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The Chinese government focuses on the high-end equipment manufacturing industry to
achieve a target of carbon neutrality. This study takes China’s Bohai Rim as a case study.
First, the Tapio decoupling model was used to analyze the carbon emission status of the
high-end equipment manufacturing industry in the Bohai Rim. Second, LMDI was used to
determine the main factors of carbon emission. Similarly, the Monte Carlo simulation
predicted the time of carbon neutrality. The results found that the relationship between
carbon emission and the development of the high-end equipment manufacturing industry
is that of strong decoupling, but there is still a risk of “recoupling.” The scale effect is the
primary driving force for carbon emission reduction in the equipment manufacturing
industry, followed by a structural effect and a carbon emission intensity effect. In the
baseline scenario, low-carbon scenario, and technological breakthrough scenario, carbon
neutrality will be achieved before 2060. The results of the study suggest that China should
improve energy utilization efficiency and encourage green innovation.

Keywords: high-end equipment manufacturing industry, carbon neutrality, empirical decomposition, scenario
simulation, China’s Bohai Rim

1 INTRODUCTION

In 2020, China proposed to achieve carbon neutrality by 2060. The goal of this proposal indicates that
carbon emission reduction and carbon neutrality will be China’s development themes for a long time.
The high-end equipment manufacturing industry is a technology-intensive strategic emerging
industry. It is located in the high-end link of the manufacturing industry. It has the
characteristics of high added value, good growth, and a strong driving force. It acts as the
engine of China’s economic growth (Fan and Du, 2018). Although the high-end equipment
manufacturing industry has a lower carbon emission level than other manufacturing industries,
it still emits 10% of the carbon dioxide from the manufacturing industry. Therefore, reducing carbon
emission to achieve carbon neutrality is the top priority.

China’s Bohai Rim includes five provinces and cities, namely, Beijing, Tianjin, Hebei, Liaoning,
and Shandong. It is one of the most important economic circles in China’s coastal areas and the
second largest place for high-end equipment manufacturing in China (Tong et al., 2019). In recent
years, the development of the high-end equipment manufacturing industry in the Bohai Rim has
made great progress. On the basis of maintaining traditional advantages, heavy high-tech industries
are emerging. In addition, the Bohai Rim is also one of the largest carbon emission areas in China.
Therefore, how to reduce the carbon emission of the high-end equipment manufacturing industry in
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the Bohai Rim not only contributes to achieving carbon neutrality
goals, but also can provide experience and reference for high-end
equipment manufacturing in other countries of the world to
achieve carbon neutrality, and provide theoretical support for the
environmental protection of the world.

Since the reform and opening up, the scale-expanding
economic growth mode has made China the second-largest
economy in the world. At the same time, China has also
become the country with the largest total carbon emissions.
With the gradual deterioration of climate issues such as global
warming, reducing carbon dioxide emissions has become the
consensus of all countries in the world, but the right to carbon
emission represents a country’s right to development to a certain
extent (Elahi et al., 2020; Elahi et al., 2021a). Therefore, how to
achieve economic growth while reducing carbon emission and
environmental pollution is an important topic of academic
research (Sheng et al, 2019; Odhiambo et al, 2020; Peng
et al., 2021a; Peng et al,, 2021b; Zhong et al., 2021).

To study carbon emission, it is necessary to identify the main
influencing factors of carbon emissions, and on this basis, put
forward relevant suggestions for carbon emission reduction (Peng
et al,, 2018; Peng et al., 2020; Zhang et al., 2020; Zhong et al., 2020;
Gu et al,, 2020a; Wu et al,, 2021; Zhao et al., 2021). First, the
continuous advancement of new urbanization has an important
impact on China’s carbon emissions (Gu et al, 2019; Gu et al,
2020b; Zhao et al, 2020; Wang et al, 2021). The adoption of
management strategies is important to reduce environmental
emissions and human health damages (Elahi et al., 2021b; Elahi
et al,, 2022a; Elahi et al, 2022b). Although the development of
urbanization has increased the level of regional carbon emissions,
urbanization can also promote carbon emission reduction by
enhancing human capital accumulation and cleaner production
technology. Therefore, strengthening the role of urbanization in the
accumulation of human capital and the promotion of cleaner
production technologies is the key method to solve the “high
carbon lock-in” in the process of urbanization (Zhang et al,
2016). Second, the impact of carbon emission on economic
development obeys the law of rising first and then decreasing.
The key to carbon emission reduction lies in reaching the peak in
advance and reducing the peak height. The adjustment of the
industrial structure has reduced the regional carbon emission,
which is conducive to peaking carbon dioxide emissions (Yuan
et al,, 2016). Financial efficiency can also affect carbon emissions. If
sectors with lower carbon emissions can maximize corporate profits
for financial institutions, the improvement of financial efficiency
can reduce regional carbon emissions (Jing et al, 2021).
Technological progress also plays a key role in the process of
carbon emissions. Optimal use of resources is helpful for cleaner
production and reduction of health damages (Elahi et al., 2019a;
Elahi et al., 2019b; Elahi et al., 2019c¢). It affects energy costs, reduces
energy prices, creates income effects and substitution effects of
energy consumption, improves energy structure, increases the
proportion of clean energy use, and ultimately reduces regional
carbon emissions (Yang et al., 2019). Financial and advisory services
are important to disseminate technology in the society (Elahi et al,,
2018). The spatial agglomeration of the economy can affect carbon
emission too. Its impact shows a significant negative relationship. At
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the same time, stricter environmental regulation policies and deeper
regional integration development caused by economic
agglomeration will also indirectly promote carbon emission
reduction (Ren et al., 2020).

As an uncertainty analysis method, Monte Carlo simulation
has the characteristics of comprehensiveness and flexibility, so it
is widely used in the analysis of uncertain events (Shao et al,
2017). Carbon emission is regarded as a standard uncertainty
event, so the use of Monte Carlo simulation can give full play to
predict the future carbon emission level, thus providing an
effective path for exploring carbon neutrality.

In the present article, we used the Tapio decoupling model to
analyze the present status of carbon emission in the Bohai Rim. The
LMDI method is used to decompose the influencing factors of
carbon emission in China’s high-end equipment manufacturing
industry. Similarly, Monte Carlo simulation is conducted to analyze
the evolution trend of carbon emission to predict the carbon
neutrality of the high-end equipment manufacturing industry.

2 MATERIALS AND METHODS

2.1 Data Sources

Based on the research purpose, the data from five provinces and
cities in the Bohai Rim from 2009 to 2019 were collected.
Particularly, the data were collected from the China Statistical
Yearbook (2010-2020), China Energy Statistical Yearbook
(2010-2020), China Environmental Statistical Yearbook
(2011-2020), and the statistical yearbooks of the five provinces
and cities in the Bohai Rim. Some missing data were
supplemented by the average value method.

2.2 Analytical Framework

2.2.1 Carbon Emission Measurement Model

Because of the lack of clear classification standards for China’s
high-end equipment manufacturing industry, this article refers to
the “National Economic Industry Classification and Code” (GB/T
4754-2017), “Strategic Emerging Industries” (trial), and “ High-
tech Industry Statistical Classification Catalogue,” combined with
relevant literature (Huang and Zhang, 2015) and divides the high-
end equipment manufacturing industry including General

Equipment  Manufacturing (C34), Special Equipment
Manufacturing (C35), Automobile Manufacturing (C36),
Railways, Ships, Aerospace and Other Transportation

Equipment Manufacturing (C37), Electrical Machinery and
Equipment Manufacturing (C38), Computer, Communications
and Other Electronic Equipment Manufacturing (C39), and
Instrumentation Manufacturing (C40).

Based on the method adopted by the Intergovernmental Panel
on Climate Change (IPCC), this study uses energy consumption
data from the provincial statistical yearbooks, and the models
were constructed as follows:

CE=)" AixN;xCC;x 0 x B, 1)

where CE is the total carbon emission of high-end equipment
manufacturing in the Bohai Rim, 7 is the kinds of fossil energy, A;
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TABLE 1 | Decoupling situation.

Decoupling level AC/C and AG/G DE
Decoupling Strong AC/C < 0; AG/G > 0 DE<O
Weak AC/C > 0; AG/G > 0 0<DE<0.8
Very weak AC/C < 0; AG/G <0 DE > 1.2
Connection Growth AC/C > 0; AG/G > 0 0.8<DE<1.2
Weak AC/C < 0; AG/G < 0 08<DE<1.2
Negative decoupling Weak AC/C < 0; AG/G < 0 0<DE<0.8
Strong AC/C > 0; AG/G < 0 DE<O
Very weak AC/C > 0; AG/G > 0 DE > 1.2

is the energy consumption, N; is the low-energy calorific value,
CC; is the carbon emission factor provided by IPCC, O; is the
carbon oxidation factor, and B is the mass ratio of carbon dioxide
molecules to carbon (3.667).

2.2.2 Tapio Decoupling Model

The Tapio decoupling model has been widely used in various fields
(Petri, 2005). Since the Tapio model can accurately determine the
decoupling state of a region at a certain time, this study uses the Tapio
model to study the relationship between the development of high-end
equipment manufacturing and carbon emission in the Bohai Rim,
and the decoupling model is given as

AC/C

DE =——,
AG/G

2
where DE is the decoupling elasticity value, AC is the difference
between the carbon emission of the present period and the carbon
emission of the previous period, C is the carbon emission of the
present period, AG is the difference between the total output value
of the high-end equipment manufacturing industry in the Bohai
Rim and the previous period, and G is the present gross output
value. According to the division of the decoupling elasticity value
by scholars (Liu, 2016), the relationship between high-end
equipment manufacturing and carbon emission is divided into
three types: connection, decoupling, and negative decoupling. The
details are given in Table 1. Among them, a strong decoupling state
means that the development of the high-end equipment
manufacturing industry in the Bohai Rim is not based on
energy consumption and carbon emission, and there is no
direct relationship between industrial development and carbon
emission. Weak decoupling and very weak decoupling indicate that
as the industry develops, the negative impact of carbon emission
will also increase, but the growth rate is smaller than that of
economic development. The connection and negative decoupling
states are both non-ideal states of carbon emission and industrial
economic development.

2.2.3 LMDI Decomposition Model
This study uses the LMDI model to analyze carbon emission
factors (Fu et al,, 2021). The model is given as

C=)C-= ZiY% % =) CST, 3)
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where C is the total carbon emission of high-end equipment
manufacturing in the Bohai Rim, C; is the carbon emission of
various sub-sectors in the high-end equipment manufacturing
industry, Y is the output value of the high-end equipment
manufacturing industry in the Bohai Rim, Y; is the output
value of each sub-sector of the high-end equipment
manufacturing industry, S;=Y;/Y is the proportion of i
industry output value in total output value, and T; =C;/Y; is
i industry unit output value energy consumption.

Assuming 0 as the base period to the t period, the change in
carbon emission can be estimated using the given function:

AC=C'-C"=) C'SITi - ) C'S!T} = ACy + AGs + ACr,
4)

where ACy is the scale effect of carbon emission, indicating the
difference in carbon emission due to changes in the output
value of high-end equipment manufacturing; ACg is the
structural effect of carbon emission, indicating changes in
carbon emission due to structural changes in various sub-
sectors of the high-end equipment manufacturing industry;
and ACr is the intensity of carbon emission which indicates the
change in total carbon emission due to changes in the intensity
of carbon emission.

On the basis of the LMDI model, we continued using the
additive decomposition model to decompose the carbon emission
of high-end equipment manufacturing in the Bohai Rim, and the
model is given as

Y.
ACy =) L(C},C)In 7 (5)
St
0 i
ACs =) L(C),C))In © (6)
0 Tt
ACr =) L(C),C)In F ?)
ct-¢
— J - (C#C
InC -InC/ (G # &)
L(C,C) = : (8)
c (Ci=c)

2.2.4. Monte Carlo Simulation

Monte Carlo simulation is used to predict the carbon neutrality of
the high-end equipment manufacturing industry in the Bohai
Rim. Since the most likely variation interval and median value of
a variable are known, but the shape of its probability distribution
is unknown, it is assumed that each variable is a triangular
distribution. Then, we used Crystal Ball to simulate each
factor in the baseline scenario, low-carbon scenario, and
technological breakthrough scenario to predict the specific
time of carbon neutrality in the high-end equipment
manufacturing industry in the Bohai Rim. The number of
simulations is 500,000 times. The annual average change rate
is set and refers to various policies.

Frontiers in Environmental Science | www.frontiersin.org

June 2022 | Volume 10 | Article 926365


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

Lu et al.

Empirical Decomposition and Forecast

TABLE 2 | Carbon emission of high-end equipment manufacturing in the Bohai Rim (10 kilo-tons).

Province 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Beijing 656 715 780 856 835 803 786 815 801 738 696
Tainjin 151 136 135 229 305 241 194 135 29 28 27
Hebei 899 1,130 1,313 920 939 935 882 908 876 838 792
Liaoning 1,217 1,459 1,576 1,696 1,850 716 610 429 267 149 109
Shandong 3,590 4,544 5,739 4,356 4,535 4,313 4,124 3,442 2,953 2,704 2,476
Bohai Rim 6,513 7,984 9,543 8,057 8,464 7,008 6,596 5,729 4,926 4,457 4,100
0
=5 G(Billion)
mm C(Thousand Tons)
—e—DE
-10
-15
2015 2016 2017 2018 2019
FIGURE 1 | Decoupling situation.

3 RESULTS AND DISCUSSION

3.1 Carbon Emission Status Analysis
According to the carbon emission measurement model, the carbon
emission of high-end equipment manufacturing in the Bohai Rim
was calculated (Table 2). From 2009 to 2019, the carbon emission of
the high-end equipment manufacturing industry in the Bohai Rim
showed an increasing trend and then reduced in the later stage. The
peak of carbon emission occurred in 2011 with a total carbon
emission of 9543 million tons. From 2011 to 2019, the total
carbon emission of the high-end equipment manufacturing
industry in the Bohai Rim gradually decreased, with an average
annual growth rate of 14.8%. From the perspective of provinces and
cities, the carbon emission of the high-end equipment manufacturing
industry generally presents the pattern of Shandong > Hebei > Beijing
> Liaoning > Tianjin. Shandong Province contributed 60% of the
total carbon emission of the high-end equipment manufacturing
industry in the Bohai Rim.

3.2 Carbon Emission Decoupling Model

Analysis

According to the Tapio decoupling model, this study analyzes the
carbon emission decoupling effect of the high-end equipment
manufacturing industry in the Bohai Rim in the past 5 years. It
can be seen from Figure 1 that since 2015, the output value (G), total
carbon emission (C), and decoupling elasticity value (DE) of the

high-end equipment manufacturing industry showed a decreasing
trend. There was an adjustment from the weak decoupling state in
2015 to the strong decoupling state in 2019, but the decoupling state
of regional carbon emission is not stable.

The carbon emission decoupling status of the high-end equipment
manufacturing industry in various provinces and cities is shown in
Table 3. It is found that by 2019, except for Shandong Province, other
provinces and cities in the Bohai Rim will have reached a strong
decoupling state of industrial development and carbon emission.
Among them, Beijing has maintained a strong decoupling
relationship between carbon emission and the development of the
high-end equipment manufacturing industry in recent years. It is an
advantageous area of decoupling effects in the Bohai Rim, which can
provide a reference for the low-carbon development of other
provinces and cities. Tianjin, Hebei, Liaoning, and Shandong have
basically maintained a decoupling state; they have also crossed weak
decoupling, and very weak decoupling indicates that the decoupling
relationship between carbon emission and the development of high-
end equipment manufacturing is not stable.

3.3 Decomposition of Carbon Emission
Factors

3.3.1 Decomposition of Carbon Emission Factors in
the Bohai Rim

From 2015 to 2019, the carbon emission of high-end equipment
manufacturing in the Bohai Rim decreased by 28.95 million tons
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TABLE 3 | Decoupling situation of the Bohai Rim.

Province 2015 2016

Beijing Very weak decoupling Weak decoupling
Tainjin Strong decoupling Very weak decoupling
Hebei Strong decoupling Weak decoupling
Liaoning Weak negative decoupling Weak connection
Shandong Strong decoupling Strong decoupling
Bohai Rim Very weak decoupling Strong decoupling

Strong decoupling

Very weak decoupling
Weak negative decoupling
Very weak decoupling
Very weak decoupling
Very weak decoupling

Empirical Decomposition and Forecast

2017 2018 2019

Strong decoupling

Strong decoupling

Weak negative decoupling
Very weak decoupling
Weak negative decoupling
Weak decoupling

Strong decoupling
Strong decoupling
Strong decoupling
Strong decoupling
Weak negative decoupling
Strong decoupling

TABLE 4 | Decomposition of carbon emission factors in the Bohai Rim.

Bohai Rim Changes in carbon emissions (10 kilo-tons)

2015 2016 2017 2018 2019 Total
AC -333 -937 -800 -474 -351 -2,895
ACY —252 (75.7%) -19 (2.0%) -291 (36.4%) -1222 (257.8) -395 (112.5%) -2,179 (75.3)
ACS 195 (568.5%) 78 (-8.3%) -258 (32.3%) 638 (134.6%) 170 (-48.4%) —-453 (15.6%)
ACT —275 (82.6%) —996 (106.3%) -251 (31.4%) 1386 (—292.4%) -127 (36.2%) -263 (9.1%)

The values in parentheses indicate the contribution rate of each influencing factor.

of coal (Table 4). Among them, the carbon emission reduction
caused by the scale effect of carbon emission was 21.79 million
tons of coal, and the contribution rate to carbon emission
reduction was 75.3%. The structural adjustment of the high-
end equipment manufacturing industry reduced the carbon
emission of 4.53 million tons of standard coal and contributed
15.6% to the carbon emission reduction. Changes in the intensity
of carbon emission resulted in a reduction in carbon emission of
2.63 million tons of coal with a contribution rate of 9.1%.

From 2015 to 2019, the scale of the high-end equipment
manufacturing industry in the Bohai Rim dropped from
7,147.5 to 4,971.9 billion yuan, and the total carbon emission
also declined. It can be seen that the Bohai Rim has made
significant progress in energy conservation and emission
reduction in recent years. However, most of the reduction in
carbon emission from high-end equipment manufacturing in the
Bohai Rim region is due to the reduction in the output value, and
such carbon emission reduction methods are unsustainable.
Reduction of carbon emission intensity does not play an
important role in the carbon emission reduction process of
high-end equipment manufacturing in the Bohai Rim region.
Therefore, improving the technical level and reducing the carbon
emission intensity is an important way to reduce carbon
emissions in the high-end equipment manufacturing industry
in the Bohai Rim in the future.

3.3.2 Decomposition of Carbon Emission Factors in
Provinces and Cities

3.3.2.1 Scale Effects

From 2015 to 2019, the scale effect of carbon emission has made
positive contributions to carbon emission reduction except in
Beijing. However, the contribution of the scale effect to carbon
emission reduction is premised on the decline in the output value
of the high-end equipment manufacturing industry. Among
them, Shandong Province has the largest carbon emission

reduction rate of 14.78 million tons. At the same time, the
output value of its high-end equipment manufacturing
industry has also declined the most, from a total output value
of 3,480.5 billion yuan in 2015 to 1,746.4 billion yuan in 2019 (see
Table 5

3.3.2.2 Structural Effect

From 2015 to 2019, there is regional heterogeneity in the change
of carbon emissions caused by the structural effect. The
adjustment of industrial structures in Beijing, Tianjin, and
Hebei has increased the total amount of carbon emission. The
adjustment of industrial structures in Liaoning and Shandong has
promoted the reduction of carbon emissions. It is because from
2015 to 2019, the proportion of automobile manufacturing,
computer communication, and other electronic equipment
manufacturing in Beijing, Tianjin, and Hebei has increased.
However, other sub-industries changed less, resulting in a
carbon emission rise. For Shandong and Liaoning, the
proportion of general equipment manufacturing, special
equipment manufacturing and electrical machinery, and
equipment manufacturing has dropped significantly, and
consequently, the total carbon emissions have declined (Table 6).

3.3.2.3 Carbon Emission Intensity Effect

The reduction of carbon emission intensity in Beijing and Tianjin
has promoted the decline of the total carbon emission with a
contribution of 220.31% and 90.75% (Table 7). The reason for
this phenomenon is that Beijing and Tianjin promulgate policies
to improve energy efficiency. At the same time, the two cities took
advantage of regional technological innovation to gradually build
a green, low-carbon, and renewable energy system. However, the
intensity of the carbon emission effect led Hebei, Liaoning, and
Shandong to an increase in carbon emissions in the high-end
equipment manufacturing industry. The contribution of carbon
emission intensity in the past 5 years is —25.47%, —2.14%, and
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TABLE 5 | Scale effect of carbon emission in provinces and cities.

Empirical Decomposition and Forecast

ACY 2015 2016 2017 2018 2019 Total
Beijing 37.49 (214.97%) 36.58 (125.04%) 38.94 (272.72%) 26.01 (41.10%) 29.85 (71.44%) 93.89 (87.30%)
Tainjin 2.78 (5.90%) 9.91 (16.66%) 30.13 (28.60%) 2.34 (200.33%) 1.60 (228.55%) 42.10 (19.68%)
Hebei 30.49 (58.05%) 32.14 (126.95%) 107.20 (344.26%) —88.54 (230.54%) 120.03 (258.14%) 314.11 (219.29%)
Liaoning 253.71 (237.35%) 205.57 (113.59%) 21.50 (13.34%) 20.85 (17.59%) 21.69 (54.47%) 438.61 (72.20%)
Shandong 72.69 (66.96%) 127.69 (17.00%) 214.37 (43.89%) 1182.8 (468.97%) 281.2 (126.29%) 1478 (81.07)
The values in parentheses indicate the contribution rate of each influencing factor.

TABLE 6 | Structural effect of carbon emissions in provinces and cities.

ACs 2015 2016 2017 2018 2019 Total
Beijing 29.98 (171.90%) 33.45 (114.35%) —27.38 (191.71%) —-10.09 (15.95%) 9.55 (22.85%) 35.51 (33.01%)
Tainjin 25.04 (53.10%) 6.66 (11.19%) 13.84 (13.14%) 0.50 (43.14%) 3.94 (562.15%) 22.30 (10.43%)
Hebei 80.96 (154.16%) 47.18 (186.36%) —65.48 (210.30) —-108.30 (282.00%) 180.035 (387.18%) 134.40 (93.82%)
Liaoning —22.20 (20.77%) -106.75 (58.98%) —85.82 (53.23%) —-49.05 (41.38) 82.00 (205.91%) —-181.82 (29.93%)
Shandong 80.27 (73.95%) 97.23 (12.94%) -65.92 (13.50%) —-471.00 (186.74%) -105.52 (47.39%) 464.93 (25.50%)

The values in parentheses indicate the contribution rate of each influencing factor.

TABLE 7 | Carbon emission intensity effect in provinces and cities.

ACr 2015 2016 2017

Beiiing -9.93 (56.93%) ~40.77 (139.38%) -25.85 (181.00%)
Tainjin -69.41 (147.20%) 56.26 (94.53%) -61.37 (58.26%)
Hebei ~102.99 (196.11%) ~54.00 (213.30%) 141.54 (454.55%)
Liaoning 169.01 (158.11%) 131.34 (72.57%) -96.91 (60.11%)
Shandong —261.51 (240.91%) -976.07 (129.94%) -208.19 (42.62%)

Note: The values in parentheses indicate the contribution rate of each influencing factor.

—6.58%. It caused an increase in the level of regional carbon
emissions. The possible reason is that Hebei, Liaoning, and
Shandong did not pay attention to improving energy
utilization efficiency, and more emphasis was on adjusting the
energy structure and promoting the development of clean energy,
which may lead to an increase in the carbon emission intensity of
high-end equipment manufacturing.

Beijing and Tianjin have obvious advantages in carbon
emission reduction in the high-end equipment manufacturing
industry. It is worth learning from other regions. The carbon
emission reduction of high-end equipment manufacturing
industries in Hebei, Liaoning, and Shandong mainly depends
on the scale effect. The intensity of carbon emission has not
played an important role in the process of carbon emission.

3.4 Carbon Neutrality Forecast for the
High-End Equipment Manufacturing in the

Bohai Rim

3.4.1 Scenario Setting

Based on the development of China’s clean energy industry,
the future development scenarios are set as the base scenario,
the low-carbon scenario, and the technological breakthrough
scenario.

2018 2019 Total

~79.22 (125.15%)
~4.01 (343.48%)
158.43 (412.54%)
-90.34 (76.21%)

1401.61 (555.71%)

-81.185 (194.29%)
~3.04 (433.60%)
~106.50 (229.04%)
~100.13 (251.44%)
164.05 (73.67%)

-236.96 (220.31%)
~194.1 (90.75%)
36.48 (25.47%)
12.97 (2.14%)
119.89 (6.58%)

3.4.1.1 Base Scenario

The base scenario refers to the high-end equipment
manufacturing industry in the Bohai Rim that adheres to the
present development model and carbon emission policy.
Assuming that the current economic environment and
technological level remain unchanged, the government will no
longer issue stricter carbon emission policies. The carbon
emission indicators are predicted based on the development
trend in recent years. In terms of clean energy (CE), the
country still adheres to the present development policy and
the total output of clean energy is predicted based on the
output data of recent years. At the same time, this study refers
to various policies (Lin and Liu, 2010). The median value of the
annual average change rate of carbon emission intensity is set to
—3.43%, and then, the minimum and maximum annual average
rate of change is adjusted on the basis of the median value. The
potential change rate of each influencing factor under the base
scenario is given in Table 8.

3.4.1.2 Low-Carbon Scenario

Under the low-carbon scenario, the high-end equipment
manufacturing industry in the Bohai Rim has changed the
traditional development model, and the industrial-scale
expansion is no longer at the expense of the environment. The
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TABLE 8 | Potential change rate of each influencing factor under the base scenario.

2020-2030 (%)

2031-2040 (%)

Empirical Decomposition and Forecast

2041-2050 (%)

Minimum Median Maximum Minimum Median Maximum Minimum Median Maximum
ACY 4.5% 5.5% 6.5% 3.5% 4.5% 5.5% 2.5% 3.5% 4.5%
ACS -2.9% -2.9% -1.9% -2.9% -1.9% -0.9% -1.9% -0.9% -0.09%
ACT -3.83% -3.43% -3.03% -2.83% -2.43% -2.03% -1.83% 1.43% -1.03%
CE 9.2% 10.7% 12.4% 8.2% 9.7% 11.4% 7.2% 8.7% 10.4%
TABLE 9 | Potential change rate of each influencing factor under the low-carbon scenario.

2020-2030 (%) 2031-2040 (%) 2041-2050 (%)

Minimum Median Maximum Minimum Median Maximum Minimum Median Maximum
ACY 4.5% 5.5% 6.5% 3.5% 4.5% 5.5% 2.5% 3.5% 4.5%
ACS 3.9% -2.9% -1.9% -2.9% -1.9% -0.9% -1.9% -0.9% -0.09%
ACT -4.83% -4.43% -4.03% -3.83% -3.43% 3.08% -2.83% -2.43% -2.03%
CE 10.2% 11.7% 13.4% 9.2% 10.7% 12.4% 8.2% 9.7% 11.4%

government has issued relevant policies to improve energy
efficiency and reduce the intensity of carbon emissions. At the
same time, the proportion of clean energy consumption in the
energy consumption structure has increased, the level of energy-
saving technologies has been improved, and the rate of decline in
total carbon emissions has accelerated. As for the production of
clean energy, the government will introduce policies to promote
the development of new energy and clean energy, and the total
output of clean energy production has increased. In addition, the
effectiveness of policy implementation and the uncertainty of the
economic environment are fully considered. The potential change
rate of each influencing factor under the low-carbon scenario is
given in Table 9.

3.4.1.3 Technological Breakthrough Scenario

With the increasingly strict carbon emission policy in China, the
technological innovation activities of energy saving and emission
reduction are becoming increasingly active. Technological
innovation has become a necessary way to achieve carbon
neutrality. On the one hand, through technological innovation,
it is possible to find the potential for structural adjustment and
optimization of various sub-industries of the high-end equipment
manufacturing industry. On the other hand, the optimization of
production processes brought by technological innovation has
reduced the carbon emission intensity of various industries. At
the same time, the improvement of clean energy production
technology not only guarantees the safety problems in the process
of clean energy production but also promotes the increase of the
total amount of clean energy production. The specific change rate
is shown in Table 10.

3.4.2 Simulation Method —Carbon Neutrality Forecast
3.4.2.1 Base Scenario

Under the base scenario, by 2049, the total carbon emission of the
high-end equipment manufacturing industry in the Bohai Rim
will be about 5.09 million tons. Compared with 2019, the

reduction of carbon emission is 35.92 million tons and the
annual carbon emission reduction is 1.1588 million tons. At
the same time, the total carbon emission will decrease by
about 4.52 million tons caused by the use of clean energy.
Overall, the probability of achieving carbon neutrality in the
high-end equipment manufacturing industry in the Bohai Rim in
2049 is 40.38%. By 2050, total carbon emissions will continue to
decrease, clean energy production will continue to rise, and the
probability of reaching the carbon neutrality target will increase
to 81.70%. In 2051, the probability of achieving carbon neutrality
in the high-end equipment manufacturing industry in the Bohai
Rim will expand to 97.69%. The possibility of achieving carbon
neutrality is extremely high, which is about 9 years earlier than
the target. Among the influencing factors, the carbon emission
intensity effect has the largest contribution to carbon neutrality. A
total of 57.5394 million tons of carbon dioxide were reduced with
a contribution rate of 145.93%.

3.4.2.2 Low-Carbon Scenario

Under the low-carbon scenario, compared with the baseline
scenario, the carbon emissions of high-end equipment
manufacturing in the Bohai Rim region are further reduced.
By 2044, the total carbon emissions will be about 7.76 million tons
and the carbon emissions from the use of clean energy will be
about 4.10 million tons. At that time, the probability of attaining
the carbon neutrality target will be about 4.35%. In 2045, the total
carbon emissions will be about 5.77 million tons, while the total
carbon emissions reduced by the use of clean energy will reach
4.49 million tons, and the probability of carbon neutrality will be
about 49.12%. In 2046, the total amount of carbon emissions will
be reduced to 3.71 million tons, while the total amount of carbon
dioxide emissions reduced by the use of clean energy will reach
4.93 million tons, and the probability of achieving carbon
neutrality will be 93.22%. Among the various influencing
factors, the reduction of carbon emission intensity is still the
biggest contributor to the realization of carbon neutrality, with a
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TABLE 10 | Potential change rate of each influencing factor under the technological breakthrough scenario.

2020-2030 (%)

2031-2040 (%)

2041-2050 (%)

Minimum Median Maximum Minimum
ACY 4.5% 5.5% 6.5% 3.5%
ACS 4.9% -3.9% -2.9% -3.9%
ACT -5.83% -5.43% -5.03% -4.83%
CE 11.2% 12.7% 14.4% 10.2%

total carbon emission reduction of 54.75 million tons and a
contribution rate of 146.78%.

3.4.2.3 Technological Breakthrough Scenario

Under the technological breakthrough scenario, because of the
improvement of the production technology of the high-end
equipment manufacturing industry in the Bohai Rim region
and the progress of the production technology of clean energy,
the realization time of carbon neutrality will be further shortened.
In 2040, the probability of achieving carbon emissions is 0.039%.
In 2041, the probability of achieving carbon neutrality rises to
33.50%, and it can be found that the probability of achieving
carbon neutrality is still low. However, by 2042, the probability of
carbon neutrality in the Bohai Rim region will increase to 97.84%,
and there is great hope for achieving carbon neutrality. The
technological breakthrough scenario achieves the carbon
neutrality goal 4 years earlier than the low-carbon scenario
and 9 years earlier than the baseline scenario, indicating that
technological progress has a significant role in promoting carbon
neutrality in the high-end equipment manufacturing industry in
the Bohai Rim. At the same time, technological breakthroughs
continued to increase the contribution of the carbon emission
intensity effect, reducing carbon emissions by a total of 47.52
million tons with a contribution rate of 161.63%.

4 CONCLUSION, POLICY IMPLICATIONS,
AND FUTURE RESEARCH

4.1 Conclusion and Policy Implications

In the present study, the Tapio model was used to analyze the
carbon emission of high-end equipment manufacturing in the
Bohai Rim (including five provinces: Beijing, Tianjin, Hebei,
Liaoning, and Shandong) from 2015 to 2019. The LMDI
model was used to decompose the influencing factors of
carbon emissions. On this basis, combined with various policy
indicators, the Monte Carlo simulation method was used to
predict carbon neutrality. The main conclusions of this study
are given as follows.

First, in 2019, the development of high-end equipment
manufacturing and carbon emissions in the Bohai Rim region
showed an ideal state of strong decoupling, but this ideal state is
not stable and there is a risk of “recoupling.” From the perspective
of the provinces and cities around the Bohai Sea, the carbon
decoupling situation in Beijing and Tianjin is relatively good, and
the ideal state of strong decoupling can be maintained. The next
two provinces are Hebei and Liaoning, which have achieved

Median Maximum Minimum Median Maximum
4.5% 5.5% 2.5% 3.5% 4.5%
-2.9% -1.9% -2.9% -1.9% -0.9%
-4.43% -4.03% -3.83% -3.43% -3.03%
11.7% 13.4% 9.2% 10.7% 12.4%

strong decoupling in 2019. The carbon decoupling situation in
Shandong Province is relatively poor, and it has been in a non-
ideal state of negative decoupling in recent years.

Second, the result of the LMDI model finds that the scale effect
is the main contributor to carbon emission reduction in the high-
end equipment manufacturing industry in the Bohai Rim. The
contribution rate is 75.3%. The second is the structural effect and
the carbon emission intensity effect, with contribution rates of
15.6% and 9.1%, respectively. From the perspective of each
province and city, except Beijing and Tianjin which use the
reduction of carbon emission intensity as the main force for
carbon emission reduction, the other three provinces use the scale
effect as the main contributor to carbon emission reduction but
such carbon reduction is unsustainable.

Third, under different scenarios, there are significant
differences in the evolution path of carbon neutrality in the
high-end equipment manufacturing industry in the Bohai Rim.
Under the baseline scenario, the low-carbon scenario, and the
technological breakthrough scenario, the carbon neutrality target
is expected to be achieved ahead of schedule, and the carbon
neutrality time estimated by the Monte Carlo simulation is 2051,
2046, and 2042, respectively. In each scenario, the contribution
rate of carbon emission intensity to carbon neutrality is the largest
and gradually increases, which are 145.93%, 146.78%, and
161.63%, respectively.

China should improve energy utilization efficiency and
strengthen incentives for green innovation in high-end
equipment manufacturing enterprises. The carbon emission
reduction of the high-end equipment manufacturing industry
in the Bohai Rim mainly depends on the scale effect, and the
carbon emission intensity still has great potential to promote
carbon emission reduction. Therefore, reduce the waste of energy
in processing, conversion, transportation, distribution, and other
terminal utilizations. Then the use of new technologies such as
cloud computing and big data to establish a smart energy
management system is of great importance to the high-end
equipment manufacturing enterprises in the Bohai Rim. In
addition, the government should guide enterprises to increase
investment in energy conservation and provide enterprises with
tax relief and policy subsidies to urge them to take the social
responsibility for the realization of the carbon neutrality goal.

4.2 Future Research

This article gathered data from high-end equipment
manufacturing in China’s Bohai Rim to research its carbon
emission status and predict the time to attain the carbon
neutrality goal. However, the many influencing factors
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affecting carbon emission and the analysis methods for carbon
neutrality prediction need to be further explored. Moreover,
micro-level data on carbon emissions should be considered to
make a detailed and comprehensive analysis.
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