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Abstract: Copper (Cu) and zinc (Zn) with their unique properties are central for economic growth,
quality of life, and the creation of new jobs. The base-metal producing sector is, however, under
growing public pressure in respect to energy and water requirements and needs to meet several
challenges, including increased demand and lower ore grades, which are generally associated with
larger resource use. The development of technologies for metal production from secondary sources is
often motivated by increased sustainability, and this paper aims to provide further insights about
one specific aspect of sustainability—namely, climate change. The paper presents a review of carbon
footprints (CF) for Cu and Zn produced from primary and secondary raw materials by analyzing
data taken from scientific literature and the Ecoinvent database. Comparisons are carried out based
on the source of data selected as a reference case. The data available in the literature indicate that
secondary production of Cu and Zn has the potential to be more beneficial compared to primary
production regarding the impact on climate change. However, the technologies used today for the
production of both metals from secondary sources are still immature, and more research on this
topic is needed. The general variation of data suggests that the standardization of a comparison is
needed when assessing the environmental benefits of production in line with the principles of waste
valorization, the zero waste approach, and circular economy.
Keywords: Cu; Zn; circular economy; carbon footprint; mining; secondary materials; metal production

1. Introduction
The sector of non-ferrous metals, with a turn-over of EUR 116.09 billion (1.8%) in 2010, accounts
for 1.25% (EUR 19.91 billion) of EU manufacturing. Among non-ferrous metals, copper (Cu) and zinc
(Zn) are very important for the EU’s industry, and their smooth supply guarantees economic growth,
quality of life, and the creation of new jobs. Cu and Zn possess unique physical, chemical, thermal,
electrical, and isolating properties and are used in many industrial sectors including automotive,
aerospace, construction, electricity, energy, electronics, and mechanical engineering. They differentiate
from steel due to their high conductivity (valid for Cu) and resistance to corrosion and non-magnetic

Minerals 2017, 7, 168; doi:10.3390/min7090168

www.mdpi.com/journal/minerals

Minerals 2017, 7, 168

2 of 12

properties (valid for Zn). Cu is considered the third most important metal for industry after iron
and aluminum, with a yearly production of 10 Mt. It has been predicted that the market of Cu will
reach 30 Mt during the period 2030–2040, which is approximately 8% higher than the predicted metal
production for the same period [1]. By taking into account the decreasing ore grades, some studies
indicate that Cu mining will reach its peak around 2050 [1–3], giving economic incentives to mine
secondary sources. Primary and secondary Cu sources considered in this review are summarized in
the Supplmentary Materials.
Zn has been identified as one of the fifty-four metals that are important to the EU’s economy.
China (39%), Australia (11%), and Peru (10%) are the top three producers of Zn, predominantly by
primary mining. Europe has produced approximately 1 Mt of Zn in 2014, which is 8% of the total
worldwide output [4]. In the developing world, Zn demand is expected to grow at an average rate of
2.2% per annum until 2035 [5]. A summary of Zn sources considered in this review is provided in the
Supplmentary Materials.
The EU’s non-ferrous metal sector depends mainly on imported raw materials; thus, its longevity
relies on continuous supply, the use of innovative and energy efficient technologies for the production
of the respective metals, and the maximization of the use of secondary raw materials. Probably this
is one of the reasons that the European recycling industry is among the most advanced in the world
when compared to other developed countries such as the US, Canada, and Japan [6]. Also, by taking
into account their high recycling potential, their continuous utilization will definitely contribute to
an improvement of the sustainability of several industrial sectors, as well as in achieving the EU’s
resource efficiency and energy goals [7].
For instance, while the global average demand for secondary raw materials for Cu production
was approximately 35% in 2011, the respective figure in the EU was close to 40% [8]. In the case of
Zn, nearly 70 per cent of Zn is recycled from end-of-life products in the EU [9]. Regarding Cu, almost
40% of the world´s demand is met using recycled material [10] and, at present, approximately 30% of
global Zn production comes from secondary sources. In Europe, these figures are higher, 50% in the
case of Cu [11] and 60%–70% in the case of Zn [12].
The future challenges of the sector, in order to maintain its competitiveness, minimize carbon and
water footprint [13], and achieve sustainable growth include aspects related to exploitation and access
of new resources, trade, research and innovation activities, and the reduction of energy and water
requirements [14].
Moreover, the decreasing ore grades result in environmental concerns such as large waste/metal
ratio and larger resource use in respect to the use of energy, explosives, and water [14]. The metal
producing sector is, on the one hand, under growing public pressure, while on the other hand it
needs to overcome several burdens such as, for example, increased demand for metals and the
treatment of lower ore grades [15]. This increases the environmental incentives for mining secondary
sources. Primary Cu is mined both from open pit and underground mines [16]. Cu ores normally
occur as either oxides or sulfides [17]. Upgrading processes to produce high-grade Cu include the
stages of concentrating, smelting, and refining [18]. Cu can also be recovered from the majority of
its end-products and returned to the production process without loss of quality during recycling.
The production of secondary Cu is based on the direct melt of “new scrap” (waste resulting from
either metals discarded in semis fabrication or generated during the initial manufacturing process)
and/or the recycling of “old scrap” (obsolete end-of-life products or structures) [19]. Old scrap is often
contaminated to a certain degree, depending mainly on its origin and the efficiency of its collection
systems [20]. Scrap metal recycling involves a number of steps such as recovery, sorting, brokering,
baling, shearing, and smelting [19]. Pyrometallurgical and hydrometallurgical processes are similar
to those used in primary metal production. A detailed description of the production technologies is
given in the Supplmentary Materials.
Primary Zn is also mined from underground and/or open pit mines [21] and extracted from
Zn-Pb ores, or from other ores containing Cu, Au, or Ag. Zn is mainly recovered through the
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pyrometallurgical or hydrometallurgical route. In the case of ZnS ore, a hydrometallurgical approach is
followed, where the ore is concentrated by froth flotation and roasted to convert the zinc sulfide
to oxide, which is then leached out with sulfuric acid to provide a leach solution that can be
purified before recovering Zn by electrowinning. In the case of Zn-Pb ores, a pyrometallurgical
approach is followed in blast furnaces [21,22], and the main steps involve sintering, smelting, refining,
and casting. Zn can be also recovered from different secondary resources with different levels
of impurities including, among others, ash, zinc dross, flue dusts of the electric arc furnace and
brass smelting, automobile shredder scrap, rayon industry sludge, and cathodic tubes from WEEE.
Recovery from these sources eliminates the option of disposal, which today is considered expensive
and environmentally unacceptable because of the increasingly stringent environmental protection
regulations. Furthermore, most of these materials are classified as hazardous wastes due to their
increased toxicity as a result of the presence of different metals including Pb, Cd, As, and Cr. In view
of the above, there has been an increasing interest in developing new processes for the recovery of Zn
from these secondary sources in order both to valorize these wastes and reduce the environmental
risk associated with their disposal. Usually, pyrometallurgical and hydrometallurgical processes are
employed for treating such secondary materials, but they are not widely used for low-concentration
streams. Regarding the pyrometallurgical approach, its main concept relies on the reduction of zinc
oxide using carbon and the distillation of the metallic Zn from the resulting mix in a carbon monoxide
atmosphere. A detailed description of the production technologies is provided in the Supplmentary
Materials.
The development of new technologies for metal production from secondary sources should be
mainly motivated by increased sustainability, and this paper aims to provide further insights about
one specific aspect of sustainability: climate change. It presents a review of carbon footprints (CF)
for Cu and Zn produced from primary and secondary raw materials by analyzing data taken from
the scientific literature and the Ecoinvent database. All studies that are included have a cradle-to
gate perspective, which for primary metal production includes mining, concentration, and refining,
and for secondary sources collection of raw materials, concentration of the target metals, and upgrading.
Another objective of this paper is to identify key factors affecting the CF of Cu and Zn production by
comparing CO2 emissions based on country (for primary sources) and technology (for primary and
secondary sources).
During the life cycle of base metals production, a large share of the environmental impacts
is associated with the use of energy (thermal or electrical) in various processes. Thermal energy
is mainly produced from the combustion of fossil fuels, while electricity may be produced from
various sources in thermal, nuclear, and hydro power plants, as well as from renewable sources.
Thus, the overall environmental impact of energy generation may differ broadly among countries
and regions, even among different parts of the same country. Base metal production also contributes
considerably to other environmental impacts such as depletion of resources, water consumption, and
emissions of hazardous substances to the environment; these are, however, not included in this review.
2. Carbon Footprint and LCA
Life Cycle Assessment (LCA) is a methodological tool used to assess the potential environmental
impacts of a product or service through its life cycle [23]. LCA can also be used to calculate the
environmental impacts of an entire sector such as non-ferrous metals. The results generated by LCA
can be used for sustainability reporting and for exploring possibilities to improve environmental
performance by assessing and mapping environmental impacts and their causes. LCA is standardized
by ISO in the standards 14040 and 14044 and includes four main steps, namely, goal and scope
definition, life cycle inventory analysis, impact assessment, and interpretation [24,25].
According to ISO 14040-14044 standards, the Life Cycle Inventory (LCI) is an inventory of the
input/output data pertinent to the system studied. In this respect, energy, materials use, and associated
emissions over the life cycle of the entire metal production systems need to be identified and assessed.
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Given the contribution of the base-metal sector, including Cu and Zn production to global warming,
mass flow analysis (MFA) and substance flow analysis (SFA) need to be properly defined and
integrated [26].
Since 2013, there has been a separate ISO standard for carbon footprint, ISO 14067 [27],
which defines the principles, requirements, and guidelines for its quantification and communication.
In general, it can be said that CF is often used for communication purposes because this specific
environmental impact category can be more easily grasped by the general public. Full LCAs are more
commonly used for research and development purposes when a more nuanced picture of a product or
process is required. The main difference between CF and LCA is that CF only considers the emissions
of CO2 -equivalents
(CO
According to
2 -eq), while LCA covers a broader spectrum of impact categories.
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various production processes. These results highlight clearly the complexity in assessing the benefits
of Cu production from different sources.
3.2. Zinc
The carbon footprints of Zn produced from primary sources are summarized in Figure 4. The CFs
are grouped either by technology used or by geographical region. However, there is not enough
data available to draw any clear conclusions about the importance of each factor. Data used by
van Genderen et al. [42], Qi et al. [43], and Ecoinvent 3.3 were obtained from the industry, while other
studies used
only2017,
literature
data. Van Genderen et al. [42] aimed for a representative7 of
global
average
Minerals
7, 168
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During the last decade, many papers have been published on Zn production from secondary
sources focusing on process feasibility, sustainability, or economics. Since the number of
potential secondary sources is big, papers usually focus on some of them, for example, Ng and
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co-workers [4] focused on wastes and conducted a multilevel sustainability assessment for Zn recovery.
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Regarding Zn production from scrap recycling and clean and mixed scrap can be treated
by sweating, whereby the scrap is heated at 360–420 ◦ C to melt and recover Zn (e.g., using dezincing,
Waelz Kiln, or DC-furnace based processes), directing other impurities such as Cu, Al, and Fe in slag.
Zn alloy scrap can also be processed by using a similar route to recover the metal as a new, pure alloy,
while Zn oxide residues can be converted to Zn by dissolving them in sulfuric acid and recovering the
metal by electrowinning, e.g., in the EZINEX process. It has been shown that the dezincing process has
a CF around 4.6 kg CO2 -eq/kg, while the EZINEX process accounts for 0.7–1.4 kg CO2 -eq/kg [33].
For WEEE, as recovery processes are still under development with only some of them going for
pilot scale, just a few references have been found, which highlight research activities carried out in
the frame of projects such as the HydroWEEE, funded by the European Commission [51]. An LCA
was applied to hydrometallurgical treatment carried out using the developed new portable prototype
plant for the recovery of valuable metals. The plant treated the WEEE residues derived from physical
processes applied for the recycling of fluorescent lamps, cathode ray tubes (CRTs), Li-ion accumulators,
and printed circuit boards (PCBs). Leaching with sulfuric acid, followed by metal recovery through
selective precipitation, were the main steps considered. The final step involved treatment of wastewater
with lime. The recovered metals included Y, Zn, Co, Li, Cu, Au, and Ag. In the case of Zn, which is
contained in CRTs (30–35% Zn, as oxide and sulfur compound), an estimated CF of 5.5 kg CO2 -eq/kg
Zn was calculated [45]. Concerning Zn production from steel dust, only one paper has been found,
while the CF analysis does not provide specific information [52].
In comparison to Cu, less information is available for the CF of Zn production. Based on
literature data, it seems that the CF of Zn produced from secondary sources is a magnitude lower than
the CF of Zn produced from primary sources. However, as in the case of Cu production, there is a
large variation of CF values depending on the source of data selected for comparison.
4. Conclusions
Cu and Zn are of great importance for the world economy and the increasing need for their
production contributes significantly, as the entire base-metal sector, to global warming, both due to the
extraction of resources and the production of metals. In this review, the production of both metals from
primary and secondary sources was studied and compared. In general, LCI-data for metals production
from primary sources is more often available in databases, whereas data for their production from
secondary sources solely derives from the scientific literature.
Production of metals from secondary sources is promising, but more research and development
in all stages of their life cycle is needed to provide truly sustainable solutions in the frame of
circular economy. From the analysis of data, it is deduced that no clear trend could be seen between
the CF for metals produced from primary sources and their geographical origin or the technology used
for processing. With few exceptions, the production of metals from secondary sources has generally
been reported to have lower CFs than the production from primary sources. However, the variations
in each case are large. For example, the CF of Cu production from MSWI slag was in the same range
as several of the reviewed CFs from primary sources, whereas the CF for Zn from MSWI fly ash was
significantly lower than all the reviewed CFs from primary sources. The variation is large, and depends
on the metal content in the resource and how easily it can be extracted.
The technologies used for the extraction of metals from secondary sources are less mature than
the technologies used for their extraction from primary sources, and this may have a negative impact
on the results. One can expect that as technology matures and systems are optimized, the CFs of
metal production from secondary sources will be reduced. On the other hand, as ore grades are
becoming lower, one can expect that the CFs for the production of metals from primary sources
will be increased over time. Similarly, as the technologies for the extraction and logistics needed for
efficient recovery of metals from secondary sources are improved, CFs for metals production from
secondary sources will most likely decrease over time. Hence, the general variation of data suggests
that standardization of the comparison approach is needed for the assessment of environmental
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impacts of metal production, the reliable evaluation of the existing technologies used (in terms of water
and energy requirements), and the development of more environmentally friendly and cost-efficient
approaches. Finally, it is important to highlight that this review only presents literature data on CF
without the ambition of including other environmental impact categories such as marine and terrestrial
eco-toxicity, acidification, and water footprint. The inclusion of these categories may result in larger
differences between metal production from primary and secondary sources. However, the number
of studies that include, for example, water footprint is low and more studies are needed to provide
a more comprehensive picture of the environmental impact of metal production from primary and
secondary sources.
Supplementary Materials: The following are available online at www.mdpi.com/2075-163X/7/9/168/s1; Figure
SI1. Summary of Cu sources and main recovery process and Figure SI2. Summary of Zn sources and main
recovery methods.
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