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This paper examines the copper recycling chain - from scrap generation through to metallurgical recovery - in
search for current challenges and technological opportunities for improvement. We provide an analysis of global
copper flows, showing largely constant amounts of recycled copper and a rise in importance of the complex end-
of-life (EoL) scrap compared to the less challenging manufacturing scrap. Source separation of EoL scrap as an
answer to waste complexity is examined but dismissed as not viable. A literature review on developments in
sorting and separation technology revealed new promising possibilities through sensor-based technologies.
However, examples for their use for tasks specific to copper recycling are rare and far from market-ready.
Metallurgical recovery of copper has not experienced major developments in the last years. In particular,
there is no easy solution for the removal of lead when remelting copper alloys. Interviews with experts from the
copper recycling industry revealed that the handling and processing of copper scrap differs widely between
companies but also between Europe and North America. While extensive scrap testing and load optimization is
common practice for the copper industry in Europe, a discussion on the responsibility for scrap composition and
consequently for the burden of scrap analysis is underway between scrap dealers and copper recyclers in North
America. Scrap availability and optimization of the recycling chain as a whole are also important topics. A more
coordinated optimization approach between actors along the recycling chain could potentially reduce overall
costs and increase recovery of copper and its alloys.

concerned with technological research, development and commerciali-
zation, regulation, material flow analysis and environmental impact

1. Introduction

The pathways between copper scrap and recycled copper can be long
and intricate. Generally speaking, these pathways can be simplified into
three general steps: waste collection, sorting and separation, and
metallurgical metal recovery. The recovery of copper may not be the
main goal in each step along the chain, despite its high intrinsic value.
Thus, it appears necessary to examine the entire recycling chain in order
to find promising areas for improvement that are both robust to inputs
from previous steps in the chain and will not conflict with subsequent
processing.

While the links in the recycling chain are directly connected by the
material flows between them, they are carried out by entirely different
sets of actors. Not only are different actors associated with the different
links in the recycling chain but the search for possible process im-
provements also involves different players: companies and institutions
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assessment. This complexity makes it difficult to assess the entire system
at once. In this work, we limit ourselves to the technological aspects of
the recycling chain, but examine it in its entirety: from scrap generation
to metallurgical recovery.

Our immediate motivation for undertaking this work arose from
reports of an increasing number of incidents involving contaminants in
the copper recycling industry. We therefore set out to investigate
possible ways of dealing with these contaminants at different steps along
the recycling chain. First, we sought to establish a quantitative context
for the work by analyzing global trends in recycling flows. Since source
separation is discussed as a possible improvement to the collection
process, we examined its potential through an analysis of the uses of
different copper alloys in different sectors. Subsequently, we performed
a literature and patent search on technological developments in sorting,
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separation and metallurgy of copper recovery. The result of this search
was an overview of the current focus of research, possible solutions on
the horizon, as well as unsolved problems. We then complemented the
search by semi-structured interviews with representatives from com-
panies in the copper recycling industry (metallurgy) in order to bring
their perspective into the assessment of the different issues facing the
industry and the feasibility of solutions identified in the literature and
patent search. An up-to-date investigation of each technological step in
copper recycling for potential improvements and conclusions drawn to
allow optimization of the process chain as a whole was lacking in
literature so far. Bringing the results into a dialogue between academia
and industry and reflection of the discussion in scientific literature was a
process highly valuable to both sides. However, it is rarely done in this
type of research. By presenting this comprehensive work, we want to
encourage more research bridging actors and methods of analysis and
hope to facilitate improvements of copper recycling at the system level.

2. Analysis of recycling flows

Our research group has been monitoring global and regional copper
stocks and flows for a decade now using a dynamic modeling approach
(Gloser et al., 2013; Soulier et al., 2018a; 2018b). Results from our
improved and yearly updated version of the global copper flow model
(ICSG, 2019) are used here to provide a quantitative overview of the
current situation in copper recycling as a basis for the discussion on
future development and technological needs of the industry.

Fig. 1 shows an overview of copper flows in 2018. Overall copper
demand was 29.1 Mt for the production of semi-finished copper prod-
ucts. While the global mine production covered 20.9 Mt, recycling of
copper from fabrication scrap as well as end-of-life (EoL) products
provided 8.7 Mt and thereby covered 30% of the global demand.

These 8.7 Mt can be roughly split into two general processing routes
for the recycling of copper scrap: smelting followed by refining, and
direct melt (green flows in Fig. 1). Smelting and refining can recover
copper from a multitude of different waste materials with a broad va-
riety of material and elemental compositions. Produced are copper
cathodes that have the same quality as cathodes from primary material.
This capacity to be recycled from any kind of material composition
without any loss in quality sets copper apart from many other metals
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such as steel and aluminum. In order to achieve such high-quality copper
recovery from a process with very few limitations on starting material,
several processing steps including electrorefining and a high energy
input are necessary. Alternatively, copper scrap can be recycled by semi-
fabricators through the direct melt route. Depending on the furnace,
they remelt copper and copper alloy scrap without or with minimal
refining into new semi-finished products. The starting material therefore
has to be of high quality with only small amounts of impurities. Due to
these tight process limitations, mostly well defined industry (new) scrap
but also EoL wire and cable scrap is used for direct melt recycling. While
severely restricted by content of contaminants in the scrap, copper
recycling through direct remelting is much more energy- and cost-
efficient compared to the smelting and refining route.

Looking at the development of copper supply in general and these
two recycling processes in particular over time, the total amount
increased substantially and steadily during the last thirty years from
14.6 Mt in 1990 to 29.2 Mt in 2018 (Fig. 2). The largest part (60-71% of
the total) comes from primary sources. The supply by secondary refining
grew in line with the total providing a relatively stable share of around
8-14%. Recycling by direct melting of scrap used to provide 23-30% of
global copper supply. However, starting in 2006 a downward trend can
be seen for the share of direct melt in the total copper supply. From 29%
in 2006, the share went down to 15% in 2016. This trend even transfers
to absolute numbers. While the amounts of total recycled copper are
stagnant, the amount of copper scrap recycled by direct melt decreased
from 6.8 Mt in 2006 to 4.1 Mt in 2016. In 2017 and 2018, the down-
wards trend seems to be overcome with 5.0 Mt and 5.4 Mt direct melt
recycling, respectively. If this development lasts will have to be
observed.

When comparing the copper recycling flows with the amounts of
scrap available for recycling, it becomes obvious that there is potential
for more copper recycling. From an environmental point of view, recy-
cling is important and an increase in copper supply through recycling
would be favorable (Kuipers et al., 2018; van der Voet et al., 2019). A
closer look on the available scrap supply for recycling offers a possible
explanation why this goal provides a technological and economical
challenge for the copper industry (Fig. 3). The production of new, clean
and therefore easily recycled scrap only grew marginally since 1990.
The available EoL scrap, on the other hand, more than doubled in the
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Fig. 1. Estimated global copper flows in the year 2018 (as derived from our yearly updated MFA model based on Gloser et al., 2013).
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Fig. 3. Estimated amounts of scrap available for recycling based on the global
copper flow model.

same time-frame.

One reason for the stagnating amounts of new scrap is certainly that
fabrication processes became more efficient in these years, which is
reflected in rising fabrication efficiencies in the model calculation.
Additionally, the relocation of large parts of manufacturing to China
took place in that time frame. Whereas scrap produced during fabrica-
tion of end-use products is usually sent back to the semi-fabricators for
recycling, considerable amounts of new scrap are recycled internally at
the production site of end-use products in China (Soulier et al., 2018b).

Resources, Conservation & Recycling 169 (2021) 105462

These amounts of new scrap do not become visible to the outside and are
accounted for in higher fabrication efficiencies for China in the
modeling work. Therefore, the model likely underestimates the amount
of new scrap generated as well as the amount of scrap recycled through
direct remelting. However, the overall picture of EoL scrap quickly
gaining in importance over new scrap still seems valid and important for
further considerations for improvements in copper recycling. Not only
are they currently already three times as big, the amounts of EoL scrap
available for recycling will continue to grow strongly in the next 15
years. These EoL scraps of the future are the products currently in the use
phase stock and will therefore reflect the steadily growing production
numbers of the past. Between 1990 and 2018, the amount of copper
contained in produced finished goods rose from 10.8 Mt to 24.4 Mt (cf.
Fig. 2). Since these products reappear as scrap at the end of their use
phase, the production of EoL scrap will grow just as steadily but with a
time delay (Gloser et al., 2013). EoL scrap is much more complex in
structure and composition which means the ongoing shift in available
scrap from new to EoL scrap will transfer to increasing challenges for the
recycling industry.

3. Source separation of copper materials

A first idea to meet this challenge of complex scrap composition was
expanding the concept of source separation. New scrap that is collected
during product fabrication is usually kept strictly separated between
different processes, products or production lines in order to send it back
to the semi-fabricator as scrap material of a specific copper or copper
alloy. With the exact specifications known, the scrap can be easily
remelted into new semi-finished products. If alloying elements in copper
were connected to certain product categories, keeping these products
separated during collection at the end-of-life stage could diminish the
complexity of scrap composition at least in terms of contained copper or
copper alloy. Therefore, information on the applications of a multitude
of different alloys were collected and and structured by common copper
alloy families (CDA, 2019; Davis, 2001; DKI, 2013). As a result a clear
breakdown of common copper alloy families and how they correlate to
the five main fields of application buildings, consumer and industrial
products, transport and electrical uses was produced (Fig. 4).

Using this representation of copper alloy families, specific elements
can be analyzed according to the number and type of alloys they appear
in as well as their use structure. However, Fig. 4 shows that many
alloying elements cannot easily be assigned to certain applications.
Usually they are used in several of the alloy types and most alloy types
have a broad range of applications. Scrap is commonly separated by
applications at the EoL stage (e.g. cars, electronics etc.) and often at the
industrial production stage (companies usually produce for a certain
sector). However, in each application sector a variety of alloying ele-
ments will be present according to this analysis such that source sepa-
ration alone is not suitable to decrease the complexity of scrap
composition.

4. Technological developments

Since source separation is not sufficient, we also examined techno-
logical developments currently discussed or presented in research, pat-
ents or as new techniques entering the market which could potentially
improve the copper recycling process, especially in terms of dealing with
contaminants in the copper scrap stream. The recycling process can be
divided into two main sections: first the sorting and separation of scrap
and second the metallurgical recovery of copper. While the latter is a
task for the copper industry with smelters and semi-fabricators, sorting
and separating different waste streams into material flows is done by the
waste processing industry. Technological developments can therefore be
split into two areas. On the side of waste processing, development and
improvement of sorting mechanisms have been very active research foci
of the past years. The metallurgical process, on the other side, deals with
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Fig. 4. Copper alloy families and their use structure.

the removal of contaminants or side-products from the copper.

4.1. Sorting technology

A very detailed description of all commonly used sorting techniques
including recent technological improvements or research developments
can be found in the Supporting Information. Here, only a short overview
of the important trends can be given.

A major step in the development of scrap sorting technology are
certainly the new sensor-based techniques that in part already entered
the market or are heavily researched and expected to be market-ready in
the coming years. Techniques commonly used to sort and separate waste
materials up until now have been direct methods. Methods like magnetic
or eddy current sorting, swim-sink separation or wind-sifting and elec-
trostatic sorting use material properties (e. g. magnetic susceptibility,
conductivity or density) to create a force that drives particles of one
material away from the rest and thereby separates them. Sensor-based
sorting procedures, on the other hand, are indirect methods. The ma-
terial property is detected by a contact-free sensor, which sends a signal
to a computer. The computer makes a decision, regarding which cate-
gory that specific particle belongs to, and triggers a usually pneumatic
mechanism pushing the particle into the appropriate stream or box. A
variety of different properties such as color, shape, fluorescence or
conductivity can be and are used for sensor-based sorting. Each particle
in the stream needs to be analyzed individually, which translates to
particles needing to be isolated, large enough (2-10 mm) and precisely
located. The sensors measure from a distance making many but not all
techniques surface technologies. Surface contamination is therefore
often problematic and cleaning steps are potentially necessary. High
throughput can only be achieved with very fast measuring and pro-
cessing capabilities, which is needed in order to compete with heavy-
medium separation or manual sorting in low labor cost countries.
These sensor-based sorting systems are often seen as a possibility for
waste processing companies in developed countries to increase grade
and recovery rate after their normal process of screening, magnetic,
eddy current and density separation steps. Especially for metals and
alloys, sensor-based sorting promises the economical and practical re-
covery of products that can directly be sold on the market instead of

shipping these metal fractions to Asia for manual sorting (Gesing, 2007;
Martens and Goldmann, 2016). Exemplarily, the most discussed
sensor-based technologies are shortly described here:

o Measurement of the x-ray fluorescence (XRF) of a scrap particle can

provide real-time qualitative and quantitative elemental analysis.

XRF-based sorting systems therefore offer the potential for sorting of

alloy types or even specific alloys. While the technique is less sen-

sitive towards surface contamination than other sensor-based
methods, it also suffers from lower precision for lighter elements
such as magnesium or aluminum. Belt-type and hand-held analysis
devices are commercially available but especially the latter do not

seem to have the necessary reliability yet (Brooks and Gaustad, 2019;

Gesing, 2007).

Similarly, also laser-induced breakdown spectroscopy(LIBS) of-

fers fast full elemental analysis for each individual scrap piece and

thereby can potentially be used to sort different alloy types or spe-
cific alloys. Since the laser-pulse ablates and atomizes on the surface
of the sample, the technique is very sensitive to contamination which
can be partially counteracted by sending cleaning pulses before the
laser pulse for measuring. Hand-held analyzers are on and belt-type
systems are currently entering the market. According to tests, the
reliability of hand-held LIBS devices seems to be even lower than for

XRF devices (Brooks and Gaustad, 2019; Gesing, 2007; Noll et al.,

2014; 2018).

e Hybrid systems use a combination of several different sensors to
target more complex sorting tasks. By combining several measuring
techniques and measuring several properties, disadvantages and
limitations of individual technologies can be counteracted or even
eliminated. Shape, color and weight of a particle can be measured
using cameras and a scale for the separation of non-ferrous metal
fractions. Plastics and copper can be separated in wire recycling by
combining electromagnetic sensors (EMS) with near infrared spec-
troscopy (NIR). XRF is used together with EMS to find copper im-
purities in steel scrap. However, as can be seen from these examples,
the sorting system needs to be chosen specific for each scrap stream
or sorting task (Gundupalli et al., 2017; Martens and Goldmann,
2016).
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It has to be mentioned that the development of these new sorting
techniques is mainly driven by the steel and aluminum industry. For
example, early industrial applications of the LIBS technology have been
sorting and separating wrought and cast aluminum alloys or the inline
monitoring of steel scrap charging at electric arc furnaces (Noll et al.,
2014; Norsk Hydro, 2015). Only few examples for research on sorting
systems for copper and its alloys were found. They all are at early
development stages so far (Bennett et al., 2018; Grifoni et al., 2016; He
et al., 2019; Mal et al., 2019; Mesina et al., 2007; O’Toole et al., 2018;
Shin et al., 2019). We therefore conclude that the research focus is
usually on solving issues in the recycling of steel and aluminum and only
a slow transfer of new technology to copper recycling takes place further
down the development process. Besides the larger markets for steel and
aluminum, the possibility of recovering copper from any type of material
combination without loss of material quality through the smelting and
refining route might make the development of better sorting and sepa-
ration technology a less pressing matter for the copper industry whereas
steel and aluminum recycling suffer from downcycling issues.

4.2. Removal of contaminants

In the following, we present a short description of the main focus
point of the current research discussion. A more detailed summary of
techniques used to remove contaminants in the copper recycling process
can be found in the Supporting Information.

Taking a closer look at the metallurgical processes and their effi-
ciency to remove contaminants from the copper, the common differen-
tiation between two distinct recycling routes for copper becomes less
clear. Between processing of very low quality scrap by a copper smelter
with several steps of metallurgical and electrorefining and simple
remelting of very pure copper scrap into new semi-finished products,
many intermediate forms of recycling with different numbers and
combinations of process steps exist. The most important concepts used
to remove other elements are chemical oxidation through blowing ox-
ygen, addition of flux to form a slag, removal of volatile substances
through dust bleed, separation of soluble and non-soluble components
by leaching and using differences in their redox potential in electro-
refining (Hageliiken, 2006; Langner, 2011; Larouche, 2001; Shuva et al.,
2016). Even though processes are constantly improved, no fundamen-
tally new techniques or processes were developed or established in the
last few years. However, one topic that generated discussion and
research interest is the removal of lead in the copper recycling process.
Lead is often added to copper and copper alloys, especially brasses, to
improve machinability and wear resistance (Hilgendorf et al., 2016).
Due to its environmental and health impacts the restrictions for lead
content in copper materials have been tightened in recent years. Further
restrictions or even a ban are in discussion for example in the European
Union and the United States. This leads to problems in the recycling of
leaded copper alloys. Until now, large amounts of these lead-containing
alloys were remelted into new products. If the allowed lead content for
new products is significantly lower than lead content in EoL products,
the material either has to be strongly diluted in the direct melt route, or
be sent to the much more energy-intensive smelting and refining route.
Depending on the product, the energy demand for the production of
semi-finished products from recycled copper is estimated to be two to
four times larger via the smelting and refining route compared to direct
remelting (Tikana, 18.06.2020). Numbers that allow a direct compari-
son between exclusively secondary smelting and refining and direct melt
are not yet available to the best of our knowledge. Since dilution is only
feasible as a slow, long-term solution and smelting and refining of such
large amounts of alloy scrap should be avoided for environmental rea-
sons, techniques for the removal of lead from brass are currently
searched for (Gloser-Chahoud and Tercero Espinoza, 2017; Hilgendorf
et al., 2016).
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e Electrolytic decomposition: A hydrometallurgical process based on
a copper electrolysis was developed and patented by the German
company Wieland-Werke (Grohbauer and Noll, 2016). It is designed
to separate copper, zinc and lead and able to deal with impurities of
silicon, tin, aluminum, nickel, iron and titanium. Copper and zinc are
recovered from brass in cathode quality. From an environmental
point of view, an electrorefining process is much more energy
intensive than conventional remelting of brass and is therefore not
favorable as a large-scale solution (Grohbauer and Noll, 2016; Hil-
gendorf et al., 2016).

e Vacuum distillation: Both zinc and lead have higher vapor pres-
sures than copper and can consequently be removed from the melt
through vacuum distillation. With the vapor pressure of zinc even
higher than that of lead, zinc will always have to be distilled off first.
Removal of lead to recover lead-free brass is not possible. Experi-
ments showed lead contents below 100 ppm in the copper can be
reached. While vacuum distillation has not been used in copper
metallurgy so far, the technology is well known and developed for
other metal industries such as steel. (Hilgendorf et al., 2016; 2018;
Ma and Qiu, 2014; Zhang et al., 2015).

e Compound formation and physical separation: Using the high

affinity between calcium and lead to remove lead from copper

through formation of intermetallics is an idea that has been studied
by researchers and companies for two decades now. Introduction of

calcium to molten brass leads to calcium-lead intermetallics with a

higher melting point and a lower density than brass. The particles

rise to the surface and can be skimmed off. However, lab experiments
revealed much lower removal rates than the theoretically predicted

97%. The calcium-lead particles do not coalesce and stay finely

dispersed in the copper. (Dongchao et al., 2019; Han and Soo, 2016;

Hilgendorf et al., 2016; 2018; Nakamura et al., 1998; Nakano et al.,

2005; Noh, 2018; Yamada et al., 2001).

Static crystallization: The proposed static crystallization procedure

uses the high solubility of lead in the cubic body-centered p-phase of

brass by trying to crystallize layer by layer in the a-phase. Tests were
done on a brass sample with 70% copper and 1.8% lead. At lab-scale,
slow cooling of the sample from the bottom upwards enriched the
lead content in the top layer while decreasing it in the rest of the
sample to 1% (Hilgendorf et al., 2018).

These short technology descriptions show that no optimal process for
the removal of lead in copper or more specifically brass recycling has
been found yet. The discussion on the research but also political level is
therefore ongoing.

5. Expert interviews

After analyzing the copper recycling chain and its three steps waste
collection, sorting and separation and metallurgical recovery for chal-
lenges and potential technological solutions from a researcher’s point of
view, we aimed to speak directly to the copper industry in order to
evaluate the current situation of copper recycling, the severity of iden-
tified issues as well as the availability and feasibility of potential solu-
tions from their point of view (Fig. 5).

We conducted semi-structured interviews with experts from com-
panies in the copper recycling industry. Since the main focus of this
work was to identify challenges and solutions at the forefront of recy-
cling technology and practice, the European Union and North America
(USA and Canada) were chosen as two examples of regions where the
industry has access to the most developed technology. Between July and
November 2019, we spoke to representatives from seven companies. The
recycling processes used in these companies reached from pure
remelting of copper with no refining to the full smelting and electro-
refining procedure and covered a whole range of different capabilities
and limitations towards contaminants in copper scrap. Interviews usu-
ally took 60 to 90 minutes and followed a questionnaire designed to
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Recycling chain Aspect explored and findings

Manufacturing
and EoL scrap

Quantities generated
Increasing importance of complex EoL scrap

Source separation
No viable solution to reduce waste
complexity

Collection

Sorting technology
New possibilities through sensor-based
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Removal of contaminants
Search for a process to remove lead in
remelting of brass still ongoing

Metallurgy

Copper and
copper alloys

Quantities recycled
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from statistics, modeling, literature & patents
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Fig. 5. Interim results on different levels of the recycling chain that build the
basis for expert interviews.

understand the specific recycling procedure with its capabilities and
limitations especially towards contaminants, which input materials are
used and how the material is tested and preprocessed as well as their
hopes for future technological improvements. However, the question-
naire also left room for issues in copper recycling the interview partners
saw as pressing and for which they wanted to raise awareness. The exact
questionnaire can be found in the Supporting Information together with
some more detail on the interview procedure. Answers to our questions
and points were anonymized, organized by topics and are now presented
in the following paragraphs.

5.1. Scrap quality

The main part of the interviews covered issues on scrap quality as
well as methods and responsibility of quality assurance. In general, the
scrap price is determined by copper content and if relevant by precious
metal content. Penalties or in other words price reductions are negoti-
ated for elements that are in some way damaging to the process but can
still be processed. Smelters also give penalties for impurities with high
melting points such as ceramics since they increase the energy input of
the recycling process.

Fraud is a major issue in the scrap business. Trying to increase the
weight of a scrap load through addition of sand, covering everything
with an ice layer or filling hollow scrap pieces with water seems to be a
relatively common practice. Also, “top-dressing” was mentioned several
times by our experts. It describes the method of covering lower quality
scrap with a top-layer of high purity scrap. Impurities that are widely
monitored are the ones posing a danger for health and safety of workers
or public. Radioactivity detectors are usually installed already at the
entrance gates. The toxic elements mercury, cadmium and beryllium are
typically monitored as well.

Asking for scrap testing procedures, a trend was observed that seems
counterintuitive at first. The less refining capabilities a company has (in
other words, the tighter the process limitations), the less scrap testing
seems to be done in these companies. One explanation is certainly that
the ability to refine usually goes along with a more diverse scrap intake,
which in turn calls for a better monitoring system for scrap composition.
Companies with only melting but no refining furnaces only use high
purity scrap such as industrial scrap (usually from their own customers),
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No. 1 copper and wire chops. Companies with some refining step in their
process can also use enameled and winding wires, transformer windings
and chopped radiators as well as some No. 2 copper. Smelters, on the
other hand, take in a huge variety of different materials even if they
contain only small amounts of copper. Examples of this are mixed
plastics/metal fractions from waste electrical and electronic (WEEE)
processing and residues from municipal solid waste (MSW) incineration.
With a broader variety of scrap input, proper mixing of loads for the
furnace becomes more important. For effective mixing, knowledge on
scrap composition is needed.

Scrap testing is seen as time and cost intensive as well as technically
demanding. The more testing is done, the more time is necessary and the
more storage space is needed before scrap can go into the furnace.
Additionally, proper sampling is not trivial. Taking representative
samples and testing them with appropriate procedures without outside
contamination takes considerable expertise and is in some companies
limited by time and capacity. Generally, extensive scrap testing seems to
be industry standard in Europe. For North America, the whole range
from in-depth lab analysis to mere spot-checks with a handheld XRF
device was described. Connected to these differences is the discussion on
the responsibility for scrap testing in North America. On one side, copper
scrap is bought at a discount compared to cathodes because a certain
variability and risk is attached to it. For some in the copper industry,
buying into this variability is tantamount to taking the responsibility for
dealing with it properly, meaning scrap testing. On the other side, other
copper producers point out that they are buying according to (tight)
scrap specifications. Therefore, the supplier has to guarantee their scrap
meets those specifications and carries full responsibility for testing. Even
though this is an ongoing debate, there seems to be a trend towards more
sampling and broader testing on the side of the copper industry.

Testing methods used in the interviewed companies include lab an-
alyses as well as on-the-go methods in the yard or warehouse. The latter
include simple magnets for the detection of iron, but hand-held XRF
devices are also common now. While reliability and sensitivity of those
devices does not come close to lab analysis yet and are therefore not
considered sufficient by most companies, they are used for spot checks
(e.g. scrap pieces with unusual form or appearance) or to check for the
presence of certain elements (e.g. lead). Lab tests are much more time
and cost intensive. However, they provide a full analysis of elemental
composition (e.g. XRF, ICP-OES, mass spectrometry) as well as other
parameters such as specific gravity or conductivity.

In terms of contaminants, iron and lead were mentioned as the most
relevant ones for both frequency and negative impact in North America.
Additionally, nickel, aluminum and silver cause issues in some com-
panies. In Europe, problems with sand, oil and water in the copper scrap
were of higher importance. Furthermore, there is a trend towards pro-
duction of higher purity fractions, which is seen as a double-edged
development. On the one hand, more material that is adequate for the
direct melt recycling route might be produced. On the other hand,
sorting to higher purity implies an increase in copper losses during
processing and higher energy use. Additionally, it is in some cases just
done to sell at a higher price even though the increased purity is un-
necessary for the recycling process.

5.2. Developments in sorting technology

Technically speaking, the fast and continuing development in scrap
sorting technology concerns the copper industry mostly indirectly to-
date. However, some of the experts said they are monitoring the de-
velopments closely. Especially, the improvements in sensor-based sort-
ing technology are of interest even though the technology is assessed as
“not quite there yet”. As described above, handheld XRF analyzers are
commonly used in the industry already even though they are not able to
substitute lab tests, neither regarding sensitivity and reliability nor in
terms of quantity or representative sampling. The equivalent handheld
LIBS devices were not mentioned. Apparently, they are not as
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widespread yet. Both techniques XRF and LIBS are surface methods
which limits application and quality of results. The same is true for the
equivalent belt-type analyzers, which are rarely used for online feed
stream analysis. On top of being expensive, they do not give enough
information for proper control of furnace loads and are not accurate
enough for scrap price determination according to our industry experts.
On the scrap supplier side, they are always in competition with manual
sorting in low-income countries.

While some experts, therefore, do not see much potential in these
new sensor-based analysis and sorting technologies, others follow the
development with interest. In a few years, the technology might have
improved enough to produce scrap fractions from EoL material suitable
for direct remelt processes. Furthermore, more and more online analysis
will become available for the control of process parameters. At the
moment, the sensors are still too expensive and prone to interferences in
a production plant environment but within the next 10 to 15 years the
technology could be ready according to some industry representatives.

5.3. Lead in the direct melting of brass

The tightening of regulations on the lead content of copper alloy
products has been an issue of global discussion for several years now and
the possibility of a total ban on lead has been anticipated. In the Euro-
pean Union, the topic came to the forefront again with the potential
REACH Authorization of lead last year. Data published yearly by the
International Copper Association shows that approximately 20% of
copper is currently used in alloys (ICA/IWCC, 2019). Estimations made
for a global brass flow model constructed for ICA a few years ago show
that about 70% of those alloys contain lead (lead content of > 0.5%)
(Gloser-Chahoud and Tercero Espinoza, 2017). A large part of these
alloys, mainly brass, is recycled by directly remelting it into new prod-
ucts without or with only minimal refining taking place in the process.
This means that the lead contained in the alloy stays in the alloy during
recycling of the product. Additionally, lead-containing red brass has
high tolerances for impurities and is therefore currently used as a sink
for scrap of lower quality that could otherwise not be recycled by
remelting. In case of a ban on lead, large amounts of scrap that are
recycled by remelting now would have to go through the cost and energy
intensive smelting and refining route for several decades. At the
moment, the smelting and refining process is the only viable option for
removal of lead. Even though several methods are discussed in the
literature (cf. section 4.2), our interview partners confirmed this
assessment. The proposed method of vacuum distillation will always
remove zinc before lead and give copper instead of lead-free brass
(Hilgendorf et al., 2018). Use of calcium wire as proposed in a Japanese
patent results in low quality brittle copper and large amounts of
lead-containing slag (Noh, 2018). This leaves slow dilution by addition
of lead-free scrap or primary copper during the recycling process.
However, the assumption by one expert was the transition to lead-free
would not happen slowly but suddenly with one large producer of
sanitary equipment switching. In this case of a sudden switch, the
recycling issue cannot be solved by dilution.

Since the possibility of a ban on lead has been discussed for several
years now, alternatives to leaded copper alloys have been developed and
already entered the market. Bismuth and silicon are the most
prominently-discussed substitutes. According to our interviews,
bismuth-containing alloys are mostly produced in Japan and sold in the
United States of America. For the European copper industry, bismuth is
no feasible solution due to its considerable effect on material properties
already at very low concentrations (DKI, 2018; ECI, 2007). There even is
fear of bismuth entering the European market at some point. So far there
is no known producer or seller of bismuth-containing alloys. To keep it
that way, the European industry actively spreads their reasons against
bismuth as a substitute for lead (DKI, 2018; ECI, 2007). They try to
educate their customers and are even willing to end business relation-
ships in case customers decide to start using the bismuth alternatives. If
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bismuth alloys are present at a company, there is no way of keeping the
industrial scrap stream of other alloys completely separated from the
bismuth-containing one. However, there is no significant amount of
bismuth in the European copper scrap observed at the moment and
European smelters say they are equipped to recycle bismuth-containing
alloys as well. Instead of bismuth, silicon is propagated as a substitute
for lead in Europe.

5.4. Chinese “Green Fence” policy and the scrap market

Since the early 2000s, China developed into the worlds largest pro-
cessor of copper scrap. Especially, low quality scrap that can only be
recycled with a considerable environmental footprint was sent from
Europe and North America to China for treatment. On one hand, the
burden on the environment and threats to health and safety of the public
were rising while on the other side more and more domestic scrap
became available inside of China in recent years. As a reaction, the
Chinese government started to enforce regulations on scrap and waste
imports in 2013. In the following years scrap imports, starting with low
quality copper scrap (category 7) and then expanded to scrap of higher
quality (category 6), were first restricted and then banned completely by
the start of 2020. Effects of this policy usually labeled “Green Fence”
become visible in trade statistics, which show a reduction by more than
40% from 3.9 Mt in 2013 to 2.2 Mt of copper and copper alloy scrap
imports to China in 2018. The reported value, however, has been
decreasing from 12 to 5 billion US Dollars between 2013 and 2016 and
has been rising again since to 8 billion US Dollars in 2018 (UN Com-
trade, 2020). These numbers reflect the described stepwise restriction
starting with low quality and therefore low value scrap.

According to our interview partners, this change in Chinese policy
has a notable impact on the European and North American scrap market.
In North America, a substantial increase in available scrap was noted.
More and more new companies treating wire and cable scrap inside
North America appeared on the market. For the copper recycling in-
dustry, these are new actors without longstanding trusting relationships
that have to be inspected and qualified as potential new suppliers.
Buying scrap from them is seen as potentially risky as well as time and
cost intensive due to an increase in necessary scrap tests. Furthermore,
the import ban on low quality scrap to China is problematic as there is no
secondary smelter located in North America. This in turn explains why
an increase of scrap exports from North America to Europe was observed
by the copper industry, which currently causes an oversupply of scrap in
Europe. Since recycling companies in Europe can choose their scrap
supply freely at the moment, low quality scrap is often not accepted
anymore.

Comparing these industry observations with trade statistics and re-
sults from our modeling work again, the overall picture of an oversupply
of scrap in the European Union (EU28) can be confirmed. However,
imports of copper and copper alloy scrap have been very constant at
around 460 kt per year since 2011. The exports, on the other hand,
reached a maximum with 1350 kt in 2011 and continuously decreased
afterwards to only 790 kt in 2018 (UN Comtrade, 2020). Our modeling
work shows, that the amounts of copper recycled in the EU in that time
frame were stagnating at around 1.8 Mt (Soulier et al., 2018a). These
numbers suggest a rising amount of copper scrap either stored in the EU
or leaving the EU unobserved. Similarly, the copper and copper alloy
scrap exports from North America decreased from 1350 kt in 2011 to
900 kt in 2018 while imports were constant at a very low level of 60-80
kt per year (UN Comtrade, 2020). The numbers therefore support the
industry observation of an increase in available scrap on the North
American market.

5.5. Issues to solve in the future

At the end of each interview, the experts were asked for the issues
they hope technological solutions will be developed for in the next 15
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years. Since the topics raised differ between Europe and North America,
they have to be discussed separately. While environmental and circular
economy aspects dominated the European discussion, the North Amer-
ican experts mentioned issues around copper losses as well as supply and
quality of scrap.

5.5.1. Europe

With climate change and possible decarbonization strategies domi-
nating the current political discussion, energy intensive industries such
as the metal refining and processing sectors are under special observa-
tion. Energy optimization and with it reduction of greenhouse gas
emissions for these processes have been and will stay a hot topic in
Europe. The pressure on companies is expected to rise further in coming
years. One anticipated technological development that will also help
energy optimization is the progress made in real-time online process
analysis methods. These will allow a new level of fine-tuning for
metallurgical processes thereby increasing energy and material effi-
ciency as well as allowing direct control of product specifications such as
contaminants.

There is a strong call for a better implementation of the “design for
recycling” concept. Even though the need to include recycling aspects
already during the design stage of a product has been prominently dis-
cussed in the debate on circular economy, recyclers observe a continuing
trend of increasing material complexity and product miniaturization.
Both complicate recycling processes and at some point incineration and
metal recovery from the ashes might well become the better treatment
option. In some ways that point has been reached for small electrical
devices already. Instead of the usual shredding and separation of ma-
terials steps, they are by now thrown into the furnace as a whole to avoid
material losses during processing.

The copper industry experts see the increasing efforts put into scrap
sorting skeptically. The trend of better sorting of scrap goes against
optimization of logistics. An increased effort of material separation re-
sults in a higher number of scrap fractions that need to be transported
separately. Additionally, further sorting into more fractions requires
larger amounts of scrap for efficient processing. The resulting centrali-
zation process will again cause an increase in necessary transportation.

The legal requirements for slag recycling (e.g. cement, gravel) have
been tightened progressively in recent years. A trend that is expected to
continue in the future. A further reduction of impurities in the slag
massively increases the necessary energy input, for example for
remelting the slag. At some point landfilling becomes the economically
and/or environmentally more feasible option. However, the whole
copper recycling process is in question if the slag cannot be recycled
anymore since landfilling of huge amounts of slag cannot be an option.

5.5.2. North America

The industry experts noted that North America has a comparatively
low collection rate of copper scrap for recycling which transfers to high
losses of copper to landfill. This can be confirmed with results from our
modeling work. The ten-year average (2007-2016) of the global EoL
collection rate was approximately 61% (Gloser et al., 2013). For the
same time frame, the European model (EU28) gives an average EoL
collection rate of 78% while the North American value is only 44%
(Soulier, 2018; Soulier et al., 2018a). Additionally, North America loses
a considerable amount of copper to scrap exports. Potential reasons are
for example that they cannot be recycled locally (no smelter available)
or lower labor costs in developing countries. Result of both landfilling
and scrap exports are substantial losses of valuable material to the North
American economy. According to the expert interviews this concerns
especially copper contained in WEEE.

Another point on material losses was made in connection to steel
recycling. With its more positive electrode potential, copper cannot be
removed through oxidation from steel and is therefore seen as a prob-
lematic contaminant in steel scrap. With an average copper content in
American steel of 0.1% (0.15% in steel from arc furnaces and 0.03-
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0.04% from integrated mills) and a yearly steel production of around 80
Mt, considerable amounts of copper are lost to the steel cycle each year.
Furthermore, the average copper content in steel is currently rising in
North America. There is no good technical solution yet, but the situation
is seen as a chance for these two industries to work together.

Even though scrap supply is not an issue in any of the interviewed
companies at the moment, the general issue of scrap supply security was
raised. China has a substantial impact on the American scrap market
while their politics are perceived as unpredictable. Additionally, scrap
dealers are not interested in providing a continuous supply but in selling
when copper prices are high. In times of low copper prices, they are
known to hold back and store scrap. Shortages are not foreseeable by the
copper industry. At the same time, they are dependent on a stable supply
of scrap. One counteractive measure is diversification of the scrap types
a company is able to handle which several experts mentioned their
companies are or have been working on.

Furthermore, quality assurance for the scrap traded inside of North
America is an issue. The different recycling processes have different
limitations and vulnerabilities towards contaminants. Adequate controls
of scrap quality are necessary for all processes. Heavily in discussion is
who should bear the burden of these quality assurance measures. Some
companies see them as responsibility of the scrap supplier since scrap is
bought according to specifications and therefore has to meet those
specifications. Other copper producers extensively test incoming scrap
and often mix scrap loads to dilute certain contaminants and meet
process requirements. In general, a trend towards more testing by the
copper industry can be observed.

6. Conclusions

We set out to investigate current and near future challenges, de-
velopments and potential solutions in copper recycling in North America
and Europe. Having established a quantitative background for the dis-
cussion through analysis of global copper flows, we analyzed techno-
logical developments in academia and industry for all three stages of
copper recycling — sorting, separation and metallurgical recovery — and
began a dialogue with the copper recycling industry on their assessment
of different issues and the feasibility of suggested answers. Here, we
summarize and call to attention implications on a broader scale to
facilitate further improvements of the copper recycling system as a
whole and support a fruitful discussion and conscious decision-making.

First, copper scrap recycling is becoming more difficult. In light of
political goals for increasing recycling rates, together with decreasing
amounts of new scrap due to manufacturing efficiency improvements,
the collection, processing and recycling of EoL scrap is becoming
increasingly important. This necessarily goes hand in hand with an
increasing complexity of the copper scrap stream, further amplified by
ongoing trends such as product miniaturization and increasingly com-
plex material compositions and combinations to satisfy the demand for
better product functionality. To help the recycling industry deal with
these challenges, the better implementation and enforcement of the
design for recycling concept is of high importance. While in the dis-
cussion for some time now, the impact is insufficient so far. The recy-
cling industry justifiably calls for stricter regulation but could support
the process by strengthening the dialogue and sharing of product in-
formation between actors in development, manufacturing and recycling.

Second, recent improvements in sensor-based scrap sorting have not
yet benefited copper recycling extensively. Scrap sorting technology is
currently an area of very active research interest. Considerable de-
velopments took place in recent years and significant further improve-
ments are expected with technology being developed at the moment
entering the market in the coming years. Large steps were made with
sensor-based sorting technologies (e.g. XRF and LIBS spectroscopy) to-
wards positive material identification and alloy sorting, which is seen as
one of the important challenges in recycling technology today. By
separating alloy types or specific alloys, they can be remelted directly
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with minimal or even without loss in quality. Downcycling or more
energy- and cost-intensive recycling routes are thereby avoided. How-
ever, the majority of research and development in this area is driven by
the steel and aluminum industries. Only few examples of technology
transferred or specifically developed for copper scrap recycling exist.
One reason is certainly the availability of the smelting and refining route
that allows copper recovery even from very low quality scrap at quality
levels of primary copper. However, the copper industry could profit
from an increase of investments in the development of better separation
processes and redirection of material towards the more cost and energy
efficient direct melt recycling route.

Third, copper recycling chains are complex and fragmented, hin-
dering holistic improvements. Presently, each participant in the value
chain is optimizing their process independently and from their indi-
vidual point of view (e.g. the scrap processing sector currently pushing
sorting technology further towards higher purity fractions which parts
of the copper industry deem unnecessary or even counterproductive).
This independent optimization potentially causes unnecessary costs and
efforts. Especially in terms of environmental impact, an optimization
looking at the process chain as a whole is called for, even though some
players would have to forgo higher profit margins. In order to achieve
this analysis of the bigger picture, more communication and coordina-
tion between different actors as well as actors strong enough to enforce
this new approach are necessary. A trend towards vertical integration
could be a possible result. Governments can certainly ensure and speed
up the development by supporting cooperation along the value chain
and implementing and emphasizing the bigger picture approach in the
regulatory framework.

Fourth, increased recycling can and sometimes does conflict with
other areas of legitimate societal, political and industrial interests. Ma-
terial recovery from waste through recycling processes creates large
benefits in terms of environmental impact of material demand. Pressure
on the recycling industry to achieve further improvements (e.g. CO2
reduction goals, content of contaminants in slag recycling) is valid or
even necessary. However, they do have the potential to put the whole
recycling process in question. Careful consideration of the connectivity
and potential trade-offs between different goals such as material effi-
ciency and circularity, environmental impact or climate change poten-
tial is necessary.

Finally, the copper scrap market and therefore the recycling industry
is organized on global scale. This becomes visible in the analysis of scrap
flows and the availability of secondary smelting capacities in only a few
countries. Policy changes of one important actor therefore create
noticeable effects globally as can currently be seen with China’s so
called Green Fence policy. Local effects of the Chinese import ban on
copper scrap were described by different actors in both, North America
and Europe. The changes are barely understood at a larger scale, though.
The copper industry as well as authorities have an interest in keeping
track of copper scrap flows, where they go and how they are treated, to
ensure proper treatment and keep recycling rates high. First observa-
tions and analysis suggest redirection of the scrap towards Europe and
South-East Asia. More research is needed in this question and currently
under way.
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