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THE COPPER CIRCULAR ECONOMY

Challenges of the energy and digital transition

Copper is one of the key metals required for the digital and energy transition and so its demand

will increase in the coming years. However, primary extraction poses increasing environmental

problems because of the progressive decline in the mineral concentration of copper deposits

(ore grade). In this context, electronic waste is becoming a very promising source of secondary

copper. However, this form of copper recovery presents a number of technological and chemical

challenges, including the use of renewable energy, separation of plastics from other waste, and

increasing process efficiency. Given the thermodynamic limitations of these processes, other non-

technological factors are becoming very important in the transition.

Keywords: energy transition, circular economy, recycling, secondary resources, copper.

Industrial civilisation is at a crossroads. After more
than two centuries of running on fossil fuels, the
urgency of the climate crisis is prompting a shift
towards cleaner energy. More and more renewable
energy sources (mainly solar panels and wind
turbines) are being deployed, while new transmission
lines and the introduction of electric vehicles is also
simultaneously accelerating (Deetman et al., 2021).
Nonetheless, these technologies
are not without environmental
and social impacts. There are
several potential problems in
areas in which these technologies
are installed, including
occupation of fertile land, impact
on fauna, and opposition from
local populations, generally because of a lack of
adequate planning. However, the footprint of energy
transition technologies goes beyond this; it begins
with the activity upon which all industrial companies
are based: mining.

Several reports have warned of the amount of
minerals needed to make the energy transition, which
could increase annual demand for some metals by a

«Copper stands out because
of its ubiquitous use and the
difficulty of its substitution»

factor of 15 (Gregoir & van Acker, 2022; International
Energy Agency, 2021). Among these, copper (Cu)
stands out because of its ubiquitous use and the
difficulty of its substitution. By way of illustration, the
production of photovoltaic panels requires around four
tonnes of copper per megawatt (MW), wind turbines
between one and five tonnes depend on copper-based
technology (Carrara et al., 2020), and electric vehicles
use up to four times more copper
than internal combustion engine
vehicles (International Copper
Study Group, 2023).
Furthermore, copper is also a
key metal for digitalisation: its
content in electronic equipment
varies between 3—10 % and can
reach up to 30 % in printed circuit boards (PCBs)
(Torrubia et al., 2022). In addition to the energy
and digital sectors, copper is also essential in other
sectors of the economy, accounting for 60-75 % of
global consumption (Gregoir & van Acker, 2022;
International Energy Agency, 2021). The annual
demand for copper is therefore rising sharply and
by 2050, it could be 30 million tonnes higher than
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Figure 1. Primary copper extraction (in million tonnes) and the
decline in ore grade (as a percentage concentration) between 1900
and 2020. The blue dots indicate the ore grade (concentration of
ore in the deposit) of various deposits in Australia over the 20th
century; the red line shows the downward trend. Created by the
authors based on data from the US Geological Survey (USGS) and
Van der Voet et al. (2019).

«In the first 20 years of the 21st century,
humans mined as much copper as in the
entire 20th century»

in 2019 (Hund et al., 2020). If these projections are
realised, we would need 550 million tonnes of copper
in the next 25 years, as much as has been mined since
the activity began more than 7,000 years ago (Tabelin
et al., 2021).

PRIMARY COPPER MINING

The trends described in the previous section are

not new, but the energy and digital transition may
accentuate them. Copper mining has been on an
upward trend for the past 120 years, with an average
annual growth rate of 3.8 %. So much so that in the
first 20 years of the 21st century, humans mined as
much copper as in the entire 20th century. By 2020,
we had already mined 21 million tonnes. These
mining trends have led to a steady decline in ore grade,
i.e., the concentration of ore in the mined deposits.
Whereas at the beginning of the 20th century copper
mines could have a copper concentration of up to

2.5 %, by 2015 this had fallen to 0.6 % (Figure 1). This
situation meant that between 2001 and 2014, 80 % of
new copper reserves came from the reclassification of
old ores previously considered unusable (Mills, 2022).
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The decrease in ore grade has also led
to an exponential increase in the energy
consumption of mining operations (Calvo
et al., 2016). Moreover, this consumption
is highly dependent on fossil fuels, with an
average carbon footprint of 5 kg of CO, per
kg of copper extracted — although the values
can reach peaks of up to 65 kg of CO, per kg
of copper, depending on the technologies used
and the refinery location (Torrubia, Valero,
& Valero, 2023). Therefore, the increasing
demand for copper and its increasing environmental
impact highlight the importance of developing
secondary and more sustainable production through
recycling.

Cooper grade (%) (Cu) (%)

ALTERNATIVE SOURCES AND RECOVERY
OPTIONS

While primary copper mining will continue to be
necessary (Hund et al., 2020), increasing its recycling
rate can limit its environmental impact in countries in
which it is mined, thereby conserving resources for
future generations and reducing the consumption of
fossil fuels required to obtain copper.

Indeed, secondary copper resources are vast. The
amount of available scrap metal was estimated at
around 250 million tonnes in 2005, with a clear
upward trend, and this figure is now likely to be even
higher (Figure 2). This means that approximately
30 % of current copper demand could be met from
secondary sources (Loibl & Tercero Espinoza, 2021).

In fact, the waste electrical and electronic
equipment (WEEE) generated worldwide between
1980 and 2010 represents the largest group of copper-
containing waste and has become one of the most
promising secondary sources of copper. For example,
its availability is very high in Europe, where about
16.2 kg of such waste is generated per person per year
(Forti et al., 2020). One of the reasons for this is the
short life cycle, of an average of two to 10 years, of
many products (Torrubia, Valero, Valero, & Lejuez,
2023). This has made copper the fastest-growing
type of household waste, with a global annual increase
of 3-5 % (Valero et al., 2021).

WEEE contains copper in various components,
mainly in cables, alloys, and PCBs, although the
concentration in each of these components varies. For
example, cables are virtually pure copper. Conversely,
alloys contain 60-90 % copper, while the content of
PCBs is very variable, ranging from 5—65 % (Torrubia
et al., 2022). According to the ProSUMs project
(Huisman et al., 2017), between the year 2000 and



2020, about 7.5 million tonnes of cables, 760,000
tonnes of brass, 450,000 tonnes of bronze, 4.5 million
tonnes of other copper alloys, and about 4.4 million
tonnes of PCBs went onto the European market in the
form of WEEE alone.

INDUSTRIAL RECOVERY OF COPPER FROM
WASTE ELECTRICAL AND ELECTRONIC
EQUIPMENT

The most common technology for copper recovery
follows the pyrometallurgical route, by using heat
to refine metals. However, the processes differs
depending on the concentration of copper, which
varies according to the component in which the
metal is embedded. Of the 8.72 million tonnes

of copper recycled in 2018, 5.43 million tonnes
were recovered by direct smelting. However, this
route is only possible when the copper has very

few impurities, such as in the case of cables. The
remaining 3.29 million tonnes require more complex
pyrometallurgical processes to extract the copper
because of the higher chemical complexity of alloys
and PCBs (Loibl & Tercero Espinoza, 2021).

«Waste electrical and electronic
equipment contains copper in various
components, mainly in cables, alloys, and
printed circuit boards»

Pyrometallurgical processes are more efficient
than hydrometallurgical processes but require
higher capital investment and have high operating
costs, especially to avoid the emission of toxic
products. They are therefore used by large companies
traditionally involved in primary copper production,
such as Boliden (Sweden), Umicore (Belgium),
Aurubis (Germany), Xstrata (Canada), and Dowa
(Japan). Furthermore, in the case of copper recovery
from PCBs, these processes emit dioxins and furans,
highly toxic products resulting from the combustion
of the plastics contained in the boards. Therefore,
scrubbers must be installed to limit the emission
of these gasses. However, such equipment is very
expensive and requires large capital investments. For
example, the Umicore plant in Antwerp invested more
than €200 million in gas treatment equipment (Valero
Navazo et al., 2014).

The most common pyrometallurgical
configuration is called Reverse Knudsen (Figure 2),

John Cameron / Unsplash
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Secondary copper resources are vast. The amount of available scrap
metal was estimated at around 250 million tonnes in 2005, with a
clear upward trend, and is now likely to be even higher. Pictured is a
pile of waste electrical equipment at a recycling plant in the UK.
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which consists of a reduction stage, because
copper scrap is usually highly oxidised, followed
by an oxidation stage to remove the remaining
impurities. In both processes, coke (from
coal) is usually used as a reducing agent and
a fuel, because the furnaces must be kept at a
temperature of about 1,300 °C. The product of
this oxidation is called black copper and has
a copper concentration of about 85 %. This
intermediate product is then refined using
natural gas as a fuel (fire refining) to remove
the remaining oxygen and sulphur impurities.
Finally, the copper anode produced in the
previous process is cooled and electrorefined to
obtain a high-purity copper cathode (99.99 %
copper). During this last stage, the main inputs
are electricity and sulphuric acid, which are
essential for the process (Torrubia et al., 2024).
Interestingly, after electrorefining (when PCBs
are fed into the process), certain amounts of
precious metals such as gold, silver, platinum, or
palladium can also be found in the sludge because
these metals are embedded in the PCBs. While The recovery process for printed circuit boards (in the photograph)
their quantities are not negligible - they can emits dioxins and furans, which are highly toxic products produced
represent up to 70 % of the price of the metals on PCBs during the combustion of the plastics contained in them.

Magnus Enge
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Figure 2. Simplified diagram of the processes required to recover copper from electronic waste. The copper-rich waste is first crushed and
then subjected to a pyrometallurgical (reduction, oxidation, and natural gas refining) and hydrometallurgical (electrorefining) processes to
obtain a high-purity copper cathode. Adapted from Torrubia et al. (2024).
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% Coke Natural gas Electricity Energy CO; equivalent
GJ/t-Cu GJ/t-Cu GJ/t-Cu GJ/t-Cu t-CO»/t-Cu
Scrap 97 0.7-7.7 1.2-23 1115 3.0-32.2 0.2-1
Scrap and PCBs 97 0.6-9.3 1.2-23 1.1-15 2.9-338 1.0-3,8
PCBs 95 15-7.5 3.5-23 1.1-15 6.1-32 4.2-6

Table 1. Energy consumption and emissions of secondary copper recycling processes (Torrubia et al., 2024). PCB stands for printed circuit
board. The starting products in the recycling process are listed from lowest to highest CO, emissions. Note: The percentages indicate the
amount of copper recovered in relation to the copper input. Direct emissions refer only to the combustion of coke and natural gas, not to

emissions related to electricity generation.

(Torrubia et al., 2024) — further processes, usually
hydrometallurgical, are required to recover them.
Table 1 shows the consumption of the described
copper recycling process from scrap, PCBs, or
a mixture of both waste streams. The energy
requirements shown in the table range from 2.9
to 33.8 GJ per tonne of recycled copper, which is
between 42 % and 95 % less compared to the energy
that would be required for primary extraction, 58
GJ per tonne of copper (Torrubia, Valero, & Valero,
2023). However, despite this reduction, most of the
energy consumption of this
recycling process still comes
from the use of fossil fuels.
The coke reduction, oxidation,
and natural gas refining stages
consume 62-96 % of this energy,
while the remaining energy is
required by the electrorefining
process in the form of electricity.
Thus, despite the reduced
use of fossil fuels in recycling,
the dependency continues. This raises the question:
to what extent can these recycling processes be
considered part of a truly circular economy when their

«The role of chemistry is
fundamental in maximising not
only the percentage of metal
recovered, but also the range
of reclaimed metals»

main inputs are non-renewable and therefore cannot
be recycled, and they are irreversibly consumed in

the process? Thus, we might wonder whether if it is
possible to minimise our dependence on fossil fuels by
using renewable energy.

USE OF RENEWABLE ENERGY IN COPPER
RECOVERY

The use of renewable energy is important not only
to decarbonise and reduce CO; emissions, but
also to move towards a truly
circular economy. As we
have seen, although copper
recovery from waste has
two advantages — it does not
involve primary extraction
and it uses less fossil energy
resources — it still depends on
fossil fuels. Therefore, in our
study (Torrubia et al., 2024) we
simulated the substitution of
coke and natural gas by hydrogen (Table 2).

Despite a slight increase in energy consumption
in some cases (up to 5 GJ more per tonne of recycled

o Hydrogen Hydrogen Electricity Energy CO; equivalent
GJ/t-Cu GJ/t-Cu GJ/t-Cu GJ/t-Cu t-CO»/t-Cu
Scrap 97 1.1-1.6 0.1-0.15 1.2 24-34 0
Scrap and PCBs 96 1.8-2.6 1.8-2.6 1.2 4.8-6.9 0.8
PCBs 94 3.2-4.6 3.5-5 12 79-11.3 3.8

Table 2. Energy consumption and emissions from secondary copper recycling by replacing coke and natural gas with hydrogen (Torrubia et
al.,, 2024). PCB stands for printed circuit board. Note: The percentages indicate the amount of copper recovered in relation to the copper
input. Direct emissions refer only to emissions due to combustion of plastics embodied in PCBs, not to emissions related to electricity

production.
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copper), the energy can be supplied entirely
by renewable energy as it is possible to
produce renewable hydrogen, also called
green hydrogen, by electrolysis of water using
electricity from renewable energy sources.

In this way, the entire energy consumption
of the process could be carried out without
the direct use of fossil fuels. However, Table
2 still shows that in the case of PCBs there
are direct CO; emissions (from 0.8 to 3.8
tonnes of CO,). These emissions are caused
when the plastics contained in WEEEs are
burned. Therefore, the only way to avoid
these emissions would be to separate the
plastics before introducing them into the
pyrometallurgical process. Nevertheless, the
combustion of plastics makes it possible to
dispense with the use of fuels (such as coke
or hydrogen) during reduction and oxidation,
thereby making it more attractive for the
recycling industry from an economic point of
view (Valero Navazo et al., 2014).

Chapendra / Flickr

CHALLENGES FOR THE CIRCULAR COPPER
ECONOMY

There are therefore three technical challenges that
could be addressed to improve the circular copper
economy. Firstly, the use of fossil fuels should be
replaced by green hydrogen and electricity from
renewable sources should be used in recycling
processes. Secondly, to limit CO, emissions when
recovering copper from PCBs, the plastics must
be separated beforehand. However, this practice is
not common because plastics can be used as a fuel,
thus contributing to cost savings. Therefore, this
step, although desirable from the point of view of
circularity, could reduce economic viability. Finally,
3 to 6 % of the copper is lost in the slag, along with
other valuable metals such as tin, zinc, and precious
or critical metals. It is therefore important to design
new processes to recover as many metals as possible,
not just the most economically valuable ones. In
this sense, the role of chemistry is fundamental
in maximising not only the percentage of metal
recovered, but also the range of metals, in order to
achieve maximum efficiency.

In conclusion, although it is technically impossible
to achieve a truly circular economy (because of
the chemical and thermodynamic limits outlined
above), we must strive to get closer to this ideal in
order to reduce environmental impacts. As a result,
non-technological factors are very important and so
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Copper concentration in each electrical and electronic component
varies. For example, cables are virtually pure copper.

«The annual demand for copper is rising
sharply. By 2050, it could be 30 million
tonnes higher than in 2019»

measures such as reducing the demand for metals
(prioritising more essential uses), designing products
for subsequent repair and recycling, extending their
useful lifespans, or improving collection channels are
also essential to achieving the objectives of the energy
and digital transition.
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