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Abstract

Purpose When resources are extracted and used by society, they are not necessarily lost for future generations. There-
fore, recent publications on impact assessment of abiotic resource use in life cycle assessment focus on a decreased
accessibility of resources due to dissipation, rather than depletion. In a previous study, dissipation was defined as
a function of the global change in accessible stock due to human actions, and the global amount of the accessible
stock, assuming a very long-term time perspective (more than 500 years). In this paper, a short-term time perspective
(25 years) is adopted.

Methods The same generic characterization model is used, but different choices are outlined to derive characterization
factors for a short-term perspective (25 years). To illustrate how the short term might be approached, a preliminary set of
characterization factors is developed, based on assumptions and estimates.

Results The problem of resource use is defined as follows: the decrease of accessibility on a global level of primary
and/or secondary elements over the short term due to the net result of compromising actions (i.e., emissions, dissipation
in the technosphere, occupation in use, and exploration for new stocks). Characterization factors are derived based on
assumptions, like the following: the accessible stock is based on present estimates of accessible stocks in the environ-
ment and the technosphere; estimates of accessible stocks in the technosphere are based on past extractions and generic
recycling rates; all flows that are presently not recycled are assumed to be inaccessible. Finally, weighting between
elements and the functions they have for the present society is based on the added value of the economic sector that is
affected due to the decreased accessibility.

Discussion and conclusion A preliminary set of characterization factors is proposed for 55 elements. They assess the impact
of the present use of resources on the decreased accessibility in the short term due to emissions and dissipation in the techno-
sphere. However, calculation of impact category scores is still hampered by a lack of appropriate data for dissipative flows in
life cycle inventory databases. The presented calculations are based on several simplifications and proxies. A more detailed
distinction of dissipative flows and estimates of stocks in the technosphere may be possible based on (dynamic) SFA model-
ling of elements in different applications. To derive a more mature set of characterization factors, it is recommended to use
the presented model as a basis and further elaborate or replace the proxies.

Keywords Abiotic resources - Elements - Minerals - Metals - Life cycle impact assessment - System model -
Characterization model - Characterization factor - Dissipation - Short term

1 Introduction

The impact assessment of the use of abiotic resources in

Communicated by Matthias Finkbeiner. life cycle assessment (LCA) has been heavily debated.
Several studies have brought up the diversity of ways
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abiotic resources are dealt with in LCA (Liao et al. 2012;
Klinglmair et al. 2014; Rgrbech et al. 2014). Recently,
harmonization efforts have been undertaken by the UNEP-
SETAC Task Force on natural resources (Sonderegger et al.
2017, 2020; Berger et al. 2020) and the SUPRIM project.
Such harmonization efforts have shown that the debate on
how to assess resource use in life cycle impact assessment
(LCIA) mainly originates from different perspectives on the
problem of resource use for humans and the environment
and the underlying mechanisms that are considered to be
relevant to the problem.

To structure the discussion of the problem of resource use
and how to assess this for future generations, a multi-level
framework was created in the SUPRIM project (Schulze
et al. 2020a, b). The framework advocates a so-called top-
down approach, in which the characterization model is
developed, starting with a clear definition of the problem
of resource use, and then builds further on this definition,
using a step-by-step approach in which assumptions on a
lower level are made consistently with decisions on the
previous level. Thus, the framework distinguishes four
different levels: (1) an overarching perspective, defining
the problem and temporal and geographical scope of the
problem; (2) a conceptual level (“Modelling Concept”),
in which the relevant parameters and their relations are
defined; (3) a practical implementation level that actually
derives characterization factors (CF) by implementing data
into the characterization equation; the last level, (4) “data
collection in line with method” is necessary to align the
system boundaries and assumptions that are made in the
LCIA model and the LCI model. The SUPRIM framework
is also believed to be helpful for the comparison of different
impact assessment methods for resource use that are, or
will be, developed. It might help to monitor similarities and
differences in choices that are made in the different steps of
the development of the characterization models and might
help to signalize possible inconsistencies.

An example of the use of the framework is given by
van Oers et al. (2020), in which the step-by-step procedure
is followed to develop a generic characterization model
for the use of abiotic resources in a short-term and long-
term perspective,' distinguishing three different impact
categories: (1) environmental dissipation, (2) technosphere
dissipation, and (3) occupation in use. Based on additional
assumptions and simplifications, considering a long-
term time perspective and focused on elements only, an

' Tn van Oers et al. (2020), two time perspectives were chosen, the
very long term (e.g., somewhere between 100 years and 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 tempo-
ral changes in technology and economy, but remain true to the notion
of at least one “future generation”.
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operational set of CFs was then derived for the dissipation
of elements from the technosphere to the environment, the
environmental dissipation potentials long term (EDP; ).
In van Oers et al. (2020), all emissions are considered
dissipative, while this is not necessarily the case. On the
one hand, emissions of some elements might originate from
resources in which the elements already could be considered
dissipated. And, on the other hand, considering a very long
time scale, some elements might accumulate after emission
into accessible stocks again. Therefore, in the work by
Owsianiak et al. (2022), it is proposed to make a distinction,
in the classification, between dissipative emissions and non-
dissipative emissions.

The long-term time perspective was taken because it
is in line with the perspective of most of the other impact
categories in LCIA, like the infinite time horizon adopted
for toxicity-related impact categories—referring to the time
horizon adopted over which impacts are integrated for toxic-
ity—or the time horizon of 100 years for climate change. It
is also believed that in the long-term time perspective, the
accessibility of resources is mainly determined by physical
availability2 of elements in the crust, instead of technical
and economic limitations of present and short-term explora-
tion, mining and refining developments, and thus most close
to an environmental (and not an economic and/or social)
assessment. Note that, even if considered an environmental
assessment, the area of protection is the functional use of
elements for humans in the technosphere, which is in the
economic domain, while the mechanisms that lead to insuf-
ficient accessibility are partly but not only in the physical
(environmental) domain.

Although the limits to accessible resources for the long-
term perspective are mainly determined by physical avail-
ability (e.g., the concentration of elements in the earth’s
crust), the interest of European policy makers to assess
resource use in LCA is currently motivated by short-term
concerns: how will the present use of resources limit the
accessibility of resources for the next generation, say in the
next 25 years (Wolf et al. 2022). On this short-term time
perspective, the accessibility of abiotic resources is less
determined by physical availability and more determined
by the present geo-political, technical, and economic con-
ditions, i.e., which exploration, mining, and refining tech-
niques are available and which stocks in the environment
and the technosphere are commercially feasible to extract.

2 In this paper, we follow the distinction which is made in the
SUPRIM framework between availability and accessibility of
resources. In brief, availability is defined as the presence of a
resource in environment and/or technosphere. Presence is defined as
the (estimated) physical presence of a resource in environment and/
or technosphere independent of potential human use. Accessibility, is
defined as the ability to make use of a resource (Schulze et al. 2020a).
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So, the assessment of abiotic resource use on the short term
is more a techno-economic instead of an environmental
assessment (Dewulf et al. 2015).

Please note that also in a criticality assessment (Graedel
et al. 2012; JRC 2017; Schrijvers et al. 2020) recent geo-
political and economic conditions determine the risk of
supply of resources. However, there is a difference between
the impact assessment of reduced accessibility of resources
in LCA and the supply risk indicators (e.g., the reserve-
production ratio) that are used in criticality assessment. In
short, the direction of the assessment is opposite. In the LC
impact assessment, one tries to assess the impacts of the
product system on the environment (in the case of resources,
the impact on reduced accessibility due to dissipation of
resources). While, in the supply risk indicators, one tries
to assess which external factors (mostly geopolitical and
economic constrains to the extraction’ of resources, like
monopolization, stability of regions, but also the reserve-
production ratio) might hamper the supply of resources to the
product system (mostly a national economy, but sometimes
also a product system like in LCA) (Cimprich et al. 2019).

Several papers seem to take a short-term time perspective
of resource use as a starting point to assess resource use in
LCA. Meanwhile, the focus in these papers is on the use of
primary and secondary resources from both the earth’s crust
and urban mines (Charpentier Poncelet et al. 2019, 2021,
2022; Beylot et al. 2020a, b, 2021). Recent papers refer
to price or value-based characterization factors to assess
resource use in LCIA (Ardente et al. 2022; Greffe et al.
2022; Lai and Beylot 2022; Santillan-Saldivar et al. 2023).

To suit the policy need to assess short-term effects of
resource use on accessibility, we elaborate in this paper a
short-term characterization model, building on the generic
models developed in van Oers et al. (2020) and using the
SUPRIM framework (Schulze et al. 2020a, b). CFs for inac-
cessibility of elements in a short-term time perspective are
developed based on physical constraints, like global yearly
“losses” and the size of accessible reserves in the environ-
ment and technosphere. Finally, the valuation of resources
by society is incorporated. For this, we suggest the economic
importance indicator as used in criticality studies by the EU
(Blengini et al. 2017a, b; JRC 2017).

In Dewulf et al. (2021), it is proposed to distinguish dif-
ferent impact categories for inaccessibility of resources due
to compromising actions, i.e., tailing, landfilling, abandon-
ing, hoarding, downcycling, and emitting. Such a breakdown

3 Please note that in the criticality assessment, the supply risk indica-
tors (reserve-production ratio, Herfindahl-Hirschman-index (HHI)
etcetera) refer to flows of extraction of resources and their geographic
location. While in the suggested LCIA for resource use the indicators
refer to flows that are dissipative (emissions, dump on landfill etcetera).

of inaccessible stocks makes sense, because the different
inaccessible stocks might have different potential for recov-
ery within different time frames. However, for the illustra-
tive purpose of this paper, we do not yet adopt this high
resolution of flows and stocks leading to inaccessibility.
Derivation of CFs for these different impact categories in
the future will likely require rather detailed SFAs (see, e.g.,
Charpentier Poncelet et al. (2022)).

In contrast to detailed SFA modelling, this paper aims to
demonstrate more simply how the SUPRIM framework can
be relied upon to develop a model that takes into account
inaccessibility due to human actions in the short term and
can be practically implemented based even on more lim-
ited data. In Section 3.1, we will explain that to be able
to develop CFs, we chose to lump all flows that go into
inaccessible stocks. So, in this paper, the term “dissipative
flows™ refers to a broad group of flows that might lead
to reduced accessibility of resources, like emissions to the
environment and flows in the technosphere to (temporarily)
inaccessible stocks like tailings, landfill sites, and hibernat-
ing abandoned products.

The main aim of the present paper is to outline the differ-
ent steps that need to be taken in the SUPRIM framework
to derive characterization factors for dissipation in the short
term. Thereby, the same line of reasoning is taken as for the
long-term characterization model (van Oers et al. 2020).
Although the present paper presents a simplified model, in
the discussion, some attention is given to how this work
can be further developed; when in due time, assumptions
can be adjusted or replaced by more accurate data when
they become available. The work of Charpentier Poncelet
(2019, 2021, 2022) is a promising source for this and is
recommended for further development of the dissipation
model for the short-term time perspective (for more details
see Section 4).

The paper will focus on the development of the charac-
terization model and practically applicable characterization
factors for LCIA only. It will not go into the LCI modelling
that is necessary to classify resource use that might lead to
inaccessible stocks. A requirement for the use of these CFs
is that dissipative flows are already identified, classified, and

4 In Dewulf et al. (2021), a more strict definition of dissipation is
given, namely additions of resources to stocks with low concentra-
tions and/or dispersed over large areas, like emissions to the environ-
ment and downcycling of resources in the technosphere. Other authors,
like Ardente, Beylot, and Charpentier Poncelet, use a more general
definition, referring to dissipative flows of abiotic resources as flows
to sinks or stocks that are not accessible to future users due to differ-
ent constraints. Because in this paper, flows to inaccessible stocks are
lumped; without classifying the level of concentration (confined versus
dispersed), we stick to the general definition of dissipation.
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quantified in the life cycle inventory (LCI) phase. This has
been shown to require significant effort (Zampori and Sala
2017; Beylot et al. 2020a, b, 2021; Owsianiak et al. 2022).
The reasoning behind the characterization model and the
calculation of the CFs follows the framework that is devel-
oped in the SUPRIM project (Schulze et al. 2020a, b) and
builds further on the generic model that is described in (van
Oers et al. 2020). Section 2 gives the definition of the prob-
lem of resource use that is used and discusses the model
concept, i.e., which flows and stocks in the technosphere
and environment are used to assess the defined problem of
reduced accessibility. In Section 3, the general conceptual
model is elaborated into a mathematical equation for calcu-
lating CFs, based on assumptions considering the short-term
time perspective. In order to be able to demonstrate calcula-
tion of operational CFs, proxies are suggested for the flows
that are considered dissipative and the size of the stocks,
in the environment and the technosphere, that are consid-
ered accessible. Next, in Section 3, weighting factors are
suggested that give an indication of the value that different
elements have for the economy, so the loss of accessibility
between different elements can be weighted and aggregated
into one score for all elements. Finally, Section 3 describes
how the CFs are used in combination with LCI data to cal-
culate the impact score for reduced accessibility of resources
for the short-term time perspective. In Section 4, we discuss
our approach and findings, draw conclusions, and define
recommendations for further research in Section 5.

2 Perspective on resources
and modelling concept

The EDP,; is a set of CFs for the use of resources using
a long-term time perspective (van Oers et al. 2020). The
aim of this paper is to develop an analogous set of CFs
for the short-term time perspective, adopting a time hori-
zon of 25 years. This means that the same perspective on
resources and the modelling concept is used for the EDP; 1,
but assumptions and basic data choices are driven by a short-
term view.

2.1 Level 1: problem definition

For the development of the LCIA method we use the follow-
ing definition of the problem of 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 short term (ST:
25 years) due to the net result of compromising

@ Springer

actions, i.e., exploration, environmental dissipation,
technosphere dissipation and occupation in use.

For a more detailed description of the problem of
resource use and the compromising actions, we refer to van
Oers et al. (2020).

2.2 Level 2: modelling concept

When drafting the modelling concept of the problem of
reduced accessibility of the use of elements for future gen-
erations, the model is defined as a function of several param-
eters in a system model. The system model describes the
stocks in the environment and technosphere, either acces-
sible or inaccessible, and the dissipative flows between
the technosphere and the environment (i.e., emissions)
and within the technosphere (e.g., landfilling), see Fig. 1
for flows and stocks of recycling. For details on the system
model, see van Oers et al. (2020).

In the context of the present paper, on dissipation of ele-
ments in a short-term time perspective in contrast to dissipa-
tion on a long-term time perspective, the following observa-
tions are highlighted from the system model. An overview
of the differences between the long-term and short-term
perspective is summarized in Table 3.

For the long-term time perspective, the crustal content is
considered the long-term accessible stock, and only emis-
sions are considered dissipative flows. For the short-term
time perspective, we again have to ask ourselves the follow-
ing questions: (1) what is the size of the accessible stock and
(2) which flows are considered dissipative, but then for the
short-term perspective (i.e., 25 years)?

At present, and in the short term, only part of the total
available stock in the environment is accessible. The accessible
part of the environmental stock is delimited by the present
technological possibilities in exploration, mining, and refining
and the present situation in the economic market of demand
and supply and thus costs and revenues. If prices of elements
will rise due to scarcity, new technologies will be developed,
and a larger part of the stock will become accessible because
further exploration and mining will become profitable (Yaksic
and Tilton 2009; Crowson 201 1; Humphreys 2013; Drielsma
et al. 2016). However, the system responds slowly, meaning it
has a more limited influence on resource accessibility within
a period of 25 years.

After extraction of elements from the environment, the
elements are not necessarily “lost” for future generations.
Stocks in the technosphere might (at least partly) still be
available for future mining, so-called urban stocks (Deetman
et al. 2020; Marinova et al. 2020; van Oorschot et al. 2022).
The stocks in the technosphere can be further distinguished
into in-use stocks present in in-use products, and dissipated
stocks in, for example, abandoned products, landfill sites, or



The International Journal of Life Cycle Assessment (2024) 29:1315-1338

1319

Eol Eol waste

raw) . . raw . -~ recycled .
e=’p mining y refining hnateria” production il use ast? collection | waste recycling
:‘stock /
= sM :
tailings landfill landfill hibernating landfill
site site site products site
istock / istock :‘ :stock / stock stock ]‘
old scrap
technosphere
environment
Emission : dissipative flows in technosphere EoL RR = old scrap / Eol waste

Environmental dissipation

Technosphere hibernation

RC=sM/(M+sM) sM = new scrap + old scrap

Fig. 1 Stocks and flows and recycling rates in the cradle-to-grave chain of a resource

tailings. Although there are some ongoing research efforts
in this area, the technical possibility or economic incentive
to recycle elements from dissipated stocks in abandoned
products, landfill sites, or tailings is expected to be still
limited in the short term. So, these stocks are considered
as not accessible and flows of elements to these stocks
can be considered dissipative flows, within the short-term
time perspective. This is in line with what are considered
dissipative flows by Beylot et al. (2021) and Charpentier
Poncelet et al. (2021). Next to this, low-quality secondary use
of elements in products might also be considered dissipative
(Beylot et al. 2020a, 2021; Charpentier Poncelet et al. 2021,
2022). Generally speaking, in the short term, all flows that
are not recycled at present can be considered dissipated or
added to the stock of in-use products (occupation’). The stock
in the technosphere that has potential to become accessible
in the short term is the stock in in-use products. However,
this in-use stock is the maximum estimate of the accessible

3 Occupation might hamper accessibility within the short term,
t0+425 years, because resources are not accessible for other applica-
tions at the same time (i.e., in the same period). However, the accu-
mulation of the resource in the in-use products leads to an increase of
the reserve in the technosphere, which might become accessible for
future applications after end of life. See also Section 3.2.2.

stock, because after the end of life of products, only part of
this in-use stock in these products might be recyclable given
the present circumstances.

3 Practical implementation of inaccessibility
of elements in the short-term time
perspective (level 3)

3.1 Impact category indicator and general equation

In van Oers et al. (2020), three different impact categories
were proposed: (1) environmental dissipation, (2) techno-
sphere dissipation, and (3) in-use occupation. The inacces-
sibility indicators of these categories are proposed to be
determined by two parameters, i.e., the global change in
accessible stock, either by emissions to the environment,
dissipation in the technosphere or accumulation into in-use
(occupied) stocks; and the severity of a decreased global
accessible stock, depending on the size of the stock. We here
refer to the Electronic Supplementary Material (ESM2) of
van QOers et al. (2020) for the derivation of general equa-
tions for the three impact categories and their CFs, EDP,
THP and OUP.

To derive CFs, for the short-term ideally dynamic sub-
stance flow analysis (SFA) models are necessary to estimate

@ Springer



1320 The International Journal of Life Cycle Assessment (2024) 29:1315-1338
emitted
E
reserve use
resource
ouvy
: accessible
In use
inaccessible
tailings, landfill, hoarding, hibernating, downcycling
technosphere
inaccessible
‘f/er:::tzr;\\ - ~tec Hr@og;re >~ Life cycle
\\\stock/,/ S stod HEES M = E + H + O U

Fig.2 The balance between the input of primary and secondary resources and the output of emissions, flows going to hibernating stocks in the

technosphere and flows accumulating in in-use products (occupation)

(cumulative) flows for elements that are emitted to the envi-
ronment or go into dissipated or occupied stocks in the tech-
nosphere. This implies performing SFAs® for all resources
and their applications on a global scale. If at all feasible, this
is beyond the scope of generic LCIA models. In this paper,
we demonstrate a simplified procedure using SFA-like
modelling to calculate the global stocks and flows. Now, to
generalize and define the inaccessibility model for the short
term it is suggested to lump the different possible flows to
inaccessible stocks based on the following assumption: all
primary and secondary consumed resources that are NOT
recycled’ in the given time frame are assumed to be flows
to inaccessible stocks. So, it is suggested to define a more
generic indicator for “flows of resource i going into inacces-
sible stocks” (10 ;) based on the assumption:

5 For detailed SFAs additional information might be needed such as
the use of elements in certain applications, the concentration of ele-
ments in applications, the lifetime of applications, the loss (emission
and dump etcetera) 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.
And to explore possible future scenarios, assumptions must be made on
how the regime of these stocks and flows might change over time.

7 See also Section 3.2.2.
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Do = (E2020,i + Hypo, + 0U2020,i)

1
R (M2020,i + SM2020,i) X (1 - RR2020,i) M

In which E,qyq ;, Hygoq,;» and QU ; are flows of resource
i in the year 2020 that go into inaccessible stocks, either dis-
sipated in the environment, dissipated (aka hibernated) in the
technosphere or occupied in in-use stocks, i.e., accumulated
into the in-use stock. My, ,; and sM,p, ; are, respectively,
the global annual production of primary and secondary
resource i (see Fig. 2). And RR,y,; is the global annual
recycling rate in the year 2020 of resource i.

In this way, we lump the different types of flows that lead
to inaccessibility into one inaccessibility flow. By this, we
lose information on the type of flow leading to inaccessibility,
but we enable to development of a more generalized model
to assess inaccessibility without using detailed SFA models.

3.2 Equation for characterization factor for resource
inaccessibility for the short-term time horizon

In this section, the general equation for the impact category
“resource inaccessibility” is defined, lumping inaccessibil-
ity due to emission, dissipation in the technosphere, and
occupation. This equation is elaborated into an operational
method to assess inaccessibility due to resource use for the
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short-term time perspective. To be able to do this, assump-
tions are made and explained in the following sections.

Table 1 summarizes the terminology and symbols for
the equation of the characterization factor of technosphere
dissipation. Lowercase symbols m;, e;, h;, ou; and sr; refer
to product system-related quantities (as a result from an
LCA study), while the capital symbols E;, H;, and OU, refer
to the global total amounts of the same flows, which are
used in one or more characterization models for the three
impact categories.

Lumping of the general equations for the three impact cat-
egories, environmental dissipation, technosphere dissipation,
and in-use occupation (van Oers et al. 2020), the following
general equation for the resource inaccessibility potential
(RIP, r;) as the characterization factor for inaccessibility
of resources is derived:

ItU.T,x X P, 10,0
= P 2 1, P, =
RIPIU,T,i - Proi R1111.10+T.r < loTﬂf) X fo.ref -

2
P to.ref Rmz,ro +T,ref

are NOT recycled in the given 25 years (1 - RR2020,25’1»).
This implementation of Eq. 1 into Eq. 3 leads to the follow-
ing equation:
M202025.i SMZOQOZSJ I - RRZOZOZSJ 2
( ’ ’ ’ ) * ( ’ )/(Rzoz.zo-ﬁ.r)

(MZUZU,25,ref + SMZUZU,ZSJ@}) X (1 = RRy02025 ref ) /

(Rm/,zo4s,m/)2 (4)

RIPyyg05: =

3.2.1 Simplification of the equation for resource
inaccessibility for the short-term time horizon

Ideally, the characterization factors should be based on
estimates of flows and stocks over a period t++7 (e.g., 2020
to 2045) for example using dynamic SFA (Helbig 2018;
Charpentier Poncelet et al. 2019, 2021; Helbig et al. 2020).

ItO,T,,-/ .
Rtoz,zU+T,i )

I to, T ref Rz
totty+T ,ref

Referring to the general characterization equation of
resource inaccessibility (Eq. 2), adopting ¢, = 2020, T =
25 years, and the short-term time approach, we would get:

I 2020,25,i 2
(Rtot,2045,i)
I 2020,25,ref 2
(Rtt)t,2045,ref )

The parameter Iy, »5; is the cumulative global amount
(kg) of resource i that goes into inaccessible stocks in the
environment and technosphere over 25 years, e.g., the cumu-
lative dissipating flows from 2020 to 2045 from present
applications that presently (2020) use resource i. R, 545,
represents the total global accessible stock in nature and
technosphere as projected for the year 2045 (25 years
from the present year, which was assumed to be 2020).
The 25-year foresight of the natural reserve part should be
25-accomplished by including exploration data for 25 years;
the 25-year foresight of the technosphere stock could be
based on an exploration of past years of annual economic
reserves data. The RIP,y, »s; is expressed relative to a refer-
ence resource ref, e.g., copper (Cu) or any other element.

Now, we adopt Eq. 1, the assumption that flows to inac-
cessible stocks (15 25 ,;) are approximated by all primary and
secondary consumed resources (Mag5; + SMon02s,) that

RIPyy005; = 3

8 For an explanation of adopting the square of the R, we here refer to
the appendix to the original article introducing the ADP (Guinée and
Heijungs 1995).

Although drafting dynamic SFAs for 25 years is already
much more feasible than drafting them for 500 years
(EDP, ), it’s still an elaborate task to do this for all the
different elements and their applications into the most
important products, and it still would depend on debatable
assumptions about the near future.

For this reason, in this paper, resource inaccessibility
for the short-term time horizon is elaborated in a relatively
practical method adopting some additional simplifications
and assumptions:

e As a proxy for the quantification of cumulative flows
and development of stocks over the next 25 years, the
present flows, stocks, and recycling rates at year ¢ (e.g.,
2020) are adopted.

e The accessible stocks are the sum of the accessible stocks
in the environment and the technosphere

e (Economic) reserves as defined and estimated by
USGS (USGS 1980) and other geological surveys are
assumed to be a proxy for the presently accessible
stock in the environment.

e Additionally, stocks in the technosphere should be esti-
mated. That is, in-use stocks that might come available
in the ST. A procedure to do this will be proposed in
Section 3.2.4.

e Exploration of new resources for possible exploitation
in the short-term future is one of the important compro-
mising actions that actually will lead to an increase of
estimates of accessible stocks in the environment. Esti-
mates of the reserves of primary elements in the environ-
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Table 1 Overview of main terms and symbols adopted for describing the equation for the characterization factor of technosphere dissipation

Name Symbol Unit Remark
(Number of years of) the time horizon adopted T year (yr)
for assessing the potential decrease of resource
accessibility
Specific year for which the parameter (e.g., t year (yr)
characterization factor) is assumed to be representative
Specific resource for which the parameter (e.g., i refrefers to the reference resource, in this case copper
characterization factor) is assumed to be representative
Amount of primary resourceiconsumed by a product m; kg/FU Calculated as part of the LCI of an LCA Stl]dy
system
Amount of secondary resourceiconsumed by a product sm; kg/FU Not reported by LCA studies yet
system
Amount of resourceiemitted by a product system e; kg/FU Calculated as part of the LCI of an LCA study
Amount of resourceigoing into hibernation for a product  5; kg/FU Calculated as part of the LCI of an LCA study
system
Amount of resourceigoing into occupation in in-use ou; kg/FU Calculated as part of the reference flow in the LCI of an
stock for a product system LCA study
Amount of resourcel going into inaccessible stock fora 7% kg/FU Calculated as part of the LCI of an LCA study
product system
Global amount of primary resourceiconsumed by all M,,; kglyr (British Geological Survey 2018; US Geological Survey
products in year?, equalling the world annual extraction 2018)
of resourceias reported by USGS or BGS
Global amount of secondary resourceiconsumed by all sM ti kglyr
products in a specific year?
Global amount of primary and secondary resourcel P, kelyr = M; + sM,;
consumed (represented by total primary and secondary
production) by all products in year?
Global amount of resourceiemitted by all products in E,; kg/yr
year?
Global amount of resource i going into hibernation for all H,; kg/yr
products in year ¢
Global amount of resource i going into occupation inuse  OU; kglyr
stock for all products in year ¢
Global amount of resource i going into inaccessible stock 7 ; kglyr Equation 1
for all products in year ¢
Global annual recycling rate in year ¢ of resource i RR,; -
The fraction of secondary resource i (scrap) in the total ~ RRpc,; - Equation 7 (Graedel et al. 2011; Talens Peir6 et al. 2018)
resource i input (primary and secondary) in year ¢
The fraction of resource i in the end of life (EoL) waste ~ RRp,; ,; - Equation 8 (Graedel et al. 2011; Talens Peir6 et al. 2018)
that goes to recycling in year ¢
The functional recycling flow of resource i in old scrap oS, ; kglyr
from the EoL recycling process in year ¢
The EoL waste flow of resource i in year ¢ after Weorsi kg/yr
discarding products from the use phase
Cumulative global emissions of resourceiover time 1=10+T kg
horizonT(25 years) starting at year 10 EtO,T,i = t;to E,;
Cumulative global hibernation of resourceiover time 1=10+T kg
horizonT (25 years) starting at year 0 Hyr;= tZtJO H,;
Cumulative global flows going into inaccessible stocks t=10+T kg
of resourceiover time horizonT (25 years) starting at lori = 2 ti
year 10 =0
Characterization factor for resource i, CF,; kg refikg i (e.g.,
kg Sb-eq./
kg i)
Fraction of the present (#;) global primary extraction C 10T -

and secondary use of resourceiover time horizonT’
(25 years), made inaccessible
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Table 1 (continued)

Name

Symbol

Unit

Remark

Severity of making 1 kg of resourceiinaccessible for time
horizonT (25 years)

Environmental dissipation potential (CF for
environmental dissipation of resources), based on the
cumulative global emission of resourceithat goes into
hibernation within the time horizon adopted due to the
use of resourceion timet,

Technosphere hibernation potential (CF ;for technosphere
hibernation of resources), based on the cumulative
global flows of resourceithat goes into hibernation
within the time horizon adopted due to the use of
resourcei on timet,

Resource Inaccessibility Potential, based on the global
flows of resourceithat goes into inaccessible stocks
within the time horizon adopted due to the use of
resourcei on timet

Weighted resource inaccessibility potential (CF for
resource inaccessibility of resources), based onRIP; r;
and the Economic Importance of resource i

Category indicator result for time horizonT (25 years) for
‘Environmental dissipation’ for a product system

Category indicator result for time horizon7'(25 years) for
‘Technosphere Hibernation’ for a product system

Weighted category indicator result for time horizon7' (ST,
e.g., 25 years, or VLT) for ‘Resource Inaccessibility’
for a product system

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

Global accessible stock of resource i in technosphere as
projected for year?

Global inaccessible stock of resource i in technosphere as
projected for yeart

Total global accessible stock of resource i in the
environment and technosphere

Economic Importance indicator of resource i in year?

Share of end use by manufacturing industry of a resource
iin a NACE Rev. 2 (2-digit level) sector S for resource
iin yeart

Value added by manufacturing industry in the NACE
Rev. 2 (2-digit level) sector S for resource i in year ¢

The substitution index of a resource i

ST

EDP, r;

THP, 1,

RIP, 1,

WRIP, 1,

ED, ;
TH, r

wRI, 0T

R

env,t,i

R

tech,acces.t,i

R

tech.inacces.t.i

QS,t,i

Slgp;

depending on
method (e.g.,
1/(yrkg i)

kg Cu-eq/kg i

kg Cu-eq/kg i

kg Cu-eg/kg i

kg Cu-eq/kg i

kg-Cu eq

kg-Cu eq

kg-Cu eq

kg

kg

kg

kg

Equations 5 and 10

Equation 15

Equation 16

US Geological Survey 2018

Equation 13

Equation 12

Equation 6

Equation 14 (Blengini et al. 2017a, b; JRC 2017)

FU functional unit

Technosphere hibernation =technosphere dissipation

ment are updated regularly by USGS. These updates will
include adjusted estimates due to exploration as well as
mining that has taken place since the last estimation. So,
it is recommended to update CFs based on these reserves

regularly, for example, every 5 years.

Implementing these simplifications into the characteriza-
tion equation of resource inaccessibility (Eq. 4), we would get:

(Mago; + sMopg;) % (1 = RRzozo,i)/

2
10,2020,

RIPyyy005; ~

(MZOZU,)‘(‘f + SMZOZO,ref) X (1 - RRZOZO,rq[)/ 2

Rm/,zozo,re_/ (5)

So, ideally, the dissipative flows that go into inaccessi-
ble stocks are based on the cumulative global flows over
T = 25years due to the present (¢) and successive future
applications of the present demand (use) of resource i,
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e.g., the cumulative dissipation from 2020 to 2045 of all
applications that presently (2020) use resource i. However,
for the sake of deriving characterization factors, it is suffi-
cient to have estimates of relative differences of dissipative
flows between elements, instead of absolute figures. So, to
simplify the calculations, instead of cumulative dissipative
flows over a period of 25 years we take the snapshot of
one year (e.g., 2020) as a proxy. So, we thereby assume
that the relative differences between the amounts of various
elements for “relative cumulative flows (e.g., dissipation in
the technosphere) over the time horizon of 25 years” and
“relative present recycling flows” will be negligible for the
short term. While this may be a reasonable assumption for
established commodities such as base-metals serving mature
markets, we know that relative rates of use can and do
change quite rapidly amongst newer specialty metals serving
emerging markets (van Oers et al. 2019). The use of a proxy
introduces uncertainty. However, trying to make predictions
for the (short term) future probably will be equally disput-
able. This paper tries to explore the possibilities of a simple
model, instead of trying to model using detailed (dynamic)
SFA modelling. Next to that, the relatively simple proposed
method can be performed regularly to incorporate updates
to the chosen proxies.

The total accessible stock R, ; ;. »5; Will be the sum of the
accessible stock in the environment and the accessible stock
in the technosphere. After all, as stated in Section 2.2, after
extraction of elements from the environment, the elements
are not necessarily “lost” for future generations, because the
elements can be extracted from urban stocks (reserves in
the technosphere) when products are discarded at the end of
their life. Ideally, one would use the estimate of the stock in
the year #, + 25 years. However, predictions of accessible
stocks, even in the near future, are difficult to make. There-
fore, we here pose, as a rough assumption, that estimates of
present accessible stocks in the environment and techno-
sphere will be a good indicator for total accessible stocks in
the short-term future. So, like for the flows, we assume that
the relative size of stocks between elements over the short
term will remain approximately the same. Again, with the
notion that this might be a reasonable assumption for base-
metals, but probably less valid for specialty metals for which
exploration might grow rapidly.

For the short-term accessible environmental stocks, the
(economic) reserves as identified by geological surveys,
like USGS, can be used (US Geological Survey 2022). In
the USGS terminology a “reserve” is defined as follows:
That portion of an identified resource from which a usable
mineral or energy commodity can be economically and
legally extracted at the time of determination. So, the esti-
mates of reserves by geological surveys like USGS refer to
the expected extractable amount of resources on the short
term given the technological and economic conditions (by

@ Springer

definition of the term “reserve”). The Electronic Supplemen-
tary Material (ESM1), tab sheet “environmental reserves
USGS(ST)” contains an overview of estimated stocks in
the environment for the year 2020, mainly based on USGS.
However, estimates of accessible stocks in the technosphere
are not readily available. In this paper a procedure will be
proposed to make a rough estimate of the size of these tech-
nosphere stocks and how much of this stock is accessible
(given the present technical and economic conditions).

So, the total short-term accessible stock (R, 4 25,) 18
the sum of the short-term accessible stock in the environ-
ment (Renv,t[) + 25,1') and the technosphere (Rtech,access,to + 25,1')‘
As a proxy for the size of the stock at #, + 25, the present
size of the stock in environment (R,,,, 5059;) and technosphere

(Rtech,access,ZOZO,i) is used:

R

tot,ty + 25,i = Renv,to +25,i + Rtech,access,to +25,i

~ Renv,2020,i + Rtech,access,ZOZO,i (6)
Again, this simplification is probably incorrect for some
mineral resources; in particular those metals necessary for the
energy transition (e.g., case of Li, with large increase in extrac-
tion during the past recent years). So, the proposed method
is sensitive to fast-changing mineral markets. However, in the
specific case of lithium, large increases are expected in all
places along the value-chain: from economic reserves, through
production, in-use stocks, and recycling flows. So, it could be
argued that the relative size of dissipative flows will not change
that much as all flows will increase more-or-less proportion-
ately. The value of a more detailed modelling needs to be bal-
anced against the fact that there is no absolute stable relation
between the elements or classes of elements to be identified.
All of the on-to-one relations depend on changes in technology
and societal demand. Such a detailed analysis could be out of
date as soon as it is completed.

3.2.2 Acloserlook at the recycling rate (RR) and dissipation
in the technosphere

Figure 1 is a depiction of the system model showing different
types of dissipative flows to the environment (emissions) and in
the technosphere (e.g., tailings, landfill). Next to this, different
stocks are located in the environment and the technosphere. The
figure is loosely based on the figure published by UNEP on recy-
cling indicators and how they are derived (Graedel et al. 2011).

The notion that (1 — RR)can be used as a proxy for the dis-
sipation is already mentioned in other publications (Vadenbo
et al. 2014; Frischknecht 2016; Sala 2020). However, looking
at Fig. 1, you can see that this is only partly true.

There are different indicators to express recycling,
amongst others you have the recycled content (RC) and the
end of life recycling rate (EoL RR) (Graedel et al. 2011;
Talens Peir6 et al. 2018).
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The RC is described as the fraction of secondary resource
(scrap) in the total resource input (primary and secondary).
In Fig. 1, the RRpc,; is described by the following flows and
equation (based on Graedel et al. 201 1; Talens Peir6 et al. 2018):
sM,;

RRpe,; = (M,; + sM,;) @)

In which M, ; is the global primary input and sM,; is the
global secondary input from old and new scrap into refining
or fabrication of resource i in year ¢.

The other recycling indicator “EoL RR” is described
by the following equation (based on Graedel et al. 2011;
Talens Peiro et al. 2018):

oS, .
RRpor i = m/WEoL y 8)

In which OS, ; is the functional’ recycling flow of resource
i in old scrap from the recycling process and W, ,; is the
EoL waste flow of resource i after discarding products from
the use phase to the waste management (final waste treat-
ment and recycling).

Assuming the recycling rate (RR) is defined as RC, the
recycled flows are old scrap and new scrap (green lines
in Fig. 1). The remaining flows, (1 — RR), of the input,
(M + sM), are the dissipative flows (dotted lines in Fig. 1)
to the environment and technosphere (like inaccessible
stocks in tailings, hibernating products and landfill, and
recycling into non-functional applications in Fig. 1), and
the flow of the resource to the in-use-stock, i.e., accumula-
tion of the in-use stock (see box “use” in Fig. 1).

Now, on the other hand, assume the recycling rate (RR) is
defined as EoL RR. This recycling rate is defined as a frac-
tion of waste going to the life cycle stage “recycling” and the
recycled flow is old scrap from EoL waste only. Following
the input, (M + sM), at the start of the life cycle stages of
the resource, at this position in the chain already several dis-
sipative flows have occurred, like accumulation into tailings,
abandoned hibernating products, and in-use stocks (occupa-
tion). Thus, when the EoL RR is applied to the input'® flow,
(M + sM),in Eq. 5, the dissipation is largely underestimated,
because dissipative flows, to tailings, hibernating products,
and the flow of the resource to the in-use stock, i.e., accu-
mulation of the in-use stock (occupation), are all neglected.

So, the assumption for the short term to approach flows
of resources that go into the inaccessible stocks by the

® EoL RR only refers to functional recycling. In contrast, non-
functional recycling is the amount of resource that is collected but not
functionally applied (“lost”). It thus becomes an impurity or “tramp
element” in the dominant resource with which it is collected (e.g.,
copper in alloy steel).

19 nstead of the waste flow for which the EoL RR actually is defined.

calculation (M + sM) X (1 — RR), is only sensible when
the recycling rate is defined as recycled content. With the
notion that (1 - RRRC) considers all three flows corre-
sponding to actions compromising accessibility for the short
term, i.e., emissions, dissipation, and occupation in the tech-
nosphere. The estimated recyclable part of the stock in the
technosphere is considered the accessible stock.

The Electronic Supplementary Material (ESM1), tab
sheet “Recycling Rates (ST)" contains an overview of recy-
cling rates according to UNEP (Graedel et al. 2011) and
EU Critical Raw Material factsheets (Eynard et al. 2020;
Latunussa et al. 2020).

3.2.3 Simplification of numerator, primary extraction
as proxy for flows to inaccessible stocks

So, in this paper, RR is defined as RC and thus Eq. 7 can be
implemented in Eq. 5. In that case, the numerator of Eq. 5
is given as follows:

(Maga; + sMag;) X (1 - SMZOZUJ/ (Mo, + SMZOZOJ)) = My, 9)

This basically means that the yearly primary extraction is
the flow that is necessary to refresh the flow of elements that is
dissipated in the technosphere (tailing, landfilling, hibernating,
hoarding, downcycling) and environment (emissions), and the
flow that is accumulated in the in-use stock in case of increasing
stocks. An assumption that is also commonly made in MFA- and
SFA-studies (Dewulf et al. 2021). The Electronic Supplemen-
tary Material (ESM1), tab sheet “prod USGS + kg elem. in ores”
contains an overview of estimated extractions from the environ-
ment for the year 2020, mainly based on USGS.

In this case the equation of the resource inaccessibility
potential (RIP,y, »5,;) can be defined as follows:

M 2020, R R 2
env,2020,i + tech,access,2020,i
M 2020,ref R R 2
env,2020,ref + tech,access,2020,ref

(10)

In which M, ; is the primary extraction of a resource

i in the year 2020, and R,,,, 5020; a0d Ry, secess 2020, A€ the

accessible reserves of a resource i in the year 2020 in the
environment and the technosphere.

RIPy5y005; ®

3.2.4 Simplification of denominator, estimating stocks
in the technosphere

For the short-term perspective, the stock in the environment
can be approximated by the (economic) reserve estimates
that are made by USGS (US Geological Survey 2022). How-
ever, to estimate the size of the stocks in the technosphere
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and determine which part of this stock is accessible is more
challenging. There are several studies that have made a
start to estimate stocks in the technosphere, aka urban mine
(Graedel 2010). However, these estimates do not cover a
global scale. Furthermore, these estimates are only made
for a limited number of elements from the periodic system.
In this study, we propose a procedure to approximate
the size of the accessible stock in the technosphere based
on accumulation of past global productions. The stock
of a resource in the technosphere at year ¢ is the result of
the accumulation of resources from globally consumed
resources over a periodt — T in the past. The accumulated
resources over the past should be distinguished into:

1. Accumulation into in-use stock (occupation, partly
accessible at the same time at#, + T)

2. Accumulation in dissipated stock (e.g., tailings, landfill,
and hibernated products) (not accessible att, + T)

The following rough approach to estimate the size of the
stock in the technosphere (urban stock) is proposed.

Assume that in year ¢ the size of the stock in the techno-
sphere R, is approximated by the sum of global primary
production M, ; over the past 50 years:

R = Mz,i + Mz—l,i + Mz—z,i“' + Mt—SO,i (11)

tech,t,i

The Electronic Supplementary Material (ESM1), column
I'in tab sheet “urban and total reserves (ST)” gives an over-
view of estimated stock in the technosphere based on the
cumulative primary extractions from the environment over
the years 1970-2019, mainly based on USGS.

Next, we assume that the part of a resource that is not
recycled accumulates into inaccessible stocks (in tailings,
in EoL discarded products on land fill sites, hibernating in
abandoned but not yet discarded products or emitted to the
environment or occupied in in-use products in the short-term
time frame). Finally, we assume, as a very rough estimate of
the recycling over the past period, that the present recycling
rate is applicable to the total accumulation of a resource.
Of course, this constant recent recycling rate will lead to
an overestimation of the recycled part and thus will lead to
an underestimation of the dissipated stock. Adopting these
assumptions, the next equation gives the inaccessible stock
in the technosphere:

Rtech,inacces,t,i = Rtech,t,i X (1 - RRt,i) (12)

and the following equation then provides the estimate of the
in-use-stock that potentially is partly accessible for future
generations:

R = Rynsi X (RR;;) (13)

tech,access,t,i
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The Electronic Supplementary Material (ESM1), tab
sheet “urban and total reserves (ST)” gives the calculated
stocks in the technosphere, distinguished into dissipated
stock (column P) and maximum accessible stock (column
Q) by applying these two equations.

Please note that this estimation of the potential accessible
stock is an overestimation because of the following:

1. The recycling rates over the past are overestimated due
to applying current levels of recycling rates and thus the
size of the R, 4ccess 0, 18 Overestimated.

2. After end of life, only part of the discarded products will
be available for recycling given the present technical and
economic conditions. So, the estimate should be consid-
ered as a maximum accessible stock in the technosphere,
given the assumed past accumulation.

3.2.5 Appreciation of functions (weighting
between resources) for short term time perspective

In the previous sections, it is explained how CFs for the
short-term time perspective can be derived for elements.
The factors are based on the defined characterization
model in which the factors are depending on the size of the
accessible stock and the change in the size of accessible
stock. Now these CFs express the severeness of the reduc-
tion of the accessible stock. If accessible stocks are rela-
tively large and/or the yearly change in accessible stock,
is relatively low, the CF is relatively small. However, the
CFs still do not express how bad it is that we run out of a
particular accessible stock. In other words, how much do
we value the different resources and the function(s) they
have for society.

In van QOers et al. (2020), it is assumed that, for the very
long-term time perspective, different resources and their
functions are valued equally. The reason is that for the very
long term, it is very difficult or impossible to foresee which
function (applications of) resources will have for society,
which substitution options will be available, and how the
functions will be appreciated by the society. For this reason,
for the very long-term time perspective, equal weights are
put on the functions different resources have for society.

However, for the short term, given the present tech-
nical and economic situation in the present society and
economy, it might be possible to say something more
about the differences in appreciation of functions deliv-
ered by resources, while still holding on to the assump-
tion that the present situation is a good indicator for the
short-term future.

Several approaches are possible to derive weighting factors
that express the appreciation of resources and their function:
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1. Equal weights: approach used for the EDP for LT, all
resources/functions are equally important/valued);

2. Prices of resources: approach of the EU Joint Research
Centre (JRC) for dissipation in which prices are believed
to be an indicator for how functions of resources are
appreciated by society.

3. Relative yearly global extraction (and thus consumption)
at present: in which the amount of present consump-
tion is believed to be an indicator for appreciation of the
resource and its function by society.

4. Economic importance indicator of the EU: The added
value of the sectors that are affected, in case a resource
is not available for the sectors in the manufacturing
industry, as used in the EU criticality assessment.

Although, option 1, equal weighting between resources may
be the best valuation for the very long term, this certainly does
not reflect the present situation of the importance of resources
for society. In option 2, the JRC proposal on how to character-
ize the use of resources, the price of a resource is proposed as
an indicator for the valuation of a resource. In fact, price is used
for the total characterization (Sala 2020; Ardente et al. 2022).
Of course, part of the market price of a resource is determined
by how much the resource is appreciated by society. However,
there are more parameters that determine the market price of
aresource, like scarcity and production (energy) costs. In this
paper, the accessibility or scarcity is already addressed by the
presented characterization model using present estimates of
stocks and dissipative flows. So, for the valuation of the func-
tion of resources, it is better to use an additional independent
parameter. Although the present amount of consumption of
resources (option 3) indicates something about the importance
of resources for society, it is believed that option 4, the share
of the (global) consumption of resources by different sectors
in the technosphere together with the economic value that the
sector adds to the total GDP, is a more subtle indicator for the
economic importance of a resource for the present economy.
So, in this paper, the economic importance indicator as used in
criticality studies for Europe (Blengini et al. 2017b; JRC 2017,
Eynard et al. 2020; Latunussa et al. 2020) is proposed as an
indicator for the valuation of functions of resources for the pre-
sent economic system. The concept of economic importance
for the valuation of functions that resources have in society
is also introduced in a recently developed method for impact
assessment, the economic value dissipation potential (EVDP)
(Santillan-Saldivar et al. 2023).

The importance of a resource to the economy of the Euro-
pean Union is assessed by the indicator “Economic Impor-
tance (EI).” El is evaluated by taking into account the share
of economic sectors by which the resource is consumed at
EU level and their gross value added (GVA) (Blengini et al.
2017a, b; JRC 2017).

The indicator is calculated for each resource using the equa-
tion below:

El; = ZS(AS,t,iXQS,z,i) X Sl (14)

In which EI, ; is economic importance of a resource i in
year t; Ag,; is the share of end use by manufacturing indus-
try in year ¢ (e.g., 2020) of a resource i in a NACE Rev. 2
(2-digit level) sector S; Qg ; is the NACE Rev. 2 (2-digit
level) sector’s value added in year #; SIg; ; is the substitution
index (SI) of a resource i (to be used in economic impor-
tance). S denotes sector (Blengini et al. 2017a, b; JRC 2017).

The scope of the indicator is the average over the past
5 years and the indicator refers to the manufacturing industry
in the European Union. The higher the value added of the
affected sectors, the higher the damage.

The Electronic Supplementary Material (ESM1), tab
sheet “Economic Importance Indicator” gives the economic
importance of different elements as derived for the critical
raw materials studies (Blengini et al. 2017a, b; JRC 2017;
Eynard et al. 2020; Latunussa et al. 2020).

Ideally, EI,; should be determined on a global level.
However, to the knowledge of the authors, no information is
readily available on the share of applications of resources in
sectors on a world level and on the resulting affected GVA.

So, in this paper, it is assumed that the sector structure of
the EU is comparable to the overall world economy. Obvi-
ously, this is not the case. The aim of this paper is to outline
a possible procedure to derive weighting factors for valua-
tion of functions across resources. To derive EI, ; factors on
a world level is, however, beyond the scope of this paper.

Now for each element i, the resource inaccessibility
potential for short term (RIP,g,,5;) and the economic
importance indicator (EI, ;) can be combined into a weighted
resource inaccessibility potential using the following equa-
tion (ST is defined as 25 years):

WRIP 550 57; = RIPyy05r; X EI, (15)

So, the wRIPy s is a factor that expresses the severe-
ness of a resource becoming inaccessible due to the present
use and the valuation of the function of the resource for
society, in particular the manufacturing industry.

3.3 Data for characterization factor

For the calculation of the resource inaccessibility potential for
the short term (RIPgy) the following input data are needed:

(@) Mgy, the world annual primary production of ele-

ments for a specific year (here 2020) which is the
numerator of the characterization equation. Data on
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annual global extractions are reported by USGS (US
Geological Survey 2022). It should be stated that the
production values of elements as reported by USGS
is the amount of elements that are put on the market.
So, these values exclude the amount of elements that
are dissipated to tailings. This means that this practical
implementation of the USGS data for the calculation
of the characterization factors leads to an inconsistency
with the theoretical model.

(®)  R,.0000,» the (economic) reserve estimates for a specific
year (here 2020) as reported by USGS. These estimates
represent the accessible stock in natural reserve base, which
can be extracted given the technical and economic condi-
tions at the time of determination. Data on annual global
extractions are reported by USGS (US Geological Survey
2022). The estimates of the stocks are regularly updated.

(¢) The cumulative world annual primary production of
elements M, over the past 50 years or more for the cal-
culation of stocks in the technosphere. Historical data
on world extractions of primary elements are reported
by USGS (US Geological Survey 2018).

(d) The recycling rate in terms of recycled content (RC) to
estimate which part of the stock in the technosphere,
as determined at c¢), should be considered accessible.
Global and EU recycling rates are reported by UNEP
(Graedel et al. 2011) and EU Critical Raw Material
factsheets (Eynard et al. 2020; Latunussa et al. 2020).

(e) EI,;, the economic importance indicator of the resource
i for of the EU (Blengini et al. 2017b; JRC 2017;
Eynard et al. 2020; Latunussa et al. 2020), which is
used to weight the reduced accessibility between dif-
ferent resources, based on the value they represent for
the present economic sectors in the EU.

The Electronic Supplementary Material (ESM1) contains
the basic data and their sources for all the parameters that
are mentioned above. Please note that for primary extraction
data refer to 2019, instead of 2020.

3.4 Resulting characterization factors for Resource
Inaccessibility in the short-term perspective

Based on Eqs. 10 and 15, using the basic data on My,
R 0020, @0 Ry paccess 2020 and EIL;, CFs are derived for
resource inaccessibility in the short term perspective. Two
different sets of RIPs are calculated, using different assump-
tions on the size of the accessible stock:

1. Based on the total accessible stock in technosphere and
environment. (ESM1, tab sheet ‘RIP 2019 (ST) Rtotal’),

2. Based on the accessible stock in the environment only.
(ESM1, tab sheet ‘RIP 2019 (ST) Renv only’.

@ Springer

The estimate of the accessible stock in the techno-
sphere is based on many assumptions, like historic
extraction data and present recycling rates. As data on
historic recycling rates is lacking, the present rates are
also applied to the past. Thus, the procedure proposed
in this paper will lead to an optimistic estimate of the
accessible stock in the technosphere and should there-
fore be interpreted as the maximum accessible stock. For
an alternative set of RIPs, it is assumed that all stocks
in the technosphere are considered inaccessible for the
short-term perspective. So, in this case, RIPs are based on
primary stocks in the environment only. This assumption
violates the initial problem definition but can be used as
a temporary proxy for the minimum accessible total stock
until a better one is developed.

Table 2 shows the top 10 and bottom 10 wRIP s, based
on the total accessible reserves in environment and tech-
nosphere. The top 10 contains some of the platina group
metals (PGMs), like rhodium, palladium, iridium, plati-
num, and ruthenium. The bottom 10 contain some of the
bulk metals, like iron, aluminum, chromium, manganese,
copper, and nutrients, like phosphorus and potassium.

In Fig. 3 the two sets of wRIP s, are plotted for all the
55 elements. The scatter plot shows that there is a large
correlation between the two sets of wRIP s, i.e., based on
total accessible reserves in the environment and techno-
sphere versus based on reserves in the environment only.
Given the procedure used in this paper, this means that for
the ranking of elements within the resource inaccessibility
score it does not matter which set of CFs is used.

However, note that this does not mean that the reserves
in the technosphere are negligible. Comparison of the
reserves in the environment and technosphere shows that
for 25 elements the reserves in the environment are a fac-
tor 10, or (much) more, higher than reserves in the tech-
nosphere. However, for about 10 elements the reserves
in the technosphere seem to be about half, or more, the
size of the reserve in the environment and thus should be
considered substantial.

So, it also does not imply that for the development of
relative characterization factors between elements within
the impact category, the knowledge on reserves in the
technosphere is not important. After all, it might be that
the procedure which is used in this paper to estimate the
reserves in the technosphere is not appropriate to estimate
differences in the development of the technosphere stock
between elements which might lead to more diverging
CFs. For example, the size of the technosphere stock is
correlated to the size of the yearly extraction. Thus, the
effect of a relatively large stock in technosphere might be
compensated by the effect of a high extraction rate, thus
leading to a more or less unaffected wRIP.
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Table 2 The top and bottom 10 resource inaccessibility potentials based on total accessible reserves in environment and technosphere
Weighting factor
M,g19 R, Riceh accessible maximum ELs RIP Weighted RIP
Name kg kg kg - kg Cu equivalents kg Cu equivalents
Top 10
Rhenium 5.32E+04 2.40E+06 2.45E+05 0.37 3.77E+02 1.41E+02
Rhodium 2.17E+04 2.91E+06 3.73E4+05 1.40 9.96E+01 1.39E+02
Palladium 2.14E+05 7.20E+06 3.31E+06 1.32 9.58E+01 1.26E+02
Iridium 6.10E+03 1.38E+06 4.46E+04 0.79 1.49E+02 1.18E+02
Indium 9.68E+05 1.50E+07 6.01E+06 0.61 1.09E+02 6.66E+01
Platinum 1.87E+05 1.30E+07 5.98E+05 1.11 5.01E+01 5.57E+01
Germanium  1.31E+05 8.60E+06 1.93E+06 0.65 5.85E+01 3.81E+01
Ruthenium  2.77E+04 5.21E+06 7.62E+05 0.77 3.85E+01 2.98E+01
Thulium 9.66E+04 1.28E+07 1.65E+04 0.81 2.91E+01 2.36E+01
Beryllium 2.51E+05 2.10E+07 1.96E+06 0.79 2.36E+01 1.85E+01
Bottom 10
Copper 2.04E+10 8.70E+11 1.76E+11 1.00 9.24E-04 9.24E-04
Titanium 5.78E+09 4.44E+11 9.84E+10 0.88 9.73E-04 8.55E-04
Strontium 9.57E+07 6.80E+10 0.00E+00 0.66 1.02E-03 6.77E-04
Manganese  2.06E+10 1.30E+12 1.94E+11 1.26 4.57E-04 5.78E-04
Boron 1.87E+09 391E+11 0.00E+00 0.66 6.08E-04 4.01E-04
Potassium 3.43E+10 4.81E+12 0.00E+00 1.02 7.33E-05 7.47E-05
Chromium  1.38E+10 3.70E+12 4.94E+10 1.38 4.86E-05 6.70E-05
Aluminum  6.32E+10 7.50E+12 4.72E+11 1.02 4.92E-05 5.02E-05
Phosphorus ~ 3.07E+10 9.61E+12 0.00E+00 1.00 1.65E-05 1.65E-05
Iron 1.52E+12 8.40E+13 1.55E+13 1.28 7.59E-06 9.74E-06

3.5 LCldata

The fourth and final level of the SUPRIM framework
(Schulze et al. 2020a, b) describes the elementary flows
from the inventory (“LCI data”) needed as input to calculate
the impact score for the impact category resource inacces-
sibility of an LCA case study.

In conventional LCA the elementary flows are the flows
that cross the system boundary between the environment and
the technosphere. Now, the impact category technosphere
dissipation and also occupation in use, use mass flows of
resources within the technosphere. These mass flows do not
represent elementary flows in the inventory table but tech-
nosphere flows, like resources dissipated in tailings and end
of life discarded products that end up on landfill. These data
need to be extracted from the process-to-process matrix (“A
matrix”’) and are not readily available in a conventional LCA.
There are several papers that address issues related to the
LCI of resource use and the classification of technosphere to
technosphere flows as dissipative or not (Beylot et al. 2020a,
b, 2021; Greffe et al. 2022).

In this paper, it is assumed that there is a sound procedure to
classify and quantify dissipative flows in the LCL. In the next

step, in the characterization step of an LCA, the flows that go
to inaccessible stocks ri;, are translated into contributions to
impact categories by means of characterization factors.

This results in wRI, s7, the weighted category indi-
cator results for time horizon T (ST, e.g. 25 years) for
“Resource Inaccessibility” for a product system, are sum-
marized as follows:

WRIyy0,57 = Z WRIP 0 57,i X T (16)

Here wRIP )y 7 is the weighted resource inaccessibil-
ity potential of resource i for a short-term time horizon
(e.g., 25 years), defined on the basis of the current (2020)
data and using EI for weighting between elements, and i,
is the quantity of element i going into inaccessible stock
per functional unit (FU) in an LCA study. This flow going
into inaccessible stock per functional unit (FU) can either
be an emission ¢; or an addition to the dissipated (aka
hibernating) stock in technosphere #,.

Please note that the flow of the element that goes into occu-
pied in-use stocks ou;, does not contribute to the impact score.
The flow of this element is related to the functional unit. It is
the functional use of the element in the product system that

@ Springer
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Fig.3 Scatter plot of wRIP 2,50E+05
based on total reserve in the
environment and technosphere
versus WRIP based on reserve in
the environment only 2
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is studied. In the short term, this flow leads to inaccessibil-
ity for other applications, at the same time (competition for
elements). However, the flow also adds to the increase of the
accessible stock in the technosphere and might become avail-
able for future applications after end of life.

3.6 Normalization, proposal of a new procedure
to derive reference totals for normalization

Normalization is an optional step in the life cycle impact
assessment. It is a necessary step in case impact category
scores are weighted and aggregated using weighting factors
based on panel weighting (Huppes et al. 2012). In ESM 2
a procedure is outlined on how to estimate normalization
totals for the impact category weighted resource inacces-
sibility short term (WRI,qy0 s7)-

4 Discussion
4.1 LCIA model, consistency

In van Oers et al. (2020), general characterization models for
the impacts of resource use are defined for environmental

@ Springer

WRIP based on accessible reserve in the environment

dissipation, technosphere dissipation, and in-use occupation
for the short-term and the long term characterization. Now,
in this paper, the same basic characterization model and
prerequisites are used. However, the variables with which
the function (Eq. 10, based on the general equation of the
characterization model for resource dissipation, Eq. 3) is
populated, i.e., accessible stocks in environment and techno-
sphere and change in accessible stocks, are chosen specifi-
cally for the short-term time perspective. Furthermore, the
reasoning and assumptions made for the short-term perspec-
tive, to populate the variables are explicitly described using
the step-by-step SUPRIM framework in which diverging
choices between the long-term and short-term perspective
are indicated.

In order to derive operational CFs, some simplifications
are made in the choice of parameters. All parameters, i.e.,
stocks and flows, are based on the present situation instead
of the cumulative situation over the period t, + T (e.g.,
2020 to 2045). The present situation (e.g., year 2020) is thus
assumed to be an acceptable proxy for the relative differences
between elements for stocks and flows over the short term. In
future research, these simplifications could be redeemed by
more detailed modelling of stocks and flows over time using
dynamic substance flow models, taking into account different
applications of the resources in products as far as feasible.
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The work by Charpentier Poncelet et al. (2022) seems to be
a promising source for a more detailed elaboration of the
characterization model (see recommendations).

Regarding the toral global accessible stock of elements
in the environment for short term the estimates for (eco-
nomic) reserves as made by geological surveys, like USGS,
are appropriate. In the presented simplified characterization
model the estimated reserve at present (¢ = 2020) is used. A
possible option to model the size of these stocks on#, + 7,
e.g., 2045, is to extrapolate current estimates of the environ-
mental stocks at r = 2020 by linear extrapolation over the
past. However, due to dynamics in demand and supply, it is
very difficult to estimate the size of presumed accessible
stocks in the environment, even for the short term (e.g., rare
earth elements necessary for the energy transition, where a
boom in the demand has lead to an accelerated exploration
for reserves). That is why, the present sizes of the stocks
are used here as a proxy. For the purpose of relative char-
acterization factors, the relative stocks of elements are of
importance—not the absolute quantification of accessible
stocks att, + T, e.g.,2045. Therefore, for a relative assess-
ment of the contribution of the use of different resources
to the considered impact category, the present estimate of
(economic) reserves is suggested as an acceptable proxy,
even though there still might be differences in exploration,
even on the short term.

Regarding the total global accessible stocks of elements
in the technosphere for the short term it is assumed that
the available stock in the technosphere is the result of the
cumulative extractions of elements from the environment in
the past. The cumulative extraction of elements in the past
constitutes the stocks in the technosphere. These stocks can
be divided into inaccessible stocks and accessible stocks.
Inaccessible stocks are considered to be elements in tail-
ings, landfill, abandoned but not yet discarded EoL products
(hibernating products), and non-functional or low-quality
recycled resources. The remaining elements are occupied
in the in-use stock. After end of life, but within the short-
term, part of these occupied elements might become acces-
sible for future generations. This part, i.e., being newly
accessible, will depend on the Recycling Rate at#, + T
(1 <T <25 years). The estimated in-use stock is the most
optimistic estimate of accessible stock at time ¢, + T, e.g.,
2045. The proposed procedure to estimate the accessible
stock can be argued as a rough approach. A more sophisti-
cated approach to estimate size of the stock could include
dynamic stock modelling, considering a growth of recycling
rates over the past period (e.g., 50 years) from nearly noth-
ing to the present rate, and ideally distinguishing between
different applications of the resource in different products.
Different applications might have distinct characteristics,
like lifetimes, concentrations of elements, Recycling rates,
which might change over time. In this paper, the procedure

to estimate stocks in the technosphere serves as an illus-
tration of how the stocks might be estimated using generic
assumptions and data. Further detailing is possible, but
for the moment, for the sake of deriving CFs, this rough
approach to estimate stocks in the technosphere is believed
to be a reasonable first approach.

Regarding the flows going into dissipation in the tech-
nosphere, ideally one wants to assess the total cumulative
global dissipation due to the present demand over a given
short-term time horizon. However, cumulative flows going
into technosphere dissipation over a particular time horizon
are difficult to estimate. Therefore, for the sake of deriving
CFs that assess relative inaccessibility between elements, it
is argued that a snapshot of present flows that go into inac-
cessible stocks (like present landfill and accumulation into
in-use stocks) is an acceptable temporary proxy for cumula-
tive flows from present use over a short-term time horizon.
In Charpentier Poncelet et al. (2022) cumulative dissipative
flows are estimated over the life time of an element. This
information looks promising for a more detailed elaboration
of the characterization model (see recommendations).

Finally, to be able to develop CFs for the short term for a
comprehensive set of elements, all flows that go into inac-
cessible stocks in the environment and technosphere are
lumped. By doing so information is lost. For instance, differ-
ent inaccessible stocks probably will have different potential
for recovery, over different possible time frames. For this
reason, in Dewulf et al. (2021) it is proposed to define six
different impact categories for inaccessibility. The impact
categories refer to different inaccessible stocks due to differ-
ent compromising actions, i.e., tailing, landfilling, abandon-
ing, hoarding, downcycling, and emitting. However, in this
paper, the aim was to demonstrate a more simplified result
of the SUPRIM framework, for several reasons:

e Breaking down inaccessibility in different impact cat-
egories based on detailed flows and stocks, will require
highly detailed SFAs of all elementary resources in order
to calculate CFs. A first start is made to compile such
SFAs and model flows for a comprehensive set of 61
elements (Charpentier Poncelet et al. 2022). However,
including stocks and a regular update of these models
based on new developments will be a challenge;

e Next to this, the efforts you have to put into the LCI and
the classification will extend accordingly;

e Finally, the definition of criteria to label the different
flows (and stocks) might be a challenge and will depend
on the chosen time frame.

Nevertheless, the breakdown of flows that lead to inac-
cessibility as proposed by Dewulf et al. (2021) is acknowl-
edged to be relevant for the assessment of circularity of
resources. Theoretically, it reflects in more detail possible
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differences in inaccessibility due to compromising actions.
Such a detailed analysis is appropriate for a more tailored
detailed (dynamic) substance flow analysis that also might
take into account different applications of the resources in
products and their typical lifetimes and recycling possibili-
ties. Developing such CFs for use in LCA, for an encompass-
ing group of elements, that due to rapid technological devel-
opments will need regular updates, such a detailed analysis
is a challenge. Therefore, in this paper, a more simple model
is suggested, and flows that lead to inaccessibility due to
compromising actions are lumped.

As already stated in Section 3.3, the practical implemen-
tation of primary extraction data based on USGS statistics
for the calculation of the characterization factors leads to an
inconsistency with the theoretical model, since the values do
not include the amount of elements that are dissipated due
to the dump in tailings.

4.2 LCl model, consistency

In conventional LCA the elementary flows are the flows that
cross the system boundary between the environment and the
technosphere. The impact category “Resource Inaccessibil-
ity on the Short Term” uses mass flows of resources that
go into technosphere dissipation. These mass flows do not
represent elementary flows in the inventory table but tech-
nosphere flows that need to be classified as “dissipative” and
extracted from the process-to-process matrix (“A matrix”).

There are several papers that have the LCI of dissipative
flows as a topic (Beylot et al. 2020a, b, 2021). In the LCI,
the flows that are considered to be dissipated should be clas-
sified and quantified. In general, the flows that are classified
as dissipative by Beylot et al. (2020b) are flows of elements
that end up in tailings and on landfill sites. These flows are
in line with the proposed dissipative flows in the charac-
terization model as defined in this paper. Also, low quality
recycling of elements in terms of non-functional recycling
is still consistent with the LCI modelling as proposed by
Beylot et al. (2020b).

4.3 LCl model, data needs, and availability

Although in this paper CFs are presented for resource inac-
cessibility of elements over the short term, the calcula-
tion of the actual weighted resource inaccessibility score
(WRIp0 s7) still will be challenging.

For the impact category “Resource Inaccessibility,”
the technosphere flows that need to be assessed are
dissipative flows of elements which are related to the
defined functional unit in the LCA study, like elements in
tailings and in products abandoned but not (yet) discarded
and EoL products dumped on landfill sites or incinerated.
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As mentioned above other studies have focused on
classification of dissipative flows in the technosphere
(Beylot et al. 2020a, b, 2021). However, this classification
is not yet implemented in existing LCI databases, like
Ecoinvent, that are often used for background processes
in LCA studies.

Next, although existing LCI databases already include
some of the dissipative flows in technosphere, present
LCA software packages are generally not able to provide
them as aggregate flows going into dissipation (e.g., land-
fill). Software should therefore be developed to extract
these flows from the process-to-process matrix (“A
matrix”) and “classify” these technosphere flows to the
proper impact category “Technosphere Dissipation”.

Finally, the unit process data in LCI databases should
be critically reviewed. In general, the LCI databases (e.g.,
ecoinvent) are incomplete when reporting the emissions of
a unit process and the flows going to landfill. Next to this,
for flows of elements, the data on dumped material and
product flows should be translated into flows of chemical
elements, using elementary composition data of material
and products. In other words, what goes into the process
seldom matches with what comes out in terms of element,
either as emissions or contained in one of the economic
flows that leave the process (waste or products), as also
stated by other authors, including Greffe et al. (2022) and
Beylot et al. (2021).

4.4 Abiotic depletion, long-term dissipation
to environment, and short-term
resource inaccessibility

Table 3 shows a comparison of different impact categories
for resource use co-developed before by some of the authors
of this article, i.e., abiotic resource depletion, environmental
dissipation long-term perspective and resource inaccessibil-
ity short-term perspective. The indicator results represent
three different methods, but also three different impact cat-
egories, two different problem definitions, two perspectives,
etc. To explain this, we drafted Fig. 4 and Table 3. Figure 4
is a depiction of the system models of the three impact cat-
egories. Table 3 shows the differences between the three
methods related to the levels and steps of the framework. As
partly shown by Schulze et al. (Schulze et al. 2020b), Table 3
clearly indicates the different choices that are made for the
role of resources, the problem definitions, the basis for
impact assessment, etc. between the three impact categories.
Basically, the ADP represents another role of the resource
than the EDPyyy ;7 ; and wRIPyy g ; (resp. perspective A
and B, see Table 3). The difference between EDPyy 7,
and wRIP,, s7; i the time perspective of the defined prob-
lem (resp. very long term and short term. Please note that
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the wRIP can be applied to emissions and dissipative flows
in the technosphere and can be aggregated into on overall
resource inaccessibility score for the short term.

5 Conclusions and recommendations

This paper builds on the previous paper by van Oers et al.
(2020) on the impact assessment of resource use in LCA
in which the SUPRIM framework (Schulze et al. 2020a, b)
was used to define general characterization equations for
environmental dissipation, technosphere dissipation and
in use occupation. In this paper, adopting the same frame-
work, assumptions, and equations were elaborated for a
short-term perspective while in the previous paper they
were elaborated for a long-term perspective. The assump-
tion and equations elaborated in this paper were based on
the following 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 techno-
sphere) elements over the short term (ST: 25 years) due to
explorations, dissipation to the environment, dissipation
in the technosphere and occupation in use.

In van Oers et al. (2020), it was concluded that at that
point only CFs for the long-term dissipation of elements to
the environment could be derived. The long-term perspec-
tive allowed for simplifications in the model which made
the development of operational factors possible. When a
short-term time perspective was adopted, it was foreseen
that there would be numerous obstacles to populate the
characterization equation with appropriate data. Basi-
cally, it was argued that to derive CFs for accessibility of
elements over the short term, it is necessary to estimate
presently accessible stocks in the environment and tech-
nosphere within the time horizon, and to estimate global
flows of elements that are emitted or go into technosphere
dissipation or occupation within the time horizon. Theo-
retically, this could be achieved by using dynamic SFA
modelling taking into account the use of elements in cer-
tain applications, the concentration of elements in applica-
tions, the lifetime of applications, the emission factors of
elements over the different life cycle phases (mining, pro-
duction, use, waste treatment), the disposal of applications
(and the elements contained) to landfill and recycling, etc.
These data would be needed on a global scale and in time
series for all resources, applications, and processes. This
implementation of a short-term approach was considered
infeasible at that time.

However, recent developments in the field show that
first attempts are made to compile global SFA data and
models for an encompassing set of elements (Charpentier
Poncelet et al. 2022). The SFA models that are used,
assume that the regime of stocks and flows to the future

remains the same and thus future developments in
application of elements and technological changes in
efficiency of processes and recycling, are not covered in
the models. Particularly for the mid and long-term future
(say > 25 years) this will lead to high uncertainties in
the modelling. For the short-term modelling of stocks
and flows, another option is to regularly update the
compilation of the detailed SFA data and derived models.
Needless to say that such an exercise will be a challenge.

In this paper, the challenge is taken up to enable such a
short-term approach by demonstrating calculation of global
stocks and flows based on simplified procedures and by
developing a generic method, to be applied to all elements
covered by the method. This is practical and simple but still
makes sense, and is sufficiently detailed to discriminate
between elements. Many simplifications can be justified
by the notion that for the calculation of the CFs the rela-
tive flows and stocks, and not their absolute values, are of
importance. The following simplifications are made for the
development of CF:

— Use of present flows to dissipation, instead of cumulative
flows over 25 years

— Use of present extraction as a proxy for flows going into
dissipation and occupation

— Use of present stocks in the environment and the techno-
sphere, instead of stocks at #, + 25 years

— Estimation of stocks in the technosphere based on past
extractions over a period of 50 years

— Estimation of the fraction, which is accessible, based on
a generic'! recycling rate'? per element

— The EU economic importance indicator as a proxy for the
global valuation of the function of elements.

Using these simplifications, we were able to demonstrate
elaboration of an operational set of CFs, wRIP g7 ;, for the
impact category weighted resource inaccessibility over the
short term using the SUPRIM framework.

This further illustrates the value of the SUPRIM frame-
work characterization for deriving CFs in a way that remains
consistent with the problem definition, system model, and
LCI. For the population of the parameters in the equation,
estimates are used based on rough simplifications. However,
it is believed that this initial set of factors already is useful
to compare with other proposed CFs for resource use (Sala
2020; Charpentier Poncelet et al. 2021, 2022; Ardente et al.
2022). In time, the simplifications described above could,

' Generic means that the same RR is assumed over the past period
and no difference is made in types of applications.

12" Assuming that (1-RR) is the fraction that will be dissipated and
thus the remainder is the (maximum) potential accessible fraction.
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and probably should, be replaced with more sophisticated
and detailed modelling.

For this purpose, the work of Charpentier Poncelet et al.
(2019, 2021, 2022) might be a promising source for further
development of the dissipation model for the short-term time
perspective. However, when implementing some of the con-
siderations made by Charpentier Poncelet, there will be (at
least) two major differences:

(a) The characterization model of Charpentier Poncelet
does not take into account the size of the stock when
assessing the severeness of dissipation. In contrast, the
characterization model of this paper is a function of the
amount of dissipative flows and the size of the acces-
sible stocks (in environment and technosphere) (Eq. 3).

(b) The dynamic SFA model as suggested by Charpentier
Poncelet is based on the present situation of the market
and the technologies. Therefore, it might be considered
valid for the short-term time perspective, say 25 years.
However, for estimates of stocks and flows on the long
term, the model is for this reason less appropriate.

Additionally, (a) the characterization model of
Charpentier Poncelet only focuses on the dissipative flows
and does not take into account the size of the accessible
stocks. In other words, the reduced accessibility of elements
due to dissipative losses is independent of the estimated size
of the accessible stocks. That means that the severeness of
the dissipation is assumed to be the same between elements
that have large respectively small accessible stocks. In
contrast, the characterization model we suggest in this paper
also does include the size of the estimated accessible stocks
(in environment and technosphere), next to the global rate
of dissipative flows.

Additionally, (b) in this paper, Eq. 3 is made opera-
tional using many simplifications and additional assump-
tions (see bullets above). However, recent developments
in SFA studies of elements on a global level look promis-
ing as a starting point to populate the equation with more
sophisticated data. Charpentier Poncelet has calculated
cumulative losses from present extractions of resources
over the lifetime of the resource based on global SFA mod-
els of 61 elements. The transfer coefficients used in the
model are based on the present market of applications of

the elements and the present technology in the different
LC stages of the element. Therefore, we believe that the
model might be considered appropriate for the short term,
say 25 years. However, results will become (far) less valid,
for the longer term, when share of applications, lifetime of
applications, efficiencies of processes (dissipative flows
factors), and recycling percentages of waste will develop
over time.

All in all, some of the work by Charpentier Poncelet
might be promising to develop more sophisticated CFs,
using less simplifications in the presented characterization
model. Probably, different ways of combining the work is
possible. One option is to use some of the intermediate
results of the work by Charpentier Poncelet:

e Assume a 25-year time horizon, because the SFA model
is mainly valid for the short term only.

e Use the data of the curves of estimated in-use stocks and
losses of metals over time for a yearly cohort of extracted
metals, to populate the variables I and R in Eq. 3:

1. Use cumulative losses until 25 years from the date
of extraction for variable I_(2020,25,1)

2. Use the information of the curves of remaining stock
in time for calculations of the stock in the techno-
sphere, based on the historic (past 100 years) extrac-
tion of the elements.

Another possible improvement option addresses the
weighting of functions elements have for society. Ideally,
weighting factors across elements should be based on global
economic importance indicators instead of EU economic
importance indicators. To do this economic importance
indicators that are used in criticality studies for different
regions in the world (like EU, the USA, Japan, and such)
must be aligned and combined into a global set of values
that express the appreciation of the functions of elements
for present economies on a global scale.

This paper presents a simplified LCIA method for
resource use in LCA for the short-term time perspective.
In practice, a complete calculation of indicator results
for the wRIyy ¢y also needs to classify and quantify the
flows which are considered to be dissipative in the LCI.,
i.e., both in the inventory data of a specific LCA study
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(e.g., its foreground system) and in the background system,
which is often based on LCI databases, such as ecoinvent.
Much work can still be done to implement this concept in
the available LCI databases of unit processes (Beylot et al.
2020a, b, 2021), and the SUPRIM framework helps ensure
that future work addresses defined problems in internally
consistent ways.
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