem arising from the
use of resources and none of them can be empirically verified,
since they all depend on the assumed availability of, and de-
mand for, resources in the future and on future technologies.
So, as a consequence, there is no “scientifically” correct meth-
od (Guinée and Heijungs 1995), though some modeling as-
sumptions can be more supported by available evidence than
others. Recently, harmonization efforts have been undertaken
by the UNEP-SETAC Task Force on natural resources
(Sonderegger et al. 2017, 2020; Berger et al. 2020). This work
has shown that the debate on how to assess abiotic resource
use in life cycle impact assessment (LCIA) has partly been a
result of modelers simply adopting different views on what the
problem of resource use and the related impact mechanism
actually are.

@ Springer

The lack of common understanding of the problem related
to resource use was the starting point of the SUPRIM project’.
The aim of SUPRIM was to obtain an understanding of dif-
ferent stakeholders’ views and concerns regarding the use of
resources and to use derived insights for the development of
one or several LCIA methods properly and consistently
reflecting these concerns (Schulze et al. 2020b).

For this purpose, a multilevel framework was created
to guide the process and to structure discussions (Fig. 1).
In Schulze et al. (2020b), this framework is presented and
a consensus process is described addressing the first steps
of the first level of the framework—"perspective on re-
sources”—structuring the different views on sustainability
and resources and finding, where possible, common
ground between stakeholder groups (Gorman and
Dzombak 2018; Alvarenga et al. 2019). A central out-
come of the consensus process was a clear definition of
the so-called role of resources (step 1.1 in Fig. 1). In
Schulze et al. (2020b), this role was further demarcated
by a goal and scope definition (step 1.2 in Fig. 1)

The objective of this article is to further apply the top-down
framework suggested by Schulze et al. (2020b). We describe
the possible choices and assumptions for each next level and
step of the framework to eventually propose three impact cat-
egories and develop a new characterization method for one of
the proposed impact categories. We start from a more detailed
elaboration of step 3 in level 1 (see Fig. 1). Below, we will first
briefly introduce the top-down framework and concisely sum-
marize the results for the first two steps of level 1 as reported
by Schulze et al. (2020b). In the Section 3, we then present
and discuss the third step of level 1, “problem definition,” and
then two steps (“system model” and “basis of impact assess-
ment”) of the second level—*modeling concepts™ that are
consistent with the “role of the resources” as defined in
Schulze et al. (2020b). Next, we elaborate all steps of the third
level of the framework, “practical implementation,” and we
describe the fourth level, i.e., the required life cycle invento-
ry—‘LCI data.” Finally, we discuss our approach and find-
ings, draw conclusions, and define recommendations for fur-
ther research.

! http://suprim.eitrawmaterials.eu/about-project
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Fig. 1 Framework for the
development of LCIA methods
(Schulze et al. 2020b). The results
in this article refer to levels 1 and
2

1.1) Role of
resources

1.2) Goal f Scope

1.3) Problem level 1) Perspective on resources

2.1) System model

2.2) Basis for impact
assessment (qualitative)

level 2) Modelling concept

3.1) Category
indicator

3.2) Equation for
characterization
factor

3.3) Data for
characterization
factor

level 3) Practical implementation

]

4.1) LCl data

level 4) Data collection in line with method

topic of this paper

2 Top-down approach—the framework

To ensure a transparent and consistent development of
impact assessment methods for resource use, a framework
was set up (Fig. 1). Progression through the levels in the
framework represents a top-down approach. It consists of
(1) an overarching perspective, (2) a conceptual level
(“Modeling Concept”), and (3) a practical implementation
level. The last level (4) “data collection in line with meth-
od” is necessary to align the system boundaries and as-
sumptions that are made in the LCIA model and the LCI
model. Note that the perspective level of the framework
covers the whole discussion on the Area of Protection
“natural resources” (see Berger et al. 2020). Also note that
each level of the framework consists of several steps. For
further details on this framework, we refer to Schulze
et al. (2020b).

In the same publication by Schulze et al. (2020b), the
first two steps of level 1 of the framework were elaborat-
ed: “Role of resources” and “Goal and scope.” The “role”
of resources explains what should be protected and the
motivation behind protecting it. The stakeholders
participating in the consensus process as described in
Schulze et al. (2020b) concluded that the so-called type
B perspective best summarized their view on the role of
abiotic resources:

Abiotic resources are valued by humans for their func-
tions used (by humans) in the technosphere. Resources
may originate from both primary and secondary
production.

The “goal and scope” further specify the “role of re-
sources.” For example, the goal could focus on ensuring ac-
cessibility or ensuring availability of resources in nature and
technosphere, where availability concerns the physical pres-
ence of a resource and accessibility concerns the ability to
make use of a resource. The goal is next defined in the scope,
which comprises a time perspective, a geographical perspec-
tive, and the types of resources covered by the assessment
(e.g., elements and/or configurations, e.g., natural minerals).
Also here, we adopt the result from Schulze et al. (2020b),
who concluded on four agreed combinations of goal (accessi-
bility or availability), temporal scope of the impact assessment
(5, 25 or > 100 years), geographical scope of the impact as-
sessment (country, continent, world), and scope of resources
(elements, configurations, or both) (see Table 1).

For further elaboration, two time perspectives were chosen,
the very long term (e.g., somewhere between 100 years and

Table 1 Combinations of goal and scope choices within type B
perspective
Perspective  Goal: Resource Geographical ~ Temporal
availability/  scope: scope: scope
accessibility elements, country,
configurations, continent, or
or both global scale
B1 Accessibility Elements Global VLT
B2 Accessibility Configurations Global VLT
B3 Accessibility Elements Global 25 years
B4 Accessibility Configurations Global 25 years

@ Springer
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infinite) to allow sufficient time for very-long-term effects to
be established in line with the general time horizon for other
impact categories addressed in LCIA and the short term (25
years) to minimize temporal changes in technology and econ-
omy, but remain true to the notion of at least one “future
generation.” In Schulze et al. (2020b), the time frames were
defined more broadly and with ranges, i.e., long-term 100
years to infinity and short-term 0-25 years. However, when
elaborating perspectives into more concrete models, it is nec-
essary to define a more specific time horizon for the short term
(i.e., 25 years) and a more abstract, qualitatively described,
time horizon for the very long term.

A concrete time horizon for short-term estimates is
necessary to allow for some type of modeling based on
extrapolation of proven developments in the past. Instead,
for the very long term, in the “Impact category indicator
and general equation” section, we have defined a qualita-
tively described future, i.e., assuming some conditions for
technological and economic developments necessary to be
able to simplify the modeling. Only in this way has it so
far been possible to derive an operational set of charac-
terization factors. We don’t predict when the envisaged
scenario will happen (100 years, 1000 years, or even
more), but to pragmatically achieve our purpose of
assessing relative differences in impacts of resource use,
we assume that it will happen at some point in the far
future.

The initial intention was to further elaborate all of these
four type B perspectives. However, due to project-related
constraints, further discussions and elaborations were lim-
ited to elements (perspectives B1 and B3).

3 Results

3.1 Level 1: perspectives on resources and
definitions—step 3, problem definition

The final step of level 1 of the framework—the “Problem
definition”—was not yet fully elaborated in Schulze et al.
(2020b) and is the starting point of our further work here.
Definitions of the role, goal, and scope finally led to the
following definition of the problem with the present use
of resources for future generations:

The decrease of accessibility on a global level of pri-
mary (in the environment) and/or secondary (in the
technosphere) elements over the very long term (VLT) or
short term (ST: 25 years) due to the net result of
compromising actions (see below).

Figure 2 shows the result of the first level of the frame-
work on the role of resources, the demarcation of the goal
and scope, and the final problem definition. Now what are

@ Springer

compromising actions and what do we mean with future
impacts on accessibility due to those actions?

3.1.1 Compromising actions

Elements are the basic building blocks of all chemical sub-
stances, both synthetic and natural. Elements by definition
cannot be transformed except by nuclear fission or decay.
As a consequence when elements are extracted from the en-
vironmental system, they are introduced into the technosphere
system and thus not necessarily lost for future generations
(van QOers et al. 2002; Schneider et al. 2011, 2015;
Frischknecht 2014; Vadenbo et al. 2014; Oers and Guinée
2016).

Starting from the use of natural and/or secondary resources
as a result of the LCI phase and starting point of the impact
assessment and the problem identified above, the aim was to
assess this use in terms of how it compromises the accessibil-
ity of that resource. For this, compromising actions were de-
fined as human-induced actions related to the use of resources
resulting in an increase or decrease of accessibility of re-
sources for future generations. The change in accessibility of
a resource is quantified as the flow which is the net result of
the sum of all compromising actions that increase or decrease
the total of the accessible stock. The following compromising
actions were distinguished for elements:

a) Exploration and feasibility studies continually update the
balance between accessible and inaccessible stocks (or
funds) within the environment. Exploration activity
may, in theory, result in reduced accessible stocks in the
environment (if, in times of excess supply capacity and
low demand/prices, downward re-evaluation of reserves
were to exceed new discoveries) or in increased accessible
stocks in the environment (in times of insufficient supply
capacity and high demand/prices, upward re-evaluation of
reserves and new discoveries both serve to increase the
stock). Whereas exploration refers to estimating natural
stocks, an analogous activity in urban mining, sometimes
referred to as “prospecting for secondary raw materials,”
explores stocks in the technosphere.

b) Environmental dissipation is the quantified flow from an
accessible stock that is emitted to the environment within
the time horizon considered. Dissipative flows of re-
sources are flows to sinks or stocks that are less concen-
trated and more spatially spread (dispersion). It is, of
course, crucial at which level of concentration and disper-
sion an element in a stock is considered not accessible
anymore and how to determine this level. In this article,
elements emitted to the environment are assumed to be
ultimately inaccessible, i.e., on the very long time horizon
(van Oers et al. 2002; Oers and Guinée 2016; Helbig
2018).
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Fig. 2 The common
understanding of the role of
resources and the problems the
use might impose. The result of
the first level of the framework
“perspective on resources”
(adapted from Schulze et al.
(2020Db))

® abiotic resources are valued
by humans for their
functions used (by humans)
in the technosphere,

. goal:

« time perspective

- geographical scope

PROBLEM-
DEFINITION(S)

+ the decrease of accessibility
on a global level of primary
(in the Environment) and/or
secondary (in Technosphere)
elements on a long term (500
yrs) or short term (25 yrs)
due to compromising actions

accessibility

- Short Term: 0 — 25 years
- Long Term: 100 - infinite

- global
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Workshop results

c} Technosphere hibernation: Hibernation and dissipation
in the technosphere describe a decreased accessibility of
resources due to a hampered recyclability, for any reason
(Frischknecht 2014; Vadenbo et al. 2014; Zampori and
Sala 2017; Helbig 2018; Charpentier Poncelet et al.
2019). Hibernation is the quantified flow from a resource
that ends up in stocks in the technosphere that are not
actually used anymore but are also not recovered because
of the lack of economic drivers for this within the time
horizon considered (e.g., unused cables and pipes in the
ground, cell phones on attics, remote sunken ships).
However, materials in a metal scrap yard are accessible
stocks, because apparently there is sufficient economic
incentive to collect the scrap for recycling. Dissipation
in the technosphere is the quantified flow of a resource
that ends up in technosphere stock in such a low concen-
tration or chemically/physically bound (e.g., metals in
alloys) in such a way that the resource cannot
technically/economically be recovered from that stock
for new applications within the time horizon considered.
Resources dissipated to the technosphere are assumed to
be not recoverable and are thus considered inaccessible,
for the time horizon considered. It is, of course, crucial at
which level of concentration you consider an element in a
stock not accessible anymore and how to determine this
level. The boundary between hibernation and dissipation
in the technosphere is arbitrary as it depends on one’s
definition of “use.” In the following sections, both
compromising actions will be discussed together as
technosphere hibernation. Recyclability is dependent on
technical and economic conditions. Since in the future
these conditions will develop, what is not recyclable to-
day or in the short term might be recyclable when a very-
long-term time horizon is considered.

d}  Occupation in use is exactly what the role of resources is
supposed to be, while it also constitutes the problem that

v

SUPRIM consortium discussions

the occupied resource is not accessible for other uses/
applications at the same time. For this reason, it can be
considered a “compromising action” application/applica-
tion. If considered a compromising action, it is particu-
larly relevant for the 25-year timeframe and is defined as
the temporary decrease of accessible stocks in the short
term in the technosphere through the competitive use of
resources in materials and products, so the resources can-
not be used in other applications in technosphere at the
same time.

3.1.2 Time approach to assess future impacts

When addressing future impacts of the present use of re-
sources on accessibility of elements, which future do we
mean? Which compromising actions that might affect acces-
sibility in the future should be taken into account?

The chosen problem definition is related to the future im-
pacts of the present use of resources, in terms of the decrease
of accessibility over a time horizon, short term (ST: 25 years)
or very long term (VLT).

The present use drives present compromising actions (e.g.,
emissions), which impact upon accessibility. However, when
elements are recycled after the end of life of an application, the
successive applications of the present uses would also drive
future (or successive) compromising actions (e.g., emissions),
which further impact upon accessibility (see Fig. 3).

Thus, given the integrated impact over a time horizon, the
following approach for assessing impacts over time should be
adopted: the characterization model is based on total resources
used in a given year (e.g., 2020) with all associated (present
and potentially future) compromising actions (environmental
dissipation, technosphere hibernation, occupation in use) ag-
gregated over successive applications within the time horizon
considered (e.g., 2020-2045 or 2020-2520). Figure 3

@ Springer
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Fig. 3 Subsequent applications of resource i over time (LS = life span of the application)

illustrates this time approach. So, the future impacts on acces-
sibility arising from the present use are defined as a function
of the total of successive compromising actions® within the
time horizon.

Figure 3 shows that a resource first is applied in appli-
cation X for about 5 years, then discarded and recovered
(taking approximately one year), and then applied in an-
other application Y, etc. The difference in the accessibility
of the stock at the beginning and end of the application is
due to environmental dissipation and technosphere hiber-
nation. We view occupation in use, technosphere hiberna-
tion, and environmental dissipation as three independent
“states” an element can be in. If an element is emitted, it
cannot be hibernated at the same time. An element can
first be hibernated and then, at a different point in time, be
emitted. However, this would represent a change in “state
of inaccessibility of the element over time,” for which
some kind of dynamic substance flow analysis that avoids
double counting would be necessary. As will be discussed
later, for now it is proposed to calculate the cumulative
compromising action as an integral over time.

3.2 Level 2: modeling concept
3.2.1 System model

The system model defines the relevant flows and stocks to be
assessed by the LCIA method and how these flows and stocks
of resources are positioned in or between the environment
and/or the technosphere. The system model must be aligned

2 However, practically it might prove to be difficult to estimate future
compromising actions due to the present use of resources. For example,
compromising actions (e.g., emissions) will depend on the type of secondary
(or tertiary, etc.) application of the element (e.g., in electronics or as pesti-
cide?). To define these future potential applications and their associated
compromising actions is highly uncertain, particularly for the long term. For
this reason, another time approach might be used as a proxy. For example, the
characterization model can be based on the compromising actions (environ-
mental dissipation, technosphere hibernation, occupation in use) of one snap-
shot year, say the present year (so not life cycle based, as proposed in the main
text, but of 1 year, e.g., 2020). However, a comprehensive set of global present
emissions for such an approach is not readily available.

@ Springer

with the role of resources and the goal and scope definition
(Schulze et al. 2020a).

Figure 4 is a depiction of the general® system model that is
proposed in this article, describing the stocks in the environ-
ment and the technosphere, as well as the physical flows be-
tween them, i.e., extraction and emission (in LCA the so-
called elementary flows), and the flows within the
technosphere, i.e., those which lead to occupation and
hibernation.

Stocks of an element can occur in both the environment
and the technosphere. Environmental stocks of elements are
present in the earth, the oceans, and the atmosphere.
Technosphere stocks can be further distinguished into in-use
stocks present in products and hibernating stocks in, for ex-
ample, abandoned products, landfill sites, or tailings. Only a
part of the available stock in both systems will be accessible
within the time horizon considered, depending on the techno-
logical and economic conditions present throughout that time
horizon. Extraction of some resources from these
technosphere stocks might readily take place (reworking of
tailings deposits has regularly taken place over the last 100
years), but some might be too expensive or impractical to
extract, since they are, for example, too diluted or difficult to
reach within the time horizon considered. Reworking of old
tailings (waste) might also generate new and chemically dif-
ferent types of waste that are more difficult (i.e., expensive) to
treat from an environmental perspective.

Within the environment, the accessible stock can be distin-
guished into a “known accessible stock” and an “unknown
accessible stock.” Due to exploration, technological innova-
tions, and fluctuations in demand, the “known accessible
stock” may increase or decrease from one day to the next.

Within the technosphere, only one part of the available
stock may be accessible due to “hibernation” or “occupation
in use.” So, the inaccessible stock in the technosphere is a
combination of occupied stocks (pipes in the ground, in use)

3 Depending on the final impact assessment method that is developed, the
system model may relate to only part of this general system model. For exam-
ple, the characterization model for the abiotic depletion potential (ADP)
(Guinée and Heijungs 1995; Oers and Guinée 2016) is a function of the
extraction of elements from the environment and the size of the available stock
of elements in the environment.
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Fig. 4 The general system model
for the impact assessment of the
use of elements in LCIA

ENVIRONMENT

inaccessible stock

available stock

available stock

extraction " emission
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and hibernating stocks (pipes in the ground, abandoned). The
remainder is the accessible stock, such as held up within ex-
changes, industries, and businesses (including stocks at
recycling companies).

The flows crossing the boundary between the environment
and the technosphere are the so-called elementary flows in
LCA. A list of quantified elementary flows is the result of a
(conventional) LCI analysis and is typically the input for
LCIA models.

An extraction is an example of such an elementary flow. It
represents a physical flow from the environment to the
technosphere. Extraction alone decreases the available stock
of a specific element in the environment. However, in the case
of elements, the resource is not destroyed and thus the elemen-
tary flow will contribute to an equal increase of the total stock
of the same element in the technosphere. Thus, if not dissipat-
ed to the environment, the total sum of environmental and
technosphere stocks will not decrease.

An emission is defined as a flow from the technosphere to
the environment. An emission will lead to a decrease of the
accessible stock of the element in the technosphere. An emis-
sion is here considered to cause an addition to the dissipated
stock in the environment and is therefore also called a dissi-
pative flow to the environment, which is considered (in this
system model) to be an irreversible loss. This means that we
assume that an emitted element will no longer be accessible
for human use over the considered time horizon.

In reality, future accessibility of an element will depend on
technical and economic developments. Resources in the envi-
ronment that are not accessible now (or in a short time hori-
zon) might become accessible in the future. So, stocks of
elements in both the environment and the technosphere that
are considered to be too expensive or impractical to be extract-
ed today or in the near future may still become accessible on a
longer time horizon.

TECHNOSPHERE

3.2.2 Basis for impact assessment

The “basis for impact assessment” refers to the criterion accord-
ing to which the use of one resource is evaluated against the use
of another. This is based on the principle that the use of different
resources can contribute differently to the considered impact cat-
egory. It is primarily a function of the problem definition but
must also be in accordance with the role, goal, and scope defined
as part of the chosen perspective (Schulze et al. 2020a, b).

The change in accessibility of an element is here defined as
the net result of all compromising actions that increase or
decrease the accessibility of the total stock, due to the present
use of resources. Furthermore, the severity of any individual
change in accessibility has been defined as a function of (1)
the size of the accessible stock and (2) the change in the
accessible stock due to the present use of resources.

The above reasoning can be summarized as follows:

* (In)Accessibility of a resource i is a function of the global
accessible stock and the global change in accessible stock
due to the present use of resources.

» The global change in the global accessible stock of a re-
source 7 is a function of exploration, occupation in use,
environmental dissipation, and technosphere hibernation
due to the present use of resources.

The aim is to develop a characterization model with char-
acterization factors (CFs) that best reflects this basis for impact
assessment (see Section 3.3). Thereby, the characterization
model and related CFs should reflect (1) the global accessible
stock and (2) global changes to that stock over the time hori-
zon considered® for a given resource, while a product’s

* This means the integrated compromising actions within the time horizon
related to the successive applications of the resource as it is used at present.
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inventory analysis in terms of its elementary flows needs to
quantify the product’s contribution to that. To be able to link
the characterization to the inventory analysis, we need to iden-
tify the inventory flows (elementary and technosphere flows)
that connect to the characterization factors (see Section 3.4).

3.3 Level 3: practical implementation

3.3.1 Impact category indicator and general characterization
equation for three different impact categories of resource use

Impact category indicator and general equation The inacces-
sibility indicator is proposed to be determined by two param-
eters, i.c., the global change in accessible stock (indicated by
C below) and the severity of a decreased global accessible
stock (indicated by S). Both are different per resource i.
Therefore, the characterization factor (CF) consists of two
parts:

CF; = f(Ci,Si)/f(Cref,Srer) (1)

* (;: global change in accessible stock, measured as the
fraction of the global primary extraction and secondary
use of resource i, made inaccessible (so leading to a de-
crease of the accessible stock)

« S; severity of making 1 kg of resource i inaccessible

In the traditional ADP (abiotic depletion potential; (Guinée
and Heijungs 1995)), the severity term S; was implemented
using the total accessible stock (R) complemented by the an-
nual production (P) through S; = %. The change of accessi-

bility term C; of Eq. 1 can be considered a “correction” of the
original ADP. C; quantifies the fraction of the total use of a
resource i that becomes inaccessible, whereas the original
ADP considered the total amount extracted from the environ-
ment as eventually inaccessible. Though other definitions of
severity could be made here, we have adopted the same S; as
for ADP, for reasons that will become apparent below.

The characterization factor of resource i is expressed in
equivalents, i.e., relative to a reference substance. In Eq. 1,
ref is a reference substance, comparable to CO, for global
warming. Traditionally, antimony (Sb) is chosen for this, but
another choice could also be made (like suggested in
Section 3.3.3).

Three different impact categories of resource use To assess
the impact of the present use of elements, four different
compromising actions were defined: exploration, dissipation
environment, hibernation technosphere, and occupation in
use. The next framework challenge was to merge these
compromising actions into one overall characterization model
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assessing the impacts of these compromising actions on the
future accessibility of resources.

In principle, a characterization model builds upon a cause-
effect mechanism linking the use of resources to an impact on
the accessibility of resources. Compromising actions with
similar mechanisms or starting assumptions can be part of
the same model and thus belong to the same impact category,
while essentially different actions with different mechanisms
or starting assumptions should have their own impact catego-
ry. In the latter case, the impact categories are essentially dif-
ferent and any aggregation into a single impact score for the
use of resources would require additional weighting.

We first argue that exploration is different from environ-
mental dissipation, technosphere hibernation, and occupation
in use. Exploration mostly adds to the stock (R) from which
humans can extract/use a resource, whereas dissipation, hiber-
nation, and occupation determine the fate of the resource used.
In other words, exploration adds to acc