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Abstract: Copper has always played an important role in human development. Demand for copper
is going to rise, which makes its future supply a key issue for society. However, the oft-discussed
declining ore grade and, therefore, the assumed enormous increase in energy demand and global
warming potential could lead to a supply constraint. To develop suitable strategies to ensure copper
availability, it is important to better understand the relationship between energy and ore grade and
also its development. Therefore, in this paper we describe the development of the cumulative energy
demand of copper production over the last eight decades and give an outlook into the future using a
holistic process-based modelling approach. We also discuss how technological progress has thus
far been able to offset the decreasing ore grade. However, if geological factors are becoming less
favorable, technological improvements such as renewable energies are vital to keep this trend going.

Keywords: ore grade; energy demand; development; copper; resource depletion

1. Introduction

Copper has always been an indispensable part of our development, and the demand for copper
increased continuously throughout the 20th century. A growing population, improving living standards
and the expansion of copper-intensive technologies such as energy transition will continue to drive
this trend forward [1]. According to Elshkaki et al. [2] a doubling of copper demand until 2050 is
likely, and some studies even expect a five to eightfold increase if CO, neutrality is to be achieved [3].
Securing the copper supply is therefore a major issue for our society to enable a sustainable future [4].

Despite increasing recycling, primary resources will still be necessary to meet demand in the
foreseeable future [2]. In addition, copper is a base metal; its ores often contain other elements such as
gold, silver, molybdenum, cobalt, and selenium [5], which makes copper mines an important source
for these by-products [6,7]. However, the amount of primary copper is limited and the quality, i.e.,
the ore grade of the resources, varies. The largest proportion is rocks with minimal concentrations [8,9]
which are worthless to us, at least under current conditions. Therefore, geological accumulations of
metals in deposits are of high importance. However, historical data show a decline in the ore grade of
the mined material [10,11]. There are many reasons for this: for example, the enormous increase in
demand and thus a change in the type of deposit mined as well as the development of the technologies
used for extraction and production [12,13]. While this trend does not indicate a purely geological
shortage, it is often interpreted as an indication that the availability of raw materials is limited. This is
based on the assumption that the energy costs of extracting metals are inversely proportional to the ore
content, and therefore follow a 1/x curve [14].

Northey et al. [15], as well as Calvo et al. [16], use data from sustainability and other company
reports to assess the relationship between energy consumption and ore grade. They both confirm
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the negative influence of the ore grade on the energy demand. Koppelaar and Koppelaar [17] also
investigated the energy demand of copper production based on report data, and came to a similar result.
Besides the ore grade they also consider other influencing factors, such as the extraction method and
mine depth, but neglect some important parameters, such as the stripping ratio (SR), i.e., the amount
of waste per tonne of ore. In addition, approaches based on data from company reports take no
other auxiliary and operating materials like sulphuric acid into consideration, which also contribute
remarkably to the environmental impacts [18]. Approaches based on a process-based material flow
model offer a more holistic approach. The first works date back to the 1970s [19-21], but the approach
is also used in more recent publications [22-24]. These studies again confirm a disproportionate
increase in energy demand with decreasing ore content. However, what is neglected is a temporal
view. Thus far, only a change in the geological factors is assumed, but other developments also have
an influence, e.g., technological improvement led to a shift of the curve itself (see Figure 1).
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Figure 1. Schematic representation of the relationship between ore grade and cumulative energy
demand (CED) and the influence of different events.

In this paper, we show the development of the cumulative energy demand (CED) of primary
copper production and its effects on climate change using a holistic process-based modelling approach.
For each of the three periods considered—the 1930s, 1970s, and 2010s—the model was adjusted
accordingly to represent the global average of primary copper production (from extraction of raw
materials to finished copper cathode at refinery) at that time. Therefore, time-specific mining and
processing technologies, metallurgy, and parameters have been researched and included in the model.
The three time periods were chosen to be able to include all major technological improvements and
hence, to show the long-term trend. Adapting technologies and parameters also allows possible future
developments to be assessed.

With the approach used we are able to provide a better understanding of the past and future
development of the cumulative energy requirement of metal production and its main influencing
factors. The work should be understood as an analysis of a long-term trend and the influence of possible
future developments. Of course, the energy consumption of specific mines can differ substantially.

2. Materials and Methods

This section describes the materials and methods used. Here, we refer to the CED. However,
the calculation of the global warming potential (GWP) and also other indicators follows the
same methodology.
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2.1. Model of Global Copper Production

2.1.1. Total Copper Production

For the three time periods considered, primary copper production was modelled in a generic
model using a holistic process-based modelling approach (from raw material extraction to finished
copper cathode at refinery) [19,25,26]. This means that in addition to the direct inputs of energy and
other materials, such as chemicals (foreground system), the effort required for their production was
also included (background system). For this purpose, the material and energy flows modelled in the
foreground system are evaluated with factors calculated in the background system to determine the
total effort. Background data was mostly taken from databases and other literature, except electricity
generation. We refer to this in more detail in the data section of this paragraph. Before the foreground
system is explained we want to state some important assumptions made. Only ongoing operations are
included. Exploration and development are not taken into account, nor is the infrastructure (facilities,
trucks, etc.) as they are assumed to be negligible compared to the operation of the mine. Further, it is
assumed, that the whole process chain takes place nearby. Therefore, no transport of intermediate
products was included.

Copper production can be divided into the three main process steps, which are mining, processing,
and metallurgy. Each process step can be done using different methods (see Figure 2). In the first
step the ore is mined in open pit (OP) or underground (UG) mines. Afterwards, the ore is treated
by the pyro- or hydrometallurgical route. Which route is taken, depends mainly on the type of ore.
Sulphide ores are treated by pyrometallurgy via crushing, grinding, and flotation (CGF) to produce a
concentrate which is subsequently smelted and refined. Oxide ores are leached and afterwards treated
by solvent extraction (SX) and electrowinning (EW). In the 1930s and 1970s there were alternative
processes, namely cementation and subsequent smelting or direct EW.
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Figure 2. Process routes of primary copper production.
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The methods used for mining, processing, and metallurgy themselves and their contribution to
global copper production changed with time. Therefore, the total CED of copper production Ey, ,, per

tonne of copper in a given year y is:
n

By = Z Ey, Py, (1)
k=1
where E,, = CED of copper production by a given route k in MJ-eq per tonne Cu in that year; P, =
share of production of route k in% in that year.
The CED of a specific process route k in year y is:

Ey, = Eyy; + Eyp + Eype )

where E;, . = CED of mining (OP or UG) in MJ-eq per tonne Cu; Ey, = CED of processing (CGF or
leaching) in MJ-eq per tonne Cu; Ey,,, = CED of metallurgy (pyro or hydro) in MJ-eq per tonne Cu.
The assumed production shares are given in Table Al in Appendix A.

2.1.2. Mining

The mining of copper ores takes place either open pit or underground through the process steps
of drilling, blasting, loading (and hauling), crushing (in mine to facilitate transport) and transportation.
Additionally, underground mines must be ventilated, which requires a considerable amount of energy.
Transportation in surface mining is usually done by trucks and can be estimated from the depth
of the mine and the maximum road gradient (10%) to be mastered [27]. In underground mining,
vertical transport via a shaft is assumed. All process steps occur not only for the ore, but also for the
overburden, which must also be removed. In underground mining, this proportion (Stripping ratio,
SR) is negligible (a value of 0.1 tonne of overburden per tonne of ore is used here), in open pit mining,
on the other hand, up to 10 tonnes of overburden or more can be produced per tonne of ore [28].
To determine the specific CED per tonne of copper, the CED per tonne of ore must be divided by the
ore grade. There might be losses in the subsequent processing steps, which must be taken into account
additionally (recovery rate).

Hence, for the calculation of the CED of mining E,;,,; per tonne of Cu in a given year y we use the
following equation:

(EypopTEyateyr sin(#ygmdient) 2+Eyc)-(145Ry)
Epy = CyRyp-Ryp,
(Eyps g +Eyp oy +eypdy+Eyc)-(14SRy ) +Eyy,
CyRyp Ry,

if OP

®)

if UG

where Ey,, . = CED of drilling and blasting in MJ-eq per tonne ore; Ey, , = CED of loading in MJ-eq per
tonne ore; Ey, ,, = CED of loading and hauling in MJ-eq per tonne ore; e, = CED of transportation
in MJ-Eq per tonne ore and km; d, = Mine depth in km; E,. = CED of crushing in MJ-eq per tonne
ore; Cy = Ore grade; R,, = recovery rate of processing (CGF or leaching) in %; Ry,, = recovery rate of
metallurgy (pyro or hydro) in %.

We used this equation for the year 2010 and the future development. Because of the detail of the
available data, Equation (3) has to be adjusted for the earlier years, e.g., it is not always possible to
break down mining (and also the following processes) into individual process steps. For the 1930s the
CED for mining and stripping was individually determined.

During mining, the ore can sometimes be diluted with overburden. In open pit mining, this dilution
can reach up to approximately 5% [27,29], and in underground mining, it is usually between 5% and
15% [27] depending on the method used, but can also be up to 60% [30]. The extent to which this
factor must be included depends on the definition of the ore grade. If one assumes the ore content
of the reserves or resources, dilution must be included. This can be done by adjusting the ore grade.
If, however, the mill head grade is used, which is often the basis for a discussion of the decreasing ore
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grades [12], dilution is already included. In this paper, we define the ore grade as the mill head grade,
because it represents the average mined ore grade and is often referred to in publications.

2.1.3. Mineral Processing

The processes used for further processing depend mainly on the ore type. There are two types of
ore—sulphide and oxide—the former of which is more common.

After mining, sulphide ore was crushed and ground. The degree of comminution depends on
the specific properties of the ore and the subsequent processes, which serve to separate worthless
and other undesirable substances from the metal. Froth flotation is the preferred process for copper.
Chemicals collect the minerals that are distributed in a sludge solution and bring them to the surface,
where they settle in foam that is skimmed off. These processes (CGF) produce a concentrate with a
copper content of approximately 30%. The energy required for CGF is dominated by the degree of
comminution. A metal-specific approximation was carried out via Bond’s Law (Bond Work Index
for copper ore is 12.7 kwh/t) [31]. As in the mining step, recovery rates and the ore grade must be
considered to calculate the CED per tonne of metal (see Equation (4)).

Oxide ores were treated by leaching, where the copper is recovered by dissolving the metal.
Therefore, the ore is no longer ground but is usually crushed. Then, the metal is leached using acids by
sprinkling them over the crushed rock. This process step produces a solution. In principle, leaching
is part of hydrometallurgy. For reasons of modelling and comprehensibility, this process step is
considered separately here. All steps occurred per tonne of ore. The following equation can be used to
determine the CED of processing Ey, in a given year y:

Eyc+Eyo+Eyp

if CGF
CyRycar Rype
E,, = 4)
E,-+E
yc YL : .
— if leachin
CyRy Rypge &

where E, . = CED of grinding in MJ-eq per tonne ore; E,. = CED of flotation in MJ-eq per tonne ore;
Ey, = CED of leaching in MJ-eq per tonne ore; Ry, = Recovery rate of CGF in%; R,, = Recovery rate
of leaching in%.

2.1.4. Metallurgy

The concentrate or solution produced by the previous process steps was brought to a purity
of almost 100% by metallurgical processes. For concentrates, pyrometallurgy was used, in which
the concentrate is melted and impurities such as sulphur are removed with oxygen. For further
refinement, electrometallurgical processes were used. In the hydrometallurgical route, which was used
for further processing of the solutions, the metal is extracted from the solution by SX and then further
concentrated by EW. Alternative processes were used before the 1980s. Then, solutions with a high
copper concentration were processed directly by electrometallurgy (direct EW). Solutions with a low
concentration were cemented using ferrous scrap and then pyrometallurgically processed. The product
of either the pyro- or hydrometallurgical process is a copper cathode.

The CED of metallurgy is calculated as follows:

Ry Ry Ry Ry Ry TR,

n

E E E LI Ey
o Y1 Y2 Yn i=1"Yi
Eyye = + Z Hn Ry] 5)

where E,, = CED of process step i in MJ-eq per tonne Cu; R, = recovery rate of process step j in %.
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2.2. Data

2.2.1. Foreground System

To map the development of global copper production we focused on three time periods of
approximately 10 years (1930s, 1970s, and 2010s). For all process steps we researched time-specific
literature data. If possible, the assumed values have been validated by checking several sources.
The contribution of each processing route to global copper production was also adjusted accordingly.
The information used to obtain the production shares is provided in Appendix A (Tables A1l and A2),
along with all other data.

2.2.2. Background System

We also researched time-specific literature data for the CED of all input materials. This was
not possible in all cases; therefore, current data or data from similar years were used, and if
possible, these data were adjusted accordingly. The specific values used are provided in Appendix C.
The generation of electricity is of particular importance. The CED and GWP of the time-specific
electricity mixes are calculated on the basis of data from the International Energy Agency (IEA).
For each country and year, the electricity mix was assessed using a simplified methodology. In the
first step the amount of electricity produced by the different energy carriers, hydro, coal, gas, oil,
nuclear, and others (assumed to be 100% renewable but of minor importance due to the small share)
was calculated using the total production and the individual shares of the stated energy carriers.
To calculate the CED of the electricity mix, the yearly production per energy carrier was then divided
by the efficiency of each technology (see Appendix C, Table A5).

Having calculated the CED, standard carbon emission factors associated with the combustion of
the respective energy carrier [32,33] were used to determine total carbon emissions. There were no
values for renewable energy sources, therefore, data from ecoinvent V3.3 [34] were used to assess the
potential emissions from these sources. Overall, it should be mentioned that their influence is small in
comparison to fossil-based energy carriers. As the data from the IEA on the electricity mix were not
complete for all years, the reference year (electricity mix) for the 1970s was 1973, and for the 2010s was
the 2010 value. Next, the time- and country-specific CED and GWP, respectively, were weighted by the
time-specific production share of each country for the process steps mining, smelting, and refining.
The assumed production share refers to 90% of global production and can be found in Table A6. For the
1930s, only the USA and Chile (representing in total 65% of mine and 66% of smelter production)
were considered.

2.3. Indicators

The CED was used as a central indicator, because it is the most suitable for illustrating the
concentration problem [35]. This indicator includes only expenditures on the input side. In addition,
effort can also be determined by the resulting environmental pollution. The emission of greenhouse
gases which are responsible for global warming play a decisive role in the current political discussion
and resulting objectives. The GWP is closely related to the CED, which is generally a good indicator
for other environmental impacts [36]. Within the scope of this work, the GWP was therefore also used.

Other indicators also have a high relevance in mining. For example, mining and the subsequent
processing generate enormous amounts of overburden and other residues that could have a negative
impact on the environment. However, these effects can be limited or even avoided by adopting
appropriate measures. Nevertheless, it is not possible to avoid the use of energy.
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3. Results

3.1. Temporal Developments and Their Effects—1930s to 2010s

In the following section, the identified geological and technological changes from the 1930 till
today and their influence on the CED are discussed.

3.1.1. Mining

Starting in the 1930s, when electrification in mining had mostly been completed [37], underground
mining was still very important. Based on the three main producing countries (USA, Chile, Congo),
it is assumed that approximately 50% of copper was extracted from underground mines [37-39].
This changed significantly in the following decades. Since the 1970s, approximately 90% of copper ore
has been taken from open pit mines [40—42]. Open pit mines are less energy intensive than underground
mines [15], which together with the major improvements in electricity generation led to an overall
reduction in the CED of mining of almost 60%, from 196 MJ-eq/t ore in the 1930s to 84 MJ-eq/t ore in the
1970s. For electricity supply, we take the national grid as a source. In fact, not all mines are connected
to the grid, but there are little data available on the actual number (especially historical data). In the
US there already was a trend to buy electricity in the 1920s, so that in 1929 over 50% of the equipment
was driven by purchased electricity. Own production of electricity was whether by fuel, hydroelectric
plants or steam plants [37]. However, the efficiency of electricity production has a remarkable influence
on the results. If we assume that all electricity of mining in the 1930s is produced by a fossil based
steam engine, which is a very pessimistic assumption, the CED of mining would be remarkably higher
(271 MJ-eq/t ore) and the average CED of global copper production would rise by 17% to 82 MJ-eq/t Cu
(including a change in the electricity supply for CGF). From the 1970s until now, neither the share of
open pit mines nor the electricity supply changed significantly, but geological factors did. The depth
of discovered deposits has been increasing since the 1940s [43], which together with the increasing
size and the extended life time of mines due to the profitable mining of lower grade ores has led to an
increase in the average mining depth and SR. Among other things, this contributed to a 62% increase
in the CED of mining from 84 to 136 MJ/t ore.

3.1.2. Mineral Processing

After the ore has been extracted, it is physically or chemically processed. Sulphide ores are
physically processed via CGF to a copper content of approximately 30%, which is then further treated
by pyrometallurgy. Direct energy consumption in the CGF stage has changed slightly since the 1930s.
However, because almost all of that energy is electricity, the improvement in electricity generation
is remarkable and, together with other minor changes, led to an overall reduction in the CED of the
CGEF step from 327 MJ-eq/t ore in the 1930s to 162 MJ-eq/t ore in the 1970s. Today, the CED of CGF is
167 MJ-eq/t ore. Although the CED has remained almost constant since the 1970s (see Figure 3 and
Table 1), the contribution of the individual materials has changed. Steel, which is used as a grinding
medium, is now of minor importance to the CED compared to its role in the past, but the impact of
water is slowly increasing. This might become an issue in the future, especially in arid areas such as
Chile, where they increasingly use desalinated sea water that must be transported over long distances
and is therefore energy-intensive in its production and distribution [44].

Oxide ores are leached and further processed via hydrometallurgical processes. Strictly speaking
the leaching process is part of the hydrometallurgy, but is considered separately here.
Today, heap leaching is the most important leaching method, although in the past, vat leaching
also played an important role [45,46]. Regardless of the method used, the leaching agent, which is
sulphuric acid, dominates the CED of the leaching process. Data on sulphuric acid consumption
vary greatly, as the amount of acid consumed depends greatly on the ore. There are also plants that
are acid-neutral [45]. Although the CED for leaching is highly sensitive to the amount of acid used,
the overall result per tonne of copper cathode does not change significantly (max. change —8% for
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1970), as hydrometallurgy only accounts for a minor part of total copper production. With the assumed
values, the CED of leaching today is 112 MJ-eq/t of ore, which is less than half that in the 1930s/70s,
mainly due to reductions in the amount of sulphuric acid used.
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Figure 3. Calculated contribution of the individual process steps to the average CED of global
copper production.

Table 1. Time-specific values for CED and GWP (values in Figure 3 and dots in Figure 4).

1930 1970 2010

Ore grade in% 1.7 1.3 0.7
CED in GJ-eq/t Cu cathode 70 53 69
GWP in t CO;-eq/t Cu cathode 5.7 4.2 45
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Figure 4. Historic development of the relationship between cumulative energy demand (a),
global warming potential (b) and ore grade for the global average of copper production. Points represent
time-specific ore grades and CED or global warming potential (GWP), respectively.

3.1.3. Metallurgy

Pyrometallurgy has always been the main processing route. In the 1930s and 1970s,
the reverberatory furnace was the most widely used technology [45,46]. This technology did not
undergo a great transformation throughout the years except that stricter environmental regulations,
e.g., regarding the emission of SO, [47], led to some adjustments. Overall, the CED of pyrometallurgy
was relatively stable between the 1930s and 1970s. Great progress was then achieved towards the end
of the 1970s/beginning of the 1980s through the introduction of the flash smelting process, which led to
a significant reduction in the CED of approximately 40% from 28 (1970s) to 16 GJ/t Cu cathode (today)
(see Figure 3). Flash smelting requires less fuel, but uses oxygen instead. Producing oxygen is also
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very energy intensive. However, despite the significant contribution of oxygen (approximately 20%) to
the CED of pyrometallurgy, the reduction in fuel consumption is decisive.

Hydrometallurgy has changed greatly since the 1930s. After its invention in the 1970s, the SX
process was able to assert itself, reaching a current share of 100% [48]. Prior to this, solutions
were dependent on their copper concentration; either processed directly by electrometallurgy
(high concentration) or cemented using ferrous scrap and then pyrometallurgically processed (low
concentration). Electrolysis was the most important precipitation method in the 1930s [45], but in the
subsequent decades, cementation gained influence [46]. The parameters assumed in this paper show
that despite the increasing share of cementation, the CED of hydrometallurgy was reduced from the
1930s to the 1970s. One reason for this is the improvement of in copper concentration of the cement
copper and the subsequent reduced effort in pyrometallurgical treatment as well as the lower CED
of iron scrap and the electricity mix. However, a significant reduction in direct energy consumption
could only be achieved by the invention of the SX as an alternative to cementation [49]. However,
this development was also accompanied by a change to electricity as the major energy source, which is
generally speaking relatively inefficient compared to the use of other energy sources when mainly
based on fossil fuels.

3.1.4. Total Copper Production

Figure 4a shows the ore grade-CED curves for the three time periods as determined by the
modelling approach. The above described technological improvements and changes, led to a noticeable
lowering of the curve from the 1930s to the 1970s. The main driver behind this was the shift to open
pit mines and the improvement in electricity generation technologies. A further shift downwards
was achieved from the 1970s until today. However, the difference is not that large because there were
only minor technological improvements. Additionally, the influence of geological factors increased.
This becomes apparent by the overlap of the 1970 and 2010 curves at an ore content of 0.32% (CED):
at such a low ore content, production under today’s conditions is more energy-intensive than it would
have been in the 1970s. Although the fixed contribution of metallurgy has been significantly reduced,
the cost of mining and processing has increased, e.g., due to a greater depth and higher SR, which means
that the CED of mining and CGF increases more quickly with a decreasing ore content. However,
there are individual mines that can currently economically extract ore with even lower ore content, e.g.,
Boliden in Sweden [50].

The dots in Figure 4a represent the time-specific ore content and CED, respectively.
Despite decreasing ore grade, the CED has been kept relatively constant over the years. From the 1930s
to the 1970s, the average ore grade fell from approximately 1.7% to 1.3%, but the CED of copper could
be reduced by 24% from 70 to 53 GJ-eq/t Cu cathode (see Table 1). Today, we have an average global
ore grade of approximately 0.7%, and the CED of copper production has increased since the 1970s by
30% to almost 69 GJ-eq/t Cu cathode; however, the CED today is still at the same level it was in the
1930s, although the ore grade is now much lower. With regard to the GWP (Figure 4b), we were able
to successfully reduce it from the 1930s to the 1970s from 5.7 to 4.2 t CO;-eq/t Cu cathode mainly by
reducing the emissions from electricity production. Since the 1970s, there has been, as with the CED,
a slight increase to 4.5 t COy-eq.

3.2. Future Developments

The future availability of copper will also be determined by the energy costs of its production.
If there is no technological progress, geological factors will be the main drivers of these costs. But in
addition, the future development of geological parameters is not known. However, if, for example,
the ore grade falls to 0.5%, the CED will rise nearly 30% to 89 GJ-eq/t Cu cathode in the absence of
technological improvements. If the decrease in ore grade is accompanied by an increase in the average
mine depth to 750 m and a higher SR of 3, the energy demand will reach approximately 97 GJ-eq/t
Cu cathode. However, a decrease in ore grades in the absence of technological progress is unlikely
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because deposits with lower ore grades will not become more attractive. Even if rising demand is the
driving force, it cannot be said with certainty that there will be mining of lower ore grades. There are
still deposits with higher ore grades [12,51], although a decrease seems to be more likely since a higher
demand offers potentials for economies of scale and further technological improvements [52,53].

However, there are some recent trends in copper production technology and we assess their
potential impacts in the following. Here, we focus on the pyrometallurgical route because of its
importance and the uncertainty regarding the future significance of hydrometallurgy [7,54,55].

For the base case we assume the shares of open pit and underground mining, the mining depth,
SR and the share of hydro- and pyrometallurgy to stay constant.

3.2.1. Mining

Open pit mining will continue to play an important role in worldwide copper extraction; this is
certainly the case for Chile, which is the main copper producer now and probably will be in the
future [52,54]. Therefore, we do not assume a change in the contribution of open pit mining to global
copper production. In open pit mining we only expect a shift to electrically powered devices for
transport [56]. Conveyor belts are a technology already in use, and we assume the replacement of
diesel-powered transport trucks. This leads, in addition to a change in the major type of energy used,
to a small reduction in direct energy consumption. With regard to underground mining, electrification
and automatization are important research areas and have already been partially implemented
(e.g., Borden Mine Canada). Therefore, we assumed that underground mining will be performed
exclusively by electric vehicles, which has a positive effect on the direct energy demand, especially
of mine ventilation. The energy consumption of mine ventilation mainly depends on the airflow
required. When the mining fleet consists of diesel-powered vehicles, the total airflow needed is
primarily determined by the necessary dilution of exhaust gases to ensure a healthy and safe working
environment. When electrical vehicles are used, the airflow is required to avoid heat stress [57].
Therefore, a depth-airflow relationship is included to give a crude estimation of the development
of energy consumption (a more detailed description of this and all other assumptions regarding the
future development can be found in Appendix B).

3.2.2. Mineral Processing

Regarding the process steps of CGEF, which contribute significantly to the CED of copper
production, direct electricity consumption can be reduced through the use of new grinding technologies.
High pressure grinding rolls (HPGR) can save a remarkable amount of energy [24,58]; here we assume
20%. However, we also assume that the efficiency of the mill will decrease by 5 percentage points
because of more complex ores [22]. Additionally, an increasing share of treated seawater will increase
the cost of the water supply in Chile (same production share as in 2010 assumed) [44]. Another aspect
that is not included due to missing data but might change in the future is the hardness of the ore and
the required grinding size. Harder ore and a finer grinding size result in higher energy consumption.
The effect of a different grinding size on the energy consumption of grinding can be calculated by
Bond’s Law. In our case, halving the grind size would lead to an 8% increase in the total CED of
copper production, a reduction of 90% in the grind size would lead to an increase of approximately
35%, with all other technological improvements included.

3.2.3. Metallurgy

For metallurgy, we suppose that the Outokumpu furnace, which is currently the most widely used
technology, will become standard. Furthermore, it seems reasonable that a shift from oil to natural gas
will occur and that electricity use will be reduced by 20% [59]. These changes lead to a reduction in the
CED attributed to pyrometallurgy and refining of approximately 17% per tonne of copper, maintaining
the 2010 energy mix.
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3.2.4. Electricity Supply

The trends in mining show a shift from fossil fuels to electricity. This is critical, as electricity
production, when based mainly on fossil fuels, is relatively inefficient. However, electricity supply
is undergoing a great change at the moment, and the mining industry is aware of the importance of
renewable energy sources [60]. The effect of a renewable energy supply in addition to the technological
improvements can be seen in Figure 5 (green line). For this, we assumed 100% renewable energy in the
mining and CGF stages (which includes a total shift to renewables for the hydrometallurgical route
because this process always occurs at the mining location), which is a best case scenario. A more
conservative estimate was made by keeping the 2010 electricity mix (purple line).
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Figure 5. Possible developments in the relationship between CED (a), GWP (b), and ore grade of
the global average of copper production. Filled dots represent the CED or GWP at an ore grade of
0.5%, unfilled dots at 0.7%. Techn. improvement means the optimization of the copper production
process only. Techn. improvement + renew. energy includes the use of renewable energies for mining,
CGEF and hydrometallurgy. For the GWP of the renewable energy, wind power (best case scenario)
was assumed.

3.2.5. Total Copper Production

Figure 5 shows the results of the improvements in the mining, CGF, and metallurgy processes.
When there is no change in the mining factors like depth, the share of production routes and the
electricity supply, the improvements in technology lead to a reduction to 65 GJ/t copper cathode.
When the ore grade further declines to 0.5%, the CED will rise to 85 GJ/t copper cathode. Therefore,
if we want to keep the CED at a constant level, there must also be a change in the background system.
When the mining industry introduces a renewable energy supply for the mining and mineral processing
stage as well as for hydrometallurgy, this could further reduce the CED to 47 GJ/t copper cathode (at
an ore grade of 0.7%), which is a major improvement. By doing so, it would be possible to lower the
CED of copper even if the ore grade decreases to 0.5% (61 GJ-eq/t copper cathode).

For the GWP, the case is similar. However, the introduction of a renewable energy supply would
bring an even greater benefit than it does for the CED.

So far we have assumed the production shares and mining conditions like the depth to stay
constant. To assess a possible change of these factors we created four scenarios:

e  5l: share of open pit mining decreases to 80%

e  S52: average depth increases to 750m and average SR to 3
e  53: share of hydrometallurgy rises to 30%

e 54:51+52+8S3

The results for the future CED of the scenarios are shown in Figure 6.
Compared to the base case, scenario 4, which is a combination of the others, leads to an increase of
15% when maintaining the 2010s electricity mix and 13% when assuming the 100% renewable energy
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supply. The highest influence results from an increasing depth and SR. All other changes only have a
minor impact on the overall CED.

Technological improvement Technological improvement
100 +renewable energy
.g. 90 .
= a0 N
g base case
a‘ 70 ore grade 0.5%
3 A
E &0 base case
H ore grade 0.7%
-] 50
= o |
E 40
LT
£ 3
E
S 0
E
=5
Y10
= |
51 s2 53 54 S1 52 53 54
iy oregrade 0.7% .ore grade 0.5 % oregrade 0.7% g ore grace 0.5 %

Figure 6. Cumulative energy demand of future scenarios. The bars represent the total CED of copper
production. The lighter part of each bar is the additional energy demand of the given scenario compared
to the base case.

4. Discussion

There are some aspects of the modelling and assumptions made that require further discussion.

4.1. Methodology and Data

The results presented here give an estimation of the development of the CED and GWP of
average global primary copper production. By using a holistic process-based modelling approach
we are able to include all material streams and the energetic effort of their production which gives
additional information compared to approaches that are solely based on report data. The consumption
of sulphuric acid, for example, has a remarkable influence on the CED of copper cathodes produced
by hydrometallurgy. Further, we took the time-specific technology mix and average time-specific
parameters like the ore grade to show the development of the CED on the long term. Our modelling
approach was consistent over the regarded time span, and therefore allowed a comparison of the
results and a discussion of the influence of technological improvements in the long term. This has not
been taken into account by other authors. However, our results for the 1970s and 2010s were in line
with the results determined by others like Chapman [19] or the Copper Alliance [18]. For the 1930s
there is no data available that allow a comparison.

The CED and GWP of individual mines may differ substantially from the average due to
individual geological conditions (ore grade, hardness of the ore, by-products ... ), state of technology,
remoteness of the mine, and so on. This also becomes obvious by analysing report data from mining
companies [15,17]. Nevertheless, the industry average is a good indicator for the overall impacts [52],
particularly regarding a long-term trend.

When talking about specific mines, underground mines may have a greater range of total
energy consumption than open pit mines due to site specific energy requirements for ventilation and
cooling [61,62]. There are also different underground mining methods that might have an influence and
are neglected here. Therefore, underground mining, and especially ventilation and cooling strategies,
are an important field for further research. They could provide a solution to the obvious disadvantages
of open pit mining, such as a change to the landscape [7]. But, under today’s conditions, or if only the
technology of mining, CGF, and metallurgy is optimized, more underground mining will lead to a
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higher effort. However, if there is also a change in the electricity system, more underground mining
could help to reduce the environmental impacts.

Of course, transportation of intermediate products also has a noticeable effect on the results,
especially if the concentrate is transported over long distances. A concentrate has a copper content of
approximately 30%. Therefore, about 70% of the transported material is mainly worthless tailings.
Where the concentrate is produced and where the concentrate is smelted depends mainly on market
contracts. To determine an average value for the different time periods is difficult and rather increases
data uncertainty than adding valuable information. However, more reliable information on the whole
supply chain would be of great interest.

As already discussed within the results, we assumed electricity to be from national grids. However,
many of the biggest mines in Chile, like Escondida, Antamina, Chuquicamata, Radomiro Tomic and Los
Pelambres, which make a big contributions to annual copper production (together about 16% in 2013),
are connected to the national grid [63-66]. By the 1930s big mining regions like Katanga and Bingham
Canyon were supplied by hydroelectric power plants [39,67-69]. The electricity mix of the national
grids of Chile and the US reflects this quite well as hydro power made an important contribution to the
national electricity generation in the 1930s; the rest was from fossil fuels. Hence, the national grid is a
good approximation for the average production, especially as there is no more information available
on a global level. The future scenario with a 100% renewable energy mix for mining and beneficiation,
as well as for hydrometallurgy, is a best case scenario. Of course, not all mines will have a 100%
renewable energy production in the foreseeable future. This scenario reveals the potential reductions
that are possible by introducing renewable energies and, therefore, highlights their importance. A more
conservative estimate regarding electricity supply is also given by maintaining the 2010s electricity
mix. The truth of future electricity supply lies somewhere in the middle.

The data used is mainly data from the literature and subject to some uncertainties. This uncertainty
increases the further you go back in time. Wherever possible, we crosschecked the data used with
other literature sources to ensure that the data represents common technology. However, for the
background system we sometimes had to estimate the CED and GWP of materials for the 1930s based
on other years. As energy contributes most to the CED of total copper production, the influence of
these estimations on the overall result is small.

With regard to the future development of hydrometallurgy, we did not assume major changes
because we could not identify reliable information about its future development. In general,
hydrometallurgy is more energy intensive than pyrometallurgy; only by the use of renewable energy
sources can it become comparable to pyrometallurgy in terms of its CED.

Besides the CED and GWP there are other important environmental problems, such as SO,
emissions, that we have not addressed because of the scope of the current work, which does not mean
that they are less relevant. Before measures are implemented, all possible impacts should be taken
into account.

4.2. By-Products

Further, it must be kept in mind that metal production is often not a one product system, e.g.,
gold, silver, molybdenum, cobalt, nickel, zinc, lead, and sulphuric acid are important by-products of
copper production that have not been taken into account so far.

In life cycle assessment (LCA) there are different ways to deal with by-products, namely system
expansion and allocation based on physical or economic principles [70]. For metal production,
an economic allocation, or a combination of economic and physical allocation, is commonly used.
For sulphuric acid the case is different. In the past, sulphur dioxide was emitted to the air causing
huge environmental pollution. The introduction of new environmental regulations forced the mining
industry to reduce the emission of sulphur dioxide. Therefore, the production of sulfuric acid is driven
by environmental regulations. In such a case system expansion is commonly used.
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To the authors” knowledge, there is no reliable data on the quantity of by-products of copper
production at a global level—neither for the past nor for today. Nevertheless, there is data for the
US which will be used here to give an indication of the influence of by-products. Additionally,
we researched global by-production for the year 2010, which gives a rough approximation (see
Appendix D, Table A7). The allocation factors determined are given in Table 2.

Table 2. Allocation factors and amount of sulphuric acid produced as by-product.

Cu (Economic) Cu (Physical)  Sulphuric Acid (t/t Cu)

1930s
Us Mining & processing 0.94 0.99 _
Metallurgy 0.95 1
1970s
Mining & processing 0.91 0.96
us Metallurgy 0.95 1 05
2010s
Us Mining & processing 0.80 0.97 18
Metallurgy 0.94 1
Mining & processing 0.72 0.86
World Metallurgy 0.76 0.94 22

Regarding physical allocation, almost all burdens are attributed to copper, since the amount
of by-products is relatively small. Using an economic allocation, the influence of the by-products
was higher and the share of the total effort that is allocated to copper decreases with time, with a
remarkable decrease since the 1970s, which was mainly driven by increasing molybdenum and gold
prices. Also, sulphuric acid production, and hence the value given to copper production, has increased.
A comparison of the US and global values in 2010 shows, that the effort allocated to copper is even
smaller on the global level.

However, it would be of great interest to have more accurate data on global by-products to better
understand global supply chains and the influence of actions regarding one metal on others. The global
supply chain might offer more potential for a further reduction in the energetic effort that can only be
assessed if a global overview of all sources and routes would be available and all by-products could
be included.

5. Conclusions

With the holistic process-based modelling approach, we are able to show that the CED and GWP
could be kept at a relatively constant level to date, which is in line with the constant copper price
over the last several decades. This contradicts the assumption that the supply of primary resources
is restricted because of extreme increases in the energetic effort—this has not been the case so far.
The values stated here should be understood as a rough long term trend. It was quite difficult to
make this approximation due to the data available—for the past but also for today. Hence, we want to
emphasise the importance of a good and transparent documentation of the energy consumption and
related data of mining activities to facilitate future research.

Additionally, we can show that there is still potential to lower the energetic effort required for
global copper production. The implementation of these potential improvements is up to the mine
operators and the politicians, who must set the right incentives. This becomes even more important,
as secondary resources are not yet available in sufficient quantities [1] and are also associated with
an energetic and environmental effort [71]; their advantageousness should not be assumed. If we
take the appropriate measures, we will be able to continue this trend of a stable or even declining
CED and GWP, respectively, even if ore grades decline further. The most important action required to
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achieve this is to introduce renewable energies in all process stages [60]. Therefore, mining companies
should have a special focus on their electricity supply. The electricity supply might not always be
in the hands of the mine operators. For example, when the mine is connected to the national grid,
further development depends on the region or country. But if mining companies have the choice they
should use renewable energies. Specific improvements in mining and processing technology are also
of high significance, but in the absence of renewable technologies producing an increasing share of
electricity, it will be challenging to offset a possible lower deposit quality, especially if there is a trend
towards electrification. Electrification is an important issue in underground mining, which might gain
importance as mines get deeper. Further research is needed to determine whether it will be able help
to lower the environmental impacts of mining. Furthermore, we want to emphasize that as copper
demand rises [1,3], total emissions will, of course, increase. Here, we only focus on specific emissions.
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Appendix A Foreground System
Table A1l presents the time-specific parameters included in the model and Table A2 gives the

time-specific material and energy consumption of the individual process steps.

Table Al. Time-specific parameters. OP = open pit; UG = underground; SX = solvent extraction; EW =
electrowinning; CGF = crushing, grinding, and flotation.

Parameter 1930 Source 1970 Source 2010 Source
Srl';lai;e;nOP 50% Estimation based on ~ 90% Estimation 90% (73]
& [37,39,72]1 __ basedon [40,41] -
Share UG 50% 10% 10%
mining
Share o o o
pyrometallurgy 85% [45] 85% [46] 80% [48,51]
Share o o o
hydrometallurgy 15% 15% 20%
Share SX-EW . Estimation basedon __ ~ [46] LO/O 48]
Share direct EW 75% [45] 60% -
Share 25% 40% -
cementation

[11]; corrected

Ore grade = Mill [11]; corrected for

head grade 1.7% recovery rate of 85% 1.3%  for recovery rate 0.7% [11,74]
of 85%
OP1.1 OP  120,21]; aver OP 2.5
Stripping ratio : [68,75] 19 Sl average : [28]
UG n.a. g? [20] UGO0.1
OP 250 m S
Depth UG na. Estimation n.a. OP/UG: 500 m [76]
Recovery rate o o o A
et 90% [67,77] 88% [21] 90% [24,48]
Recovery rate 70% Estimation based on 75% [46] 70% [18,48]
leaching other years
Smelting Reverb [45] Reverb [20,46] Mix, mainly [48,78]

technology Flash




Resources 2020, 9, 44 16 of 31

Table Al. Cont.

Parameter 1930 Source 1970 Source 2010 Source
Recovery rate 98% [79] 98% [46] 979% [48] ; only for
smelting previous steps
Recovery rate 100% Estimation 99% [19] 100% Estimation
refining
Recovery rate o Estimation based on o ) }
cementation 95% 1970 95% [46]
Recovery rate SX - - 90% [48]
Recogrvy rate 100% Estimation 100% Estimation 100% Estimation

1 Share of OP and UG mining in the 30s: In the USA (>50% of world mine production), the share of OP to UG was
about 50:50 [37]; for Chile (second most important copper producer) a ratio of OP to OG of 50:50 was assumed,
based on the production figures of the most important mines Chuquicamata (OP) [72] and El Teniente (UG) [38].
In the Congo, which was the third most important copper producer, OP mining dominated [39].
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Table A2. Time-specific foreground data.

17 of 31

Note: All Data Refer to Metric Tons 2010 1970 1930
Process Step Input Value  Source Remark Value Source Remark Value Source Remark
Reference [19]: Original document probably in long R eference [68]:.Or1g1na1 document assumed to be
. . . . in short tons; Bingham Canyon was already 450 m
Mining tons, no conversion was made, as the associated error d di 1 L. d th
(<2%) is negligible eep, to adjust values to 250 m it is assumed that
30% are depth related
Mining Electricity (kWh/t ore) 1.0 [24,31] Crushing in mine 0.9 [19] 0.9 [68]
L. Electricity (kWh/t ) B B ) Assumed density 2
Stripping overburden) 0.7 [68] t/m3
Calculated; Drilling (2 MJ) + .
Minin Diesel 157  [80,81] Loading (CAT 6090 FS; 7.3 10.8 [19] inf(]::r;:i?:: feite:rlf C}nal -
& (MJ/t ore) ’ ! M]J) + Transport (CAT 795F : source &
OoP AC; 1.3 M]J + 0.5 MJx km)
Stripping ~ Coal (kg/t overburden) - - - - - 1.4 [68] Assum(i;ingensuy 2
. . Powder factor medium,
Mining Explosives (kg/t ore) 0.3 [82] assumed density 2 ¢ Jmd 0.1 [19] 0.1 [68]
- Explosives (kg/t ) ~ B ) Assumed density 2
Stripping overburden) 01 (681 t/m3
Own calculation; Ventilation Total, mining and
.. .. / (20 kWh) + Crushing (1 kWh) ) . . . stripping; mean value
Mining Electricity (kWh/t ore) 25.0 [24,62,83] + Hoisting (0.008 15.0 [20,47] Total, mining and stripping 20.4 [75] from 100 and 200 tons
kWh/m-depth in m) production
Diesel Own calculation; Drilling
Mining ose 172 [80,83-85] (115 MYJ), Hauling + Loading ~ 21.8 [20,47] Total, mining and stripping -
(MJ/t ore)
(5.7 M])
uG .. Nat Gas . s
Mining (Mt ore) - 13.4 [20,47] Total, mining and stripping -
Total, mining and
. . - stripping; mean value
Mining Explosives (kg/t ore) 0.4 [83] 0.7 [20] 0.7 [75] from 100 and 200 tons
production
A Explosives (kg/t ) Estimation B
Stripping overburden) 07 based on [20]
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Table A2. Cont.

18 of 31

Note: All Data Refer to Metric Tons 2010 1970 1930
Process Step Input Value  Source Remark Value Source Remark Value Source Remark
CGF
Crushing Electricit}.ln(kc\l/Vh/ tore I 131 Own calculation; 150,000 to 3.9 [67]
milled) 124 WL 400 um and 400 to 100 um
ici Bonds law); WI 12.7
Grinding Electrmt}‘/l 1(ko\ll\/h/t ore (Bonds law), 83 (67]
milled) 15.0 [19,20]
Flotation Electrlaty (kWh/t ore 40 [24] Incl. regrmfimg and tailings 54 [67]
milled) disposal
. Electricity (kWh/t ore
Dewatering milled) - 0.2 [67]
Water .
Supply + Electrlmt}./ (kWh/t ore . ~ 06 [67]
milled)
Research
3 . ) L Average from two
CFG Water (m°/t ore milled) 0.6 [44] Approximation 2.8 [19] 4.0 [77] mines
Crushing
& Steel (kg/t ore milled) 0.7 [24] 1.0 [20,46] 0.7 [67]
Grinding
Flotation Lime (kg/t ore milled) 1.0 [48] Approximation 1.8 [19,20] 1.9 [67]
Approximation;
. Chemicals (kg/t ore ) Collector:
Flotation milled) 0.1 [48] Xanthate 30 g 0.05 [19,20] 0.1 [67]
Frother: MIBC 100 g
Leaching VAT, EW
Leaching, crushing,
VAT - Own calculation based grinding from 150,000 to Estimation
Leaching Electricity (kWh/t ore) . 68 on [24] 10,000 um (Bonds law); WI 68 based on 1970
12.7
VAT Water Estimation based on
Leaching (m®/t ore) ) 02 other years 03 180l
Concentration of
VAT H,SO, } . . o
Leaching (kg/t ore) 30.0 [46] 123 [86] H,S0, ad]gsted (100%
acid)
EW Electricity (kWh/t Cu) - 2400 [20] Value per t Cu cathode 2430 Estimation Value per t Cu cathode

based on [45]
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Table A2. Cont.

19 of 31

Note: All Data Refer to Metric Tons 2010 1970 1930
Process Step Input Value  Source Remark Value Source Remark Value Source Remark
Leaching heap, For pyrometallurgy values stated below are adjusted according to
cementation or SX-EW copper concentration of input (90%)
Heap - ) Leaching, Own calculation based Leaching, primary and Estimation
Leaching Electricity (kWh/tore) - 3.0 (241 crushing 59 on [24] secondary crushing 59 based on 1970
. . Estimation
HeaP Water (m3/t ore) 0.1 [44] Approximation 0.2 Estimation based on 0.3 based on VAT
Leaching other years .
Leaching
Estimation Double VAT Leaching
Heap Hp50, 13.0 [18] Average 25 [87] Average, ass“me,,d 247  basedonVAT  Lo0) solution from
Leaching (kg/t ore) recovery rate 70% . cementation not
Leaching
recoverable [88]

. - 90% Cu in cement copper Estimation 75% Cu in cement
Cementation Electricity (kWh/t Cu) 5.6 [21] [89] 6.7 based on 1970 copper [86]
Cementation ~ Steel Scrap (t/t Cu) - 1.8 [46] 2.0 [86]

SX Electricity (kWh/t Cu) 1000 [24] - -
SX Steam (kg/t Cu) 0.2 [90] - -
EW Electricity ("Wh/t Cu) 2000  [18,49] Value per t Cu - -
ety ! cathode
Pyrometallurgy
Adjusted:
concentration (32% Cu
Pulv. Coal (MJ/t Cu) - 21,771 [46] 18,833 [91] in conc.) and moisture
of 10%; incl. heat
Smelting recovery
& L
. - . Estimation .
Converting  Electricity (kWh/t Cu) 500 [78] Mix - 300 based on [19] Air blower
Fuel Oil (MJ/t Cu) 4175 [78] Mix - -
Oxygen (kg/t Cu) 909 [78] Mix - -
Silica Flux (kg/t Cu) 350 [78] Mix 1140 [92] n.a Negligible
Limestone (kg/t Cu) 180 [78] Mix 140 [92] n.a Negligible
Scrap (kg/t Cu) 110 [78] Mix -
Fire -
Refining Nat. Gas (MJ/t Cu) - 1884 [46] 2678 [45] Incl. heat recovery
Elect. L - .
Refining Electricity (kWh/t Cu) 400 [24,93] 300 [46] 401 [45] Maximum
Gas Water .
Treatment (m3/t Cu) 05 78] Mix .
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Appendix B Future Developments

As described, for the prognosis we adjusted the 2010s model. Regarding technology we made the

following assumptions:

O O OO0

OP mining: change to conveyor instead of diesel driven trucks

Energy demand conveyor: 0.0025kWh/t-m vertical lift [94]
Total energy demand OP mining:

Electricity: 2.3 kWh/ton ore or overburden
Diesel: 9.3 M]J Diesel/ton ore or overburden
Explosives: 2010 value

UG mining: shift to fully electric vehicles

Energy demand drilling: 70% of corresponding diesel equipment [61]

Energy demand hauling: 0.5 kWh/ton ore or overburden [84]

Energy demand transport: 2010 value (shaft)

Ventilation: regulation of the temperature is the determining factor for ventilation in electrically
operated mines. The temperature rises with increasing depth, and therefore also the required
air flow. The extent to which the air flow rises cannot be clearly determined from literature
sources [57,61]. In the work of Koksis and Hardcastle [57] the air flow increases by 3% per 100 m
with an increase in mine depth from 240 m to 900 m. Halim u. Kerai [61] assume an airflow
increase by 15% per 100 m (from 600 m to 1000 m) plus air cooling. In this work an increase
of 10% per 100 m is assumed. An additional cooling effort is not included in this work as this
is usually the case at a depth that is not reached by copper mines. This leads to the following
function to determine the electricity needed for ventilation:

Eventitation = 20-x -+ 0.000005-d2 + 0.0022-d + 0.0904 (6)

where x = reduction potential in ventilation power (till 500 m depth) by the use of electric vehicles
(compared to conventional mining); here 0.27 based on a 35% reduction of the required air flow [57];
Pgiesel = k X Q%; Pejectr- = k % 0.65 x Q3 with k = 0.2; d = additional depth increase in m starting at a
depth of 500 m (500 + d)

O

Total energy demand UG mining:

Electricity: 19.4 kWh/t ore or overburden
Explosives: 2010 value

Beneficiation: 20% reduction of grinding energy [58]
Metallurgy (Smelting and Converting): switch to Outokumpu [78] and switch to natural gas and
20% reduction of electricity consumption [59]

Total material flows smelting:

Nat. Gas: 2707 MJ/t Cu

Electricity: 400 kWh/t Cu

Oxygen: 1170 kg/t Cu

Silica Flux: 309 kg/t Cu

Limestone: 146 kg/t Cu

Scrap: 112 kg/t Cu

Water: 570 kg/t Cu (for Gas treatment)
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Appendix C Background System

Tables A3 and A4 give the time-specific CED and GWP of the materials used in the foreground
system. Tables A5 and A6 present the efficiencies and country mix used for the assessment of
electricity generation.

Table A3. Time-specific CED background data.
CED 1930 1970 2010
Material Value Source Remark Value Source Remark  Value Source Remark
Highest Calcouvl\;r’clion
Explosive 499 [21] literature 355 [19] 97 based on 95% fuel oil,
(MJ-eq/kg) ’ value for 1970 : : R 5% nitric acid
as approx ecoinvent
’ datasets
ecoinvent
Steel v3.3, market  According to
(MJ-eq/kg) 63.0 [95] 1950 value 40.0 [95] 22 for steel, [95]: 18
Ve unalloyed MJ-eq/kg
(GLO)
Own
calculation
Steel scrap based on
(MJ-eq/kg) 312 development 198 (211 )
of CED of
steel
ecoinvent
Co v3.3, market
pper for copper
scrap ) ) 06 scrap, sli())l:r)ted
(MJ-eq/kg) pressed
(GLO)
ecoinvent ecoinvent
v3.3 diesel, v3.3, diesel,
Diesel 15 burned in 2010 15 burned in
(MJ-eq/MJ) ’ building value ’ building
machine machine
(GLO) (GLO)
ecoinvent
v3.3,
. limestone
IZ;H?S;T(“‘;) - - 0.04 production,
U*e crushed,
washed
(RoW)
ecoinvent
v3.3, market
Lime 48 [19] 1970 value as 48 [19] 71 for quicklime,
(MJ-eq/kg) ' Appendix 15  approximation ' Appendix 15 ' milled,
packed
(GLO)
Mixture of
. 23% frother
gf[‘]e_ml/cflj 19.8 [19] 1970 Véluet?s 19.8 [19] 663 IO‘INT. (MIBC) and
eq/kg approximation calculation 77% collector
(Xanthate)
Collector Own
Xanthate - - 54.1 calculation
(MJ-eq/kg) based on [96]
Frother
MIBC - 107 [97]
(MJ-eq/kg)
Based on Electricity
ecoinvent consumption
Oxygen ) B 34 v3.3, air in dataset
(MJ-eq/kg) ’ separation, adjusted
cryogenic according to
(RER) [98]
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Table A3. Cont.
CED 1930 1970 2010
Material Value Source Remark Value Source Remark  Value Source Remark
i t
. Production ecomven
Silica 0.4 [21,99] + 06 v3.§, market
(MJ-eq/kg) crushin for silica sand
& (GLO)
Water, Own. Only fc.)r
: calculation production
desalinated - - 38.0 .
(MJ-eq/m?)! based on share of Chile
[44,54] (36%)
Sulfuric Calculation Main Vgc?? 12;?112 ¢
acid 8.7 based on contribution 7.6 [100] 6.7 fO’I‘ ;ulfuric
(MJ-eq/kg) 1970 t0 2010 from sulphur acid (GLO)
ecoinvent
v3.3, market
Steam ) B 28 for stgam,
(MJ-eq/kg) chemical
industry
(GLO)
ecoinvent
Nat. Gas Estimation Estimation V3.félinafré<ft Assumed
(M]—e; M) 11 based on Average 1.1 based on Average 1.1 nga turfl s heating value:
9 [101] [101] ) 83 114 kWh/m3
high pressure
(GLO)
ecoinvent
Fuel Oil B 56.4 v3.3, market
(MJ-eq/kg) for heavy fuel
oil (RoW)
(Mfe";/lw) 1.0 [102] 1.0 [102] -
Electricity . . .
Mining 14.4 Calculation, 70 Calculation, 70 Calculation,
’ see2.2.2 ’ see 2.2.2 ’ see 2.2.2
(MJ-eq/kWh)
Electricity . . .
Smelting 14.4 Calculation, 70 Calculation, 8.4 Calculation,
(MJ-eq/kWh) see2.2.2 see2.2.2 see 2.2.2
Electricity . . .
Refining 144 Calculation, 8.0 Calculation, 8.4 Calculation,
’ see2.2.2 ’ see 2.2.2 ’ see 2.2.2
(MJ-eq/kWh)

1 CED for water in prognosis is 72 M]—eq/m3 (only techn. improvement) and 29 M]—eq/m3 (for techn. improvement +
renew, when the future electricity mix of Chile is assumed). The calculation is based on the developments stated in

reference [44].

Table A4. Time-specific GWP background data.

GWP 1930 1970 2010
Material Value Source Remark Value Source Remark  Value Source Remark
Explosive Estimation Estimation
(k EO /kg) 6.4 based on 4.6 based on 29 Calculation
8-0/%e CED CED
ecoinvent
Steel (k. v3.3, market
COy/k: % 49 [91 1950 value 338 [95] 2.0 for steel,
e unalloyed
(GLO)
Estimation Estimation
Steel Scra based on based on
(ks COJny 17 CEDsteel 13 CEDsteel - ;
85258 and steel and steel
scrap scrap
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Table A4. Cont.
GWP 1930 1970 2010
Material Value Source Remark Value Source Remark  Value Source Remark
ecoinvent
Copper v3.3, market
Pp for copper
Scrap (kg - - 0.03
COy/kg) scrap, sorted,
258 pressed
(GLO)
ecoinvent ecoinvent
v3.3 diesel, 2010 v3.3 diesel,
Diesel (kg } 01 burned in value 01 burned in
CO,/MJ) ’ building ’ building
. assumed R
machine machine
(GLO) (GLO)
ecoinvent
v3.3,
. limestone
Lime(stone) 3 .
- - 3x10 production,
(kg CO/kg) crushed,
washed
(RoW)
ecoinvent
Li (k Estimation Estimation fV3'3’ mlifk et
me (Xg 0.8 based on 1970 value 0.8 based on 1.2 OF quickiime,
COy/kg) CED CED milled,
packed
(GLO)
Chemicals Estimation Estimation
(kg COp/kg) 0.26 based on 1970 value 0.26 based on 0.87 Calculation
§-12/ke CED CED
Xanthate B 16 Calculation
(kg COy/kg) ’ based on [96]
Frother (kg
CO,/kg) - - 32 [97]
Based on ..
ecoinvent Elect-r1c1t.y
Oxygen (kg } } _02 v3.3, air cozz;ﬁr;‘f)egon
CO/kg) Scerr;a:)l;g?i? according to
(RER) 98]
_— Estimation ccoimvent
Lica g - 0.03 based on 005 Yoo marke
COy/kg) CED for silica sand
(GLO)
. . . . ecoinvent
Water, tap 17 % Estimation 17 % Estimation 5.7 % v3.3, market
(kg 10-4 based on 10-4 based on 10-4 group for tap
1
COy/kg) 1970 CED water (GLO)
Water, own
desalinated - - 2.5 calculation
(t COp/m3)! based on [44]
Sulfuric Estimation Estimation ecoinvent v
; 3.3 market for
acid (kg 0.20 based on 0.18 based on 0.16 sulfuric acid
COy/kg) CED CED (GLO)
ecoinvent
v3.3, market
Steam (kg } B 02 for steam,
COy/kg) ’ chemical
industry
(GLO)
ecoinvent
Nat. Gas Standard Standard VS.E,lrlnafrl;et Production +
(kg 0.06 [32] emission 0.06 [32] emission  0.06 group o oducto
CO,M)) factor factor natural gas, combustion
2 high pressure

(GLO), [32]




Resources 2020, 9, 44 24 of 31

Table A4. Cont.

GWP 1930 1970 2010
Material Value Source Remark Value Source Remark  Value Source Remark
ecoinvent
Fuel Oil (kg v3:3, market Production +
COuM)) - - 0.09 for heavy busti
), fuel oil combustion
(RoW), [32]
Coal (k Standard Standard
co /M% 0.1 [32] emission 0.1 [32] emission -
2 factor factor
El.e(?tr1c1ty Calculation, Calculation, Calculation,
Mining (kg 12 see2.2.2 05 see 2.2.2 05 see 2.2.2
CO,/kWh) - - -
Electricity
Smelting 12 Calculation, 05 Calculation, 06 Calculation,
(kg ’ see2.2.2 ’ see 2.2.2 ' see 2.2.2
CO,/kWh)
Electricity
Refining 12 Calculation, 06 Calculation, 06 Calculation,
(kg ’ see2.2.2 ' see2.2.2 ' see 2.2.2
CO,/kWh)

I GWP for water in prognosis is 0.005 CO,-eq/m? (only techn. improvement) and 0.0004 CO,-eq /m? (for techn.
improvement + renew, when the future electricity mix of Chile is assumed). The calculation is based on the
developments stated in reference [44].

Table A5. Efficiency of electricity generation.

Energy Carrier Efficiency!  Source
Hydro 90% [103]
Coal 33% [104]
Natural Gas 42% [104]
Oil/Petr. 31% [104]
Nuclear 33% [104]
Others (Renewables) 94% [103]

11970s: the efficiency of power plants using natural gas is assumed to be 32% [105]; 1930s: the efficiency of power
generation other than hydro is assumed to be 17% [106].

Production shares are taken from United States Geological Survey and Bureau of Mines [107].

For the prognosis we assumed 100% renewable energy for the mining and beneficiation stage as
well as for hydrometallurgy. The assumed efficiency is 94% (see Table A5) with a GWP of 1.6 x 107>
(GWP based on electricity production, wind, 1-3 MW turbine, onshore (RoW)).

When compared to other data sources that state emissions of electricity production for the year
2010 the here determined GWP is in the same range. The CED on the other hand is on the lower
bound. This might be due to the assumed generation mix. We made no detailed differentiation of
technologies used in different countries and also assumed a standard technology for each energy
carrier. Nevertheless, the aim of this work was to compare different time spans, therefore a consistent
methodology was necessary.
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Table A6. Time-specific country mix for electricity generation.

1930s 1970s 2010s
Mining
USA 74% USA 30% Chile 40%
Chile 26% Chile 13% Peru 9%
Zambia 13% China 9%
Canada 12% USA 8%
USSR 11% Indonesia 6%
Congo 7%  Australia 6%
Peru 4% Russia 5%
South Africa 3%  Zambia 5%
Australia 3% Canada 4%
Philippines 3%  Poland 3%
Congo 3%
Smelting
USA 78% USA 27%  China 23%
Chile 22% Japan 13%  Chile 13%
Zambia 12%  Japan 12%
Chile 12% India 5%
ZSSR 10% USA 5%
Canada 9%  Russia 5%
o North o
Congo 7% Korea 5%
Peru 3%  Zambia 4%
South Africa 2%  Poland 4%
Yugoslavia 2%  Australia 3%
China 2% Germany 3%
Kazakhstan 3%
Canada 3%
Peru 3%
Iran 2%
Indonesia 2%
Bulgaria 2%
Spain 2%
Refining
n.a. same  [gA 25%  Chile 23%
shares' a5 Japan 13%  China 21%
smelting ;g5 10% Japan 9%
assumed 7o hia 9%  USA 7%
Canada 8%  Russia 5%
Chile 8% India 5%
‘C/;v‘;l:t“a“y' 7%  Zambia 4%
. o South o
Belgium 6% Korea 3%
Zaire 4%  Poland 3%
Australia 2%  Australia 3%
Spain 2%  Peru 3%
China 2% Germany 2%
Poland 2% Kazakhstan 2%

Yugoslavia 2%  Canada 2%
Indonesia 2%
Mexico 2%
Spain 2%
Congo 2%
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Appendix D Allocation

As there is little data available on global co-production, especially for the past, stated allocation
factors for the 1930s, 1970s and 2010s are based on the average US production. Regarding global
production, an estimation of current production is provided. An overview of the researched production
volumes is given in Table A7.

Prices were taken from [108]. Both production volumes as well as prices are averages (1930s:
1925-1935; 1970s: 1965-1975; 2010s: 2005-2015).

Table A7. Annual production volumes of copper and its by-products.

By-Products

Producti Copper (Kt) .
US Production PP Gold (t)  Silver(t) Molybdenum (t) Zinc (V) Lead (1)  Nickel (1) Su.lfurlc
Acid (Kt)

1930 793 8 320 0 1202 2748 300 0

1970 1478 18 703 14 41,584 11,212 1594 747

2010 1106 12 162 33 6055 0 0 2033

By-Products

World Producti Copper (Kt) N
orid troduction PP Gold® Silver(t) Molybdenum (t) Cobalt () Zink (Kt) Lead (® Nickel (8 ::‘11;‘:;(‘:)
2010 15,927 263 4615 139,447 55,785 1437 26335 993182 35040

U.S.: Production data for the 1930s is taken from reference [37], except for Ni which is from
reference [107]. Reference [107] is also the main source for the 1970s and 2010s. Where no by-product
data was stated, assumptions on the share of total production have been made based on other years.
In the 1970s we assumed that 30% of molybdenum production [109] was from copper ores. For the
2010s we assumed that approximately 56% of annual Mo production [110,111], 5% of annual Au
production [112]; 15% of annual Ag production [113] and 5% (based on 1970s) of annual Zn production
are a by-product of copper mining.

Global: Production is also taken from reference [107]. Where no by-product data was stated,
assumptions on the share of total production have been made based on other years or were taken from
reference [114].
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