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Abstract
The concept of Circular Economy (CE) and its main strategy recycling are seen as one of the most important measures
to achieve sustainable development. Meanwhile, however, concerns are being raised in the scientific community about
the conceptualization and orientation of CE. One major issue is that CE is in danger of becoming an end in itself, with
the goal of completely closed material cycles. Its contribution to sustainable development is gradually fading into the
background. To contribute to this ongoing discussion, we focus in our article on the recycling of metals as part of CE
and its contribution to climate protection, as one of the main aspects of sustainable development. Based on life cycle
assessment and substance flow modelling carried out in our previous works, we show that metal recycling in most cases
requires much less energy and therefore results in much lower greenhouse gas (GHG) emissions than primary production.
However, this is by no means without limitations. We show empirically that metal concentration is a significant factor that
determines the energy required for recycling. If the metals are too diluted in the technosphere, as it is indeed the case
for several metal applications, their recycling require much more energy than the alternative primary production, and thus
intensifying rather than mitigating climate change.

Keywords Climate change · Cumulative energy demand · End-of-life recycling rates · Metal concentrations · Metal
recycling

Modellgestützte Analyse der Grenzen des Beitrags von Recycling zum Klimaschutz

1 Introduction

The Circular Economy (CE) concept and its main strat-
egy recycling have gained momentum. Meanwhile they
are considered as one of the most important measures to
achieve sustainable development (Ghisellini et al. 2016;
Murray et al. 2017) and are anchored in numerous na-
tional (Kalmykova et al. 2018; Lieder and Rashid 2016) and
supranational strategies, action plans and laws (EC 2014,
2015, 2020). Famous book publications such as Cradle-to-
Cradle (Braungart and McDonough 2002) and, in particular,
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the work of the Ellen MacArthur Foundation (EMF 2012,
2013a, 2013b, 2014;Webster 2017) are making a significant
contribution to the growing importance of the CE concept
in the corporate and social environment and are promoting
the vision of completely closed material cycles (Lazarevic
and Valve 2017).

Meanwhile, in the literature, many scientists express
their concerns about the inconsistencies in the conceptu-
alization of CE as well as its contribution to sustainable
development (Allwood 2014; Blomsma and Brennan 2017;
Bocken et al. 2017; Cullen 2017; Kirchherr et al. 2017;
Korhonen et al. 2018b). A broad literature review by
Geissdoerfer et al. (2017) concludes that three opinions
can be found on how CE activities and sustainable devel-
opment might be related: (1) conditional, (2) beneficial
and (3) as a trade-off relation. The first two imply that
the more advanced the CE, the more it contributes to sus-
tainable development. The trade-off relation assumes that
the contribution of CE to sustainable development has not

K

https://doi.org/10.1007/s00550-021-00515-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s00550-021-00515-7&domain=pdf
http://orcid.org/0000-0003-4521-4355
http://orcid.org/0000-0002-7528-2677


66 NachhaltigkeitsManagementForum (2021) 29:65–75

necessarily to be positive, but can also be negative above
a certain level. This unclear situation of the CE concept
is aptly summarized by Korhonen et al. (2018a): “CE is
important for its power to attract both the business commu-
nity and policy-making community to sustainability work,
but it needs scientific research to secure that the actual en-
vironmental impacts of CE work toward sustainability.” In
other words, it must be ensured that CE works as a means
to climate change mitigation and sustainable development,
and not an end in itself.

The concerns raised by the scientific community are, of
course, not unfounded. Over the last decades, products were
become more and more complex and the material used to
ensure their functionality increased in number. Moreover,
the concentrations of the materials used decreased, inter alia
due to miniaturization and material efficiency measures. It
is known that these developments hinder recycling (Dahmus
and Gutowski 2007; Johnson et al. 2007). It is also known,
based on physical laws, that the concentration of a material
in particular affects the energy requirements of its extrac-
tion (Moreau et al. 2017). These energy requirements are
directly linked to greenhouse gas (GHG) emissions, and in
the case of cumulative energy demands (CEDs), also to sev-
eral other environmental impacts (Huijbregts et al. 2010).
As long as the energy production system is mainly based
on fossil fuels, and this is definitely the case for the fol-
lowing decades (IEA 2020), this situation will only slightly
change. This issue is intensified by the fact that not only
resource extraction requires energy, but energy production
also requires resources. Especially for renewable energy
technologies the resource consumption is particularly high
(Kleijn et al. 2011; The World Bank 2020; IEA 2021).

To make a contribution to this ongoing discussion on
CE we focus in this article on how metal recycling relates
to climate change mitigation. Metals are of high relevance
in this context as their production contributes with up to
10% significantly to annual global GHG emissions (IRP
2019), which is due to the high energy demand of this sec-
tor with up to 7% of global (IEA 2019). In future, the soci-
ety’s metal demand will increase, especially if the sustain-
able development goals (SDGs) will be pursued (Elshkaki
et al. 2018). A recent study shows that despite progress
in low-carbon metal production, it will be very difficult
to achieve the 2°C climate target while meeting society’s
metal needs. CE strategies, especially recycling, are defi-
nitely important measures to mitigate this problem (Watari
et al. 2020). However, the assumption that increasing end-
of-life recycling rates (EOL-RRs) to their theoretical maxi-
mum will lead to constant GHG emission reduction in over-
all metal production, like done in Watari et al. (2020), van
der Voet et al. (2019) or Ciacci et al. (2016), is quite uncer-
tain in regard to the developments described above. Since
it is already an enormous challenge to achieve the 2°C

target without neglecting societal metal needs, it is impor-
tant to ensure that too high EOL-RRs do not further thwart
climate goals. Because optimizing EOL-RRs for climate
change mitigation does not necessarily mean maximizing
EOL-RRs.

In this article, we summarize the results of the previous
works of the authors (Schäfer 2021; Schäfer and Schmidt
2020) in the three consecutive chapters. First, we show how
metals getting diluted during their use phase in the tech-
nosphere and how this relates to their EOL-RRs. Second,
based on data from life cycle assessment and substance flow
models, we present how the energy requirements relate to
increasing EOL-RR for copper as an example metal. Using
this data for a comparative analysis with the energy re-
quirements for primary production of copper, we determine
energetic optimized EOL-RRs for the scope of Germany
and the year 2014. Third, we integrate the results from the
previous chapters in a more holistic perspective.

2 Metal concentration and end-of-life
recycling rates

Metals can be produced from two sources: from ores (pri-
mary sources), so called primary production or from end-
of-life products (secondary sources), so called recycling or
secondary production. Secondary sources can be very dif-
ferent in their material composition and metal concentra-
tions. This becomes clear after a brief contemplation of all
existing products and infrastructures were metals are incor-
porated. Like secondary sources, primary sources also differ
from each other, although the range of their metal concen-
trations is rather small. An analysis of the concentrations of
48 metals in their primary and secondary sources is depicted
in Fig. 1. For the mentioned reasons, the secondary sources
are considered differentiated, while the primary sources are
indicated by an average concentration for each metal. Each
data point therefore displays the concentration of a metal
in one of its secondary sources in relation to the average
concentration of its primary sources. Additionally, for each
metal in each secondary source the current global EOL-RR
is included by the shape and color of the data points.

The analysis in Fig. 1 provides three important informa-
tion. First, it illustrates that the metal concentrations of the
secondary sources can vary greatly and are in most cases
quite low. Second, in several cases metals are more dilute in
secondary sources than in primary sources, in some cases
by magnitudes. This is especially true for specialty metals
that are needed for advanced technologies. Third, the EOL-
RR of a metal seems to be determined by the concentra-
tion ratio of primary and secondary sources. If a metal is
higher concentrated in a secondary source than in its pri-
mary source, recycling tends to occur and vice versa. Espe-
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Fig. 1 Comparison of the con-
centrations of 48 metals in their
primary and secondary sources
and the related EOL-RRs on
a global basis. For each metal,
the figure indicates one aver-
age concentration in its primary
source but different concen-
trations in several secondary
sources. Each data point there-
fore indicates the concentration
of a secondary source in re-
lation to the concentration of
the primary source. (Reprinted
with permission from (Schäfer
and Schmidt 2020). Copyright
(2020) American Chemical So-
ciety)
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cially for higher concentrations, however, there are several
exceptions from this tendency, which we address in Chap. 4.

Since the concentration of a material directly determines
the energy required to extract it, as we mentioned in the
introduction, this analysis is a first indication that recycling
could in some cases require much more energy resulting in
higher GHG emissions than alternative primary production.

3 Optimized end-of-life recycling rates

In order to shed light on the issue, further sharpened in
the previous chapter, of whether recycling above a certain
EOL-RR is counterproductive for climate protection, this
chapter takes a closer look at the example metal copper.
To capture GHG emissions as well as other environmental
impacts of primary and secondary copper production, we
use the CED as an indicator (Huijbregts et al. 2006). In the
following analysis we will answer two questions: (1) how
the CED of copper recycling relates to its EOL-RR and
(2) is there a point at which the CED of copper recycling
exceeds the CED of its primary production?

To determine whether recycling a metal from a specific
secondary source is more energetically advantageous com-
pared to primary production, no special method is required.
A simple comparison of the two options is sufficient. In
contrast, determining an energetically optimal EOL-RR of
a metal for a specific scope (time period and region) re-
quires a methodological approach. The basis for this method
is provided by the article by Stumm and Davis (1991), its
graphical illustration is shown in Fig. 2. The general con-
sideration of this method is that the quantity of a metal
in all its available secondary sources can be provided by
recycling these sources or else by primary production. The

CED associated with recycling increases disproportionately
with an increasing EOL-RR. This is due to the assump-
tion that the high-quality secondary sources are exploited
first—i.e. the sources with high metal concentrations. Fur-
ther EOL-RR increases, the more diluted sources need to be
exploited. To achieve an EOL-RR of 100%, all secondary
sources have to be fully recycled, even those that contain
only very small amounts of the target metal. In proportion
to the EOL-RR increase, the CED of primary production is
reduced by substitution with metal recycling and therefore
linearly decreases. The addition of both functions results in
the total CED of metal production, which is valid within
the scope of the recycling activities. The minimum of this
line indicates the optimal combination of primary and sec-
ondary metal production for a specific metal regarding the
CED (i.e., the CED-optimized EOL-RR). Recycling beyond
this point would lead to a further increase in the overall
CED and therefore to negative trade-offs. From the quali-
tative description of Fig. 2, the CED-optimized EOL-RR is
achieved at xoptimized. In this case, approximately 70% of the
theoretically available metal mass in the secondary sources
is recycled; the remaining 30% is produced from primary
sources. The total CED to recycle 70% occurs at ys, and the
total CED of the remaining 30% of primary production is
at yp. The resulting ytotal = ys+ yp is thus the average CED of
the total mass of metal production (equivalent to an EOL-
RR of 100%).

Of course, due to the several different secondary sources
of a specific metal, the description of the CED-EOL-RR
relation by a function can only be an approximation in the
best case. Therefore, for the following analysis we use dis-
crete data points. The further assumptions underlying the
method as well as further concrete mathematical descrip-
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Fig. 2 Qualitative description
of the method for calculating
the CED-optimized EOL-RR
(Schäfer and Schmidt (2020)
modified from Stumm and Davis
(1991)). (Reprinted with permis-
sion from (Schäfer and Schmidt
2020). Copyright (2020) Ameri-
can Chemical Society)

Fig. 3 Application of the
method for calculating the CED-
optimized EOL-RR in Fig. 2 to
copper production under current
collection rates. The EOL-RR is
scaled to 100% equaling 1kg of
copper. Valid for Germany and
the year 2014. (Schäfer 2021,
translated from German)
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Fig. 4 Application of the
method for calculating the CED-
optimized EOL-RR in Fig. 2 to
copper production under com-
plete collection rates (scenario
based). The EOL-RR is scaled
to 100% equaling 1kg of copper.
Valid for Germany and the year
2014. (Schäfer 2021, translated
from German)

tions can be found in the previous publications (Schäfer
2021; Schäfer and Schmidt 2020).

For applying this method to specific metals, extensive
data is needed, generated in the previous works by life cy-
cle assessment and substance flow models for three metals,
copper, tantalum and cobalt. The results for copper for the
scope of Germany and the year 2014 are displayed in Fig. 3.
This analysis shows, that copper is currently recycled from
all its secondary sources (every data point represents one
secondary source), resulting in overall CED savings. Thus,
the current EOL-RR of copper in Germany is the same
as its CED-optimized EOL-RR, under the current collec-
tion rates and process efficiencies. The latter ones deter-
mine the losses during the mechanical and metallurgical
recycling process steps. Nevertheless, the curve describing
the total CED of copper production is almost horizontal
in the range of the current EOL-RR, indicating that the
CEDs for recycling the last secondary sources in the or-
der is close to the CED of primary production. If further
increases in e.g. process efficiencies lead to higher CEDs
for recycling, recycling of the last sources may be more
energy intensive than primary production. For increases in
collection rates, we simulated different scenarios of how the
increase in collection rate relates to the CED of collection.
One scenario is shown in Fig. 4, which assumes that the
CED for collection increases with the increase in collec-

tion rate. Under this scenario, the CED-optimized EOL-RR
only slightly changes from 49% to 57% with complete col-
lection rates. The amount of secondary sources which are
additionally collected in this fictive scenario are displayed
as separate data points (grey triangles). One of these data
points is outside the CED-optimized EOL-RR. Due to its
increased CED for complete collection, the recycling of
this secondary source needs a higher total CED than the
alternative primary production and would therefore lead to
negative impacts on climate protection.

Of course, these analyses are based on models and are
therefore only close to reality. Nevertheless, the results
clearly indicate on an empirical basis that recycling is lim-
ited in its contribution to mitigate climate change; more-
over, it can thwart it. Furthermore, copper as a bulk metal
is relatively highly concentrated in its secondary sources
and is therefore located on the right-hand side of Fig. 1
below or close to the diagonal line. Anyway, its recycling
is already close to its limits. This seems to be a strong indi-
cation that recycling metals from secondary sources, which
are located on the left-hand side of Fig. 1 and above the
diagonal line, will probably increase climate change. How-
ever, there are several aspects that need to be considered.
These are further discussed in the following chapter.
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Fig. 5 Comparison of the CED-
concentration-correlations of
primary (blue triangles) and
secondary metal production
(green points) (Schäfer 2021,
translated from German)
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4 Integration in a holistic perspective

Besides copper, we have also modelled the recycling of
tantalum and cobalt in our previous works and calculated
the CEDs for recycling for each of their secondary sources.
In the following Fig. 5 we have displayed all these cal-
culated CEDs for recycling (copper, cobalt, tantalum) in
relation to the concentration of the metal being recycled
from its secondary source (green points). These values are
compared to the CEDs and concentrations of the primary
production of several metals (blue triangles). There are two
main findings in this comparative analysis. First, the CEDs
for metal production are dependent on the metal concen-
trations. This is true for both, the primary and secondary
metal production. Second, the tendency can be seen that
recycling requires less CED than primary production at the
same metal concentration. This mainly is due to two ef-
fects occurring during recycling: dismantling and alloca-
tion effects. Dismantling effects are best explained by an
example: tantalum is quite low concentrated in electronic
products, but located on a specific component—the printed
wiring board. With relatively small effort, this component
can be dismantled and thus the tantalum concentration can
be significantly increased. In case of primary production
such effort efficient concentration increases are not possi-
ble. The ore has to be mined, crushed and further processed
as a whole. Unlike the dismantling effect, the allocation ef-
fect also occurs in primary production. Secondary sources
as well as primary sources usually consist of several differ-
ent metals and materials. These metals and materials, are,
if technically and economically feasible, produced together
from their sources in so-called multi-output processes. To
calculate separate CEDs for each of these metals, an alloca-
tion method is needed, as in most cases the metal produc-

tion processes support the production of all metals at the
same time, such as collection or mining and shredding or
crushing. In our models, we followed the recommendation
of ISO 14040/44 (DIN 2009, 2018) and the argumentation
by Bigum et al. (2012) and used economic allocation for
all processes that provide economic benefits. For all other
processes, especially collection processes, which are in fact
disposal measures of end-of-life products from an end-con-
sumer perspective, we applied mass allocation. Secondary
sources usually contain many more valuable materials, in
number and mass, than ores do (in general, the largest pro-
portion in ores is gangue), and thus more materials are usu-
ally produced or recycled within the same process chain.
Therefore, allocation effects usually have a stronger impact
in recycling processes than in primary production.

Of course, the findings of this comparative analysis are
limited to a certain extent, as we only have data for the
recycling of three metals. To minimize these uncertainties,
the three metals analyzed were chosen as typical exam-
ple metals (copper for bulk metals, tantalum and cobalt for
specialty metals). Thus, despite a limited number of met-
als, a representative overview can be given. Nevertheless,
there will be numerous individual cases that deviate from
the identified tendencies. One example is indium in LCD
screens. Its concentration in this secondary source is about
10–100ppm (Ciacci et al. 2018). The indium concentration
in the ores varies between 20 and 350ppm and is there-
fore only slightly higher (Frenzel et al. 2017; Werner et al.
2018). However, according to the current technology, in-
dium recycling from screens, which would be carried out
by dismantling, inter alia, would require considerably more
CED than primary indium production (Amato et al. 2017;
ecoinvent 2016).
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Fig. 6 Influence of the concen-
tration ratio and the theoretically
available monetary value (an-
nual global metal mass multi-
plied with its market price) on
the secondary source-specific
EOL-RR of 48 metals. Modified
version of Fig. 1. (Schäfer 2021,
translated from German)

Since recycling is done by private companies, it can gen-
erally be assumed that recycling is only practiced when it is
economical. In the past, the studies by Johnson et al. (2007)
and Dahmus and Gutowski (2007) have already pointed out
on the basis of exemplary studies that cost-intensive recy-
cling only takes place for metals with correspondingly high
market prices. The revenue that is achieved through these
market prices must therefore be greater than the costs for
recycling.

Fig. 1 in Chap. 2 shows that a metal from a secondary
source tends to be recycled if its concentration is higher than
that of the alternative primary source. This phenomenon is
due to the fact that the concentration is directly related to
the (energetic) effort required for metal recycling, which in
turn is related to the costs. However, this illustration also
shows that there are several exceptions, as we mentioned
already in the previous chapter. Of course, one reason is
that the concentration ratio can only be an approximate in-
dicator for the energy requirements and therefore for the
variable cost. In order to be able to operate economically,
however, the degression of fixed costs (investment costs,
etc.) is also crucial, which can only be achieved through
correspondingly high revenues. The amount of metal avail-
able for recycling from a secondary source must therefore
be sufficiently high, as well as the market price of the metal.

Fig. 6 is a modified version of Fig. 1. In this analysis
we included the theoretically available monetary value of
the several metals in its several secondary sources on the
x-axis. The concentration ratio is plotted on the y-axis. If
the ratio equals 1, the metal has the same concentration in
its primary and secondary source. For values below 1, the

metal is less concentrated in its secondary source than in
its primary source; for values above 1, vice versa.

Fig. 6 shows that recycling tends not to take place when
the available monetary values are low, even if the metal con-
centrations in the secondary sources are higher than in the
primary sources. Exceptions here are precious metals, such
as rhenium in electronic waste. These metals are produced
as co-products via the copper production route (Langner
2011) and can be understood as side effects of the copper
metallurgy that would also take place in the absence of pre-
cious metals. Thus, their concentrations and their available
monetary values are not decisive for their EOL-RRs. A sim-
ilar case exists with alloying elements, such as niobium in
steel alloys. Here, no recycling of the individual alloying
element takes place, but of the alloy as a whole. Above
an annual monetary value of more than one billion euros,
metal recycling from secondary sources also increasingly
takes place at high EOL-RRs when its concentrations are
lower compared to those of primary sources. The fact that
their recycling can nevertheless compete with primary pro-
duction is explained by the effects identified in this chapter,
which, despite lower concentrations, enable recycling to
be more effort- and thus also more cost-efficient than pri-
mary production. In addition, we are dealing here almost
exclusively with bulk metals whose concentration ratios are
below 1, but their concentrations in the secondary sources
are nevertheless relatively high (usually significantly above
1%). Thereby, recycling is generally favored. Metals in this
range of high annual monetary values that are not recy-
cled despite of moderate concentration ratios are e.g. used
as additives in ceramics. Recycling of these metals is not
possible for technical reasons. Another example for missing
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Fig. 7 Remaining theoretical
GHG emission saving potentials
(modified version of Fig. 6, size
of bubbles indicates theoretical
saving potential, GHG emissions
for recycling are not included)
(Schäfer 2021, translated from
German)

recycling technologies is antimony which is used as a flame
retardant (Ciacci et al. 2015). However, the antimony con-
centration in such applications is decisively lower than in
primary sources.

Fig. 6 provides valuable information on the framework
conditions of recycling and is therefore an empirical expla-
nation of the famous periodic table picture of metal EOL-
RRs published by UNEP (2011). The higher the concentra-
tion ratio (secondary> primary) and the higher the monetary
value, the higher the economic incentive to recycle and the
higher the EOL-RRs. Furthermore, Fig. 6 in combination
with Fig. 5 provides insightful information on what needs to
be done to realize further GHG emission savings through
recycling. It is shown in Fig. 5 that at concentration ra-
tio of higher 1 and also just below 1, recycling tends to
be more energy efficient than primary production. Fig. 6
shows, however, that these potential savings will only be
realized if correspondingly high monetary values are avail-
able. In order to also use the remaining GHG emission sav-
ings, i.e. the secondary sources whose concentration ratios
are higher 1, but whose available monetary values are rather
low, political interventions may be necessary. It is a matter
of influencing the economically acting recycling system,
whose current EOL-RR basically represent economic op-
tima, in such a way that energetic and thus ecological op-
tima are achieved. Examples of remaining GHG emission
saving potentials are rare earth metals used in glass pol-
ishing powders or as glass additives. Recycling processes
for these secondary sources already exist (Binnemans et al.
2013). Their dissipation rates in the use phase are also neg-
ligible (Ciacci et al. 2015). The available monetary values

seem to be the only obstacle to their recycling. Possible
political interventions should aim, inter alia, at a better in-
terconnection of the national and transnational recycling
system in order to realize material flow bundling for the
relevant secondary sources to achieve monetary values in
a sufficient order of magnitude for an economic centralized
recycling.

The question remains where the greatest remaining sav-
ing potentials are located. The answer is depicted in Fig. 7,
a further modified version of Fig. 6. The size of the bub-
bles indicates the remaining theoretical GHG savings po-
tential of the respective metal in the respective secondary
source. These GHG saving potentials were calculated by
multiplying the remaining available mass for recycling by
the inherent GHG emissions of the metal (GHG emissions
of primary production). It is obvious that the bulk metals,
especially iron and aluminum, have the greatest remaining
savings potential, even though they are already recycled at
high percentages. From a perspective of an effective cli-
mate protection measure, the recycling of specialty metals
is rather subordinate. Their recycling is more relevant for
increasing the resilience for possible supply risks, as spe-
cialty metals are often rated as critical (Graedel et al. 2015).

5 Discussion, outlook and conclusion

There is one big issue, we have not addressed yet—the nar-
rative of resource depletion. It is a decades-old and still
ongoing discussion about peak production, declining ore
grades and calculated lifetimes as indicators for scarcity
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(Tilton 1996; Schmidt 2019). Of course, the amount of re-
sources on earth is limited. If we would run out of important
resources in the near future, there would be good reasons to
practice recycling to the maximum extent at all costs. Oth-
erwise we would not be able to maintain our economy and
society. In the past, the depletion of certain resources has
often been predicted (e.g. Meadows et al. 1972). Today we
know that these predictions did not come true. So is there
any truth about the impending resource depletion? To give
a short answer to this complex topic, we would like to quote
Meinert et al. (2016): “We do not know what the limits to
mineral resources might be, but we do know that we have
not come close to reaching them yet.” The biggest misun-
derstanding, and thus the reason for wrong predictions, is
that we still know too less about the resource deposits that
can be mined under current and future conditions. A recent
study by Jowitt et al. (2020) has empirically proven that
there is no evidence of resource depletion and therefore re-
fute statements by other researchers that a range of metals
will become scarce within the next 50 years (Kerr 2014;
Sverdrup et al. 2014, 2019).

In addition to the focused energy requirements and GHG
emissions, there are of course several local social and en-
vironmental aspects which are also important to consider.
This is especially true for metals that are mined in regions
of the world with unstable political conditions or weak envi-
ronmental governance. Think, for example, of cobalt min-
ing in the Congo or gold mining in Burkina-Faso. Such
poor local conditions are complex issues determined by
numerous historical, cultural, political and socio-economic
factors. Improving these conditions are typically social, cul-
tural and political tasks and thus not physical phenomena
like e.g. the energy consumption and ore grade relation that
determines GHG emissions. Nevertheless, they are highly
relevant and should be assessed and evaluated in further
research to complement our results.

The analysis presented is primarily a spotlight on the
current situation, with the current technology. Further de-
velopments in recycling technologies need to be analyzed,
as it can be assumed that technologies will become more
efficient and thus, in future, it will probably be possible to
recycle more material from a secondary source with less
energy input. Such developments may compensate for fur-
ther increases in product complexity and decreasing metal
concentrations.

Coming back to our initial research question on how
metal recycling relates to climate change mitigation. The
recycling of metals can and currently does contribute to
climate change mitigation, there is no doubt about that.
However, we have shown that this contribution is limited.
Depending on their applications, metals can be highly di-
luted in the technosphere. In many cases, this is due to
the intended strategy of dematerialization to save resources

and the associated environmental impacts. However, if met-
als are much lower concentrated in the technosphere than
in the ecosphere, i.e. their natural primary sources, this is
a strong indication that their recycling requires more en-
ergy and thus leads to more GHG emissions than primary
production. In general, the energy requirements of metal
recycling are highly dependent on the quality, especially
the metal concentration, of the secondary sources. Con-
sequently, as secondary sources further decrease in qual-
ity and dematerialization progresses, more and more trade-
offs with recycling and its climate protection potential will
occur. These findings, underpinned by empirical data, are
crucial for the ongoing scientific discussion on the concep-
tualization and orientation of recycling and CE.
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