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Copper and nickel are important metals for our society. Developing countries depend on copper and
nickel for the construction of their infrastructure. Copper and nickel are also key elements for the
transition to a fossil free electric energy production, which might lead to increased demand for these
metals. The purpose of this paper is to investigate whether and at which conditions a sustainable pro-
duction rate of copper and nickel can be combined with an increase of the service level of the two metals
for the entire future world population to the same level as in developed countries in 2020. We consider
three ambition levels with regard to a sustainable production rate for copper and nickel: 1000 years, 500
years and 200 years of guaranteed, sufficient and affordable supply to the entire world population at a
service level, which, in all countries, is equal to the service level in developed countries in 2020. The
conclusion is that the highest sustainability ambition (1000 years) is only achievable with a combination
of an optimistically large amount of available resources in combination with a high end-of-life recycling
rate. Whether the required amount of resources will be available for an affordable price, remains
uncertain.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Both copper and nickel are essential metals for our society.
Copper is needed for e.g. the transmission and distribution of
electricity, while nickel is essential in the production of e.g. stain-
less steel. The annual production of both copper and nickel grows
quickly. See Fig. 1 and Fig. 2.

We observe that, although both copper and nickel consumption
are stabilizing in developed countries, primary copper and nickel
production are increasing rapidly. Since 1965 copper production
doubled every 25 years, or a 2.8% annual increase (US Geological
Survey, 2017a). The average annual increase of nickel production
is even faster. Between 1980 and 2015 the world nickel production
increased with 3.1% annually (US Geological Survey, 2017b).

If the average production growth rates in the period between
1980 and 2015 are extrapolated to the year 2100, copper production
in 2100 will be eleven times higher than in 2018, and nickel pro-
duction twelve times. Although the real production growth of
copper and nickel can be slower (but also higher), the obvious
question is whether such growth rates are sustainable. Copper and
nickel may become so expensive for future generations that the
services provided by them, will be hardly attainable for poor na-
tions and poor people.

Thinking, and both reassuring and warning, about future scar-
city of resources is not new. A wide number of studies addressed
the issue, e.g. Malthus (1798), Ricardo (1817), Mill (1848), the
Conservation Movement in the USA (Tilton and Coulter, 2001),
Barnett and Morse (1963), Meadows et al. (1972, 1992), Simon
(1980, 1981), Smith (1982), Maurice and Smithson (1984), Ayres
et al. (2002), Kesler (1994), Beckerman (1995), Hodges (1995),
Fig. 1. World copper production between 1900 and 2017 (US Geological Survey,
2017a).
Diederen (2009), Gunn (2011), Bardi (2013), Diamandis and Kotler
(2012).

The purpose of this paper is to investigatewhether, and at which
conditions, the production rate of copper and nickel can be made
sustainable, while simultaneously increasing the global service
level of copper and nickel to the same level as in developed
countries in 2020. We define the production (or extraction) of a
mineral resource as sustainable if a world population of 10 billion
can be provided with the resource for a period of at least 200/500/
1000 years in such a way that during that period every country can
enjoy the same service level of that resource as enjoyed by devel-
oped countries in 2020, at an affordable price. The chosen period of
guaranteed, sufficient and affordable supply, in this paper 200, 500
or 1000 years, is defined as the sustainability ambition level. Care
for future generations is the result of a political debate. Scientists
have the role to provide the choice options, dilemmas, and the
technical consequences of decisions (or non-decisions). The re-
sponsibility for future generations needs to be balanced with the
responsibility for the current generation. However, we consider a
time horizon of 100 years or less, within which humanity would
allow the exhaustion of all available copper resources, as too short
(Henckens et al., 2014). It may be that additional copper and nickel
resources are discovered in the future, but in this study we will not
speculate on such a development.

We base ourselves on a literature review on the economically
extractable amounts of copper and nickel and on data regarding the
substitutability and recyclability of copper and nickel and the po-
tential material efficiency increase. The added value of this article is
that it presents the relation between three different operational
sustainability ambitions, different assumptions regarding the ulti-
mately available copper and nickel resources, the required end-of-
Fig. 2. World nickel production between 1900 and 2017 (US Geological Survey, 2017b).



Table 1
Subdivision of copper end-uses (Copper Alliance, 2019). The percentages represent the shares of global copper use in 2017.

Building Construction

Plumbing Water distribution, heating, gas, sprinkler 4%
Building Plant Air conditioning tube 1%
Architecture Roofs, gutters, flashing, decoration 1% 28%
Communications Wiring in buildings 1%
Electrical Power Power distribution, earth, ground, light, wire device 21%

Infrastructure
Power Utility Power transmission and distribution network 14% 17%
Telecommunications Telecom network 3%

Equipment Manufacture

Industrial
Electrical Industrial transformers and motors 6% 11%
Non Electrical Valves, fittings, instruments and in plant equipment 5%

Transport
Automotive Electrical Harnesses, motors 8%
Automotive Non Electrical Radiators and tubing 1% 13%
Other Transport Railroad, shipping and marine 4%

Other Equipment

Consumer & General Products Appliances, instruments, tools and other 9%
Cooling Air conditioning and refrigeration 8% 32%
Electronic Industrial/commercial electronics and PCs 5%
Other Ammunition, clothing, coins and other 10%

Fig. 3. Top ten copper producing countries in 2017 (US Geological Survey, 2018a).
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life recycling rates and the achievable copper and nickel service
levels.

2. Copper

2.1. Applications and production

The most important applications of copper are in wiring for
generation, transmission and distribution of electricity. See Table 1.

The transition to a low-carbon economy will require an addi-
tional amount of copper on top of the amount of copper used for
current applications. The required extra amount of copper depends
on the pathway of the energy transition that is followed: more or
less nuclear energy, carbon storage, wind or solar energy. The
building of a low-carbon energy system capable of supplying the
world’s electricity needs in 2050 will require an additional amount
of copper equivalent to between two and ten years of the current
global copper production (Hertwig et al., 2015; Vidal et al., 2018;
Kleijn et al., 2011). However, despite this development, total copper
demand in the world will still be mainly determined by a growing
global economy and wealth (GDP per capita and world population).
Without the energy transition, the annual copper demand in 2050
is estimated to be about three times higher than in the year 2000
and with the necessary energy transition, 3.3 times as high (De
Koning et al., 2018).

The average copper concentration in the Earth’s crust is about
50 ppm.1 The main copper producing countries in 2017 were Chile,
Peru and China. Chile is also the country with the largest copper
reserves (see Fig. 3).The 2017 copper production amounted to
20 Mt. The 20th century accounted for 90% of all copper mined and
put into service throughout human history, of which 70% in only
the last 70 years and 50% in only the last 25 years of the 20th
century (Lifset et al., 2002).

2.2. Copper resources

The total amount of copper in the earth’s crust is enormous.
With an average concentration of 50 ppm, the upper 3 km of the
earth’s continental crust contains about 60,000 billion metric tons
of copper. However, in practice, only a very small fraction of this
amount can be economically extracted. It is difficult to predict the
1 The scientific literature provides different values for the crustal abundance of
elements. We have taken the average value of seven sources: McLennan (upper
crustal abundance), 2001; Darling, 2007; Barbalace, 2007, Webelements, 2007;
Jefferson Lab, 2007, Wedepohl, 1995, Rudnick and Fountain, 1995.
ultimate extractability of a mineral resource. This depends on a
number of factors, which are reflected in the extraction costs,
which, at their turn, are determined by material and energy re-
quirements and the costs for mitigation of environmental, climate
and social impacts. It cannot be predicted what market price the
consumer is prepared to pay for copper, which, at least, covers the
production costs. Currently, most copper mines operate with
minimum copper concentrations of between 0.4 and 0.8%. These
concentrations are a factor 80 to 160 higher than the average
crustal abundance of copper. To the extent copper mining and
production technology further develops, the extraction of lower
graded copper and in deeper mines may become feasible. For the
ultimate copper resources different estimates can be found in the
literature:

- 5600Mt (identified plus undiscovered resources) (US Geological
Survey, 2018a),

- 6400 Mt (Singer, 2017),
- >1781 Mt (Northy et al., 2014),
- 2459 Mt (Schodde, 2010),
- 1861 Mt (Jowitt and Mudd, 2014)
- 2800 Mt (Sverdrup et al., 2014)

A thorough assessment of US copper resources in 1998 indi-
cated 540,000 kt of copper in the upper 1 km of the continental
crust in the US (260,000 kt identified and 290,000 kt undiscov-
ered) (US Geological Survey, 2000). This means that the ratio
between total estimated copper resources and identified copper
resources in the US in 1998 was 550,000/260,000 ¼ 2.12. To



Fig. 4. Porphyry copper endowment at different depths in the Earth’s crust (Gt) (Kesler
and Wilkinson, 2008).

Fig. 5. Grade-tonnage density curves for copper in the Earth’s crust (British Geological
Survey, 2007; Gerst, 2008). The “current total ore” area represents the currently known
copper ore resources.

Fig. 6. The amount of energy required to produce copper by different processing
pathways (Norgate and Jahanshahi, 2010). Data are from 2010.
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estimate the ultimate copper resources in the world we apply this
ratio of 2.12 to the most recent data on identified global copper
resources (2.1 Gt) (US Geological Survey, 2018a). This results in
about 10 Gt (rounded) of ultimately available copper resources in
the upper 3 km of the continental Earth’s crust (3 � 2.12 x
2.1 ¼ 13.3 Gt).

A generic approach is that the economically extractable amount
of a mineral is a maximum of about 0.01% of the total amount of
that mineral occurring in the upper 1 km of the continental earth’s
crust (UNEP, 2011; Erickson, 1973; Skinner, 1976). Based on this
approach, the extractable amount of copper in the upper 1 km of
the Earth’s crust is about 2 Gt. Assuming that in the future tech-
nological development makes copper mining feasible until a depth
of 3 km, the available copper resources according to this approach
could reach 6 Gt, which is close to the figures provided by US
Geological Survey (2018a) and Singer (2017).

A theoretic study estimates porphyry copper resources at 300 Gt
in the entire continental Earth’s crust (Kesler andWilkinson, 2008).
Based on this study, Fig. 4 presents the supposed distribution of
porphyry copper in the Earth’s crust. Fig. 4 shows that the upper
1 km of the continental crust would contain an amount of between
6 and 7 Gt of porphyry copper resources. Porphyry copper deposits
are estimated at about 60% of total copper deposits (US Geological
Survey, 2014). This means that, according to this approach, the total
amount of copper resources in the upper 1 km of the Earth’s crust
could be about 10 Gt. If copper resources were economically
extractable until a depth of 3 km, then, according to the approach of
Kesler and Wilkinson (2008), humanity still has about 40 Gt of
copper resources at its disposal. However, thus far, only gold is
mined at these depths. It is extremely challenging, costly and comes
with large environmental impacts to mine so deep.

The above mentioned copper resources include resources in the
continental earth’s crust and exclude copper at ocean bottoms in
deep sea nodules and submarine massive sulfides. In deep sea
nodules, the global copper resources are estimated at 700Mt and in
submarine massive sulfides at 30 Mt (Hannington et al., 2011).
Though these amounts are not negligible, they are only in the order
of 10% of the identified and non-identified resources in the upper
1 km of the continental Earth’s crust. In addition, from an envi-
ronmental protection point of view, it is a challenge to exploit these
resources in an environmentally sustainable manner.
The grade-tonnage distribution of copper in the earth’s crust is

illustrated in Fig. 5. There are vast amounts of copper in common
rock, but with a very low grade and moreover in a different, less
easily extractable matrix. Copper ores mined currently are sulfide
and oxide minerals, whereas in crustal rock copper usually occurs
in a silicate matrix. The energy required to separate copper from a
silicate matrix is 100e1000 times higher than the current energy
required for primary copper production (Skinner, 1987; Gordon
et al., 1987).

Extracted copper ore grades were 10e20% until late in the 19th
century. Then they decreased to 2e3% in the early part of the 20th
century. Since about 1950 extracted copper ore grades have
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declined to below 1%. Currently, extraction of copper ores with
grades as low as 0.4% is already quite common (Kerr, 2014).

The gradual depletion of higher ore grades is characteristic for
all mineral resources. It is not the amount of a mineral in the earth’s
crust as such that may lead to a scarcity problem, but the effort
needed to extract the mineral in terms of energy use, water use,
waste generation and landscape degradation. Energy use in relation
to copper ore grade is presented in Fig. 6. Fig. 6 clarifies that,
roughly spoken, halving copper ore grades, will double the energy
requirements for copper production. However, energy efficiency
increases may save 30% of the energy used currently for copper
extraction (Elshkaki et al., 2016). Taking this energy saving poten-
tial into account, energy demand for copper production may e

nevertheless - increase to 1% of total energy demand of society by
2050 or even reach 2.4% of total energy demand in 2050 compared
to only 0.3% currently (Elshkaki et al., 2016). It is expected that the
CO2 footprint of copper production will at least triple by 2050
(Kuipers et al., 2018).
Fig. 8. Annual copper consumption per capita depending on GDP per capita in Japan
(Halada et al., 2008).
2.3. Copper consumption

Copper consumption growth is distributed quite unevenly around
the world. Copper consumption in developed countries is nearly
stable, whereas in industrializing countries like China and India
copper consumption growth rates are very high. China’s copper
consumption in 1995 was 10% of the world consumption. By 2014,
China consumed about half of world’s copper production, although a
part of this copper is exported again in copper containing products.
Since the 1980s copper consumption of the USA remained a little
more than 2Mt per year. China’s copper consumption increased from
about 200,000 tons in the 1980s to 5 Mt in 2008. See Fig. 7.

From a given level of per capita income, the annual consumption
of copper stabilizes (Halada et al., 2008; Bleischwitz et al., 2018; Pan
Pacific Copper, 2019) (see Fig. 8). The explanation is that to the
extent a country gets wealthier, its infrastructure (electric, water,
transport) has been completed and only needs maintenance and its
inhabitants spend relatively more money to immaterial things,
such as culture, travelling, sports, health and education, requiring
less material per unit of GDP/capita than to tangible objects, such as
electric infrastructure and washing machines. As shown in Fig. 8,
the consumption of copper starts stabilizing at 10e12 kg/capita/
year from a GDP of approximately 15,000 USD/capita/year (pur-
chasing power 2008) (Halada et al., 2008). Bleischwitz et al. (2018)
Fig. 7. Copper consumption changes between 1980 and 2008, Mt (US Geological
Survey, 2009). From left to right in respectively 1980, 1990, 2000 and 2008: India,
US, China, Rest of the world.
and Pan Pacific Copper (2019) came to similar conclusions.
According to the most recent population prospects of the United

Nations (2017), world population will increase from 7.6 billion
people now to about 9.8 billion people in 2050 and 11.2 billion
people in 2100. It is uncertain whether world population will
continue increasing after 2100, or whether it will stabilize or even
decrease. If we assume that, at long term, the future world popu-
lation stabilizes at 10 billion people and that these people, on an
average base, consume as much copper as an average inhabitant of
an developed country in 2020 (about 11 kg/capita/year), the con-
sumption of copper on the planet will be 110 Mt annually provided
that no saving measures, such as substitution, material efficiency
measures and additional recycling, are taken.With the current end-
of-life recycling rate of copper of about 45%, that would result in an
annual primary copper need of about 85 Mt. With 3% growth
annually, this level of primary copper use will be reached within
about fifty years fromnow, or in about 2070. If we assume that from
then on global primary copper consumption stabilizes, copper re-
sources of 6 Gt will be exhausted some fifty years later, so within a
century from now, unless the end-of-life recycling rate is increased.

2.4. Current copper stocks and flows

2.4.1. Copper recovery efficiency at the mining and production stage
The current losses of copper at the mining and production stage

through tailings and slag are about 16% (Lifset et al., 2002; Gl€oser
et al., 2013).

2.4.2. In-use stock
In 2010, the average expected lifetime of copper products was

slightly over 25 years (Gl€oser et al., 2013). This is based on the
Table 2
Copper product in-use residence times (Spatari et al., 2005).

Copper end-use Residence time (years)

Plumbing 40
Wiring 25
Build-in appliances 17
Industrial EEE 20
Consumer EEE 10
Infrastructure 50
Motor vehicles 10
Other transport 30
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average lifetimes of different types of copper applications as shown
in Table 2.

The global in-use- stock of copper was estimated at 57 kg/capita
in the year 2000 (Gerst, 2009). This varies between 9 kg/capita in
Africa and 160 kg/capita in Europe in 2014 (Soulier et al., 2018) to
206 kg/capita in North America in 2000.

The current global annual increase of the copper in-use stock is
estimated at about 1.4 kg/capita/year (Gl€oser et al., 2013). The in-
crease of the copper in-use stock slows down to the extent that a
country gets more industrialized and copper consumption stabi-
lizes. The above data lead to the conclusion that the global in-use
amount of copper must have been about 7.6 x
(57 þ 17 � 1.4) ¼ 600 Mt in 2017. This represents as much as about
85% of all copper mined since 1900.
2.4.3. Dissipative uses of copper
The three main routes of in-use dissipation of copper are via

food, chemicals and corrosion. Additionally a part of copper is
dissipated by copper down-cycling from discarded copper con-
taining products to other metal cycles. Humans require 1.5e3mg of
copper per day with food. Animals and plants need copper as well.
Pigs about 12 mg/kg fodder. Copper in chemicals are e.g. wood
preservatives, fungicides, pigments, antifouling paint for ships.
Dissipation (excluding down-cycling) is estimated at 2% of copper
consumption (Gl€oser et al., 2013). Down-cycling is treated in a
separate section (see below).
2.4.4. Recycling of copper from end-of-life products
Estimated copper recycling rates in different parts of the world

vary. InWestern Europe about 80% of copper in end-of life products
is collected for recycling. Of this amount about 80% is recycled to
the copper loop (Soulier et al., 2018). The rest, 20% of the collected
copper in copper containing end-of-life products, goes to non-
copper metal loops, such as aluminum and steel (about 1/3) and
to disposal sites (about 2/3) (Ruhrberg, 2006). The resulting recy-
cling rate of copper from End of Life products in Western Europe is
estimated at rates between 48% and 65% (Ruhrberg, 2006; Bertram
et al., 2002). The end-of-life recycling rate in Australia is estimated
at 56% taking into consideration that about 20% of the collected
copper is not recycled into the copper loop (Van Beers et al., 2007).
The EoL copper recycling rate in North America is estimated at 42%
(Spatari et al., 2005; Goonan, 2009). Worldwide, the end-of-life
recycling rate is estimated at 45% (Gl€oser, 2013). Assuming a
global end-of-life recycling rate of 45% as point of departure, and
that this corresponds with 80% of copper in separately collected
end-of-life copper products, then the other 20% (or about 11% of the
initial amount of copper in EoL products) goes to down-cycling and
disposal. Hereof, 1/3 or 4% is down-cycled and 2/3 or 7% disposed.
The total amount of separately collected copper is 10/
Fig. 9. The current fate of copper in copper containing end-of-life products. The picture is ba
recycled from separately collected EoL products, 1/3 of non-recycled copper in separately
collected EoL products is disposed of. These figures are based on research analyzed in this
8 � 45% ¼ 56%, which means that 44% of copper is not separately
collected and is disposed of in landfills and waste incinerators.
Taking also into consideration the disposed part of separately
collected copper, leads to the conclusion that, currently and glob-
ally, more than 50% of copper is disposed of in landfills and waste
incinerators (see Fig. 9).
2.4.5. Down-cycling
In 2006, about 4% of copper in EoL products went to the steel

and aluminum loops (Ruhrberg, 2006). In the steel loop this is
mainly from shredded cars and large household appliances, such as
washing machines (Ruhrberg, 2006). In the iron and aluminum
smelting processes, copper remains in the liquid phase together
with iron or aluminum. However, copper is considered an unde-
sired impurity in steel and aluminum. Steel properties, e.g. for
machine and automobile construction, are negatively impacted by
copper. In steel, copper contentmay not be higher than a few tenths
of percent (0.25%e0.5% according to Ruhrberg (2006) and 0.1%e
0.3% according to Ayres et al. (2002) and in aluminum, copper
content may not be higher than 2.5% (Ruhrberg, 2006). Removal of
copper traces from secondary steel is difficult (Ayres et al., 2002).
Hence, it is in the interest of steel and aluminum makers to keep
copper as much as possible out of their raw materials, and to limit
copper down-cycling.

In summary, Fig.10 presents current copper flows in a simplified
way. It is striking that a circular copper economy is still far away:
more than 50% of EoL copper is not reused. Characteristic for the
current situation is also the important build-up of copper in the
anthropogenic stock: the annual output from the usage phase is
only 60% of the annual input.
2.5. The sustainable use of primary copper

For the different assumptions of copper resources availability
we will investigate whether and under which conditions it is
possible to combine a sustainable copper production rate with
increasing the current service level of copper for an average person
in the world to the average copper service level in developed
countries in 2020. Current copper consumption per capita in
developed countries is about 11 kg per person per year and more or
less stable (Halada et al., 2008; Bleischwitz et al., 2018; Pan Pacific
Copper, 2019) (see Fig. 8).

Table 3 shows that the required end-of-life recycling rate for
achieving a sustainability level of 1000 years of sufficient copper
supply to the world population is respectively 93%, 89% and 55%
with available copper resources of respectively 6 Gt, 10 Gt and
40 Gt. However, in practice, it will be difficult to realize an EoL
copper recycling rate of more than 85%. With an end-of-life recy-
cling rate of 85%, the required available copper resources must be
sed on a global EoL recycling rate of 45%. Additionally it is assumed that 80% of copper is
collected EoL products is down-cycled and 2/3 of non-recycled copper in separately
section. All figures are indicative.



Fig. 10. Simplified global copper flows for the year 2017. Based on 2010 estimates concerning these flows (Gl€oser, 2013). Flows are in million metric tons. End-of-life recycling rate is
45%, tailings and slags are 16% of ore; build-up in anthropogenic stock is 44%. Dissipation is 2%. The arrow widths are a rough indication of flow magnitudes. IG stock is industrial,
commercial and governmental stocks. The figures are indicative.

Table 3
Required end-of life recycling rates for different assumptions regarding the ultimately extractable copper resources. Primary copper production in 2017 was 20 Mt. Further
assumptions: Copper substitution compared to 2017 is 10%; material efficiency increase compared to 2017 is 10%. Sustainability ambition level is 1000 years of copper supply.

Unit Currently Available copper resources

6 Gt 10 Gt 40 Gt

Sustainable copper production Mt/year 6 10 40
Annual copper consumption (1) Mt 26 89 89 89
Accumulation in in-use-stock % 44% 0% 0% 0%
Annual accumulation in in-use-stock Mt 11 0 0 0
Dissipation % 2% 1% 1% 1%
Dissipation Mt 1 0.9 0.9 0.9
End-of-life copper Mt 14 88,2 88,2 88,2
EoL recycling Mt 6.5 83.1 79.1 49.1
Required EoL recycling rate % 45% 94% 90% 56%
Copper consumption level (1) g/capita/year 3400 8900 8900 8900

(1) Current per capita copper consumption level in developed countries is 11 kg/capita/year. With copper substitution and material efficiency increase of both 10% future
copper consumption will become 8.9 kg/capita/year, while keeping current copper services at the same level. This corresponds to a future consumption of 89 Mt annually
assuming ten billion world inhabitants.

Table 4
Minimum amount of available copper resources (Gt) for different sustainability
ambition levels and different end-of-life recycling rates.

Sustainability ambition level 45% End-of life recycling rate

65% 75% 85%

200 years of copper supply 10 6 5 3
500 years of copper supply 25 16 12 7
1000 years of copper supply 49 32 23 14

Fig. 11. Required end-of-life copper recycling rates depend on the available copper
resources and the chosen sustainability option (200, 500 or 1000 years). Assumptions:
copper service level is equal to the present-day copper service level in the developed
countries, copper substitution is 10%, material efficiency improvement is 10%, and
dissipation is 1%.
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minimum 14 Gt to be sufficient for supplying a world population of
10 billion during 1000 years. To the extent that the sustainability
level paradigm is less ambitious, e.g. 500 years or 200 years of
sufficient copper supply, instead of 1000 years, the required
amount of copper resources is lower (see Table 4).

Fig. 11 presents the required end-of life copper recycling rates in
relation to the available copper resources and the chosen sustain-
ability options. The conclusion is that at the current end-of-life
copper recycling rate (45%), the amount of available copper re-
sources needed should be at least 10 Gt to ensure there are suffi-
cient copper resources to sustain a copper service level for ten
billion people over the next 200 years. This is equal to the present-
day copper service level in developed countries. If the amount of
available copper resources is 6 Gt, then the end-of-life recycling
rate of copper must increase to at least 65% to guarantee copper
supply during a period of 200 years at a level that enables a copper
service level throughout the world that is equal to the present-day
copper service level in the developed countries. The ambition to
have sufficient copper available for 1000 years for a world popu-
lation of ten billion at the present-day level of the developed world
seems hardly attainable, if at all. Such an ambitionwould require an
end-of-life recycling rate of 85% with an available amount of copper
resources of about 14 Gt, which is quite optimistic.



Table 5
End-uses of nickel in the USA and worldwide in 2015 (US Geological Survey, 2018c).

Primary þ secondary nickel application in the USA in 2015 Global primary nickel use

Metric tons of contained nickel % %

Stainless steel 129,000 65% 66%
Super alloys 25,600 13% 10%
Other Ni & Ni alloys 13,000 7%
Electroplating 7490 4% 9%
Other (cast iron, chemicals, Electric Magnet Expansion

alloys, NieCu and CueNi alloys,
alloy steel, batteries, catalysts, ceramics, coinage,
other alloys containing nickel)

23,897 12% 15%

Total 198,987 100% 100%

Fig. 12. Main nickel producing countries (US Geological Survey, 2018d).
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3. Nickel

3.1. Applications

Nickel is mainly used to make stainless steel and other alloys
stronger and better able to withstand high temperatures and
corrosive environments. More than 65% of nickel is used in
stainless steels (Aalco, 2005). Nickel containing grades make up
75% of stainless steel production (Nickel Institute, 2019). In
super-alloys, nickel is mainly used for the production of turbines,
vital for power generation, aerospace and military applications
(British Geological Survey, 2008). Copper-nickel alloys (75%/25%)
are used for coins. Computer hard discs are reliant on nickel
plating as well as CD and DVD masters (British Geological Survey,
2008). A growing share of nickel is used in batteries for electric
vehicles. The current use of nickel in batteries is estimated at
3e4% of global nickel consumption (British Geological Survey,
2018). Vehicle electrification is expected to accelerate demand
for nickel in its use in batteries (Roskill Information Services Ltd,
2017). Currently, the most important type of battery used in
electric vehicles is the lithium nickel manganese cobalt oxide
type (NMC). The cathode of these lithium-ion batteries (LIB)
consists of 30e72% nickel (British Geological Survey, 2018). In
2016, 39% of Li-ion batteries contained nickel. This is expected to
rise to around 58% in 2025 (Nickel Institute, 2018). Although it is
sure that the future share of electric vehicles use in transport will
increase drastically, it is still speculative to take current use of
raw materials as a point of departure for the future. Research into
higher performance batteries is intensive and the chemistry of
vehicle batteries may change. One forecast is that between 2017
and 2025 nickel use in batteries for electric vehicles will grow
with 39% annually (Hamilton, 2018). With such growth rates,
nickel demand for electric vehicles will be 1.1 Mt in 2030 (British
Geological Survey, 2018). This is more than 50% of the 2017 global
nickel production (Glencore, 2018). Nickel end-use in the USA
and globally is depicted in Table 5.

3.2. Production

The average reported concentration of nickel in the Earth’s crust
is 68 ppm2. Nickel is a carrier metal. This means that nickel is
mainly mined for its own purpose. The main by-products of nickel
mining are silver, gold and copper. Nickel concentration in sulfide
deposits ranges mostly between 0.2 and 2% nickel (Hoatson et al.,
2006; European Commission, 2014) and between 1.0 and 1.6% in
lateritic ores (European Commission, 2014). At present, sulfide
deposits are the primary source of mined nickel (British Geological
Survey, 2008), although 60% of nickel is found in laterites (British
Geological Survey, 2008). Extensive nickel resources are also
found in manganese crusts and nodules on the ocean floor (US
Geological Survey, 2018c).

Global nickel production in 2017 was 2.1 Mt (US Geological
Survey, 2018b). The main nickel producing countries are the
Philippines, Russia, Canada, New Caledonia, Indonesia, Australia
and Brazil (see Fig. 12).

3.3. Nickel resources

Mudd and Jowitt (2014) estimate total nickel resources at
296Mt. If we use the approach that the extractable nickel resources
are amaximumof about of 0.01% of the total amount of nickel in the
upper 3 km of the Earth’s crust (based on the approach of UNEP,
2011; Erickson, 1973; Skinner, 1976), nickel resources are much
higher: 8000 Mt (rounded). A third approach for estimating the
ultimately extractable nickel resources is to extrapolate the results
of assessments of the extractable resources of other elements. US
Geological Survey (2000) compared the results of 19 assessments
of the estimated total (identified plus undiscovered) deposits of
gold, silver, copper, lead and zinc in the United States of America in
the upper 1 km of the continental crust of the USA (a) with the
identified resources of the same elements in the USA that far (b).
The ratios a/b were 4.82 for zinc, 3.88 for silver, 2.67 for lead, 2.2 for
gold and 2.12 for copper. The average is 3.14. We applied this
average ratio to the most recent USGS data regarding the identified
global resources of nickel. These are 130 Mt (US Geological Survey,
2018b). Extrapolating the result to the upper 3 km crust, this
approach results in globally available nickel resources of 3 � 3.14 x
130 ¼ 1000 Mt (rounded). Hence, we have three e rather divergent
- estimates for the ultimate nickel resources: 300 Mt (rounded),



Fig. 13. Simplified global anthropogenic nickel cycle for 2016. The quantities are in 1000 metric tons of contained nickel. The arrow widths are a rough indication of flow mag-
nitudes. Point of departure is a nickel production of 2090 kt in 2016 (Nickel Institute, 2019). The picture is based on relative flows in 2000 (Reck et al., 2008). Recovery efficiency:
82%. End-of-life recycling rate: 57%. Build-up in in-use stock: 59%. IG stock is industrial, commercial and governmental stocks.
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1000 Mt and 8000 Mt.

3.4. Current nickel stocks and flows

According to data from the year 2000 (Reck et al., 2008; Reck
and Gordon, 2008), the nickel recovery rate in the nickel produc-
tion stage was 82%, the End-of-life recycling rate 57% and the in-
crease of the nickel in-use-stock about 59% of the annual nickel
consumption. There is relatively little dissipation of nickel to the
environment through usage, due to the non-dissipative usage of
nickel in steel, alloys and batteries. In 2000, down-cycling of nickel
was about 14% of EoL nickel (Reck et al., 2008). We have extrapo-
lated these data to the 2016 nickel flows resulting in the simplified
global anthropogenic nickel cycle for 2016 depicted in Fig. 13.

3.5. The sustainable use of nickel

Wewill assume that theworld population stabilizes at ten billion
people. For the ultimately available nickel resources we consider
three estimates: 0.3 Gt,1Gt and 8Gt.Wemake calculations for three
timehorizons: 200 years, 500 years and1000 years. For the different
assumptions wewill investigatewhether and at which conditions it
is possible to combine a sustainable nickel production rate with
increasing the services of nickel for the average citizen of the world
to the level in developed countries in 2020. Current nickel
Fig. 14. Nickel consumption/capita/year depending on GDP/capita/year (Halada et al.,
2008).
consumption per capita in developed countries is about 1500 g per
person per year (Halada et al., 2008) (see Fig. 14).

The consumption of nickel by an average person in the world in
2017 was 2.75 � 106 ton divided by 7.6 billion people equals 362 g/
capita/year, which is about four times less than in developed
countries. Table 6 presents the necessary EoL nickel recycling rate
at different amounts of available nickel resources given a sustain-
ability ambition level of 1000 years of guaranteed, sufficient and
affordable nickel supply.

The conclusion is that the required end-of-life recycling rate for
combining a sustainability ambition of 1000 years of nickel supply
with a global service level of nickel, which is equal to the nickel
service level in developed countries in 2020, is respectively, 98%,
93%, and 41% with available nickel resources of respectively 0.3 Gt,
1 Gt and 8 Gt. However, in practice, it will be difficult to realize an
EoL nickel recycling rate of more than 85%. With an end-of-life
recycling rate of 85% the required available nickel resources must
be minimum 2 Gt to be sufficient for supplying a world population
of 10 billion during 1000 years. To the extent that the sustainability
level paradigm is less ambitious, e.g. 500 years or 200 years of
sufficient nickel supply, the required amount of nickel resources is
lower.

Table 7 clarifies that at the current global end-of-life recycling
rate of almost 60%, nickel resources need to be at least 1.1 Gt to
supply nickel for at least 200 years to a world population of 10
billion people at a nickel service level equal to that of citizens in
developed countries nowadays.
4. Economizing on primary copper and nickel use

Whether action is needed to economize copper and nickel use to
safeguard the availability of these metals for future generations
depends on:

- The sustainability ambition: 1000 years, 500 years, 200 years or
even less? For copper, the 1000 year sustainability ambition is
only achievable if the available copper resources are 14 Gt
minimum and the end-of-life recycling is at least 85%. For nickel
the 1000 year ambition.is only feasible, if the available resources
are at least 2 Gt in combinationwith an end-of-life recycling rate
of 85%.

- The extractable resources, i.e. whether 14 Gt of copper and 2 Gt
of nickel are economically extractable from the earth’s crust is
uncertain.

Below we present an overview of the technical and policy op-
tions to reduce primary copper and nickel use.



Table 6
Required end-of life recycling rates for different assumptions regarding the ultimately extractable nickel resources. Primary nickel production in 2016 was 2.1 Mt. Further
assumptions: Nickel substitution compared to 2016 is 0%; material efficiency increase compared to 2016 is 10%. Sustainability ambition level is 1000 years of nickel supply.

Unit Currently Nickel resources availability

0,3 Gt 1 Gt 8 Gt

Sustainable nickel production (1) Mt/year 0,3 1 8
Annual nickel consumption Mt 2.75 13.5 13.5 13.5
Accumulation in in-use-stock % 59% 0% 0% 0%
Annual accumulation in in-use-stock Mt 1.6 0 0 0
End-of-life nickel Mt 1.15 13.5 13.5 13.5
EoL recycling Mt 0.7 13.2 12.5 5.5
Required EoL recycling rate % 57% 98% 93% 41%
Nickel consumption level (2) g/capita/year 362 1350 1350 1350

(1) Point of departure: sufficient nickel supply for 1000 years.
(2) Current nickel consumption level in developed countries is 1500 g/capita/year; material efficiency increase of 10% results in a future nickel service level of 1350 g/capita/
year.

Table 7
Minimum amount of available nickel resources (Gt) required at different sustain-
ability ambitions and different end-of-life recycling rates.

Sustainability ambition (years of nickel supply) End-of-life recycling rate

60% 75% 85%

200 1.1 0.7 0.4
500 2.7 1.7 1
1000 4.7 3.4 2
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4.1. Increase of recovery efficiency at the mining and production
stage

The current copper recovery efficiency at the production stage is
84% (Lifset et al., 2002; Gl€oser, 2013) and for nickel 80% (Reck and
Gordon, 2008; Reck et al., 2008). With a further decreasing ore
grade, it will be difficult to increase recovery efficiency substan-
tially. Recovery efficiency is the result of a balance between higher
costs, mainly for energy, and higher returns for the extracted
commodity. In this paper we have assumed that the future recovery
rates of copper and nickel will remain the same as the present ones.
Recovery of some extra copper and nickel from slag and tailings,
which have been produced in the past, may become a positive
business case at some point in the future.

4.2. Substitution

In power cables, electrical equipment, automobile radiators and
cooling and refrigeration tubes, copper can be replaced by
aluminum. In heat exchangers copper can be substituted by tita-
nium and steel. In telecommunication, copper can be replaced by
optical fibers. In water pipes, drain pipes and plumbing fixtures
copper can be replaced by plastic (US Geological Survey, 2018a).
However, so far, substitution is minimal, because, mostly, copper
has superior properties. In 2015, 2016, net copper substitution was
about 1%, mainly in cables and wiring (International Copper
Association, 2017; Dewison, 2016). For high voltage overhead
transmission lines aluminum is now preferred instead of copper,
because of the lower weight of aluminum. For underground lines
this advantage of aluminum disappears. Because overhead trans-
mission lines are considered ugly and because of the concerns of
health impacts of overhead transmission lines, in the future high
voltage transmission may happen more through underground
copper lines than through overhead aluminum lines (Ayres et al.,
2002). For interior wiring, copper is preferred to aluminum,
because aluminum has led to problems of overheating and fires. In
telecommunication, copper wires are replaced by glass fiber,
because of its higher performance. Copper can also be replaced in
roofing. In some applications copper seems virtually irreplaceable
such as for local distribution of electric power, interior wiring,
motor-generator windings, electronic circuitry, and for some kinds
of heat-exchangers (Ayres et al., 2002).

Currently, copper production is less energy-intensive than that
of aluminum. However, below an ore grade of 0.1% this advantage
for copper compared to aluminum will disappear (Ayres et al.,
2002). In Tables 3 and 4 we have assumed a maximum copper
substitutability of 10%, especially in applications that are not
related to electricity generation, transmission, distribution and use,
such as in roofs, gutters, radiators, ammunition, water distribution,
chemicals and other applications.

Though substitution of nickel by other materials is possible in
some cases (US Geological Survey, 2018b), nickel is so essential in
its different applications that large scale substitution does hardly
seem possible without a substantial loss of quality (European
Commission, 2014; British Geological Survey, 2008).

4.3. Increasing material efficiency

Apart from recycling, a main tool for improving material effi-
ciency is to increase product life times. The potential of so-called
nickel saving stainless steels is also interesting in this respect
(Oshima et al., 2007). It is supposed that, apart from recycling, a 10%
material efficiency improvement is feasible in the future. In a
general way, this estimate is underpinned by Henckens (2016).

4.4. Reduction of in-use-dissipation

Currently, in-use-dissipation of copper is about 2%. The only way
to reduce in-use-dissipation is banning of certain copper applica-
tions, such as in chemicals (wood preservatives, fungicides, pig-
ments and antifouling paints). Corrosion of copper/bronze products
and the use of copper as micronutrient cannot be avoided. In Sec-
tion 2.5 we have assumed that a minimum copper in-use dissipa-
tion rate of 1% is achievable. Nickel does not have a significant in-
use dissipation.

4.5. Increasing recycling

4.5.1. Copper
Currently, about half of EoL copper ends in landfills, partly in

ashes of waste incineration plants. This is a substantial amount.
Copper in EoL products is included in seven types of waste:
municipal solid waste, construction and demolition waste, indus-
trial waste, hazardous waste, waste from electrical and electronic
equipment, end-of-life vehicles and sewage sludge (Graedel et al.,
2004). For 1994 it was estimated that Waste from Electronic and
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Electrical Equipment and end-of-live vehicles together contain 70%
of discarded copper (Graedel et al., 2004). Globally, EoL copper
recycling is 45% (Gl€oser et al., 2013). To the extent that the copper
content in an EoL product is lower, it will be more complicated and
less rewarding to recover copper.

There are three ways to reduce the amount of copper, which is
currently lost for recycling: (1) by increasing the fraction of sepa-
rately collected copper containing end-of-life products, (2) by
increasing the recycling efficiency of copper from the separately
collected copper containing fraction, (3) by recovery of copper from
landfills and incinerators. Copper concentrations in fly ash from
municipal solid waste incinerators vary between about 200 mg/kg
and 11,000 mg/kg with an average of about 1200 mg/kg (Jung et al.,
2004; Lam et al., 2010). Copper concentrations in bottom ash from
municipal solid waste incinerators (MSWIs) vary between 80 and
13,000 mg/kg with an average of almost 3000 mg/kg (Jung et al.,
2004; Lam et al., 2010). Currently, grades of extracted copper ore
are as low as 4000 mg/kg. This means that bottom ashes of MWSIs
may become interesting as a future source for secondary copper.
Simultaneously, by removing heavy metals such as copper from
MSWI bottom ashes, their potential utility in other applications
increases, because of the decreased leaching of heavy metals.
However, improved copper collection and recycling rates will
reduce the copper content of MSWI bottom ashes and may affect a
potential business case. It can be expected that, to the extent that
copper prices will increase in the future, due to a combination of a
higher copper demand and higher extraction costs because of a
further decrease of copper ore-grades and deeper mining, copper
recycling will become financially more attractive. The question is
whether the market mechanism on its own will be sufficient and
timely enough to prevent a situation that future generations will be
confronted with rocketing copper prices because of depletion of
economically extractable copper resources.

4.5.2. Nickel
Currently, nickel content of nickel bearing scrap is about 8e9%.

The nickel scrap processing industry consists of only a few com-
panies operating on an international level. They collect nickel
containing scrap from all over theworld (International Nickel Study
Group, 2019). Nickel is recycled by blending steel scrap with
different nickel concentrations. The purpose is to obtain a mix with
a nickel content that can be used again for the production of
stainless steels. The current nickel recycling rate from End-of Life
products is 57%. If nickel is a minor constituent, e.g. in low alloy
steels and in plating, it is economically not yet attractive to include
these products in the nickel cycle, which is the case for about 20% of
total nickel scrap (Reck et al., 2008). In these cases nickel becomes a
constituent of carbon steel or copper scrap cycles and is in fact
down-cycled. Actually, this nickel is dissipated outside the nickel
cycle. It becomes unrecoverable for uses taking advantage of
nickel’s properties. The EoL recycling rate of nickel can be increased
in the same ways as mentioned for copper: by increasing the
fraction of separately collected nickel containing EoL products and
by increasing the nickel recycling efficiency.

4.5.3. Policy measures
To realize a substantial increase of the end-of-life recycling rates

of copper and nickel the following policy measures will be helpful
to realize a business case with positive financial returns (Henckens
et al., 2019):

- Making the producers of copper and nickel containing products
responsible for recycling copper and nickel from their products

- Obliging recycling oriented design of copper and nickel con-
taining products (Van Schaik and Reuter, 2014).
- Obliging electronic labeling of copper and nickel containing
product parts

- Obliging separate collection and selective dismantling of copper
and nickel containing products

- Prohibiting or taxing the disposal of copper and nickel con-
taining products

- Subsidizing the use of recycled copper and nickel
- Taxing the sale of primary copper and nickel
- Agreeing on worldwide production quota of copper and nickel
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