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Mining provides basic materials and energy for human life and supports economic and
social prosperity and development. The decoupling of mining carbon emissions from
economic development is an important way of achieving China’s carbon peaking and
carbon neutrality goals. This study uses the Tapio decoupling model to measure the
relationship between China’s economic development and carbon emissions from 2001 to
2018. It analyzes the overall industry as well as its subdivisions and identifies the factors
driving carbon emissions with help from the improved Kaya identity and LMDI
decomposition models. The results show that, except for the unstable situation in the
oil and natural gas mining industry, the other mining divisions have attained strong
decoupling and have become stable, showing a continuous positive trend. On the
whole, the mining product smelting and processing industry has achieved a major
transformation, moving from negative decoupling to weak decoupling, but there are
great differences between different sub-sectors. The overall consumption of China’s
mining products, and the incremental carbon emissions have continued to decline,
while economic development has shifted from inefficient expansion to high-quality
economic development, although without reaching the ideal state. The economic
factor and energy intensity effects are the key factors in increasing and restraining
carbon emissions, respectively, and their influence should not be ignored. This study
aims to provide a decision-making basis for China’s mining industry, that it might carry out
carbon emission reduction planning, and promote the clean and efficient construction of
the industry and the green and high-quality development of the economy.
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INTRODUCTION

Global warming is an urgent problem faced by the whole world. In 2020, global greenhouse gas
emissions continued to rise, with the global average temperature about 1.2°C higher than the pre-
industrial level (World Meteorological Organization, 2020), and atmospheric CO2 concentration
exceeding 415ppm (Guo, 2019). As the world’s largest CO2 emitter, in response to climate change
China announced in September 2020 that its CO2 emissions would peak by 2030, and that it would
strive to achieve carbon neutrality by 2060 (Xinhua Network, 2020). In March 2021, China
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included the goals of carbon peaking and carbon neutrality in
the overall layout of its “ecological civilization” plan (Xinhua
News Agency, 2021), and integrated ecological and
environmental governance with ecological civilization
construction, and produced a balanced development plan for
an ecologically sustainable environment and high-quality
economic growth.

As a pillar industry in China, the mining industry has caused
serious damage to the ecological environment, while
simultaneously promoting rapid economic growth. This is
especially true of the coal-based mining industry, due to the
massive scale of the mining, processing, and consuming of fossil
fuels, resulting in the continuous and rapid growth of CO2

emissions, which have in turn caused a series of environmental
problems with a serious impact on the natural environment and
the economic development of China (Blöcher et al., 2018; Liu
et al., 2021a). In 2020, China’s coal production was about
3.9 billion tons, with total annual energy consumption of
about 4.98 billion tons of standard coal. Although China’s
total coal consumption control effect is obvious, and the
total share of primary energy consumption continues to
decline, in 2020 the proportion of primary energy
consumption of coal, oil, and natural gas, were, in turn,
56.8%, 18.9%, and 8.3%, respectively. At the same time, the
carbon emissions of these three sources accounted for 67.4%,
22.4%, and 5.4%, respectively (Zhang et al., 2022). Fossil energy
dominated by coal still plays the main role in the structure of
energy consumption. Energy structure adjustment is the first
means of solving traditional energy exhaustion and
environmental pollution (Deng et al., 2022). The mining
industry supports more than 70% of China’s national
economy. Against the background of the new normal of
economic development, China’s economy is shifting from
high-speed growth to high-quality development, and the
mining industry needs to follow the principles of scientific
and sustainable development, deepen structural reform on the
supply side, and promote low-carbon and high-quality
economic development in the process of achieving carbon
peaking and carbon neutrality goals (Ju and Qiang, 2017;
Wu and Tu, 2019; Hu and Xiao, 2020; Qiang et al., 2021).

Under the new normal, climate change and low-carbon
economic development further produce new and higher
requirements for mining. Various studies on economic
growth and carbon emissions have recently been conducted.
Gao and Ge (2020) pointed out the spatial and temporal
characteristics of China’s economic growth and energy
carbon emissions, based on the evolutionary trends of
decoupling China’s economy and energy carbon emissions
between 2001 and 2015. Han et al. (2021) described the
regional differences in carbon emissions in China’s provinces
from 2005 to 2017 and showed the evolving trend of the
decoupling index. Climent and Pardo (2007) analyzed the
decoupling of Brazil’s economic growth and energy-induced
carbon emissions from 2004 to 2009 and conducted an
exponential decomposition analysis on the variations in
carbon emissions. Wu et al. (2019) studied the decoupling
effect of China’s provinces from 2001 to 2015 and pointed

out that 30 provinces in China generally realized the
transition from weak decoupling to strong decoupling. Based
on a BP neural network model, Liu et al. (2005) studied the
decoupling of carbon emissions and GDP growth in China’s
nonferrous metals industry from 1995 to 2010, providing a
reference for the industry’s low-carbon transition. Based on the
decoupling model, Luo and Wu (2018) analyzed the carbon
emissions from the energy consumption of the mining industry
in China from 1994 to 2015, and the results show that the
dominant status is weak decoupling. Ramachandra et al. (2017)
analyzed the relationship between energy carbon emissions and
economic gaps in Bangalore, India, indicating that the economic
level is an important factor influencing energy consumption and
greenhouse gas emissions in India. Sun and Zhou (2017)
constructed a spatial measurement model of carbon
emissions from 1996 to 2014, showing that energy intensity
and economic development levels are the main factors
influencing the decoupling index. Zhang et al. (2019)
analyzed the factors affecting carbon emissions in Pakistan
from 1971 to 2014, and their results showed that population,
fossil energy, and GDP per capita are the main factors affecting
carbon emissions in Pakistan.

As for the analysis of the decoupling state and the
influencing factors of energy and the economy, most studies
are carried out at a single level or in different spatial regions.
Few studies have produced a multi-stage and deep analysis
based on a long time series, combining the general and local
aspects of the whole life cycle. The green, low-carbon, and
sustainable development of the mining industry is the main
driving force behind China’s economic construction and high-
quality development. Therefore, this study takes the whole life
cycle of carbon emissions and economic growth of the mining
industry as the research object; carries out research into the
decoupling of carbon emissions and GDP; measures the
decoupling effect of carbon emissions in each stage of the
mining industry based on the Tapio decoupling model;
explores the decoupling characteristics of carbon emission
in each industry at each stage of the mining industry; and
further adopts the LMDI decomposition model to
systematically analyze the influencing factors of carbon
emission. The innovation of this study is found in its
decomposition of the carbon emission process over the
whole life cycle of the mining industry from 2001 to 2018;
in the way it carries out carbon emission characterization and
analysis of each industry at different stages; and in the way it
provides accurate and rapid solutions for pollution
traceability. Based on a long time series, a combination of
local and general approaches are used to carry out year-by-year
and cumulative annual carbon emission driver analysis, which
clearly shows the influence results of each factor in each time
period. It is expected this work will provide references for
understanding the intrinsic mechanism of carbon emission
changes, for predicting the future trend of carbon emissions
(Lv, 2019), for exploring the path of high-quality economic
growth, for adjusting the energy structure, and for formulating
and implementing differentiated carbon emission reduction
policies in the mining industry.

Frontiers in Environmental Science | www.frontiersin.org September 2022 | Volume 10 | Article 9447082

Sun et al. 10.3389/fenvs.2022.944708

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


METHODS AND DATA SOURCES

Tapio decoupling model
The Tapio decoupling model is an elastic analysis, and the
calculated results have strong stability (Song, 2021; Weng
et al., 2021), The decoupling index between GDP growth and
carbon emissions is calculated as Eq (1):

E(C,D) �
ΔC
C
ΔD
D

(1)

where E(C, D) is the decoupling index,△C is the amount of change
in carbon emissions from the mining industry,△D the amount of
change in gross domestic product (GDP), and C and D are total
carbon emissions and GDP. Decoupling indices and decoupling
types are given in Table 1.

LMDI method
The modified Kaya constant equation (Eq. 2) and the LMDI (Eq.
3) decomposition method are chosen to analyze the influence
factors behind carbon emissions from the mining industry, and
the Kaya constant equation of carbon emissions from energy
consumption is as follows:

C � ∑
n

Cn

En
×
En

D
×

D

M
×
M

P
× P � ∑

n

fn × pn × φ × λ × θ (2)

where C is the total carbon emissions of the mining industry; Cn is
the nth industrial energy consumption carbon emissions; En is the
energy consumption of the nth industry; D is the total energy
consumption; M is the GDP; P is the total population; fn is the
carbon emission factors; Pn is the energy structure; φ is the energy
intensity; λ is the economic factor; and θ is the population size.

Decomposing the amount of carbon emission changes
according to the additive form in the LMDI model, assuming
that Co and Ct are the total carbon emissions in the base year, and

TABLE 1 | Decoupling state classification.

Type E(C, D) △C △D Decoupling state

1 (-∞, 0) <0 >0 Strong decoupling
2 [0, 0.8) >0 >0 Weak decoupling
3 (1.2, ∞) <0 <0 Recessive decoupling
4 [0.8, 1.2] >0 >0 Expansive coupling
5 [0.8, 1.2] <0 <0 Recessive coupling
6 (1.2, ∞) >0 >0 Expansive negative
7 (-∞, 0) >0 <0 Strong negative decoupling
8 [0, 0.8) <0 <0 Weak negative decoupling

FIGURE 1 | (Continued).
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the total carbon emissions in the target year t, respectively, the
equation is as follows:

ΔC � Ct − Co � ΔCf + ΔCp + ΔCφ + ΔCλ + ΔCθ (3)
where ΔCf + ΔCp + ΔCφ + ΔCλ + ΔCθ indicate carbon emission
intensity of the mining industry, energy utilization structure,
energy intensity effect, economic effect, and population size. The
calculation formula of each decomposition factor is as follows:

ΔCf � ∑
n

CT
n − Co

n

ln CT
n − ln CT

n

× (ln fT
n − ln fo

n) (4)

ΔCp � ∑
n

CT
n − Co

n

ln CT
n − ln CT

n

× (ln PT
n − ln Po

n) (5)

ΔCφ � ∑
n

CT
n − Co

n

ln CT
n − ln CT

n

× (lnφT
n − lnφo

n) (6)

ΔCλ � ∑
n

CT
n − Co

n

ln CT
n − ln CT

n

× (ln λTn − ln λon) (7)

ΔCθ � ∑
n

CT
n − Co

n

ln CT
n − ln CT

n

× (ln θTn − ln θon) (8)

Data resource
The data of GDP and the GDP index in this study are from the
China Statistical Yearbook (after accounting). In order to ensure
comparability, the GDP is treated at constant prices based on

FIGURE 1 | (Continued). Decoupling index of various industries. (Aa) Changes in carbon emission decoupling trends in mining and dressing industry, 2001–2018.
(Ab) Changes in carbon emission decoupling trends in the smelting and processing industry of mining products and in terminal consumption of mining products,
2001–2018. (B) Effects of five factors on carbon emissions of China’s mining industry. Annual effects of various factors on mining carbon emissions, 2001–2018.
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2001. Carbon emissions from the mining industry are mainly
divided into three aspects: the mining industry, the smelting and
processing industry, and the terminal consumption of mining
products. This study focuses on energy products, and the carbon
emission data of each industry comes from the CEADS database
and the National Bureau of Statistics.

RESULTS AND DISCUSSION

Decoupling analysis of carbon emissions
from mining and dressing industry
The changing trend of the overall carbon emissions from the
mining and dressing industry (Figure 1Aa) reflects a decoupling
status and transformation from weak decoupling, to negative
decoupling, and then to strong decoupling. During 2001–2009,
carbon emissions and economic levels grew rapidly. Then, with
the active promotion of China’s green mining industry and
circular economy, China’s economy achieved rapid growth
from 2010 to 2018, while the growth of carbon emissions
from the mining and dressing industry gradually stabilized,
and decreased year by year (Luo and Wu, 2018). In terms of
the development status of each sub-sector, in 2010 and 2007, coal
and ferrous metal mining and dressing industries reached a
strong decoupling state, respectively, and have remained in a
stable state, realizing the transformation from high carbon
to low carbon development. The mining and dressing
industries of nonferrous metals and nonmetallic minerals
were in a weak decoupling state during 2001–2003, and in a
negative decoupling state from 2004 to 2006, but then attained
a strong decoupling state. The decoupling state of the oil and
gas extraction industry has gone from strong decoupling to
weak decoupling and is in an unstable state. Although the
growth rate of carbon emissions is lower than the economic
growth rate, this unstable development state is not conducive
to the transition to low-carbon industry and brings potential
pressure to high-quality economic development. The above
results show that China’s mining and extraction industry has
achieved structural optimization as a whole, but the oil and
natural gas extraction industry has room for improvement.
Unit intensity control targets should therefore be strengthened
to further reduce unit energy consumption (Tian and Xu,
2012). Continuing to promote green and low-carbon
transformation is an inevitable direction for the sustainable
development and healthy economic growth of China’s mining
and dressing industry (Liu et al., 2021a).

Decoupling analysis of carbon emissions
from the mining product smelting and
processing industry
As a whole, the mining product smelting and processing industry
(Figure 1Ab) has realized the transformation from negative
decoupling to weak decoupling, which has altered the
traditional development mode to a large extent. However, the
industry has been in a state of weak decoupling since 2010, and as
an industry with high CO2 emissions, there is still a large gap

before low-carbon development will be realized. The
development status of each sub-mining product in the
smelting and processing industry reveals petroleum, coal, and
other fuel processing is in a relatively poor condition, with the
growth rate of CO2 emissions at a high level, and the economic
growth rate significantly lower. From 2001 to 2018, economic
growth and carbon emissions were in a relative state, with a slight
improvement in the middle, but with little effect, and there has
been a lengthy negative decoupling state of expansion since 2013.
The nonmetallic mineral products industry has achieved benign
development by realizing the transition from negative decoupling
of carbon emissions and economic development to weak
decoupling, and then to strong decoupling. The ferrous and
nonferrous metal smelting and rolling processing industries
also showed a better development trend, with expansion of the
negative decoupling state to weak and strong decoupling
occurring, with carbon emissions still increasing, but by and
large effectively controlled. As of 2018, the metal products
industry had poor emission reduction and an unstable
development status. The trend of decoupling carbon emissions
and economic growth is unclear and there is an obvious
alternation phenomenon. As the demand for metal products
in society continues to expand, the metal products industry
needs to actively comply with the low-carbon trend and
enhance the strength and sustainability of carbon reduction.

The mining products smelting and processing industry is an
important part of China’s mining industry. China’s mineral
resources are gradually shifting from shallow to deep mines,
while resource endowment, backward processing technology, low
efficiency of production equipment, resource uncertainty and
dynamics, etc. pose serious challenges to the low-carbon
transformation of the industry. Therefore, as the backbone of
the whole life cycle of the mining industry, we should strengthen
digitalization, intelligence, and automation, and upgrade the
industry in terms of safety, efficiency, the economy, and green
and sustainable development (Liu et al., 2021b).

Decoupling analysis of carbon emissions
from mining product end consumption
From Figure 1Ab, it can be seen that from 2001 to 2018, the
incremental carbon emissions from the end consumption of
mining products in China, which by and large are in a
continuous downward trend, achieved a shift from negative
decoupling to weak decoupling, indicating that with the
development of the economy and the optimization and
upgrading of the mining structure, the utilization efficiency of
mineral products improved continuously, and the value creation
capacity was increasingly enhanced. There was a brief rebound
during 2010–2012, after which the low-carbon state was gradually
restored and stabilized, but economic growth and carbon
emissions did not achieve coordinated development, and the
process of achieving high-quality economic growth needs
further improvement.

Rational and efficient utilization of mineral resources is the
basis of high-quality economic development. Currently, China is
in the stage of rapid industrialization and urbanization. The
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demand for mineral resources continues to grow, and promoting
the comprehensive utilization and clean and efficient use of
mineral resources has become a top priority (Shang et al.,
2022). CO2, generated by the consumption of energy products,
accounts for more than 85% of total carbon emissions.
Accelerating the adjustment of the energy consumption
structure (Li et al., 2022), reducing the proportion of fossil
energy with high carbon emissions, and continuously
increasing the proportion of clean energy are important ways
to realize the transition from weak decoupling of consumption
carbon emissions and economic growth, to strong decoupling (Li,
2022).

Decomposition analysis of carbon emission
drivers in the mining industry
The factors influencing carbon emissions from China’s mining
industry from 2001 to 2018 were decomposed by the LMDI
model into a carbon intensity factor, an energy utilization
structure factor, an energy intensity factor, an economic effect
factor, and a population size factor. From the results of the year-
by-year effect of themodel’s operation (Figure 1B), we can clearly
see the driving or inhibiting effects of these five factors on carbon
emissions in each part of the study period, and the different time
changes in the same factors. The carbon intensity factor was
consistently stable and mostly suppressed carbon emissions from
the mining industry during the period 2001–2009, although there
were two large fluctuations during the periods 2009–2012, and
2015–2018. Except for the period 2013–2016, the energy structure
factors are positively correlated, and the other periods are
relatively stable, with all of them showing the inhibition effect
on carbon emissions. Energy intensity factors play a dominant

role in inhibiting CO2 growth, and only in 2002–2003 are they
positively correlated with carbon emissions, being negatively
correlated for the remainder of the period. Carbon emission
reduction reached 8.9764 million tons during 2007–2008. The
contribution of economic effects to carbon emissions was
promoted from 2001 to 2018. Due to China’s previous
high-speed economic development model and its large share
in the overall emission situation, there are higher requirements
for carbon emission reduction. The population size factor
continues to have a positive effect on carbon emissions,
with a low share during the study period, and as the
population size continues to increase, the consumption of
resources also expands, thus leading to an increase in CO2

emissions.
The trend of the cumulative effect of each factor on carbon

emissions of energy consumption in China’s mining industry
from 2001 to 2018 can be seen in Figure 2. From an overall
perspective, the cumulative effect of carbon intensity alternates
positively and negatively during the study period, had a low
impact on carbon emissions, and, most of the time, CO2

emissions increased with a small positive value. During the
analysis period, the cumulative effect of energy utilization
continued to grow slowly with a positive value, reflecting that
China’s previous energy utilization structure was relatively
unified, leading to an increase in CO2 emissions. The
cumulative effect of energy intensity is the greatest contributor
to mining emissions reduction, showing a significant effect on
curbing CO2 emissions by a large amount each year. The effect of
economic factors is positively correlated with the decomposition
of carbon emissions from the mining industry, both year-by-year,
and cumulatively, and contributes most significantly to the
increase in carbon emissions throughout the study period. The

FIGURE 2 | Effects of five factors on carbon emissions of China’s mining industry. Cumulative effects of various factors on mining carbon emissions, 2001–2018.
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cumulative effect of the population size factor also continues to
stimulate the increase of CO2 emissions at a faster rate. Although
the cumulative effect of the population size factor now accounts
for a smaller share in emissions, its influence should not be
ignored given the rapid increase in population, the desire for a
high quality of life, and increasing carbon emissions from
personal energy consumption.

In conclusion, China’s economic development transition is
still occurring, and energy consumption per unit of GDP is still
at a relatively high level, about 1.46 times the world average (Li,
2022). Energy utilization is mainly based on coal (Zhuang and
Yan, 2017) and a relatively unified energy structure. China has a
large population base, and with the development of a well-off
society in an all-around way, and people’s yearning for a better
life, energy consumption will greatly increase, and the scale of
carbon emission activities will gradually expand (Gao et al.,
2021). The COVID-19 epidemic has also impacted China’s
economic development. Energy is the foundation of
economic development, and economic recovery after the
epidemic reveals a huge gap in energy supply. Therefore, it is
of great significance to build a circular economic system
decoupling economic growth from resource consumption
(Meng et al., 2021), to expand the influence of energy
intensity on carbon emission reduction, and to master the
driving factors of carbon emissions for the green
development of China’s mining industry.

CONCLUSION

Based on data on China’s economic development and mining
carbon emissions from 2001 to 2018, and using the Tapio
decoupling state analysis model and improved Kaya identity
and LMDI decomposition model, this study explores the
decoupling relationship between mining carbon emissions
and economic development in China. Related factors
affecting mining carbon emissions were decomposed and
analyzed based on time patterns. The main conclusions are
as follows:

(1) The overall development of China’s mining and extraction
industry has achieved a major shift, with the decoupling
index dropping from 0.304 to −0.266, achieving and
continuing to develop a strong decoupling state since
2010. The carbon emissions of coal mining and dressing,
ferrous metal mining and dressing, nonmetallic mining and
dressing, and nonferrous metal mining and dressing have
been greatly controlled. The decoupling index decreased
from 1.938, 1.318, 0.259, and 0.553 in the early stage
to −0.088, −1.452, −0.226, and −1.525 in the later stage,
respectively, reflecting the harmonious development of the
mining and extraction industry and the economy. However,
the development of the oil and natural gas mining industry is
unstable, with the decoupling index alternating between
positive and negative, showing a repeated situation of
strong decoupling and weak negative decoupling.
Therefore, this industry sector needs to strengthen carbon

emission reduction actions and improve the space for green
and low-carbon development.

(2) CO2 emissions from the mining products smelting and
processing industry were effectively controlled at the
overall level, and the decoupling index changed from the
previous 1.402 to the later 0.16, thus achieving a shift from
negative decoupling to weak decoupling. This indicates that
the overall industrial structure is optimized, and is gradually
transforming from a high-energy consumption industry to a
low-energy consumption industry. The nonmetallic mineral
products industry, and nonferrous metal smelting and
rolling processing industries, all achieved low-carbon
development, with decoupling values ranging from-0.5 to
1.4, hence successively achieving a strong decoupling
development state. The ferrous metal smelting and
rolling processing industry also achieved better
development, with the decoupling value
between −0.3 and 1.8, showing a downward trend on the
whole, and changing the state of inefficient expansion of the
industry. The development of petroleum, coal, other fuel
processing industries, and the metal products industry is not
as positive, with the former decoupling index in
2007 remaining above 1.5, and the decoupling index of
the latter alternating between positive and negative, with a
wide floating range, and still a large gap before strong
decoupling is achieved.

(3) China’s energy end consumption has achieved a shift from
high consumption and high carbon emissions to low carbon
emissions and green economic development, with a
decoupling index between −0.2 and 1.3, although it has
not yet reached the ideal state. Based on the time pattern,
China’s energy carbon emissions are on a growth trend. As
China’s fossil energy consumption accounts for a relatively
large proportion of emissions, it is difficult to achieve a rapid
restructuring of the mining industry over a short period of
time. Therefore, in order to achieve green and low-carbon
development in China, increasing the proportion of clean
energy, and adjusting the energy consumption structure are
important ways forward.

(4) In the analysis of annual effect and annual cumulative
effect, economic factors promoting CO2 emission have the
greatest impact on CO2 emissions every year. Production
reached a peak of 1,364.48 million tons (Mt) in 2011,
which was the main factor in promoting carbon emission.
While the effect of energy intensity fully shows the
advantages of suppressing CO2 emission, the restraining
effect was small in 2001–2006. There was an obvious
restraining effect from 2007, with the restraining
amount reaching a peak of 885.82 Mt in 2017. Most of
the time carbon intensity shows positive and negative
alternation in a widely fluctuating range. At the same
time, this will be an important aspect of carbon
reduction and emission reduction in the future. The
effect value of the population factor is positive year by
year, and it keeps increasing at an annual growth rate of
about 0.04%. The annual effect value of the energy
utilization structure is -0.15~1.1 (Mt). Although this
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accounts for a small proportion of the total, its impact
should not be ignored.
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