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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.
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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 onwhat the
problem of resource use and the related impact mechanism
actually are.

The lack of common understanding of the problem related
to resource use was the starting point of the SUPRIM project1.
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, wewill 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.

1 http://suprim.eitrawmaterials.eu/about-project
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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:
availability/
accessibility

Resource
scope:
elements,
configurations,
or both

Geographical
scope:
country,
continent, or
global scale

Temporal
scope

B1 Accessibility Elements Global VLT

B2 Accessibility Configurations Global VLT

B3 Accessibility Elements Global 25 years

B4 Accessibility Configurations Global 25 years

Fig. 1 Framework for the
development of LCIA methods
(Schulze et al. 2020b). The results
in this article refer to levels 1 and
2
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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

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 Oers 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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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

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 characterizationmodel 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

PROBLEM-
DEFINITION(S)

ROLE of 
RESOURCES

• abio�c resources are valued 
by humans for their 
func�ons used (by humans) 
in the technosphere, 
primary and secondary 
produc�on

GOAL/ SCOPE

• goal:
accessibility

• �me perspec�ve
- Short Term: 0 – 25 years
- Long Term: 100 - infinite

• geographical scope
- global

• resource type 
- elements, 
- configura�ons (minerals)

• 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 ac�ons

Workshop results SUPRIM consor�um discussions

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.
(2020b))
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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 actions2 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 LCIAmethod 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

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

Figure 4 is a depiction of the general3 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)

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.

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.

2020 2045

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041 2042 2043 2044

Accessible 
stock of i applica�on X

applica�on Y
applica�on Z

TH

LSx LSy LSz

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

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 i 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 considered4 for a given resource, while a product’s

4 This means the integrated compromising actions within the time horizon
related to the successive applications of the resource as it is used at present.

inaccessible stock

ENVIRONMENT

TECHNOSPHERE

accessible stock

inaccessible stock

accessible stock
extrac�on

kcots
elbaliava

kcots
elbaliava

emission

occupa�on
hiberna�on

explora�on

Fig. 4 The general system model
for the impact assessment of the
use of elements in LCIA
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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.e., 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:

CFi ¼ f Ci; Sið Þ= f Cref ; Sref
� � ð1Þ

& Ci: 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)

& Si: severity of making 1 kg of resource i inaccessible

In the traditional ADP (abiotic depletion potential; (Guinée
and Heijungs 1995)), the severity term Si was implemented
using the total accessible stock (R) complemented by the an-

nual production (P) through Si ¼ Pi

R2
i
. The change of accessi-

bility term Ci of Eq. 1 can be considered a “correction” of the
original ADP. Ci 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 Si 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 CO2 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

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 accessibility through the
increase of the stock, while the other compromising actions
add to some sort of inaccessibility. Thus, in terms of Eq. 1,
exploration is not part of theCi but contributes to Si (where the
R is included). The other compromising actions (occupation
in use, hibernation, and environmental dissipation) are part of
the parameter that describes the fraction of the used elements
that is made inaccessible (Ci).

We next argue that due to the different character of the
impacts and mechanisms of the compromising actions, a hier-
archy of three different levels of reversibility of the inaccessi-
bility of elements can be distinguished. Consequently, three
different impact categories for assessing the impacts of abiotic
resource use were distinguished:

1. (Assumed) irreversible inaccessibility of a resource within
the time horizon considered: environmental dissipation
(see Section 3.1.2)

2. Potentially reversible but temporary inaccessibility of a
resource within the time horizon considered:
technosphere hibernation (including also dissipation in
the technosphere) (see Section 3.1.2)

3. Reversible but temporary inaccessibility of a resource
within the time horizon considered: occupation in use
(see Section 3.1.2)

Depending on the exact goal and scope of an LCA case
study, either environmental dissipation alone, or together with
hibernation in technosphere, or together with hibernation in
technosphere and occupation in use should be included in
LCA studies. We recognize that occupation in use actually
corresponds to the desired “role of resources” (Section 3.1.1)
and delivers benefits now and for the next generation, but it
nevertheless prevents benefits from a second application of
the same unit of resource at the same time. Therefore, even
for the short term, we argue that it would be more correct not
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to include occupation in use in the impact assessment at all,
since LCA cannot capture such short-term dynamics.

In the case of three impact categories proposed in this arti-
cle, optional weights could be applied to the different category
indicator results to derive one overall indicator score for inac-
cessibility. When one considers reversible changes less prob-
lematic than irreversible changes, a lower weight can be given
to the impact category that covers the reversible changes to
inaccessibility, i.e., “occupation in use” and, to a less extent,
“hibernation in technosphere.”

In the Electronic supplementary material (ESM 2), general
equations are derived for the three impact categories based on
Eq. 1. The generic equations are translated into specific char-
acterization models for all three impact categories and the long
and short time horizon.

Note that the way that exploration, environmental dis-
sipation, technosphere hibernation, and occupation in use
are handled in the further elaboration of practical methods
for type B perspectives depends on the time horizon
adopted. For example, for short time horizon, all may be
relevant, while for the very-long-term time horizon, only
environmental dissipation might be considered relevant,
as will be discussed below.

FromESM 1, it becomes clear that particularly for the short
time horizon, the elaboration of the characterization model
into an operational set of characterization factors is challeng-
ing (see discussion in Section 4.3). For practical reasons of
data availability, the generic equations provided in ESM 2will
only be elaborated for the environmental dissipation impact
category for the very-long-term time horizon.

Elaborating “environmental dissipation” for the very-long-
term time horizon Elaborating the general equation for en-
vironmental dissipation for the very-long-term time hori-
zon into a practical method is only possible with further
simplifications and assumptions. ESM 2 proves that given
conditional extra assumptions about stocks and flows, cer-
tain compromising actions can be considered negligible
for the change in accessibility of elements over the very
long term. The following assumptions are made (see also
Section 4.2 in the discussion):

& Crustal content is assumed to be a proxy for the accessible
stock in the environment and technosphere (see discussion
in Section 4.2).

& Therefore, the compromising action “exploration” needs
no longer be represented in the equation because its max-
imum possible contribution is already included in the cho-
sen proxy for the total accessible stock.

& Moreover, hibernation is assumed to be negligible due to
the assumption that economic and technical developments
will successfully make hibernating stocks accessible on
the very long term.

& Finally, we consider that the present inaccessibility
due to “occupation in use” is not a problem for the
accessibility of elements for generations in the very-
long-term future. Besides this, occupation can be
proven to be not relevant if it is assumed that all that
is extracted will eventually be emitted (see ESM 2).

For the very-long-term time horizon, this leaves dissipation
to the environment as the dominant mechanism for loss of
elements from the accessible stocks, present in both the envi-
ronment and technosphere. Details on the assumptions made
are provided in ESM 2. In the next section, the impact cate-
gory “dissipation to the environment” will be developed into
an operational method. Some additional assumptions will
make it possible to propose an operational set of characteriza-
tion factors.

3.3.2 Equation for characterization factor for environmental
dissipation for the very-long-term time horizon

Equation 1 provides the generic equation for characteriza-
tion factors and is assumed to be valid for all three impact
categories and both time horizons, very long term and
short term. To calculate the characterization factor for
environmental dissipation, the Ct, T, i and St, T, i are de-
termined for the environmental dissipation potential (CFt,

T, i is EDPt, Ti). For environmental dissipation, the two
components are elaborated, namely, Ct, T, i for the change
of inaccessibility due to the compromising action and St,
T, i for its severity.

Note that Eq. 1 represents a top-down approach regard-
ing the modeling of compromising actions. It models the
compromising actions for the change in accessibility of a
resource as a fraction of the global use of resources. A
bottom-up approach, on the other hand, would rather
model the compromising actions on the basis of individ-
ual applications (product) in which a resource is applied
and then aggregate these resource applications to the
global use of that resource. In this article, a top-down
approach is assumed to be still challenging but more fea-
sible than a bottom-up approach.

Table 2 summarizes the terminology and symbols for
the equation of the characterization factor of environmen-
tal dissipation. Lowercase symbols mi, ei, hi, oi, and sri
refer to product system-related quantities (as a result from
an LCA study), while the capital symbols Ei, Hi, and Oi

refer to the global total amounts of the same flows, which
are used in one or more characterization models for the
three impact categories.

In the context of dissipation to the environment, the
fraction Ct, T, i in Eq. 1 refers to that part of the present
use of resource i that is made inaccessible due to emis-
sions from successive applications within the time horizon
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T considered. In this case Ct, T, i for the impact category,
the environmental dissipation is:

CED;t;T ;i ¼ Et;T ;i

Pt;i
ð2Þ

with Et, T, i representing the cumulative global emissions
of resource i starting at time t within the time horizon
adopted due to the present use of resource i and Pt, i

representing the annual global total primary extraction
and secondary provision of resource i in year t.

To express the severity of making 1 kg of resource i inac-
cessible for time horizon T, we propose to use the total acces-
sible stock (R) in the environment and technosphere,
complemented by the annual total production (P) of that re-
source (as presently also defined in the ADP (Guinée and

Heijungs 1995) (van Oers et al. 2019))5. So, adopting the Pi

R2
i

ratio from the original ADP equation for the St, T, i, we get:

5 We have used stocks and production rates as sub-indicators to express the
severity of the “loss” of 1 kg of resource. Note that other indicators may
equally be possible, like stocks and emission rates; stocks and other flow-in-
technosphere rates; concentrations (specific or generic); applications (specific
or generic); prices; exergy; etc.

Table 2 Overview of main terms and symbols adopted for describing the equation for the characterization factor of environmental dissipation

Name Symbol Unit Remark

(Number of years of) the time horizon adopted for assessing the potential decrease
of resource accessibility

T Year (yr)

Time for which the characterization factors are assumed to be representative t Year (yr)

Amount of primary resource i consumed by a product system mi kg/FU Calculated as part of the LCI of an
LCA study

Amount of resource i emitted by a product system ei kg/FU Calculated as part of the LCI of an
LCA study

Amount of secondary resource i consumed by a product system sri kg/FU Not reported by LCA studies yet

Global amount of primary resource i consumed by all products in year t, equalling
the world annual extraction of resource i as reported by USGS or BGS

Mt, i kg/year (British Geological Survey 2018;
US Geological Survey 2018)

Global amount of resource i emitted by all products in year t Et, i kg/year

Global amount of secondary resource i consumed by all products in a specific year SRt, i kg/year

Global amount of primary and secondary resource i consumed (represented by
total primary and secondary production) by all products in year t

Pt, i kg/year =Mi + SRi

Cumulative global emissions of resource i over time horizon T (25 years or VLT)

Et;T ;i ¼ ∑
T

t¼1
Et;i

kg

Characterization factor for resource i CFi kg ref/kg i
(e.g., kg

Sb-eq./kg
i)

Fraction of the present (t) global primary extraction and secondary use of resource
i over time horizon T (25 years or VLT), made inaccessible

Ct, T, i -

Severity of making 1 kg of resource i inaccessible for time horizon T (25 years or
VLT)

St, T, i Depending
on method

(e.g.,
1/(year.kg
i))

Environmental dissipation potential (CFi for environmental dissipation of
resources), based on the cumulative global emission of resource i that goes into
hibernation within the time horizon adopted due to the use of resource i on time
t

EDPt, T, i kg-Cu-eq/kg
i

Category indicator result for time horizon T (25 years or VLT) for “environmental
dissipation” for a product system

EDt, T kg-Cu-eq.

Global ultimate stock of resource i in the environment based on the crustal content Rult, i kg (Rudnick and Gao 2014)

Global accessible stock (e.g., economic reserve) of resource i in the environment
as projected for year t

Renv, t, i kg (US Geological Survey 2018)

Global accessible stock of resource i in technosphere as projected for year t Rtech, t, i kg

Total global accessible stock of resource i in the environment and technosphere Rtot, t, i kg Renv, t, i + Rtech, t, i

FU = functional unit
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St;T ;i ¼ Pt;i

R2
tot;tþT ;i

ð3Þ

with Rtot, t + T, i representing the total accessible stock in the
environment and technosphere in year t + T, which represents
the final year of the time horizon adopted. Based on the gen-
eral equation for characterization factors (Eq. 1), we would get
the following general equation for the environmental dissipa-
tion potential (EDP) as the characterization factor for the en-
vironmental dissipation of resources:

EDPt;T ;i ¼
Et;T ;i

Pt;i

� �
�

Pt;i

R2
tot;tþT ;i =

Et;T ;ref

Pt;ref

� �
�

Pt;ref

R2
tot;tþT ;ref

¼
Et;T ;i=R2

tot;tþT ;i

Et;T ;ref=R2
tot;tþT ;ref

ð4Þ

In order to be able to derive an operational set of charac-
terization factors, additional assumptions are necessary.
Equation 4 gives the characterization equation for the impact
category Environmental Dissipation. Ideally the emission pa-
rameter Et, T, i is based on the cumulative global emission over
T = VLT due to the present (t) and successive future applica-
tions of the present demand (use) of resource i, e.g., the cu-
mulative emissions from 2020 to VLT of all applications that
presently (2020) use resource i.

However, successive emissions over the future time hori-
zon are difficult to estimate. Therefore, we here pose, as a
rough assumption, that primary extraction at present (e.g., in
the year 2020, soM2020, i) equals the very-long-term emission
to the environment (i.e E2020, VLT, i):

E2020;VLT ;i≈M 2020;i ð5Þ

This assumption is true for the very-long-term time horizon
(T→∞) but certainly will not be true for the shorter term (see
discussion in Section 4.2). So, implicitly we assume that the
relative differences between the amounts of various elements
for “relative cumulative emissions over the time horizon” and
“relative present extractions” will become more and more
negligible for the very long term (VLT), starting with 100
years and more (note: it is a consequence of this assumption
that any proxy greater than 100 years could be chosen without
changing the result of the calculation, e.g., 500 years, 5000
years, 50,000 years, etc.).

Secondly, in the very long term, the total accessible stock
Rtot, t + VLT, i can be approximated by the crustal content stock
Rult, i:

Rtot;tþVLT ;i≈Rult;i ð6Þ

Referring to the general characterization equation of envi-
ronmental dissipation (Eq. 4, adopting T = VLT, and assuming
that emissions in the very long term equal present (e.g., 2020)
production, the environmental dissipation potential (EDP) is
then constructed as follows:

EDP2020;VLT ;i ¼
M2020;i=R2

ult;i

M2020;ref=R2
ult;ref

ð7Þ

Here, M2020, i is now the world’s annual primary produc-
tion (kg/yr) in 2020 of resource i, and Rult, i (kg) represents
continental crustal content of resource i, which is taken to
represent the total accessible stock in the environment and
technosphere over the very long term.

Equation 7 resembles the old ADP except that we don’t
apply it to the extraction of i from the environment, but to
the total emission of i to the environment (see Section 3.4).
In fact, when the reference substance is the same for EDP and
ADP, we can write:

EDP2020;VLT ;i refð Þ≈ADP2020;i refð Þ ð8Þ

When the reference substances are not the same (see be-
low), they are merely proportional:

EDP2020;VLT ;i ref 1ð Þ∝ADP2020;i ref 2ð Þ ð9Þ

3.3.3 Data for characterization factor

For the calculation of the environmental dissipation potential
(EDP) of the different elements over the very long term, the
following input data are needed:

a) Rult , i, the global stock in the environment and
technosphere of resource i, represented by the continental
crustal content data of resource i by Rudnick and Gao
(2014)

b) M2020, i, the world’s annual primary production of ele-
ments for a specific year (here 2020) which can be direct-
ly taken from van Oers et al. (2019)

In Oers et al. (2019), accessible stock estimates for the
environment are derived from available stocks, consisting of
the continental crust, ocean, and atmosphere. For these calcu-
lations, the average continental crust concentrations are taken
from Rudnick and Gao (Rudnick and Gao 2014).

If the ADP2020, i is taken as a second
6 best or currently best

and most feasible estimation of the EDP2020, VLT, i, it can be
directly taken from van Oers et al. (2019) who updated pro-
duction data based on the USGS and BGS reports (British

6 Theoretically the EDPVLT,i should be based on the cumulative global total
emission to all compartments (air, water, soil, etc.) of resource i over the very
long term due to the present application of the present use of resource i.
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Geological Survey 2018; US Geological Survey 2018) for
about 80 elements over the period 1970–2015. The ADPi,

2020 would only be available in the course of 2021 but could
be approached for the time being by the ADP2015, i.

Abiotic depletion potentials (ADPs) are expressed in kg
antimony (Sb) equivalents extracted per kg extraction. It is
proposed to express environmental dissipation potentials
(EDPs) in kg copper (Cu) equivalents emitted per kg emis-
sion, for the following reasons:

& Using another reference substance emphasizes that we
deal with a different impact category using a different
model (depletion versus dissipation) based on a different
problem definition.

& A different unit will help to avoid that indicator scores of
abiotic depletion and environmental dissipation are mis-
takenly aggregated.

& Finally, copper is generally perceived as more illustrative
to express the problem of decreasing resource accessibility
than antimony.

With these choices for the reference substances, the pro-
portionality factor between the two potentials is

EDP2020;VLT ;i Cuð Þ
ADP2020;i Sbð Þ ≈36:41 ð10Þ

3.4 LCI data

The fourth and final level of the framework (Fig. 1) describes
the elementary flows from the inventory (“LCI data”) needed
as input to run the characterization model.

In the characterization step of an LCA, the elementary
flows, in this case (ei), are translated into contributions to
impact categories by means of characterization factors. In
the context of environmental dissipation (ED), the character-
ization factor is the environmental dissipation potential (EDP)
for element i.

Putting this together, we summarize this as:

ED2020;VLT ¼ ∑
i
EDP2020;VLT ;i � ei ð11Þ

Here EDP2020, VLT, i is the environmental dissipation po-
tential of resource i (-) for a very-long-term time horizon,
defined on the basis of the current (2020) data, and ei is the
quantity of element i emitted per functional unit (FU) in an
LCA study (kg).

Referring to Eq. 11, instead of EDPt, VLT, i, the ADPt, i for a
specific year (e.g., 2020) can be used (except for the difference
of scale due to the difference in reference substance). The
equation to calculate the impact category indicator score then
is as follows:

ED2020;VLT ¼ 36:41� ∑
i
ADP2020;i � ei ð12Þ

There is an important difference here from the calculation
of the impact category indicator score of the impact category
abiotic depletion (AD) (Guinée and Heijungs 1995; Guinee
2015; Oers and Guinée 2016). To calculate the impact cate-
gory indicator score for emission to the environment, the ADP
ismultiplied by the ei instead of themi. The ei is the quantity of
element i emitted per functional unit in an LCA study (kg),
while the mi is the quantity of element i extracted from the
environment per functional unit in an LCA study (kg).

3.5 Illustration of the method for environmental
dissipation through a case study from Aitik and Cobre
las Cruces

Here we briefly report a case study illustrating the use of the
newmethod for assessing environmental dissipation and iden-
tifying possible strengths and weaknesses compared with the
traditional abiotic depletion method. More information about
this case study and the calculations involved can be found in
ESM 3.

The ED method was applied to two European copper pro-
duction companies: Boliden (Aitik mine, Sweden) and First
QuantumMinerals (CLC, Cobre las Cruces mine, Spain). The
functional unit considered was 1 kg of copper cathode at gate.
The LCA of both systems was done using the software
SimaPro 8.4 and the database ecoinvent 3.4. Substance emis-
sions in the resulting LCI table were multiplied with their EDP
(see ESM 3 “Case study results and tool to derive character-
ization factors for substance emissions based on elements
using the chemical composition” and the EDP in table sheet
“ADP and EDP 2015 elements”) and aggregated to the indi-
cator result for ED. For this, the EDPs for elements were first
converted to EDPs for substances (e.g. sulfur dioxide, toluene,
glyphosate), based on their chemical formula (see ESM 3,
table sheet “Calc EDP substance”). Additionally, the recently
updated ADPs (cumulative ADP2015, van Oers et al. 2019;
see ESM 3, table sheet “cumulative ADP2015 elements”)
were applied to the element extractions to enable a compari-
son between the AD and ED indicator results.

The contributions by the use of different elements to the
ED and AD indicator results for the two case studies are
shown in Fig. 5. While the ED indicator result is expressed
in copper equivalents emitted (Cu-eq), the AD indicator re-
sults are expressed in antimony equivalent extracted (Sb-eq).

As observed in Fig. 5, the contributions to the ED and AD
indicator results are completely different. The ED indicator
results originate from different elements, whereas for the AD
method, the contribution by copper (Cu) is completely domi-
nant. The characterization models for AD and ED are nearly
the same, both being based on stock size (crustal content) and
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primary production, resp. cumulative (year 1970–2015) or
present (year 2015) primary production (they only differ by
a factor of approximately 36.41 because they use different
reference substances). However, the elementary flow that is
assessed is different, namely, extractions for AD and emis-
sions for ED.

Thus, the ED method mainly represents dissipative flows
of resources used; dissipative losses of platinum appeared to
contribute greatly to the ED indicator results and are related to
the manufacture of purchased explosives used at the mines.
The ADmethod, on the other hand, represents primary extrac-
tion flows of resources used; copper was the dominant con-
tributor to the indicator result because the production system
analyzed is about the primary extraction of copper from the
ground. Copper did not represent a major contribution to the
ED indicator results, which makes sense since the production
system is optimized for keeping the copper within the system
and not dissipating it to the environment. Other elements than
copper are indicated as being more important in the ED re-
sults. Such elements may have a relatively high ADP and a
moderate to low emission (like platinum, silver, and cadmi-
um) or a relatively low ADP and a relatively high emission
(like carbon in CO2).

These results are preliminary and due to the limited
scope of the case studies presented, two important draw-
backs should be mentioned. Firstly, the present LCI data-
bases are far from complete with respect to the emissions
of elements, as it is well known that the material balance
of unit processes is not always consistent. Consequently,
the relative contribution of carbon emissions may now be
overestimated. CO2 emissions have a low EDP in com-
parison with metal elements, but CO2 emissions are likely
covered by LCA databases to a larger extent. The ESM 4,
Section 5, gives some insight into the coverage of ele-
ments by ED and AD characterization factors. Secondly,
the present case study omits downstream processes, like
the use and EoL processes, where most dissipative losses,
and thus differences between case studies based on AD or
ED, are expected to occur. Therefore, further testing of
the methods is recommended, ideally based on more

comprehensive LCA studies, i.e., more complete process
data sets and more complete process chains (cradle to
grave).

Another point of discussion is which impact category
might ED replace. In the present AD method, two different
impact categories related to resource use are distinguished:
abiotic depletion of elements and abiotic depletion of fossil
fuels. We suggest that the ED should only be used to replace
the impact category “abiotic depletion of elements,”maintain-
ing the depletion of fossil fuels as a separate impact category.
The current ED method also considers the dissipation of the
element carbon through CO2 emissions, which is mostly re-
lated to the combustion of fossil fuels. Thus, are we now
double counting resource problems related to the use of fossil
fuels? Theoretically speaking, no. Dissipation and depletion
are two separate impact categories, indicating different prob-
lems. The depletion of fossil fuels represents a type A per-
spective7 (Schulze et al. 2020a). It is about the destruction of
primary configurations, i.e., fossil fuels, and their reduced
availability in the environment, while environmental dissipa-
tion represents the type B perspective8 and focusses on ele-
ments and their reduced accessibility. In LCIA there are more
examples of elementary flows that contribute to more than one
problem, such as emissions of NOx contributing to human
toxicity, acidification, and eutrophication.

4 Discussion

4.1 The top-down framework approach

During the process of method development, a framework was
used as a guide. The framework has proven to be very useful
to get to a common understanding between stakeholders and

7 Type A perspective: abiotic resources are valued by humans for their func-
tions used (by humans) in the technosphere, taking into account primary pro-
duction only.
8 Type B perspective: abiotic resources are valued by humans for their func-
tions used (by humans) in the technosphere, taking into account both primary
and secondary production.
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the partners in the project consortium. Particularly in a group
process, the step-by-step approach forces participants to for-
mulate results, the assumptions behind the results and the
logic of the argumentation clearly, and step by step while
building up a consistent argument. Only after sufficient agree-
ment was achieved in a module of the framework was it pos-
sible to move to the next module. Of course, the decisions
made in a previous step may narrow down the choices of
possible assumptions and arguments in succeeding steps. As
could have been expected, the development of the described
methods, using the framework, was an iterative process. It
sometimes became apparent that the definitions used in previ-
ous steps were not clear or complete enough and adjustments
were necessary. In the end, the choices made on the more
operational level of the framework must always be consistent
with the assumptions made on the top level and the step-by-
step approach proved to be very helpful in ensuring that they
are.

Along the pathway of the framework, many different
choices and assumptions can be made. The bold and red
arrows in Fig. 6 indicate the path taken by the work de-
scribed in this article. It shows in summary the choices we
made to come to our final results, and it also shows the
vast amount of alternative choices that could have been
made. The chosen role, goal, scope, and problem defini-
tion for elements and configurations are the same.
However, the second level of the framework (the model-
ing concept) was not elaborated for configurations (e.g.,
minerals). To elaborate a practically feasible method for
the characterization of configurations, it is necessary to
lump the large amount of possible configurations into a
manageable number based on some equivalency principle.
Identification and elaboration of equivalent configurations
based on, for example, composition or property criteria

were not considered to be feasible within the SUPRIM
project due to the complex geological character of ore
deposits and materials in use. So, although in reality min-
ing produces combinations of minerals9 and resources are
most often valued as configurations in the technosphere,
the development of an operational impact assessment
method is unfortunately only considered feasible on the
level of elements for the time being.

Any combination of impact assessment method and its in-
dicators is the result of a sum of choices. So, the route follow-
ed in this process of the development of an impact assessment
method is only one path out of many possible alternative
choices. We think that to achieve consensus within the
LCIA community on how to assess impacts on accessibility
of resources in LCIA, the described framework is useful. In
general, the use of a framework such as this should preferably
be used to review and adjust existing impact assessment
methods of other impact categories as well.

4.2 LCIA model: consistency

At this moment, an operational method could only be devel-
oped for the very-long-term impacts of use of elements on
future generations, i.e., the “dissipation to the environment.”
This method is built on two parameters: (1) the total global
accessible stocks in environment and technosphere for the
very long term and (2) the total cumulative global emission

Perspec�ves

A B C D ...

Abio�c resources

Configura�ons Elements

Availability Accessibility Availability Accessibility

25 yrs 500 yrs 25 yrs 500 yrs... ... ...

Globe CountryCon�nent ... Globe CountryCon�nent ...

...

Explora�onOccupa�on in useTechn hiberna�on Env dissipa�onDestruc�onSynthesis

elaborated method with list of CFs

A B C D ...E F G H I J K L M N P QO R

Bio�c resources

Fig. 6 Decision tree of choices made in the framework along the progress of developing methods

9 It is very rare to find pure metals in the environment or the technosphere.
Even if a geologist would label something, for instance, native gold, meaning
almost pure gold, “almost” is the key word here. Together with the gold, there
might be small amounts of silver and perhaps mercury, copper, bismuth, etc.
The same holds for “almost” pure traded commodities, which are almost
always used to prepare new configurations for use.
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of elements within the time horizon due to the present
demand.

Regarding the total global accessible stock of elements in
the environment for the very long term, the following argu-
mentation was used. Ideally, the stock parameter should be
based on the ultimate extractable stock in the environment.
However, given the uncertainties on future technological and
economic developments, this ultimate extractable stock is un-
known and will always remain unknown. For the very long
time frame (e.g., 100 years, 500 years, or more), it has there-
fore been assumed that the ultimately extractable element
stock will asymptotically approach some critical portion of
the total available resource in the environment. Of course,
not all of the available total (the crust) will be extractable,
not even on the very long term. Also, the geologically hetero-
geneous nature of the crust will in the very long time frame
still likely require exploration activities to target the parts of
the crust that are richer in metals. However, for the purpose of
relative characterization factors, the relative stocks of ele-
ments are of importance—not the absolute quantification of
ultimately accessible stocks. Therefore, for a relative assess-
ment of the contribution of the use of different resources to the
considered impact category, the continental crustal content is
suggested as an acceptable proxy, even though there still
might be differences in the extractability of the available ele-
ments, even on the very long term.

Regarding the total global accessible stocks of elements in
the technosphere for the very long term, it is assumed that the
available stock in the technosphere is the result of the cumu-
lative extractions of elements from the environment in the past
minus the cumulative emissions up until now. So, extractions
are a shift of elements from the stock in the environment to the
stock in the technosphere, except for the emissions flowing
back to the environment10. Because occupation and hiberna-
tion are assumed to be negligible over the very long term, the
accessible stock in the technosphere can be considered equal
to the available stock in the technosphere. Next, the crustal
content is assumed to be a proxy for the total available stock
(which equals the accessible stock for the very long term) in
both the environment and technosphere, while not correcting
for the cumulative emissions up until now (because of missing
data for the latter). This implicitly assumes that historic emis-
sions to the environment will not alter the relative availability
of elements in the technosphere from now onward. In reality,
the use of elements in more dissipative or less dissipative
applications may have differed between elements.

Regarding the emissions, ideally one wants to assess the
total cumulative global emissions due to the present demand

over a given time horizon relevant to the existence of mankind
(e.g., 60,000 years). However, cumulative emissions over a
particular time horizon are very difficult to estimate.
Therefore, in Section 3.3.2, it is argued that cumulative emis-
sions from the present use over an infinite time horizon (i.e.,
present extractions) are a useful proxy for cumulative emis-
sions over the very long term. Another potential proxy to
estimate the relative inaccessibility between elements due to
emissions would be a snapshot of current emissions (see
Section 3.1.2, Footnote 2).

We acknowledge that using the present extraction as a
proxy for cumulative emissions over a very-long-term time
horizon is a very rough assumption and, although theoretically
true for a time horizon of infinity, this assumption certainly is
not validated by experience in real life for shorter, but still
long, time horizons, like 500 years. However, for this mo-
ment, we believe present extractions are a better proxy for
cumulative emissions over a very-long-term time horizon,
than a snapshot of present emissions, the more because at this
moment no comprehensive data for the second proxy is read-
ily available.

A different choice here, e.g., based on a shorter time hori-
zon of 25 years, might lead to a different relative ranking of
elements. As an outlook to the future, the development of two
different sets of characterization factors for dissipation to the
environment, one based on present emissions and another
based on present extractions, might enable sensitivity analyses
quantifying the difference that either of these two choices has
on the characterization results.

4.3 LCIA model: data needs and availability

As described above, the data needs to derive characterization
factors for assessing the accessibility of elements over the very
long term may be reduced by restricting the number of impact
categories to only one (instead of three) and making additional
assumptions for stocks and emissions over the very long term.

It is foreseen that development of characterization factors
for the short term would be extremely data intensive. To de-
rive characterization factors for accessibility of elements over
the short time, it is necessary to estimate present accessible
stocks in the environment and technosphere within the time
horizon of, say, 25 years. Global flows of elements that are
emitted or go into hibernation or occupation within the time
horizon of 25 years would also need to be estimated.

For the estimation of stocks in the environment, the
(economic) reserves as reported by USGS (US Geological
Survey 2018) can be used. They represent that part of the
natural reserve base, which can be economically extracted at
the time of determination. The estimates of the stocks are
regularly updated and time series might be used to incorporate
exploration by extrapolation of recent trends in stocks into the
future. Such estimates of present accessible stocks do not

10 In the proposed case, where crustal content is used as a proxy for the
ultimate extractable stock, theoretically emissions will replenish the accessible
stock in the environment. Nevertheless, we still define emissions as dissipative
flows, using the same argument that the relative instead of the absolute acces-
sibility is of importance.
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readily exist for elements in the technosphere. More research
would be needed to estimate the present stocks in the
technosphere (e.g., based on the cumulative extraction from
the past). These present stocks could then be broken down into
different levels of accessibility for future generations. These
could be based on economic and/or technical criteria ideally
specified for different time horizons.

Next to the stocks, the cumulative flows representing suc-
cessive compromising actions within the time horizon should
also be gathered, i.e., data on emissions, hibernation, and
occupation.

Depending on the approach to be used—a detailed sub-
stance flow accounting (SFA)-like approach or one using ge-
neric average factors (see ESM 1)—additional information
might be needed such as the use of elements in certain appli-
cations, the concentration of elements in applications, the life-
time of applications, the emission factors of elements over the
different life cycle phases (mining, production, use, waste
treatment), the disposal of applications (and the elements
contained) to landfill and recycling, etc. Finally, these data
would be needed on a global scale and in time series for all
resources, applications, and processes.

Such data for a short-term analysis are not all readily avail-
able. Estimating such short-term changes to stocks and flows
is likely to be time-consuming and elaborates a task as
performing globally detailed dynamic SFAs for all resources
and their applications. This is far beyond the scope of generic
LCIA models. The calculation of global stocks and flows
should then be based on simplified procedures using SFA-
like modeling. The challenge would be to develop a generic
method, to be applied to all elements covered by the method,
which is simple but still makes sense and is sufficiently de-
tailed to discriminate between elements. More research is
needed to elaborate such a generic method, map its data needs,
and check data availability.

4.4 LCI model: consistency

In conventional LCA, the elementary flows are the flows
that cross the system boundary between the environment
and the technosphere. Only the impact category “environ-
mental dissipation” appears to be consistent with the con-
ventional LCA practice based on elementary flows, using
emissions quantified in the LCI phase as input to the LCIA
phase. In contrast, the impact category technosphere hiber-
nation uses mass flows of resources that go into
technosphere hibernation. These mass flows do not repre-
sent elementary flows in the inventory table but
technosphere flows that need to be extracted from the
process-to-process matrix (“A matrix”). Similarly, the im-
pact category occupation in use does not use conventional
elementary flows as flows to be assessed.

4.5 LCI model: data needs and availability

Although in this article characterization factors are proposed
for environmental dissipation of elements over the very long
term, the calculation of the actual environmental dissipation
score (ED) might still be challenging.

For the impact category “environmental dissipation,” the
elementary flows that need to be assessed are the emissions of
the elements related to the defined functional unit in the LCA
study. Based on the experiences gained with the case study
presented in Section 3.5, three actions might be needed to
properly take into account the assessment of the impact cate-
gory “environmental dissipation”:

a. The unit process data in LCI databases should be extended
with more emission data in order to be able to assess
dissipative losses of more resources (elements) to the en-
vironment. In general, the LCI databases (e.g., ecoinvent)
are far from complete when reporting the emissions of a
unit process. In other words, what goes into the process
seldom matches with what comes out, either as emissions
or contained in one of the economic flows that leave the
process (waste or products) (Charpentier Poncelet et al.
2019).

b. Emissions in LCI databases are mostly not provided as
elementary emissions, but rather as substance emissions:
emissions of configurations representing a chemical com-
position of elements. Of course, the LCIA model and LCI
model should align in this respect. One way of doing this
is by deriving characterization factors for substance emis-
sions based on the characterization factors for elements
and using the chemical composition of the substances to
derive conversion factors (see ESM 3).

c. Finally, one should ideally distinguish between dissipa-
tive and non-dissipative emissions. For simplicity, we
have now assumed in the characterization model that all
emissions are dissipative, irrespective of the level of con-
centration of the element before it gets emitted. However,
in the LCI, it might be possible to make a distinction
between emissions of elements from inflows that were
already dissipated (e.g., traces of metals in fossil fuels)
and emissions of elements from inflows from a concen-
trated resource (e.g., metals in ores).

To properly take into account the assessment of the impact
category “technosphere hibernation” and “occupation in use,”
first more specific definitions of these two compromising
flows should be developed based on and aligned with the final
LCIA model with which flows are going to be assessed. Next,
although existing LCI databases already include such flows,
the present LCA software packages are generally not able to
provide them as aggregate flows going into hibernation (e.g.,
landfill) or into occupation for the FU considered. Software
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should therefore be developed to extract these flows from the
process-to-process matrix (“Amatrix”).When doing this, cau-
tion must be taken that mechanisms are not accounted for
twice, i.e., once in the LCI and then again in the LCIA. To
avoid this, a clear distinction should be made between parts of
the cause-effect chain belonging to the inventory and those
belonging to the impact assessment.

4.6 Abiotic depletion versus dissipation

Both the original ADP impact category based on Guinee
and Heijungs (Guinée and Heijungs 1995) and the new
EDP make use of up-to-date abiotic depletion potentials

(van Oers et al. 2019). The indicator results represent two
different methods, but also two different impact categories,
problem definitions, perspectives, etc. To explain this, we
drafted Fig. 7 and Table 3. Figure 7 is a depiction of the
system models of the two impact categories. Table 3 shows
the differences between the two methods related to the
levels and steps of the framework. As partly also shown
by Schulze et al. (2020a), Table 3 clearly indicates the
different choices that are made for the role of resources,
the problem definitions, basis for impact assessment, etc.
between these two impact categories. Basically, the ADP
represents another perspective than the EDP (resp.
perspective A and B, see Table 3). Still, individual terms

Table 3 Abiotic depletion versus environmental dissipation of elements

Impact category Abiotic depletion of elements (van Oers et al. 2019) Environmental dissipation of elements (this article)

Role of the
resource

Abiotic resources are valued by humans for their functions used
(by humans) in the technosphere, taking into account primary
production only

The so-called type A perspective in Schulze et al. (2020b)

Abiotic resources are valued by humans for their functions used
(by humans) in the technosphere, taking into account both
primary and secondary production

The so-called type B perspective in Schulze et al. (2020b)

Problem
definition

The potential decrease of accessibility on a global level of
primary (in the environment) elements on a long term due to
the extraction of elements from the environment

The potential decrease of accessibility on a global level of
primary (in the environment) and/or secondary (in
technosphere) elements on a very long term (VLT) due to the
emission of elements (environmental dissipation)

Basis of impact
assessment

The accessible stock in the environment and the cumulative
extraction from this stock up until the present year

The accessible stock in the environment and technosphere and the
cumulative (=successive) global emissions of resource i within
the time horizon adopted due to the present use of resource i

Characterization
model
equation

ADPi ¼
Mi=R2

i;tot;tþT
Mref=R2

ref ;tot;tþT

EDPt;T ;i ¼
Et;T ;i=R2

i;tot;tþT
Et;T ;ref=R2

ref ;tot;tþT

Proxy

ADPi;cum ¼
Mi;cum=R2

i;ult
Mref ;cum=R2

ref ;ult

EDP2020;VLT ;i ¼
M2020;i=R2

i;ult
M2020;ref=R2

ref ;ult

∝ADPi;2020

Impact score
equation

AD ¼ ∑
i
ADPi;cumulative � mi ED2020;VLT ¼ ∑

i
EDP2020;i � ei

Elementary flow
to be assessed

Extraction (mi) Emission (ei)

System model for 
environmental dissipa�on of elements
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Fig. 7 System model for abiotic depletion and environmental dissipation of elements
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of one equation can still be useful as part of another equa-
tion as shown by using the abiotic depletion potentials of
elements to calculate their EDPs as long as it consistently
fits to the choices made for all framework levels and steps.

5 Conclusions and recommendations

For the development of an impact assessment method for re-
source use in LCIA, a step-by-step top-down approach has
been developed. We conclude that the framework has proven
to be guiding in defining the problem that needs to be assessed
and to elaborate model concepts toward an operational meth-
od or methods. It also helps to systematically and consistently
elaborate abstract concepts into operational method(s). To
conclude, below the most important definitions, choices, and
assumptions are summarized, which were necessary to devel-
op an operational set of characterization factors.

Using the top-down framework, the development of an
impact assessment method starts with a clear definition of
the adopted perspective on resources, consisting of the role,
goal, and scope and problem of using resources. We adopted
the role, goal, and scope as defined by Schulze et al. (2020b)
and added a consistent problem definition for the present use
of elements: the decrease of accessibility on a global level of
primary (in the environment) and/or secondary (in
technosphere) elements over the very long term (VLT) or short
term (ST: 25 years) due to compromising actions. Based on
this, we developed the related system model and the basis for
impact assessment: the general system model takes into ac-
count both (1) the size of the accessible stocks, in the environ-
ment and the technosphere, and (2) the change due to the
compromising action, i.e., the flow from accessible stock to
non-accessible stock, respectively, emissions, net flow into
hibernation, and net flow into occupation in use.

These concepts for impact assessment were then used as a
starting point to practically elaborate operational characteriza-
tion factors for the assessment of resource use in LCA (levels
3 and 4 of the framework).

A hierarchy of three different levels of reversibility of the
inaccessibility of elements was distinguished. This led to the
definition of three impact categories, with increasing level of
reversibility: (1) environmental dissipation, (2) technosphere
hibernation, and (3) occupation in use. We concluded that
depending on the problem definition of an LCA case study,
either environmental dissipation alone, or together with hiber-
nation in technosphere, or together with hibernation in
technosphere and occupation in use should be included in
LCA studies.

General equations for characterization models were devel-
oped for three different impact categories: environmental dis-
sipation, technosphere hibernation, and occupation in use. We
concluded that all three impact categories might be relevant

for the short term, but for the very long term only the impact
category environmental dissipation needs to be applied.

We were only able to elaborate an operational set of char-
acterization factors (environmental dissipation potentials
(EDPs)) for the impact category environmental dissipation
over the very long term. The EDPs are based on all cumulative
emissions from the present year and thus are assumed to be
approximated by ADPs based on present extractions of the
most recent year available (van Oers et al. 2019)11.
However, please note that for environmental dissipation, the
elementary flows that are assessed are emissions instead of
extractions. In practice, a complete calculation of indicator
results for the ED over the very long term appears to be ham-
pered by incomplete process data of these emissions. At the
same time, by applying and comparing the new ED method
with the AD method for a cradle-to-gate case study on copper
production, we have demonstrated that significant and inter-
esting differences are likely to emerge when and if process
data gaps are filled. For example, initial indications of dissi-
pative losses were driven by platinum, instead of copper,
losses. The indicated platinum emission could be traced to
assumptions made in third-party background databases about
the manufacture of explosives potentially used at mines.

While applying the framework, developing the characteri-
zation method, and operationalizing characterization factors,
we had to make various choices and assumptions that could
plausibly be made differently. We recommend and invite our
peers to also use this top-down framework when challenging
our choices, work together with stakeholders and work from a
clear problem definition, and elaborate that into a consistent
set of choices and assumptions for other steps when develop-
ing LCIA methods.
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