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Abstract: The copper demand and production in China are the largest in the world. In order to
obtain the trends of the energy consumption and GHG emissions of copper production in China over
a number of years, this paper uses a life cycle analysis method to calculate the above two indexes,
in the years between 2004 and 2017. The life cycle energy consumption ranged between 101.78
and 31.72 GJ/t copper and the GHG emissions varied between 9.96 and 3.09 t CO, eq/t copper
due to the improvements in mining and smelting technologies. This study also analyses the in-
fluence of electricity sources, auxiliary materials consumption, and copper ore grade on the life
cycle performance. Using wind or nuclear electricity instead of mixed electricity can reduce energy
consumption by 63.67-76.27% or 64.23-76.94%, and GHG emissions by 64.42-77.84% or 65.08-78.63%,
respectively. The GHG emissions and energy consumption of underground mining are approxi-
mately 2.97-7.03 times that of strip mining, while the influence of auxiliary materials on the above
two indexes is less than 3.88%.

Keywords: refined copper; life cycle assessment; energy consumption; GHG emissions; time-series

1. Introduction

One of the most essential metals in contemporary society is copper. It is widely used
in the fields of infrastructure, power, and information technology [1,2]. Copper is a crucial
material for the future development of low-carbon technologies, including electric vehicles,
wind generation, and solar photovoltaics generation [3,4], and the demand for copper
is expected to increase by 275-300%, across the world, by 2050 [5]. However, copper
production is an energy-intensive process that requires a lot of fossil fuels and electricity,
which leads to a large amount of greenhouse gas (GHG) emissions [6,7]. China is the
world’s largest demand for refined copper, which made up 49% of global consumption
in 2019 [8]. Systematically assessing the environmental influence of copper production in
China is significant for responding to the national carbon neutrality policy and provide
data support to guide the future development of the copper industry.

Life cycle assessment (LCA) is not only an effective tool to assess the potential envi-
ronmental impact of products and materials, but also a tool to provide decision support
for the sustainable development of the ecological environment [9,10]. Based on the LCA
method, many scholars have analyzed the impact of the metal production process on the
environment. Westfall et al. evaluated the cradle-to-gate life cycle of global manganese
alloy production to provide a decision basis for improving the environmental and economic
performance of manganese alloys [11]. Qi et al. and Genderen et al., studied the LCA
performance of zinc production processes in China and globally, intending to provide more
accurate environmental impact data for zinc industry development to identify potential
improvement methods [12,13]. Tongpool et al. and Olmez et al. conducted the LCA of the
steel industry in Thailand and Turkey, showing that the most significant contributor to the
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environmental category is the consumption of resources [14,15]. Norgate et al. studied the
global warming potential (GWP) of the Australian copper production process through the
LCA methodology [16]. In the background of the global temperature rise limited to 1.5 °C,
Watari et al. explored a series of alternative solutions for global copper production, based
on the LCA method, to reduce GHG emissions from the copper industry [17]. Sanjuan-
Delmas et al. used the environmental impact of copper production in Europe using two
different LCA software [18]. Moreno-Leiva et al. analyzed the impact of solar power on
the GWP of copper production in Chile [19]. Adrianto et al. and Reid et al. considered the
environmental impacts of copper production tailings in different treatment schemes and
different regions [20,21].

There are several environmental studies on copper production in China. Wang et al.
analyzed an environmental load of copper production by pyrometallurgy technology
in China [22]. Hong et al. and Chen et al. mainly assessed the environmental impact
of primary and secondary copper production in China, respectively [23,24]. Song et al.
compared the impact of two different smelting technologies on environmental results
and showed that the LCA results were slightly different in the smelting copper using the
flash and bath processes [25]. The time factor has a significant impact on the validity and
accuracy of life cycle results [26,27]. However, the above research only calculated the life
cycle data of copper production for one or several years. The LCA inventory is often
carried out by collecting time difference data at each time step for dynamic LCA to address
this issue [28]. Quinteiro et al. analyzed the impact of ceramic process changes over the
10-year period on the environment from a time perspective [29]. Memary et al. used the
time-series LCA method to analyze the impact of time and space factors on copper mining
and smelting in Australia [30]. Dong et al. primarily analyzed the environmental impact
of changes in energy structure under present scenarios, in the years of 2010 and 2015 and
further scenarios in the years of 2020-2050, on copper production in China [31].

In addition to the time factor, there are also many factors affecting energy consumption
and pollution emissions of copper production processes, such as process route, ore grade,
mine age, etc. [32]. However, few studies have been conducted on the past trend of energy
consumption and GHG emissions in copper production processes and the influence of
main key factors on the LCA performance. This study aims to evaluate the national
average GHG emissions and primary energy demand of copper production in terms of 1 t
product from different routes, in the years between 2004 to 2017 in China, and analyze the
effect of electricity source, auxiliary material consumption, and copper ore grade on the
two LCA indicators.

2. Methodology
2.1. System Boundary and Functional Unit

The time-series LCA method is an analytical method based on the LCA guidelines that
evaluates the environmental impact of a product in the stages of raw material acquisition,
production, use, and abandonment with time as a variable [30]. The main goal of this paper
is to estimate the changing trend of environmental impact, from cradle to gate, for copper
production using the time-series LCA method in China and over time, from 2004-2017.
The system boundary of the copper production is shown in Figure 1, which includes
two parts of energy production and copper production. The copper production includes
mining and beneficiation, transportation, and smelting. Copper mining mainly includes
underground and strip mining, while copper smelting mainly includes pyrometallurgical
and hydrometallurgical technologies [33]. The three stages of copper production require
energy input, while the energy production process also requires energy input and emits
GHG. The energy consumption of the above stages in this article used the average value
in China. Energy production consists of the extraction and processing of primary energy
and the production of secondary energy. Energy used in copper production includes coal,
coke, natural gas, petrol, diesel, fuel o0il, and electricity. In the trend study, we did not
consider auxiliary materials consumption when defining the system boundary of copper
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production due to the lack of annual auxiliary materials consumption. The influence of
auxiliary materials is analyzed in the results and discussion section of this paper. In order
to compare the environmental indicators of different years, the functional unit is defined as
1 t refined copper.
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Figure 1. Life cycle boundary of the copper production.

2.2. Energy Consumption Calculation

The collection and integration of data during LCA greatly affects the life cycle results.
The transport distance of the copper concentrate to the smelter adopts the average value of
metal ore transportation of each year in China through the transportation tool of railway;,
while we ignore the distance of the mine to the concentrator as they are generally close.
In this study, GWP is used to evaluate its GHG emissions and abiotic depletion potential
(ADP) fossil is used to assess its primary energy consumption.

The raw ore consumption in j (2004-2017) year (ROC;) for producing 1 t refined
copper is calculated by Equation (1), while those of the underground and strip mining
for producing 1 t copper are calculated by Equations (2) and (3), respectively. The copper
concentrate consumption of the smelting in j year (CCCy,) for producing 1 t copper is
calculated by Equation (4). The comprehensive energy consumption in j year (CEC;) of
producing 1 t refined copper with the unit of kg ce including the CEC of mining and
beneficiation (CEC,;,j) and smelting (CECgy, j) processes is calculated by Equation (5), in
which the CEC,;;,j can be calculated by Equation (6). In the latter two equations, those with
the subscripts of u, s, b, sm represent the CEC of 1 t copper raw ore in the underground and
strip mining, 1 t copper concentrate in the beneficiation, and 1 t copper in the smelting. The
CEC and actual recovery rate of the copper production between 2004 and 2017 are obtained
from the China Nonferrous Metals Industry Yearbook [34], as shown in Table 1.

ROC]' = 1/(0(]",3]"8]') (1)

ROC,,; = ROC;-¢; )
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ROCS/]' = ROC] (1 - (p]) (3)

CCCy; =1/(Bj)) )

CECj = CECmb,]' + CECS,M- (5)

CECyp,j = CECy, j-ROC,, j+ CEC;j-ROCs j + CECy, ;-CCCy (6)

where a;, B;, €, ¢j, and vy; represent the recovery rate of beneficiation, recovery rate of
smelting, copper raw ore grade, ratio of underground mining, and copper concentrate
grade, respectively.

Table 1. Energy consumption and recovery rate of copper production from 2004 to 2017 [34].

Year CEC,j (kgce)  CECs; (kg ce) CECy,j (kg ce) CECqyy j (kg ce) a;j (%) Bj (%)

2004 10.31 0.77 11.23 1056.23 87.94 96.48
2005 7.35 0.74 10.62 733.07 87.50 95.91
2006 6.11 0.57 5.37 594.75 87.55 96.26
2007 3.09 0.48 3.60 485.80 87.57 96.87
2008 2.77 0.47 4.03 44427 86.85 97.20
2009 271 0.45 3.92 404.13 86.98 97.36
2010 2.77 0.41 3.53 398.81 85.52 97.36
2011 3.20 0.41 3.67 407.04 84.75 97.32
2012 N/A N/A N/A N/A N/A N/A
2013 2.87 0.43 3.37 364.46 84.99 98.05
2014 2.87 0.48 3.46 290.59 85.23 98.14
2015 2.79 0.51 3.29 297.65 85.19 98.34
2016 2.72 0.51 3.38 269.43 85.21 98.22
2017 2.73 0.52 3.37 299.09 86.39 98.39

Figure 2 shows the CEC of copper production between 2004 and 2017. The CEC of the
copper production ranged between 1.98 and 0.59 t ce/t copper, which showed a downward
trend as a whole. The CEC of the smelting process during 20042010 (with the exception
of 2006) is greater than that of the mining and beneficiation process, but the CEC of the
mining and beneficiation process between 2011 and 2017 (with the exception of 2013) is
larger with the development of smelting technology. In general, the contributions of mining
and beneficiation and smelting processes to the CEC are in the range of 42.19-54.48% and
45.52-57.81%, respectively.
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Figure 2. The CEC of copper production during 2004-2017.

In order to calculate the ADP, we estimate the consumption of coal, coke, petrol,
diesel, fuel oil, natural gas, and electricity according to their distribution ratios in the
total energy consumption of the mining and beneficiation (TEC,,;,) and smelting (TECsy;).
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Their distribution ratios are defined as DR,,;;, and DRy, as calculated in Equations (7)—(8).
The consumption of the seven kinds of energy in the mining and beneficiation (EC,,;,)
and smelting (ECs;;;) can be calculated by Equations (9) and (10). It is worth noting that
the copper industry only provides TEC data between 2010 and 2017 [34]. Therefore, we
estimate the energy distribution ratio between 2004 and 2009, using the average value of
2010 to 2017. The ADP fossil of copper production can be obtained by substituting the
seven types of energy consumption in the two stages, the mass of copper concentrate, and
transportation distance (TD) into Equation (11).

bR TECwm, ij:CC )
" YT (TECyu5-CCi)
bR TEConi;CC; .
T YT (TECsy,-CCy)
CECppj DRy i
ECup, ij = = (]ZC- o )
1
CEC.,, i-DR.,,, ; :
ECyy, ij = % (10)
1

7 7
ADP; = )  EC,y,;j-ADPF;+ )  ECgy ;- ADPF; + CCCy, ;- TD;- ADPF (11)
i=1 i=1

where i, mb, and sm represents the seven kinds of energy, mining and beneficiation, and
smelting; CC; represents the conversion coefficient of i energy into standard coal obtained
from the China Energy Statistics Yearbook [35]; ADPF; represents the ADP factor of i energy;
ADPF,; represents the ADP factor of railway transportation obtained from eBalance; the
ADPF; are mainly derived from GaBi (except for coke) and the ADPF of the coke is obtained
from Ref. [36].

2.3. GHG Emissions Calculation

Various emissions from the use of fossil energy are the main source of environmental
pollution in the studied process. The GHG emissions of energy consumption in the copper
production process include two parts of fuel production and combustion, which are related
to the indirect and direct emissions [37]. The GWP is mainly calculated by the sum of the
products of emissions quality (EQ) of CO,, CHy, and N>O emissions and their weights
according to Ref. [38], as shown in Equation (12).

As for the GWP of 1 t copper, in this paper, it is calculated from the GHG emissions
of mining and beneficiation, smelting, and transportation, as shown in Equation (13).
The GWP of the first two stages are obtained by the product of seven kinds of energy
consumption and corresponding GWP factor (GWPF;), while that of the transportation stage
is obtained by the product of transportation distance, quality of transported concentrate,
and GWPF of railway transportation (GWPF) obtained from eBalance. The GWPF of coal,
natural gas, fuel o0il, and electricity are obtained from GaBi, petrol, and diesel from GaBi
and IPCC, and coke from Ref. [36] and IPCC.

GWP = EQco, +25-EQcH, + 298-EQn,0 (12)

7 7
GWP; = Z(Ecmbli,fcwpﬁ,j) + Y (ECynij-GWPE;j) + CCCy; x TD;-GWPE;  (13)
i i=1

i=1

3. Results and Discussion
3.1. Life Cycle Inventory Results

Figure 3 presents the GWP and ADP fossil trend of the copper production process
in China during the period of 2004-2017. The two indicators show a downward trend,
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as a whole, and declined rapidly between 2004 and 2007 due to the energy efficiency
of the smelting process being improved considerably between 1995 and 2007 [31]. The
two indicators are relatively stable and have minor fluctuations between 2013 and 2017.
The main reason for the slightly higher LCA results in 2011 is that the energy consumption
of underground mining and smelting increased from 2.77 kg ce/t raw ore and 398.81 kg
ce/t copper in 2010 to 3.20 kg ce/t raw ore and 407.04 kg ce/t copper in 2011, respectively.
The energy consumption of underground mining depends on the characteristics of the
mine, the mining depth, and the mining technology [39]. The ore grades obtained from
underground mining are 0.78% in 2010 and 0.76% in 2011, and the actual recovery rate of
mineral processing in 2011 is less than that in 2010, which means that the raw ore needed
for copper production in 2011 is 9.14 t more than that in 2010.
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Figure 3. The variation trends of the ADP fossil and GWP from 2004 to 2017.

Between 2004 and 2017, the ADP fossil ranged between 101.78 and 31.72 GJ /t copper
and the GWP varied between 9.96 and 3.09 t CO; eq/t copper. The contribution of the
mining and beneficiation process to the ADP fossil and GWP exhibits an increasing trend
in general, which individually varied between 44.87% and 55.89%, and 44.91% and 56.17%.
Whereas the contribution of the smelting process to the ADP fossil and GWP generally
exhibit decreasing trends, which range between 54.13% and 43.12%, and 54.29% and 43.02%.
In addition, the contributions of the transportation stage to the ADP fossil and GWP are less
than 1.14%. The development of mining and smelting technology is critical for reducing
the environmental impact of the copper production process.

The data of seven kinds of energy consumption were obtained from the statistical
yearbook. We evaluated the quality of the data based on the Data Quality Indicator
method to identify the range of values for seven different types of energy consumption,
and randomly calculated 10,000 groups of data using Monte-Carlo simulation to analyze
the uncertainty of the LCA results of copper production [40,41]. The results show that the
range of the ADP fossil and GWP in 2004-2017 is approximately 0.91-1.09 times the real
value. The analysis below is based on the actual data from the yearbook as it is close to the
average value of the 10,000 simulation results.

The contributions of different energy consumption to the ADP fossil and GWP between
2004 and 2017 can be derived from Figure 4. The LCA results of the copper production
in these years are most influenced by electricity consumption, followed by coal and coke.
The contributions of electricity to the ADP fossil and GWP ranged between 74.21 and
23.83 GJ /t copper and 7.36 to 2.36 t CO; eq/t copper, while those of coal are in the range
of 3.32-12.35 GJ /t copper and 0.33-1.24 t CO, eq/t copper, and those of coke are within
the 1.15-5.87 GJ/t copper and 0.14-0.71 t CO; eq/t copper. The influence of the other
four energy sources, which include gasoline, diesel, fuel oil, and natural gas, on LCA
results is less than 10.02%. In addition, their contributions to the ADP fossil and GWP are
2.44-8.99 GJ/t copper and 0.17-0.63 t CO, eq/t copper.
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Figure 4. Contribution of different energy consumption to the ADP fossil and GWP from 2004 to 2017.

The life cycle energy consumption and GHG emissions of copper production in China
from other studies are used for comparison with this work. As can be seen from Table 2,
the life cycle results obtained by the same research objects also have certain differences.
The ADP fossil and GWP of our study are in the range of 45.30-101.78 GJ/t copper and
4.43-9.96 t CO, eq/t copper between 2004 and 2007 due to the limited mining and smelting
technology at that time. The ADP fossil ranged between 39.45 and 31.72 GJ /t copper and
GWP ranged between 3.86 and 3.09 t CO, eq/t between 2008 and 2017, which are within the
data range of references listed in Table 2. The reasons for these differences in environmental
indicators may be methodological choice, software choice, or data uncertainty.

Table 2. LCA results of copper production in different literatures.

Energy Consumption GHG Emissions .
Software/Method (GJ/t Copper) (£ CO, eq/t Copper) Research Object Reference

. — 6.00 Pyrometallurgy a

Gabi — 4.90 Hydrometallurgy [19]
. 33.00 3.30 Pyrometallurgy 161b

64.00 6.20 Hydrometallurgy 1ol
CML — 2.50-8.50 — [301°
— 69.00 4.50 Global average in 2010 [42] €
. 34.15 3.42 Pyrometallurgy d

GaBi 7.33 3.16 Secondary copper production [24]
. — 2.09 Flash smelting d

GaBi — 2.20 Bath smelting (25]
85.80 5.88 Pyrometallurgy in 2015 d

CMLCA 98.70 737 Hydrometallurgy in 2015 [31]
GaBi 36.90 4.28 Pyrometallurgy [4314

GaBi 31.72-101.78 3.09-9.96 Chinese average in 20042017 Our research

The superscripts a, b, ¢, and d indicate that the LCA data of the copper production process was obtained from
Chile, Australia, Globe, and China, respectively.

Coal-fired power accounts for 73.23% of the total power generation in China [44],
which produces a lot of GHG emissions. In addition, the copper industry consumes a
large amount of electricity. Therefore, electricity consumption is the main source of GHG
emissions in copper production. With the optimization of the electricity supply structure,
the proportion of non-fossil energy electricity generation has increased year by year [45].
The impact of using wind or nuclear electricity, instead of the current mixed electricity,
on the energy consumption and GHG emissions throughout the life cycle of the copper
production depend on the proportion of electricity in the total energy consumption, as
shown in Figure 5. If the mixed electricity is entirely replaced by wind electricity between
2004 and 2017, the ADP fossil and GWP can be reduced by 63.67-76.27% and 64.42-77.84%.
When mixed electricity is completely replaced by nuclear electricity, the ADP fossil and
GWP can be reduced by 64.23-76.94% and 65.08-78.63%. The reduction proportions of
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energy consumption and GHG emissions by using nuclear electricity are slightly higher
than that of using wind electricity.
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Figure 5. The impact of different electricity sources on the ADP fossil and GWP from 2004 to 2017.

3.2. Influence of Auxiliary Material Consumption

This section considers the environmental impact caused by auxiliary materials con-
sumption in the copper production. Detonators, explosive, and beneficiation reagents
are negligible, according to Ref. [25], but limestone, sulfuric acid, and oxygen are con-
sidered due to their high consumption. We calculate the average value of the auxiliary
materials required for the production of refined copper by multiplying the proportion of
pyrometallurgy and hydrometallurgy by their respective consumption of the auxiliary
materials [46]. The energy consumption and GHG emissions during the production of
auxiliary materials come from eBalance. As shown in Figure 6a, the ADP fossil increased
from 33.29 to 34.63 GJ/t copper and GWP increased from 3.25 to 3.35 t CO, eq/t copper
in 2015 considering the consumption of auxiliary materials. As shown in Figure 6b, the
impact of auxiliary materials on the GWP of the copper production accounted for 3.07%, of
which oxygen, sulfuric acid, and limestone accounted for 70.51%, 24.55%, and 4.94% of the
impact of auxiliary materials. The contribution of auxiliary material consumption to ADP
fossil is 3.89%. Among them, the contributions of oxygen, sulfuric acid, and limestone are
72.04%, 23.12%, and 4.85%, respectively.

60 140
3 % - = 777/} Limestone % Oxygen
= 7% Original = 1204 o, 4%y
?40- | Including auxiliary material 'g W Swifuric acid
201 . £ 80 /
L 7\ , = T
5 7 N T E 60
g 4- s Y
g 5
= o 40"
* 5 g 20
o 5 A
S \ | 3
-0 » =3 a~ 0
GWP ADP fossil GWP ADP fossil

(a) (b)

Figure 6. The influence of auxiliary material consumption on environmental indicators (a) and the
contribution of limestone, oxygen, and sulfuric acid to the life cycle results of auxiliary material
consumption (b).

3.3. Influence of Copper Ore Grade

The ore grade is a vital factor that affects the environmental performance of copper
production. Dong [31] et al. established a relationship model between ore grade and energy
consumption, indicating that energy use increases when the ore grade decreases. With
the increase in mining years, the resources of copper mines will decline. The demand for
resources will be met by increasing the depth of mining and expanding the scope of mining.
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The copper ore proportion of underground mining, as shown in Figure 7, first increases
and then decreases between 2004 and 2011, and shows a continuously rising trend after
2013. Figure 8 shows the change in copper ore grade in China between 2004 and 2017.
Although the ore grade from underground mining shows a downward trend between 2004
and 2017 as a whole, the grade is still much higher than that from strip mining. However,
underground mining requires more energy consumption.
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Figure 7. Proportion of copper ore underground mining from 2004 to 2017.
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Figure 8. Copper ore grade varying from 2004 to 2017.

In this section, we compare the environmental assessment of the copper mining in two
scenarios, including strip mining and underground mining, in comparison with the average
results of China. As shown in Figure 9, the environmental indicators of the ore obtained
from strip mining are lower than the national average, while those from underground
mining are higher than the national average. The ADP fossil and GWP between 2004
and 2007 showed a downward trend, while those between 2007 and 2017 fluctuated up
and down due to the change in ore grade. The ADP fossil of the above two scenarios is
within the range of 5.01-9.53 GJ/t copper and 21.57-67.01 GJ/t copper, and their GWP
ranged between 0.49 and 0.93 t CO; eq/t copper and 2.11-6.56 t CO, eq/t copper. The two
environmental indicators of underground mining are 1.14-1.64 times the national average
and 2.97-7.03 times the strip mining. Although underground mining brings advantages in
ore grade, it will also cause more energy consumption. The ore obtained from underground
mining to produce 1 t copper requires 0.40-1.23 t ce of comprehensive energy, while the
CEC of strip mining is only 0.09-0.17 t ce/t copper in the mining process. The raw ore
required to produce 1 t copper in strip mining is approximately 1.46-1.90 times that of
underground mining, which means strip mining will produce more waste rock. However,
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underground mining requires more primary energy than strip mining and will generate
more GHG emissions.
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Figure 9. Environmental indicators of the strip mining and underground mining.

4. Conclusions

This article has used a time-series LCA to analyze the trends of primary energy demand
and GHG emissions of copper production. The comprehensive energy consumption of
copper production showed a decreasing trend between the years 2004 and 2017 as a whole,
with the exception of 2011. The ADP fossil varied between 101.78 and 31.72 GJ /t, whilst
the copper GWP ranged between 9.96 and 3.09 t CO, eq/t copper. The reason for the above
trend is that developments in mining and smelting technologies have improved the energy
efficiency of the copper production process.

Meanwhile, the impact of auxiliary materials consumption, mining methods, and
electricity generation methods on LCA results are also investigated. When mixed electricity
is completely replaced by nuclear or wind electricity, the life cycle energy consumption
can reduce by 63.67-76.27% or 64.23-76.94%, and GHG emissions by 64.42-77.84% or
65.08-78.63% as electricity consumption is identified as the most critical factor contributing
to GWP. The influence of auxiliary materials on the environmental indicators is less than
3.88%. The ADP fossil and GWP of copper production, when the raw ore all comes from
underground mining, are 2.97-7.03 times that of strip mining. A change of electricity source
has the most significant impact on GHG emissions of the copper production process. In
order to mitigate the greenhouse effect, the optimization of power energy structure should
be given priority in the future.

It must be pointed out that the influence of each factor on the copper production
process in this paper is based on a specific scenario. However, in the actual situation,
it will be affected by various factors, such as ore resource consumption and changes to
the energy structure. Further research into the influences of copper import and export,
energy structure change, and copper waste recovery of the copper production process
on the environment is advised. Predicting the future environmental indicators of the
copper industry based on original data and its impact on carbon neutrality are crucial for
formulating the development policy for the copper industry in the future.
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