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Abstract: In the context of the “carbon peaking” policy for mining companies, this study was
conducted to clarify the amount of carbon emission reduction required for each production process
to achieve the carbon peaking target for mining companies. In this paper, after determining the
fair interval of the carbon emission distribution, the fair deviation index was constructed, and a
multiobjective carbon emission distribution model of the mine production process was established
by combining the objectives of maximum stability and maximum efficiency with the constraint
of output growth. The study found: (1) More carbon emission quotas should be allocated to the
beneficiation link, while fewer carbon emission quotas should be allocated to the crushing link;
(2) beneficiation, mining and transportation are all responsible for emission reduction, but crushing
and blasting produced a carbon emission surplus and (3) after optimization, the carbon emission
intensity in the beneficiation, mining and transportation processes was reduced. This paper argues
that mining companies should increase their efforts to reduce emissions in beneficiation, mining
and transportation. The study’s findings have important implications for achieving carbon emission
reduction targets and refining carbon emission management in open pit mines in the context of

carbon peaking.

Keywords: peak carbon dioxide emissions; open-pit mine production; carbon emission reduction
responsibility; multiobjective optimization

1. Introduction

Sustainability is a multidimensional concept that affects the environment, economy,
and society [1]. Thus the achievement of sustainability includes multiple aspects such
as carbon capture and storage, material recycling, water management, and clean energy
use [2]. Especially in the climate context of global warming, carbon emission control
and responsibility for emission reduction have become mandatory considerations in the
sustainability process of countries [3]. Especially after China proposed the double-carbon
goal [4] of achieving peak carbon dioxide emissions in 2030 and carbon neutrality in 2060,
all regions and industries in China have introduced measures to reduce carbon emissions.
As the basic industry of the national economy, the carbon emissions in the mineral industry
account for a large proportion of the total carbon emissions. Globally, the mining industry
currently accounts for approximately 2.7% of the global energy use, resulting in a large
amount of greenhouse gas (GHG) emissions (IPCC, 2007). The GHG emissions related to
the production of primary minerals and metals were equivalent to approximately 10% of
the total global energy-related GHG emissions in 2018 [5]. It has been estimated that in 2020,
China’s nonferrous metal industry emitted 660 million tons of carbon dioxide, accounting
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for 4.7% of the total national emissions [6]. It can be found that mineral enterprises, as
the main body of carbon emissions, shoulder an important responsibility for emission
reduction. As national policies are driven, more and more companies are moving towards
low-carbon and sustainable business models [7]. Sustainable mining practices are critical
to the industry’s long-term health [8]. Achieving overall corporate emission reduction
targets by controlling carbon emissions from production processes is an essential means of
achieving the sustainable development of mining companies. As a key area of emission
reduction, mining enterprises should greatly contribute to achieving the carbon emission
reduction goal.

The diesel, electricity, natural gas, coal and gasoline amounts consumed in mining
operations account for 34%, 32%, 22%, 10% and 2%, respectively, of the total energy
consumption [9]. An unreasonable energy structure and massive energy demand result
in the production characteristics of high input and high energy consumption levels by
mining enterprises. In addition, electricity, explosives, coalbed methane and spontaneous
coal combustion are considered the main carbon sources in the production process of
mining enterprises [10]. The carbon emissions attributed to mine production are affected
by ore production, mining methods, geological conditions and mine layout [11]. The
usage of various carbon sources in blasting, loading, lifting, roof construction, ventilation,
transportation, crushing, screening, washing, dewatering, backfilling and other links also
vary, so there are obvious differences in carbon emissions along each link. The relationship
between carbon emissions and emission reduction responsibility in the production process
of mining enterprises is shown in Figure 1. The realization of the overall national emission
reduction target is based on the achievement of the emission reduction targets of each
production enterprise. However, the emission reduction targets set by mining enterprises
represent an overall number for specific enterprises, but specific planning efforts targeting
emission reduction along certain links are still lacking. Moreover, the production capacity,
process and carbon emissions of each link of mining enterprises vary. Therefore, reasonable
decomposition of the overall emission reduction task into various processes is of great
significance to implementing fine carbon emission management in mining enterprises
at the micro level and overall national carbon emission control at the macro level. At
present, little attention has been given to carbon emission control in the production links
of enterprises, and the depth of carbon emission reduction management mostly only
reveals superficial goals of the entire enterprise, while there exists no suitable answer
regarding the emission reduction responsibility that should be assigned to each process.
In contrast to previous studies, we believe that the most significant innovation of this
paper is the use of a multiobjective optimization approach and the combination of relevant
allocation principles to answer the question of how much carbon emission reduction is
required for each production process to achieve the carbon peak target of the mining
enterprise. Among them, we think the possible contributions of this paper are as follows:
(1) Under the idea of target management and carbon emission control, the concept of
carbon allowance in carbon emission trading is borrowed and extended to the value
of allowable emission for each process when the mining enterprise achieves the carbon
peak. (2) Combined with the relevant allocation principles, the multiobjective optimization
method is innovatively used to establish the carbon emission reduction responsibility
sharing model for the production process of the mining enterprise under the carbon peak
time requirement. (3) The responsibility value of carbon reduction for each production
process of the target company is proposed with the actual case.

The rest of this paper is organized as follows: the second part summarizes the existing
relevant research, the third part establishes a responsibility-sharing model for carbon emis-
sion reduction in the production process of mining enterprises, the fourth part describes a
specific case application, and the fifth part provides the conclusions and suggestions.
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Figure 1. The process of sharing responsibility for carbon emissions and carbon reduction among
mining companies.

2. Literature Review
2.1. Carbon Tax versus Carbon Quota

Regarding carbon emission reduction, carbon tax and carbon trading based on carbon
allowances are two critical measures to control carbon emissions [12]. Among them, the
carbon tax is an economic instrument that sets a price tag on greenhouse gas emissions and
can guide producers to use other alternative clean energy sources and gradually improve
energy use efficiency. Carbon trading systems are often referred to as cap-and-trade mecha-
nisms, which require society to set carbon allowances (the maximum amount of carbon
emissions allowed) by an initial allocation of property rights rather than raising prices
and reducing demand through taxation. There are some differences between the two in
terms of theoretical basis, emission reduction mechanisms, implementation costs, emission
reduction effects and policy weaknesses [13,14]. The former is based on the “polluter
pays principle” advocated by environmental economics theory [15]. The latter is logically
based on Coase’s “Coase theorem” [16]. The former is price control and government-led
redistributive “indirect” abatement mechanism, while the latter is a market-dependent
positive incentive abatement policy with quantity control [17]. Regarding implementation
cost, the carbon tax is a tax in the national taxation system, and the implementation cost
is lower than the cost of establishing a carbon trading platform and carbon trading settle-
ment mechanism. In terms of the effect of emission reduction, scholars differ significantly.
Some scholars believe the carbon tax policy is more effective [18]. The first dividend is the
“green dividend” of curbing pollution and improving environmental quality; The second
dividend is the “blue dividend” of using carbon tax revenues to reduce the tax burden
of distortionary taxes such as income and corporate taxes, thereby improving the labor
market and creating more job [19]. Other scholars argue that carbon emissions trading is
more advantageous [20,21]. They argue that carbon trading can achieve a specific number
of emission reduction targets for more stringent emission reduction scenarios. Regarding
policy weaknesses, carbon tax policies are related to the elasticity of demand for a product
and do not lead to fully effective results. In contrast, carbon allowance mechanisms provide
little incentive to bring carbon emissions down below carbon allowances.

In summary, it can be found that both the carbon tax and carbon trading based on
carbon allowances are aimed at the whole enterprise. This paper aims to control the carbon
emission of each production process of mining enterprises and thus achieve the enterprise’s
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overall carbon emission reduction goal. If the carbon tax is used to regulate the carbon
emissions of each production process, the research content may be more similar to the
optimization of the carbon source use structure of each production process based on the
idea that the carbon tax provides incentives for clean energy use. Since this paper aims to
determine how much carbon emissions need to be reduced in each production process to
achieve the carbon peak target for mining companies, we believe that the idea of carbon
quotas is closer to the research content of this paper. Therefore, we borrowed the concept of
carbon quotas and extended the conventional regional or industry-oriented carbon quota
concept to the enterprise production process level.

2.2. Current Status of Research on Carbon Quota Allocation

Regarding implementing carbon emission reduction targets, the key issue involves the
allocation of emission reduction targets to various economic entities [22]. Fair and effective
allocation of carbon emission reduction quotas constitutes the basis for any organization
or country to achieve its carbon emission reduction targets. Carbon emission reduction
responsibility allocation aims to assign carbon emission reduction targets to different carbon
emission subjects and strives to achieve the goal of carbon dioxide emission reduction
through joint efforts of the different carbon emission subjects. This process comprises the
basis of defining carbon emission rights and provides important support for formulating a
reasonable carbon emission reduction policy. At present, domestic and foreign research on
the allocation of carbon emission reduction responsibilities mainly focuses on the definition,
allocation principles and methods.

In relevant research, studies on the definition of responsibility have mainly focused on
measuring the carbon emissions embodied in trade [23] and producer, consumer and joint
responsibilities [24]. The responsibility share for carbon reduction is mostly measured based
on the amount of future CO, emissions. The allocation method can affect the burden and
cost-sharing process of emission reduction [25]. Therefore, the premise of carbon emission
reduction responsibility allocation is carbon emission quota determination, and fairness
and efficiency are the most important allocation criteria when determining carbon emission
quota. The principle of fairness holds that people have equal rights to the atmospheric
environment [26]. The carbon rights management department distributes carbon rights
to different regions according to equal, reasonable and unbiased standards, considering
the carbon emission reduction capacity, emission reduction potential and carbon emission
status of the different regions. Related content includes allocation methods based on per
capita emissions whereby everyone has equal emission rights [27], methods based on
the unit gross domestic product (GDP) [28] and methods based on the carbon emission
intensity [26]. Fairness can be divided into different categories, such as egalitarianism,
historical responsibility, ability to pay and the polluter pays fairness concept [29]. However,
the principle of efficiency states that lowering the cost of emission reduction should rep-
resent the goal of greatest concern [30,31]. It is essential to achieve fair distribution while
improving the overall efficiency [32]. Therefore, many scholars have combined these two
concepts [33,34]. In addition, the principle of feasibility and sustainability has recently
received attention. The distribution principle of combining multiple criteria has been
increasingly applied.

Carbon emission reduction responsibility allocation methods mainly focus on the fol-
lowing aspects: first, various data envelopment analysis (DEA) models are represented by
the zero-sum gains (ZSG)-DEA approach [35], multiregional environmental input-output
models, fixed-cost allocation models and game models [29]. Second, via index system con-
struction and comprehensive use of factor, econometric and cluster analysis methods [36]
or directional (nonradial) distance functions [37], the carbon emission reduction potential
can be analyzed. Moreover, based on the conditions in different regions, carbon emission
rights quotas can finally be adjusted to divide carbon emission reduction responsibilities
among the different regions. The multiobjective optimization method has been increasingly
applied, such as Xu et al. [38], who used a three-level multiobjective approach to optimize
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carbon emission allowances in the power supply sector from three aspects, namely, gov-
ernment, power plants and grid companies, and an interactive genetic algorithm based on
Karush-Kuhn-Tucker (KKT) conditions was employed to determine the equilibrium point.
Yang et al. [39] used the carbon Gini coefficient and abatement cost function to measure fair-
ness and efficiency, respectively. A multiobjective nonlinear programming model was then
introduced to realize optimal emission allowance allocation. After solving the allocation
problem among sectoral groups, Zhao and Yang [40] constructed a biobjective DEA model
and applied genetic algorithms to allocate carbon emission allowances to various sectors in
China. Huang et al. [41] developed a two-tier multiobjective carbon emission allowance
allocation model based on an equilibrium strategy, which fully considered the government
and conventional power plants. This model fully accounted for the conflict between the
government and conventional power plants and the contradiction between benefits and
carbon emissions. Li et al. [42] adopted the abatement cost and carbon assets as objective
functions to allocate carbon emission allowances in the Pearl River Delta region of China
using a biobjective planning model (BPM). At the research level, the research objects of
different scholars vary, mostly concentrated on countries [43], domestic provinces [44],
different industries [45] or various enterprises within the same industry [46]. However, the
allocation of carbon emission allowances within enterprises has not been considered.

The above literature indicates that most research on carbon emission reduction respon-
sibility allocation is based on determining carbon emission allocation quotas. However,
the scale of the research objects is very large. Most studies considered the issues of car-
bon emission reduction responsibility and emission quotas among countries, provinces or
industries but rarely focused on the level of process management. In addition, previous
allocation models mainly focused on DEA and other methods. Although studies nominally
adopted various principles, such as fairness, efficiency and sustainability, they did not
highlight the essence of multiobjective allocation. It can be observed that there exists no
article on the multiobjective allocation of carbon emission quotas and emission reduction
responsibilities to production processes from the perspective of fine carbon management
within enterprises. However, the realization of national overall carbon emission reduction
targets is the result of the achievement of the emission reduction targets of various eco-
nomic entities, i.e., enterprises and production processes. Therefore, only by control at the
microlevel can macrolevel targets be realized. In this paper, considering mining enterprises
with clear carbon emissions in their production process as an example, the peak carbon
dioxide emissions targets set by mining enterprises were adopted as the background. Via
the integration of the principles of fairness and efficiency, considering mineral development
and environmental protection, a multiobjective optimization model for carbon emission
reduction responsibility allocation in the production process of mining enterprises given
the peak carbon dioxide emissions target was constructed. This study provided detailed
objectives and targeted emission reduction measures for enterprises to achieve carbon
emission reduction and peak carbon dioxide emissions.

3. Models and Methods
3.1. Objectives

As shown in the literature review, there are several principles of carbon emission allo-
cation, and fairness and efficiency are the most important allocation criteria. In this paper,
carbon emission allocation smoothness is considered based on balancing the principles
of fairness and efficiency, i.e., to ensure that the allocation of carbon allowances does not
show excessive ups and downs compared with previous data in order to prevent affecting
enterprise production. We follow the existing studies in setting the objective function,
in which the smoothness and efficiency functions are mainly referred from Zhang and
Wang [47], and the fairness function is mainly referred to Wang et al. 2019 [46]. The three
functions of carbon emission allocation are combined, and the multiobjective gray wolf
algorithm is used to solve the multiobjective problem of carbon emission allocation, which
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we believe is the first of its kind in existing research. This is also the most critical innovation
in the application of the method in this paper.

3.1.1. Maximum Stability

In the process of carbon emission allocation, past emission data and related informa-
tion of mining enterprises should be considered important reference standards for quota
distribution; in particular, quotas must be allocated by respecting historical rights. The
principle of carbon emission quota stationarity fully considers current and historical per-
formance data. Maximum stability indicates that there are no excessive fluctuations and
deviations from reality in the process of carbon emission distribution. This paper referred
to the practice of Zhang and Wang [47]: under the stationarity principle, if only the absolute
decrease in the carbon emission amount is considered, then the distance of carbon emission
deviation can be given, and the maximum objective function of stationarity can be obtained
via standardization as follows:

YN - G)?
2y NG

min(F1) = 1)

where F1 is the stationarity index, and the smaller F1 is, the higher the stationarity. The
minimum value of F1 represents the maximum stationarity. X; is the carbon emission
allowance of each process over the next three years, and C; denotes the historical carbon
emissions of each process over the past three years.

3.1.2. Maximum Efficiency

Regarding economic efficiency, quotas can be regarded as a scarce resource. To max-
imize efficiency, quotas should be allocated to production links with a high utilization
rate to maximize the output per unit input and finally realize optimal resource allocation.
Based on the method of Zhang and Wang [47], this paper set the maximum target of carbon
emission allocation efficiency as follows:

2 -9 1+ 2)

inF2 =
min M

@

where ¢; is the carbon emission efficiency of the process, expressed as X;/ G{, G{ denotes
the ore processing capacity of each process over the next three years, & is the overall carbon
emission efficiency of the mine, expressed as X/G’, X denotes the total carbon emission
quota over the next three years, and G’ denotes the ore processing capacity of the mine
over the next three years. Because the efficiency of each process eventually approaches the
overall emission efficiency coefficient of the mining enterprise, m processes not reaching
the average emission coefficient of the mining enterprise should be promoted. The M value
can be calculated with the following equation:

&—¢&
o (1 )

M 2

®)

where F2 is the efficiency index, and the smaller the value is, the higher the efficiency.
This objective function is generally obtained iteratively in other models, but in this pa-
per, the production link not reaching the average emission efficiency factor was directly
provided, and the value of the overall emission efficiency factor matching the average
value of the mining enterprise was defined as the highest efficiency. In the above equation,

— can only take a value of 0 or 2, which suggests that the ith process can or cannot
reach the average emission coefficient of the mining enterprise, respectively. The value of

&i—&
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(5-¢) (1 + Lot
the overall emission efficiency coefficient of the mining enterprise, and F2 is the sum of
the deviations of all processes not matching the average emission efficiency coefficient of
the mining enterprise, and the smaller the F2 value, the more efficient the mining enter-
prise. F2 = 0 is the extreme ideal value, indicating that the emission efficiency is consistent
across provinces.

) in the above equation indicates the deviation of the ith process from

3.1.3. Maximum Fairness

Regarding the fair measurement of carbon emission allocation, this paper draws on
the approach of Wang et al. 2019 [46]. First, the carbon allowances under the principle of
historical responsibility and production equality are calculated. Second, the range included
in these two values is considered the fairness interval of carbon allowance allocation. Third,
the satisfaction of carbon allowance allocation is established based on this interval. Fourth,
the absolute difference in the allocation satisfaction between the two processes is used as the
allocation fairness deviation index to measure the fairness of carbon allowance allocation.
The specific process is:

Step 1: Calculate carbon allowances under the principle of historical responsibility
and the principle of equality of production

According to the principle of historical responsibility, the emission allowance should
be allocated according to the historical carbon emissions of each process, with the formula:

DCW X HCi

@
YN HG

Cinh = Cif —

where Cj,, denotes the carbon dioxide emissions available for allocation to process i under
the historical responsibility principle, Cj is the total carbon emission forecast for process i
over three years, DC,y is the total carbon emission reduction to be achieved by each process,
and HC; denotes the historical carbon emissions of process i. N is the total number of

processes participating in allocation, so % denotes the carbon emission reduction
i=1 i

allocated to process i under the historical responsibility principle.
Based on the principle of equal production, carbon emission allowances should be allo-
cated according to the projected ore processing capacity of each process, with the formula:

!
Cip = Cw X G &)

N /
Ei:lcﬁ
where Cjp, is the carbon emission allowance allocated to process i under the equal produc-

tion principle, G; is the average ore processing capacity of process i over the calculation
period, and Cy, is the total amount of carbon emission rights to be allocated.

Step 2: Use the range contained in the two values calculated above to determine the
upper and lower bounds of the fairness interval for the carbon emission quota of process i.
The formula is as follows:

Xia = Max(Cip, Cip) (6)

Xip = Min(Cip, Cip) @)

Step 3: Satisfaction with carbon credits allocation based on a fair interval.

Regard Xi))((lb as the satisfaction of carbon emission right allocation.

Step 4: The absolute difference of distribution satisfaction between two processes is
used as the distribution fairness deviation index, and the minimization of the distribution
fairness deviation index is used as the objective function 3.

X; — X; Xi — X;
i = L X %%, ®
1<i<j<N| Ma 7 Aib ja — \jb
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3.2. Constraints
3.2.1. Total Carbon Emission Quota Constraint

The sum of carbon emission allowances obtained from each production process is
controlled in this paper as follows:

eCw S Xi S Cw (9)

™z

1

.
I

where C,, denotes the carbon emissions to be allocated. This constraint requires that the
sum of carbon emission allowances for each process after optimization should be between
0 times the carbon peak and the carbon peak.

3.2.2. Quota Interval Constraint

This paper controls the carbon emission allowances obtained from each production
process within the following limits:

Xia < Xi < Xip (10)

where Xj, is the lower limit of the carbon emission quota of each process and Xj, is the
upper limit of the carbon emission quota of each process. The carbon emissions of each
optimized process should remain within this range.

3.2.3. Ore Output Constraints

To consider the contradiction between environmental protection and production
development, ensure that the mine can still meet the demand of supply under low-carbon
requirements, and achieve a stable output while reducing carbon emissions, this paper
defined an ore output growth constraint.

N (M=) <G

. = oal (11)
i=1 E; §
where GJ; is the ore processing capacity of process i at the beginning of the calculation
period, Géoal is the annual output growth target value set by the enterprise considering
future date m, M is the calculation period, and t; is the annual growth rate of carbon
emissions of process i over the calculation period. The calculation equation can be expressed

as follows:
M

Xio(1+ ) = X; (12)
k=1
where E; is the elasticity coefficient of the current low-carbon development stage of process
i, which can be calculated as follows:

- AC/C
' AG/G

(13)

3.2.4. Non-Negative Constraint

The decision variable should not be less than 0. Therefore, the non-negative constraint
is set as follows:
0<X; (14)
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In summary, the multiobjective optimization model proposed in this paper is
shown below:

N (6—C)?
minF1 = VI G

27N G
s (e-o) (1412

2M
Xi—Xp _ X Xp
Xia=Xip  Xja—Xjp

minF2 =
minF3 = )
1<i<j<N
N
0Cw Y <X <Cw
i=1
((1+6)V-1) <G, ,
E; = “goal

-1
Xia < X; < Xp0 <X

(15)

s.t.

™Mz

1

3.3. Multiobjective Gray Wolf Algorithm

The multiobjective gray wolf (MOGWO) algorithm is an optimization algorithm
to solve multiobjective problems based on the gray wolf (GWO) algorithm proposed
by Sm et al. [48]. Its ideological source is the GWO algorithm, which combines external
archiving and leader selection strategies. The GWO algorithm is inspired by the hunting
behavior of wolves, which simulates the hunting behavior and social leadership aspects of
gray wolves. There exists a strict social hierarchy within the wolf pack, in which a pyramid
of rights naturally occurs. The first level of the pyramid is the leader, responsible for various
decision-making matters. The second layer of the pyramid encompasses the think tank
team of the first layer, which is responsible for assisting in decision-making processes. The
third level of the pyramid obeys the orders of the first and second levels and is mainly
responsible for investigation, sentry duty, care and other affairs. The lowest-level wolves
obey the above three levels of gray wolves and are largely the executors of hunting plans.
The GWO algorithm abstracts this process into the following algorithm-based optimization
model: each individual in the population is regarded as a solution, and wolves representing
the current optimal solution, optimal solution and suboptimal solution are selected (labeled
as «, 3 and d wolves, respectively, while the remaining individuals are labeled w wolves).
In the hunting process, the wolves approach the food position (global optimal solution)
under the guidance of the above «, 3 and 5 wolves, and the guiding equation can be written

as follows:
D, =C- Xp(t) —X(t) (16)
X(t+1) = % Y (Xp(t) —ADyp) (17)
p=a,B,y

where X denotes the position of the gray wolf, X;, denotes the guiding position of the prey
(i.e., the position of the «, 3 and & wolves), T is the number of iterations, and C and A are
guiding coefficients, which can be determined as follows:

A=2-a-rp—a (18)

C=2~I‘2 (19)

where r; and rp are random numbers within the range of [0, 1], A is a control parameter,
and its value occurs in the range of [0, 2] and linearly decreases with the number of
algorithm iterations.

Compared to the GWO algorithm, the MOGWO algorithm differs in two aspects:
(1) an external population archive is used to store the current nondominated solution;
(2) a new wolf selection strategy (including «, 3 and & wolves) suitable for multiobjective
optimization is proposed. The MOGWO algorithm inherits the characteristics of the
GWO algorithm but achieves a higher convergence speed than most similar algorithms.
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Therefore, this paper used the MOGWO algorithm to solve the proposed multiobjective
optimization model.

4. Case Study

This paper selected the X iron mine in northern China as the research object. This
mine involves a large-scale integrated and selective mining enterprise. Open-pit mining is
adopted, and the production process can be divided into five major segments: rock drilling
and blasting, mining, transportation, crushing, and washing. The peak planning period
of this mining enterprise is 2024, so this paper, based on relevant production data for this
mining enterprise from 2017 to 2021, calculated the carbon emissions of each production
process in different years and used the multiobjective optimization model to assess the
allocation of carbon emission quotas and emission reduction responsibilities in each link
from 2022 to 2024.

4.1. Carbon Emission Accounting
4.1.1. Carbon Source Identification and Carbon Emission Coefficient Setting

In this paper, the main sources of GHG emissions originating from open-pit mines
were divided into the following categories:

(1) Explosives. In the preparation of ore and rock in large-scale open-pit mines in
China, the blasting method is widely used, and the GHG emissions resulting from the use
of explosives comprise an emission source of open-pit mines. Open-pit mines usually use
explosives for blasting, producing large amounts of GHGs. The GHG emissions resulting
from the use of explosives in an open-pit coal mine with a capacity of 10 million tons
per year can reach more than 10,000 tons. In this paper, the carbon emission coefficients
for ammonium nitrate explosives and ammonium nitrate and fuel oil (ANFO) explosives
commonly applied in mines were 0.2629 and 0.1768 t CO, /t, respectively, based on the
method of Zhang [49].

(2) Fuel oil. Diesel oil and gasoline are the two most important fuel oils in open-pit
mines, and these fuel oils are mainly used as an equipment power source. Generally, diesel
oil is more widely used in open-pit coal mines than is gasoline, and the combustion process
of fuel oil is accompanied by the generation of a large amount of GHG emissions, mainly
COs;. In this paper, using the calculation method of the Intergovernmental Panel on Climate
Change (IPCC), the carbon emission factors for diesel oil and gasoline were determined as
3.2 and 3.08 t CO, /t, respectively [50].

(3) Electricity. The most important indirect emission source in the production process
of open-pit mines entails the use of electric power. Electric power is mainly used to drive
all types of large equipment in open-pit mines. Since most electric power in open-pit
mines originates from thermal power, notable power consumption and high CO, emissions
are the main characteristics of open-pit mine production. Electric power emission factors
should be determined based on the region containing the considered mining enterprises.
The carbon emission factor for North China is 1.0069 t CO,/(MWh) [51].

(4) Personnel. Operator breathing health is also an important factor influencing the
carbon emissions in mine production. According to the breathing minutes and short-term
breathing minutes of Chinese residents involved in different activities [52], the breathing
minute volume of personnel under physical labor is 36.6 L/minute. Based on the calcu-
lation equation of the carbon emission coefficient for personnel [53], the carbon emission
coefficient for personnel under manual labor was calculated as 0.53 x 10~7 t CO,/s.

(5) Water used in the mining process. The carbon emission coefficient for freshwater is
212 x 1077 t CO, /kg [54].

4.1.2. Accounting Model of Carbon Emissions in Production Links

In this paper, the production process of an open pit mine is divided into two major
parts: mining and beneficiation, where mining includes rock drilling and blasting, mining
and loading, transportation, and crushing.
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1. Rock drilling and blasting

The carbon emission accounting equation for rock drilling and blasting is as follows:

ERD = MRD_die X Cdie + Cdiel\/IRD_ele X Cele + MRD_sta X TRD_sta X Csta + MRD_exp X Cexp (20)

where Egrp denotes the carbon emissions originating from the drilling and blasting session,
MRpD die is the consumption of diesel fuel during the drilling and blasting session, Cg;e is
the carbon emission factor for diesel fuel, Mgp ¢ is the consumption of electricity during
the drilling and blasting session, Cgj, is the carbon emission factor for electricity, Mrp gta
is the number of laborers needed during the drilling and blasting session, Trp g, is the
average working time of laborers during the drilling and blasting session, Cst, is the carbon
emission factor for laborer work, Mgp_exp is the consumption of explosives during the
drilling and blasting session, and Ceyp is the carbon emission factor for explosives.

2. Mining
The carbon emission accounting equation for the mining link can be expressed
as follows:
EML = MMLfele X Cele + MMLfdis X Cdis + MMLfsta X TMLfsta X Csta (21)

where Epp;, denotes the carbon emissions originating from the mining session, My gie is
the consumption of diesel during the mining session, Cgj is the carbon emission factor for
diesel, Mppr_ele is the consumption of electricity during the mining session, and Cge is the
carbon emission factor for electricity. My _gta is the number of laborers needed during the
mining session, T, sta is the average working time of laborers during the mining session,
and Cgt, is the carbon emission factor for laborer work.

3.  Transport

The carbon emission accounting equation for the transportation link is as follows:
Err = MTR?ele X Cele + MTRfdis x Cqs + MTR_sta X TTR_sta X Csta (22)

where ErR is the carbon emission of the transportation link, Mg _gje is the consumption
of diesel fuel in the transportation link, Cg;, is the carbon emission factor of diesel fuel,
MTR ele is the consumption of electricity in the transportation link, and Cgj is the carbon
emission factor of electricity. MR _gta is the number of laborers in the transportation link,
TTR sta is the average working time of laborers in the transportation link, and Cgy, is the
carbon emission factor of the laborer’s work.

4. Crushing

The carbon emission accounting equation for the crushing link can be written as follows:
EFR = MFR_ele X Cele + MFR_sta X TFR_sta X Csta (23)

where Epr denotes the carbon emissions of the crushing link, Mg ¢ is the power consump-
tion of the crushing link, and Cg, is the carbon emission coefficient for power. Moreover,
MEFR sta is the number of laborers needed in the crushing link, Tpr sta is the average working
time of the labor force in the crushing link, and Cst, is the carbon emission coefficient for
the labor force.

5. Mineral Beneficiation Processing

The carbon emission accounting equation for mineral processing is as follows:
Egg = MgE _ele X Cele + MBE_wat X Cwat + MBE_sta X TBE_sta X Csta (24)

where Egg denotes the carbon emissions of the beneficiation link, Mpg e is the electricity
consumption of the beneficiation link, and Cg, is the carbon emission factor for electricity.
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In addition, Mpg_wat is the water consumption of the beneficiation link, Cyy,t is the carbon
emission factor for water, Mpg g, is the number of laborers needed in the beneficiation
link, TgE_gta is the average working time of laborers in the beneficiation link, and Cst, is the
carbon emission factor for laborer work.

4.2. Data and Parameters

(1) Total amount of carbon emission reduction to be achieved by each process (DCy):
The research background of this paper encompasses the allocation of emission reduction
responsibilities to various processes given the peak carbon dioxide emissions target. There-
fore, the total emission reduction responsibility of mining enterprises should include the
carbon emissions of mining enterprises exceeding the peak carbon dioxide emissions target.

(2) Total amount of carbon emission rights to be distributed (C ). This paper proposes
that the peak carbon dioxide emissions formulated by a given enterprise can be defined
as the total amount of carbon emissions limiting the future production process of the
enterprise. Therefore, the overall carbon emission rights to be distributed within the mining
enterprise are equivalent to the peak carbon dioxide emission plan value determined by
the mining enterprise.

(3) Low-carbon production coefficient (E): This coefficient can be obtained according
to the carbon emission and output data pertaining to each link from 2017 to 2021.

(4) Ore processing capacity of each process over the next three years (Gj/): The ore
processing capacity of each link from 2022 to 2024 can be calculated according to the output
growth plan of each link of the mining enterprise.

(5) Target value of future M-year production growth set by the company (G:goal)‘ This
value can be obtained as the difference in each link’s predicted ore processing capacity
between 2022 and 2024.

(6) Forecast value of carbon emissions over the next three years (Ci). According to
the production coefficient and output growth of low-carbon development of each link
from 2017 to 2021, the carbon emissions in each production link from 2022 to 2024 can
be predicted.

(7) Calculation period (M): The calculation period in this paper is the 2022-2024 period,
totaling 3 years, so M = 3.

4.3. Results and Discussion
4.3.1. Scheme Selection

Figure 2 shows the three-dimensional Pareto front surface generated using MATLAB
software, which consists of each objective function forming a three-dimensional coordinate
system, with the F1 axis being the stationarity function, F2 axis being the efficiency function,
and F3 being the fair deviation function. In this study, the multiobjective gray wolf
algorithm generates a set of optimal solutions that are uniformly distributed on the Pareto
front surface. According to the definition of the Pareto optimum, each solution on the
Pareto front is not dominated by each other, and they represent allocation schemes with
different carbon emissions.

Theoretically, the set of solutions obtained can be used by the decision maker in the
production process because they are all solutions that satisfy the model, except that each
solution may behave differently on a single objective because of the multiple objectives.
Scholars mostly perform scenario setting according to goal preferences to solve this prob-
lem. Therefore, when selecting the optimal solution from the Pareto optimal solution
set, we select the decision values with preferences by setting the weights of the objective
values to be used as the optimal solution in different scenarios. In order to study the
impact of different allocation targets on the allocation results of carbon emission reduction
responsibilities, we obtained four optimization schemes concerning the method of Yu,
Zheng and Li [55].
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Figure 2. Three—dimensional Pareto frontier.

Table 1 summarizes the smoothness, efficiency and fair deviation index values under
the different decision preferences. Under the stationarity preference, the deviation between
the carbon emission quota of each production process of the mining enterprise and the
previous carbon emission quota was the lowest, with a value of 0.1804. Under the efficiency
preference, the carbon emission efficiency of each production process of the mining enter-
prise tended to remain consistent with the overall carbon emission efficiency of the mining
enterprise, with a value of 0.0041. Under the fairness preference, the allocation of carbon
emission allowances to each production process of the mining enterprise could satisfy each
link to the greatest extent, with a value of 0.6367. Under the equal preference, the allocation
scheme could equally consider the stationarity, efficiency and fair satisfaction preferences
during the carbon emission quota allocation for each production process of the mining
enterprise, and each target value reached the intermediate level.

Table 1. Weights and target values of four decision preferences.

Preference Criteria Weight F1 F2 F3
Stationarity preference (A) f1f2£3 (0.60, 0.20, 0.20) 0.1804 0.0088 2.2518
Efficiency preference (B) f1£213 (0.20, 0.60, 0.20) 0.1878 0.0041 2.0160
Fairness preference (C) f1f2£3 (0.20, 0.20, 0.60) 0.1925 0.0080 0.6367
Equal preference (D) f1£213 (0.33, 0.33, 0.33) 0.1844 0.0042 2.4835

The values of the three objective functions under the four scenarios are shown in
Figure 3. It can be observed that the smoothness objective was the best reflected under
scenario A. The performance was similar between scenarios B and D. The smoothness
of carbon emission allocation was the worst under scenario C. The efficiency objective
indicated the highest efficiency of carbon emission allocation under scenario B and the
lowest efficiency under scenario A. Scenario C best reflected fairness, and the fairness
deviation was similar between scenarios A and B. Still, the performance of scenario D was
lower in terms of fairness.
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Figure 3. Radar chart of four schemes. (a) Comparison of stability of four schemes; (b) comparison of
the efficiency of the four schemes; (c) comparison of the fairness of the four schemes.

4.3.2. Analysis of the Optimized Target Values

Figure 4 shows a heatmap of each process’s smoothness, efficiency and satisfaction
values. The figure reveals that the four scenarios were approximately similar, and the
magnitude of the efficiency and smoothness values was the smallest among these three
indicators. The carbon emission allowance in the whole mining process remained relatively
consistent, probably because the mining amount of the mining enterprise remained very
stable, and the values assigned to carbon emissions were therefore consistent. Regarding
the efficiency value, the efficiency of carbon emission allocation for each process remained
approximately the same. Regarding the satisfaction of carbon emission allowance allocation
for each process, the satisfaction of the broken link was the highest, whereas the satisfaction
of the exploit link was the lowest. This may occur because the exploit link contained the
largest proportion of carbon emissions before optimization. Still, after optimization, the
carbon emission allowance of the exploit link was reduced, leading to a decrease in the
satisfaction of this link.

Stationarity Efficiency Satisfaction Value

0.7320
Beneficiation_D

Broken_D
Transport_D
Exploit_D
Rock_D
Beneficiation_C
Broken_C

- 0.5856

Transport_C
Exploit_C
Rock_C
Beneficiation_B
Broken_B
Transport_B

= 0.4392

- 0.2928

Exploit_B
Rock_B
Beneficiation_A
Broken_A
Transport_A
Exploit_A
Rock_A

- 0.1464

0.000

Figure 4. Comparison of the stability, efficiency, and fairness of obtaining carbon emission allowances
for each production process.

4.3.3. Carbon Allowances under the Four Options

Figure 5 shows the allocation of carbon emissions under the four preference options.
As shown in Figure 5, in the whole mining process, the transportation link obtained the
largest number of allowances, while the crushing link obtained the smallest number of
allowances. This may be because the crushing process itself produces less CO,. The
need for crushing in the mine production process is determined by the process used and
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the lithological characteristics. In crushing and sorting lines, the power consumption of
crushing equipment such as jaw crushers is the main source of carbon emissions. The
amount of energy consumed in the crushing process is determined by the degree of ore
crushing, the size of the crushed particles, etc. [56]. At the same time, the crushing process
does not process all the ore in the actual mining process, so the workload is smaller, resulting
in fewer carbon emissions and less carbon quota amount. However, the carbon emissions
from the transportation stage are larger. The main factors affecting the carbon emissions
from the transportation stage are the transportation distance, followed by transportation
volume and energy efficiency. In the actual mine production, the spatial location of the ore
is transferred mainly by trucks and belts. The X mine is mainly transported by lorries, using
trucks to transport the ore to the processing plant or gangue mountain [57]. The process
consumes a large amount of fossil energy and thus becomes the link of the whole production
chain with more carbon dioxide emissions. The transportation segment generates a large
base of carbon emissions. Therefore, the value of this phase is the largest in the allocation
of carbon emission allowances regardless of the scenario. This is similar to many studies
on carbon emissions from the transport phase of mines [58].

Transport A Transport_ ¢
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Figure 5. Carbon emission quotas of four schemes (Unit: tons). (a) Carbon emission allocation of
scheme A and scheme B; (b) Carbon emission allocation of scheme C and scheme D.

The beneficiation process gets much more carbon emission allowances than the mining
process. Because in mining enterprises, mining consumes 1/3 of the energy, and bene-
ficiation consumes 2/3, while in beneficiation plants, grinding energy accounts for 50%
of the whole plant, i.e., 1/3 of the mining [59]. Therefore, the energy consumed in the
beneficiation process is much more considerable than in the mining process. In mining
operations, the ore product to be processed is generally 400-600 mm. The ore product
processed in the beneficiation plant is below 0.3 mm, and the ore state is nearly powdery.
The energy consumption factors of the beneficiation process are mainly the nature of the ore,
the beneficiation process, the scale of the beneficiation plant and the beneficiation method.
Electrical energy consumption accounts for roughly 90% to 93% [60]. Therefore, compared
to the whole mining process, the energy consumption of the beneficiation process is large,
and the carbon emissions are also more, so more carbon emission allowances are obtained.

4.3.4. Carbon Emission Reduction Responsibility of the Production Process

Figure 6 shows the carbon emission reduction responsibility amount to be shared by
the various links in the production process of the mining enterprise and the share of the
overall emission reduction responsibility of the mining enterprise. From the production
process perspective, the carbon emission reduction pressure of ore dressing is the largest,
with an emission reduction ratio of more than 90%, followed by transportation, mining,
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and blasting processes, and the carbon emission reduction pressure of the crushing process
is the smallest. At the same time, the beneficiation, mining, and transportation processes
are responsible for emission reduction under either preference. The crushing and blasting
operations generate carbon emission surpluses, indicating that these two segments have
less carbon emission reduction pressure. From the perspective of different preferences,
the carbon emission reduction pressure of the mining process under equal preference is
the smallest, at 1033 tons; the carbon emission reduction pressure under fair preference
is the largest, at 1558 tons. The transportation process has the highest carbon emission
reduction pressure under fair preference, 4787 tons; the smallest carbon emission reduction
pressure under equal preference, 3612 tons. The beneficiation process has the highest
carbon emission reduction pressure under fair preference with 43,036 tons; the lowest
carbon emission reduction pressure under smooth preference with 40,498 tons.
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Figure 6. Carbon emission reduction responsibilities of each production process. (a) Carbon emision
reduction responsibilities (Unit: tons); (b) proportion of carbon emission reduction responsibilities
(Ul’litl 0/0).

The higher carbon emission reduction pressure in transportation, mining and benefi-
ciation processes may be because the carbon sources in these segments are less fungible.
For example, most of the equipment in the transportation process is powered by diesel,
and the beneficiation equipment consumes mostly electricity. However, there is room
for emission reduction in the tight carbon quota segment. For example, in the mining
stage, the scheduling process of production equipment can be optimized to reduce energy
consumption on the one hand, and new mining equipment can be used to improve labor
productivity on the other. In the transportation stage, new energy vehicles can be used to
replace traditional trucks, or biodiesel can be used.

4.3.5. Analysis of the Carbon Emission Intensity Decline

Figure 7 shows that before carbon emission quota optimization, the carbon emission
intensity at the beneficiation stage was the highest and that at the crushing stage was the
lowest. After optimal allocation of carbon emissions to each link, the changes in the carbon
emission intensity in the four cases were similar, exhibiting the characteristics of the largest
at the beneficiation stage and the smallest at the crushing stage. After carbon emission
allocation, the carbon emission intensity in the mining, transportation and beneficiation
processes decreased. Among them, the carbon emission intensity of the beneficiation
process decreases the most, and the carbon emission intensity of the beneficiation stage
after optimization is about 40% of that before optimization. The carbon emission intensity
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Carbon emission intensity

Carbon emission intensity

of the transport stage after optimization is about 77% before optimization, while the carbon
emission intensity of the mining process before the optimization is about 90%.
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Figure 7. Changes in carbon emission intensity. (a) Carbon emission intensity of Scenario A, ratio and
difference between Scenario A and carbon emission intensity before optimization; (b) carbon emission
intensity of Scenario B, ratio and difference between Scenario A and carbon emission intensity before
optimization; (c) carbon emission intensity of Scenario C, ratio and difference between Scenario A
and carbon emission intensity before optimization; (d) carbon emission intensity of Scenario D, ratio
and difference values.

After unified carbon emission quota allocation, production in the beneficiation, mining
and transportation processes became more efficient. However, due to the carbon emission
quota surplus at the two stages of crushing and blasting, the carbon emission intensity
at these two production stages was higher after optimization than before optimization.
Therefore, in the actual production process, the carbon emissions of these two production
processes should not be forcibly linked to the allocated carbon emission quota, but a state
of cleaner production should be maintained.

5. Discussion
5.1. Universality of the Model

Theoretically, the model proposed in this paper can be applied to most production
enterprises. However, the following aspects need to be noted. On the one hand, the
framework of this model is based on the division of production processes, which is the
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allocation of carbon emission responsibility for production processes. Therefore, when
applied to other enterprises, it is necessary to clarify the production process of the target
industry. On the other hand, the model considers both production and environmental
protection, requiring production data and carbon emission data of relevant production
processes to support the application to enterprises.

5.2. Suggestions for Emission Reduction of Mine Production Process

(1) Mining process emission reduction measures

Mining enterprises in the mining process to reduce carbon dioxide emissions first
need to optimize the mining process, such as the intermittent mining process change into
semi-continuous, continuous mining and non-blasting continuous mining process or take
steep gang mining and other energy-saving mining technology, the use of the final slope
angle to reduce the amount of waste rock stripping to achieve the purpose of energy saving.
Secondly, the existing equipment can be gradually replaced, using new energy drilling rigs,
new energy excavators and other low carbon emission equipment

(2) Emission reduction measures for transportation

Mining companies can achieve fuel savings through refinement management on the
one hand in the transportation link, such as strengthening tire pressure management in car
transportation and reducing the occurrence of oil exposure and other situations. On the
other hand, it is necessary to strengthen equipment management, use the truck scheduling
system in digital mines, optimize the matching of digging trucks, reduce the waiting time
of mining trucks and excavators and eliminate unnecessary consumption. In addition,
mines with conditions can be equipped with new energy mining trucks to reduce fossil
energy consumption.

(3) Emission reduction measures for the beneficiation process

First is the use of clean energy to replace fossil energy. For example, using the roofs of
production plants and open spaces to build new distributed photovoltaic power generation
systems and the surrounding hillside uplands to build new wind power systems. The
second is to adopt energy-saving production technology such as multi-crushing and less
grinding, ore pre-selection technology, ore dressing wastewater recycling, and automated
ore dressing technology.

6. Conclusions

Reasonable decomposition of an enterprise’s carbon emission reduction target is a
necessary guarantee to realize overall carbon emission reduction. This is also the key step to
achieving the main objective of carbon emission reduction in each production link. In this
paper, from the microperspective of carbon emission management, carbon emission quota
allocation and carbon emission reduction responsibility distribution in the production
process of mining enterprises were studied. First, based on establishing a carbon emission
accounting model, a multiobjective carbon emission allocation model for mine production
links was established under a certain output growth constraint, considering stability,
efficiency and fairness. Choosing the X mine as a research example, a carbon emission
reduction responsibility allocation scheme for each production link of the mining enterprise
was obtained in conjunction with the above-established model. The main conclusions were
as follows:

(1) More carbon emission quotas should be allocated to the beneficiation link, while
fewer carbon emission quotas should be allocated to the crushing link.

(2) Beneficiation, mining and transportation are all responsible for emission reduction,
but crushing and blasting produce a carbon emission surplus. The carbon emission re-
duction pressure in beneficiation was the highest, followed by transportation, mining and
blasting, and the carbon emission reduction pressure in crushing processing was the lowest.

(3) After the optimization of carbon emission quota allocation for each process, the
emission intensity in the beneficiation, mining and transportation processes was reduced.
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Based on the above conclusions, mining enterprises should focus on beneficiation,
mining and transportation in future production activities. Energy conservation and emis-
sion reduction should be increased in these links, and more capital and technology should
be invested to transform the production process. This paper provides a reliable method
and data to facilitate carbon emission reduction responsibility allocation in the production
process of mining enterprises and a reference idea for microenterprises to realize refined
carbon emission management.
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