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Under the “dual carbon” background, carbon emission trading policy, as an

important means of environmental regulation for energy conservation,

emission reduction and green development, has a very important impact on

energy efficiency. We take China’s pilot carbon trading policy, which began in

2013, as an example, and the energy efficiency of industrial enterprises from

2008 to 2019 as a study sample. In this paper, the single factor industrial energy

efficiency (ISE) and the green total factor industrial energy efficiency (IGTE) in

China are both included in the influence category of carbon emission trading.

The SUPER-EBMmethod is used to measure IGTE. The direct effects of carbon

emission trading policy on the two types of industrial energy efficiency are

investigated by Difference-in-difference model combined with stepwise

regression method. The dynamic effects are studied by event study method.

In order to verify how the “Porter effect” plays a role in this process, this paper

examines the influence paths of five important innovation-related intermediate

mechanisms. The study find that after a series of robustness tests, such as

parallel trend test, placebo test, changing the time window frame and adding

control variables, carbon emission trading policy significantly improved the two

energy efficiency. The effect of carbon trading policy gradually increased and

reached itsmaximum in the fifth year, but then began to decline. Undermultiple

innovation approaches, innovation environment level and innovation

protection intensity can significantly improve the two energy efficiency.

Green innovation intensity and breakthrough innovation intensity improved

ISE. The overall level of enterprise innovation improved IGTE. Heterogeneity

analysis shows that carbon trading policy has a greater impact on the eastern

region, but a smaller impact on the central and western regions. This paper

provides differentiated policy inspiration for the overall promotion of China’s

national carbon market in the future.
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Introduction

Energy efficiency is the key research problem of harmonious

development of economy and environment at home and abroad.

In recent years, air pollution issues represented by haze and

global warming are gradually coming into people’s view and

getting wide attention. As a large energy consumer, the negative

impact of industrial sector on the atmospheric environment

cannot be ignored. The fifth Plenary Session of the 18th

Communist Party of China (CPC) Central Committee clearly

proposed that during the 13th Five-Year Plan period, the

development concept of “innovation, coordination, green,

open and sharing” should be implemented, and the road of

sustainable development should be taken in the construction

process of new industrialization. In 2020, China set a “dual

carbon” goal, making green and low-carbon the main theme

of China’s energy development. From the perspective of micro

market players, the “double carbon” target is conducive to the

green and low-carbon transformation of industrial enterprises

and new development opportunities of related green industries,

and plays an important role in promoting the high-quality

development of China’s economy.

Carbon emission trading policy is an important

environmental regulation tool for industrial carbon emissions

under the background of “double carbon”. From the theory of

property right, the root of market failure lies in property right

failure. Carbon emission is a negative public good with

externality and exclusivity. Spontaneous price mechanism

cannot solve the external dis-economic problem of

environmental pollution generated in the process of economic

activities. Carbon emission trading policy comes into being for

the government to solve this problem. Carbon trading can

internalize the external costs of environmental pollution by

clarifying property rights, and make carbon emissions become

non-public goods. The industrial power sector accounts for more

than half of the carbon reductions in the carbon trading system.

Potential emerging markets will lead investment into green and

low-carbon sectors. As an important means of market incentive,

carbon emission trading policy will trigger the “Porter effect” to

play multiple roles. It can dynamically adjust the carbon emission

pricing, promote industrial enterprises to actively carry out

technological innovation and industrial transformation,

promote the society to improve the regional innovation

environment, and formulate diversified innovation protection

measures to improve the overall energy utilization efficiency of

industrial enterprises.

China’s carbon emission trading pilot policy covers most

industrial enterprises. Its goal is to deal with climate change and

environmental problems through market mechanism, improve

comprehensive energy efficiency by promoting energy-saving

and emission reduction activities of high-carbon emission

enterprises, and finally achieve the ultimate goal of reducing

greenhouse gas emissions. Carbon emission trading, as an

environmental regulation means, encourages industrial

enterprises to pursue economic benefits while actively

improving the ability of rational allocation of various

resources. It not only encourages industrial enterprises to

actively save energy in the production process, but also

encourages them to continuously improve the production

level and service level through technological innovation, so as

to improve the final value of the overall economic output. Thus,

the single factor energy efficiency of industrial enterprises is

improved.

In the process of carbon emission trading policy actively

improving industrial enterprises’ ability to rationally allocate

resources, industrial enterprises will not only pay attention to

energy saving and increasing industrial economic output, but

also strive to improve their total factor productivity under the

impetus of the overall “green development consciousness” of the

society. They will not only pay attention to energy use and

management, but also pay attention to internal total factor

management. It includes improving the overall quality of

employees, making efficient use of all kinds of capital input,

constantly improving environmental awareness, and actively

reducing all kinds of environmental pollutants to avoid the

risk of environmental regulation policies, thus improving the

green total factor energy efficiency of industrial enterprises from

both the input and output ends.

This paper mainly studies the influence mechanism of carbon

emission trading policy on industrial energy efficiency and the

multiple innovation intermediate mechanism between them.

This paper can provide a theoretical basis for the economic

management of government departments and industrial

enterprises, such as energy saving and emission reduction,

improving economic and environmental performance.

This paper defines two kinds of industrial energy efficiency,

both of which have very important theoretical research value. At

the same time, many scholars (You and Gao, 2013; Shi and Li,

2020; Chen et al., 2021; Gao and Teng, 2022) realized the

importance of incorporating the two energy efficiency into the

same research category, and conducted a comparative study on

single-factor energy efficiency and green total factor energy

efficiency, which is beneficial to government departments to

formulate targeted energy efficiency control policies according

to the evaluation of different energy efficiency indicators.

However, there are few researches specifically on the energy

utilization efficiency of industrial enterprises.

Industrial single factor energy Efficiency (ISE) is designed in

this paper, which represents the energy consumption intensity of

enterprises. As a traditional and representative index used to

measure the energy use efficiency of enterprises, it is usually

applied by scholars in various academic researches on energy

efficiency. At the same time, this index has been widely used in

national statistics and production practice, and is also an

important indicator basis for the government to formulate

energy policies. It is often regarded as a binding indicator for
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the government to save energy and reduce consumption.

Industrial single factor energy efficiency can directly reflect

the relationship between energy consumption and economic

output of industrial enterprises without considering

environmental factors and other factors, which has very

important economic and statistical significance. The other is

industrial green total factor energy efficiency (IGTE)

(considering industrial capital, manpower, energy,

environment and economic factors at the same time). This

paper calculates through the SUPER-EBM model, which

combines a variety of inputs and environmental negative

output, and has a very important impact on the sustainable

economic development of industrial enterprises and a country or

region.

At the same time, this paper includes industrial single factor

energy efficiency and industrial green total factor energy

efficiency into the impact analysis of carbon emission trading,

so as to study the heterogeneity of China’s carbon emission

trading mechanism on them. Five important and different

intermediate innovation mechanisms, including innovation

environment level, innovation protection intensity, green

innovation intensity, breakthrough innovation intensity and

overall enterprise innovation level, are fully considered.

This paper expands the research on the intermediate

channels through which the carbon emission trading scheme

exerts institutional dividends, and expounds the role of “Porter

effect” in this process. This paper makes up for the shortcomings

of the existing literature on the multiple impact mechanisms of

carbon emission trading on industrial energy efficiency.

At present, China’s national carbon market has been carried

out. The research content of this paper will provide policy

enlightenment for the comprehensive promotion of China’s

national carbon market in the future. In addition, the research

content and conclusions of this paper can also be used as the basis

to discuss the future system design and development trend of

China’s carbon emission trading. This paper can promote China

to establish a typical representative with Chinese characteristics

in the world carbon emission trading market, and provide

practical reference for the design and long-term development

of carbon emission trading system in other countries.

Literature review

Carbon emission trading policy has a wide range of impacts

on the macro economy and society andmicro enterprise subjects.

There are many arguments about the effect of carbon emission

trading on various research objects, such as “suppression theory”,

“promotion theory” and “nonlinearity theory”. According to the

research object, the relevant Frontier literature is mainly divided

into four aspects: macro economy, environmental governance,

micro enterprise technology innovation, production and

operation activities.

The impact of carbon emission trading
policy on macroeconomic activities

The impact of carbon emission trading on macroeconomic

activities is a hot topic in academic research. Scholars have found

that carbon emission trading has different effects on

employment, income equality and operation efficiency of

different industries.

In terms of the impact on population employment, Yu and Li

(2021) found that the carbon emission trading policy had

produced certain employment dividends, with the total effect

reaching 11.5%. With the passage of time, the effect on

employment also gradually increased, and the employment

effect of carbon trading policy in different regions was

different. In terms of the impact on urban income, Yu et al.

(2021) found that the implementation of carbon emission trading

was conducive to reducing the income inequality between urban

and rural areas, and the reduction effect reached 8.11%, which

remained long-term. Meanwhile, for regions with different CO2

emission levels and per capita gross domestic product (GDP)

levels, the impact of carbon trading on income inequality was

different.

There are many researches on the influence of different

industries, mainly focusing on the field of energy

consumption industry. Scholars have studied the positive

effects of carbon trading market on fossil energy market (Nie

et al., 2021; Jiang et al., 2022a), non-fossil energy industry (Liu

J. Y et al., 2021) and steel industry (Duan et al., 2021).

In other areas of economic activities, scholars found that the

carbon trading price distortion would seriously affect the effect of

the carbon trading market, which would have a negative impact

on the economic benefits, environmental benefits and policy

acceptance of the carbon trading market (Wu, 2021). In addition,

the current economic environment in China lacked immediate

investment in carbon capture, utilization and storage projects

(CCUS), but the introduction of carbon trading mechanism

would significantly improve the potential value of such

projects (Lin and Tan, 2021).

The effect of carbon emission trading
policy on environmental governance

The impact of carbon emission trading on environmental

governance is another hot topic in academic research. The

research content is relatively rich, mainly focusing on the

governance effects and governance channels of various

environmental pollutants.

Among them, the most researches are on the effect and

channels of carbon dioxide emission (CO2) reduction. Xia et al.

(2021), for example, found that carbon trading policies

significantly reduced the carbon emissions of land use in pilot

areas. This mechanism occurred through the intermediate effect
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of energy structure. Wang et al. (2021) found that carbon trading

policies significantly reduced regional carbon emissions. The

mediating mechanism included adjusting energy consumption

structure and promoting technological innovation level. Chen

and Lin (2021) verified the role of carbon trading scheme in

promoting energy conservation and emission reduction. Peng

et al. (2021) found that the carbon trading mechanismwould lead

to the simultaneous reduction of carbon emission and emission

intensity. The reduction of carbon emissions was due to the

improvement of energy efficiency. Tang et al. (2021) found that

the pilot carbon trading policy effectively reduced the carbon

emissions of pilot industries. The intermediate mechanism of

emission reduction was the adjustment of industrial structure

and the promotion of technological innovation. Zhang et al.

(2021) found that carbon trading policy significantly improved

regional green development efficiency and regional carbon

equality. The intermediate mechanism was to increase green

total factor productivity (GTFP) and reduce investment in

carbon-intensive industries. Shen et al. (2021) found that

the implementation of carbon trading was conducive to

regional sustainable development. At the same time, the

improvement of carbon productivity could be promoted by

controlling the improvement of environmental governance

intensity. Wu and Zhu (2021) found that the carbon trading

mechanism significantly promoted the process of carbon

peaking.

In addition to the major industrial environmental pollutants

such as carbon dioxide, in terms of the treatment effect of other

environmental pollutants, scholars have found that carbon

emission trading policies can reduce sulfur dioxide (SO2)

(Kou et al., 2022), particulate matter 2.5 (PM2.5) (Liu B et al.,

2021), and achieve collaborative emission reduction of CO2 and

SO2 (Wu et al., 2021). It could also promote coordinated

emission reductions of CO2 and other atmospheric pollutants

including nitrogen oxides (NOX), Dust pollutants (Dust) (Li

et al., 2021; Jiang et al., 2022b).

Some other scholars found that the regional porter effect of

carbon emission trading was not stimulated (Nie et al., 2021), but

caused the marginal CO2 emission reduction cost in the pilot

region to fluctuate up (Duan et al., 2021).

The impact of carbon emission trading
policy on technological innovation of
enterprises

In terms of the impact of carbon emission trading on

enterprise technological innovation, most studies support the

“facilitation theory”, acknowledge the role of “porter effect”, and

analyze various intermediate channels and heterogeneity of

carbon emission trading in promoting enterprise technological

innovation (Cai and Ye, 2022; Qi et al., 2021; Tan and Lin, 2022;

Fang and Ma, 2021; Liu J. Y et al., 2021).

In addition, a few representative scholars of the “inhibition

theory”, such as Chen et al. (2021), found that in China’s current

carbon trading market, carbon trading policy significantly reduced

the proportion of green patents, and the reduction effect was as high

as 9.26%. Porter’s hypothesis had not been realized. At the same

time, this effect of inhibiting enterprises’ green innovation had

obvious lag effect, and enterprises were mainly choosing to reduce

output to achieve emission reduction targets.

The impact of carbon emission trading
policy on production and operation
activities of enterprises

In terms of the impact of carbon emission trading on enterprise’

production and business activities, relevant studies mainly involve

enterprise investment and financing, operation process, production

efficiency and comprehensive competitiveness.

In terms of enterprise investment and financing activities,

Zhang and Wang (2021) found that the carbon trading policy

significantly reduced the investment expenditure of enterprises

covered by the carbon trading policy, and the reduction ratio

reached 0.2449%.

In terms of enterprise operation process, Liao et al. (2021) found

that a modest increase in environmental rigor could increase the

overall efficiency of a firm’s production by more than 50 percent.

Luo et al. (2021) found that the carbon trading policy in Guangdong

had a positive impact on the competitiveness of enterprises in the

power industry. Che et al. (2021) found that under the effect of

carbon trading mechanism, the carbon emission reduction level of

manufacturers was inversely proportional to the relevant price, and

the profits and market demand of the two channels increased in

tandem with the emission reduction.

In terms of enterprise production efficiency, Cao et al. (2021)

found that the carbon emission trading system had no effect on

the change of coal-fired efficiency of regulated coal-fired power

plants. Chen et al. (2021) found that carbon emission trading

policies can significantly improve energy efficiency, including

single-factor energy efficiency and all-factor energy efficiency.

Yang et al. (2021) found that the carbon emission trading

scheme’s role in improving the green production performance

(GPP) of all provinces will increase over time. Li et al. (2022)

found that in the short term, carbon trading policy would not

immediately promote the improvement of green total factor

productivity (GTFP), but had a significant and positive impact

on the technological progress effect decomposed by it.

Deficiencies of existing literature and
our contribution

By summarizing the existing literature, we find that its

shortcomings mainly lie in the following aspects: There is no
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literature on the impact of carbon emission trading on industrial

energy utilization efficiency. Existing efficiency measurement

tools are limited to traditional stochastic Frontier method

(with strong subjectivity) or SBM model, super-SBM model,

etc. (ignoring non-radial slack variables). It fails to clearly

define industrial single factor energy efficiency and industrial

green total factor energy efficiency, to distinguish the differences

between them, and to distinguish the heterogeneous impact of

carbon emissions trading on them. It does not reflect how the

carbon emission trading system plays a role in improving the two

types of industrial energy efficiency through the intermediate

mechanism of important multiple innovation factors inside and

outside the industry.

Based on the above analysis, the contribution of this paper

mainly lies in:

(1) Innovation in the research field.

In the research field of energy efficiency, there are few researches

onChina’s industrial energy efficiency, but the importance of energy

efficiency of industrial enterprises as large energy consumers is

beyond doubt. In this regard, based on the data of industrial

enterprises in China, this paper clearly defines the industrial

single factor energy efficiency and the industrial green total

factor energy efficiency for the first time, and constructs an

index framework for the green total factor energy efficiency of

China’s industrial industry from the perspective of green

development, which comprehensively considers various inputs

and outputs, including important factors such as resource

utilization, economic output and various environmental

pollution. In addition, in the research field of carbon emission

trading, this paper makes up the research gap in the impact of

carbon emission trading policy on industrial energy efficiency.

(2) Innovation of research methods.

For the first time in this paper, the SUPER-EBM model,

which has more advantages than other efficiency evaluation

models, is applied to measure industrial green total factor

energy efficiency. This method overcomes the defect that the

traditional SBM model neglects the non-radial relaxation

variables, and the efficiency measure is more scientific and

effective. At the same time, this paper includes two kinds of

industrial energy efficiency into the same analysis category,

through the advantages of the stepwise regression method

combined with the Bootstrap method which can deal with

complex intermediary effects, to study the heterogeneity of the

carbon emission trading mechanism on the two.

(3) In the depth of the research topic.

This paper further studies five important innovation-related

intermediate mechanisms with different characteristics,

including innovation environment level, innovation protection

intensity, green innovation intensity, breakthrough innovation

intensity and corporate overall innovation level, in the process of

carbon emission trading policy’s influence on the two industrial

energy efficiency. This paper expands the research on the

intermediate channels through which the carbon emission

trading scheme exerts institutional dividends, expounds how

the “porter effect” plays a role in this process. It makes up for

the lack of existing studies on the mechanism of multiple

intermediate effects of carbon emission trading on industrial

energy efficiency.

Theoretical analysis and research
hypothesis

The impact of carbon emission trading on
industrial energy efficiency

China’s carbon emission trading pilot policy covers most

industrial enterprises. Its goal is to deal with climate change and

environmental problems through market mechanism, improve

comprehensive energy utilization efficiency by promoting

energy-saving and emission reduction activities of high-carbon

emission enterprises, and finally achieve the ultimate goal of

reducing greenhouse gas emissions. Carbon emission trading, as

an environmental regulation means, encourages industrial

enterprises to pursue economic benefits while actively

improving the ability of rational allocation of various

resources. It not only encourages industrial enterprises to

actively save energy in the production process, but also

encourages them to continuously improve the production

level and service level through technological innovation, so as

to improve the final value of the overall economic output. Thus,

the single factor energy efficiency of industrial enterprises is

improved. In the process of carbon emission trading policy

actively improving industrial enterprises’ ability to rationally

allocate resources, industrial enterprises will not only pay

attention to energy saving and increasing industrial economic

output, but also strive to improve their total factor productivity

under the impetus of the overall “green development

consciousness” of the society. They will not only pay attention

to energy use and management, but also pay attention to internal

total factor management. It includes improving the overall

quality of employees, making efficient use of all kinds of

capital input, constantly improving environmental awareness,

and actively reducing all kinds of environmental pollutants to

avoid the risk of environmental regulation policies, thus

improving the green total factor energy efficiency of industrial

enterprises from both the input and output ends.

As the carbon emission trading policy is an important

environmental regulation tool of government departments, the

implementation of the policy needs to go through the process of
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question raising, plan consultation, policy experiment,

experimental feedback, policy adjustment, etc., which takes a

long time. Government departments also need to adjust the

policies again according to the practical feedback of the actual

carbon emission reduction of industrial enterprises in policy

practice, revise the previous unreasonable policy settings, and

introduce new supplementary policies in terms of the social

impact not taken into account, such as raising the threshold

of carbon emission trading for large industrial areas. New

emission control industry categories should be added, models

and illegal trading behaviors in various carbon markets should be

distinguished, and corresponding incentives and punishments

should be formulated to encourage all emission reduction

subjects to better play their initiative, and carbon emission

trading policies in each region should better adapt to regional

characteristics and play a role in carbon emission reduction.

Therefore, the effect of carbon emission trading policy on

improving the two industrial energy efficiency may have a

certain lag.

In view of this, this paper proposes:

Hypothesis 1: Carbon emission trading policy promotes the

improvement of industrial energy utilization efficiency, but its

effect has a certain lag.

The impact mechanism of carbon
emission trading on industrial energy
efficiency under multiple innovation
approaches

In the literature review of this paper, most of the scholars of

“promotion theory” put forward the mediating role of

technological innovation in the process of positive impact of

carbon trading on macro or micro subjects, and believe that

carbon emission trading can achieve economic growth and

improve comprehensive production efficiency of enterprises

through technological innovation. Based on industrial theory,

this paper considers five important innovation-related

intermediate mechanisms and distinguishes important factors

inside and outside the industry, including the level of innovation

environment, the intensity of innovation protection, the intensity

of green innovation, the intensity of breakthrough innovation

and the overall innovation level of enterprises. The former

belongs to the external environment and institutional factors

of technological innovation, while the latter belongs to the

internal technological innovation ability and overall efficiency

factors of the micro enterprise. The infrastructure, market

environment, labor quality, financial environment and

entrepreneurial level of a region constitute the innovation

environment. The optimization of innovation environment

can promote industrial enterprises to have external driving

force for innovation. The improvement of intellectual

property protection will help industrial enterprises to use a

sound legal system to further promote innovation. With the

implementation of the concept of green development, industrial

enterprises are more aware of the importance of green and low-

carbon cycle technology. The government guide funds into green

and low-carbon industries through policy means, which

improves the risk and return expectation of industrial

enterprises’ innovation, urges enterprises to develop more

green technologies, improve the level of technological

innovation, carry out breakthrough technological innovation,

and improve the comprehensive innovation ability of

enterprises. In order to obtain higher profits, industrial

enterprises with higher energy utilization efficiency can bid

and trade the excess carbon quota in the carbon trading

market to obtain additional profits, which will promote

industrial enterprises to carry out the next round of

technological innovation to improve energy utilization

efficiency. In view of this, this paper proposes:

In view of this, this paper proposes:

Hypothesis 2: Carbon emission trading policy promotes the

improvement of industrial energy efficiency through the

improvement of inter-industrial factors, including the level of

innovation environment and the intensity of innovation

protection.

Hypothesis 3: Carbon emission trading policy promotes the

improvement of industrial energy efficiency through the

improvement of intra-industry factors including green

innovation intensity, breakthrough innovation intensity and

overall innovation level of enterprises.

The logical structure diagram for this article is shown in

Figure 1.

Study design and data sources

Super-EBM model

Traditional DEA models are divided into radial DEA

model and non-radial DEA model. BBC, CCR (radial

model), SBM (non-radial model) are widely used. However,

the radial DEA model only considers the proportional changes

of input or output variables when reporting the efficiency

score, but ignores the non-radial relaxation variables, and

lacks the consideration of the non-expected output

indicators. The non-radial DEA model, such as SBM model,

ignores the radial proportional relationship between the

original input or output value and the target value,

although the non-expected output index and the non-radial

relaxation variable are added. Both of them have obvious

defects, which will lead to bias in the evaluation results. For

this reason, Tone and Tsutsui (2010) proposed a new DEA

model, which can combine radial and non-radial distances to

comprehensively measure production efficiency, giving full

play to the advantages of the two models, and can include
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unexpected output variables. Because ε parameter is used in

the model, it is called Epsilon-based Measure.

The general definition of EBM model defined by input

orientation is as follows:

γ* � min θ − ε∑m

i�1
ω−
i s

−
i

x0

s.t

Xλ − θxk + s− � 0

YλPyk

λP0, s−P0

(1)

In (1), γ* is the optimal solution for the measured industrial

energy efficiency value. θ is the radial efficiency value. X、

Y、λ、 s− represents the input, output, weight and input

relaxation vectors. The model has m+1 parameters. ω−
i

represents the relative importance of each input indicator. ε is

the key parameter that determines the importance of the non-

radial part of the calculation of γ* efficiency value, and its value

range is [0,1]. When the value is 0, it is equivalent to the radial

model, and when the value is 1, it is equivalent to the SBMmodel.

At this time, the efficiency value obtained by EBM model is at

most 1, and multiple DMU will be rated as effective. The

efficiency of these effective DMU cannot be further

distinguished. To solve this problem, Andersen and Petersen

(1993) proposed a super-efficiency model to further distinguish

effective DMU. The key of the super-efficiency model is to

remove the evaluated DMU from the reference set, so that the

efficiency value of the evaluated DMU is obtained by referring to

the Frontier formed by other DMU. In this way, the efficiency

value obtained will generally exceed 1, which is called the super-

efficiency value, and effective DMU can be further compared.

In this paper, the advantages of EBM model and Super-

efficiency model are combined and applied, which is integrated

into SUPER-EBM model. In the measurement process of

industrial energy efficiency, each province is regarded as a

DMU unit. In this paper, the input index (industrial fixed

capital stock, industrial employment number, industrial

energy input), undesired output (comprehensive pollution

index calculated by five kinds of industrial environmental

pollutants) and expected output index (industrial economic

development level) are equally assigned. The Frontier

efficiency with efficiency value greater than one can be further

distinguished, and the industrial energy efficiency can be

evaluated more scientifically and accurately. Based on the

effectiveness of this model, it has been widely promoted in the

measurement of economic efficiency in recent years (Sun et al.,

2020; Li et al., 2021).

FIGURE 1
Logical architecture diagram of this study.
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The Super-EBM model based on undesired super-efficiency

is defined as follows:

r* � min
θ − ε−∑m

i�1
ω−
i s

−
i

xi0

φ + ε+(∑s

r�1
ω+
i s

+
i

yr0
+∑q

p�1
ωu−
i su−i
up0

)
s.t.

∑n

j�1xijλj + s−i � θxi0

∑n

j�1xrjλj − s+i � ϕyr0

∑n

j�1upjλj + s−p � ϕup0

λj ≥ 0, s−i , s
+
r , s

−
p ≥ 0

(2)

In formula (2), i � 1, 2, . . . ,m; r � 1, 2, . . . , s; p � 1, 2, . . . , q.

xi0、yr0、up0 represent the input, expected output and

unexpected output of DMU respectively. s−i , s
+
r , s

u−
p represent

input relaxation, expected output relaxation and unexpected

output relaxation respectively. ω−
i 、 ω+

r 、ωu−
p represent the

relative importance of each input index, expected output and

non-expected output, and the meanings of other symbols are the

same as formula (1).

Difference-in-difference model

Difference-in-difference method (DID) is a classic policy

effect evaluation method. This paper uses the difference-in-

difference model to study the impact of China’s carbon

emission trading policy on industrial energy efficiency. As

the seven carbon emission trading pilots correspond to six

provinces, six experimental groups and 24 control groups are

set in the model. The experimental group is the carbon trading

pilot region, including Beijing, Shanghai, Chongqing,

Guangdong, Tianjin and Hubei. The model Settings are as

follows:

Yit � β0 + β1(postit × treatedit) + β2controls + φt + μi + εit (3)

Where, Yit represents the industrial energy efficiency (ISE or

IGTE) of the i province in the t year. treatedit indicates that

the industrial enterprises located in the pilot area of

carbon trading policy are assigned 1, and the industrial

enterprises in the non-pilot area are assigned 0. postit is the

variable of the occurrence time of the pilot carbon trading policy.

We set the time of the pilot carbon trading in China as 2013. The

year after the implementation of the policy is assigned as 1, and

the year before the implementation of the policy is assigned as 0.

postit × treatedit represents the interaction term of time and

individual. φt represents year fixed effect, μi represents region

fixed effect, and δit represents random disturbance term. controls

represents a group of control variables, including governance

structure (GOV), industrial structure (IS), openness (OPE),

policy support (PS), and CARBON dioxide emissions (CE).

Data source

The main research object of this paper is industrial energy

efficiency. This paper defines two kinds of industrial energy

efficiency innovatively. One is industrial single factor energy

efficiency (ISE), which is expressed by the ratio of industrial gross

output value to industrial energy consumption. The other is the

industrial green total factor energy efficiency (IGTE). In terms of

the selection of component indicators, this paper selects the

industrial fixed capital stock, the number of industrial

employment at the end of the year, and the total amount of

industrial energy consumption as the input variables. At the same

time, five major industrial environmental pollutants are selected

as the adverse output, including carbon dioxide emissions, sulfur

dioxide emissions, industrial smoke (powder) dust emissions,

industrial waste water emissions, industrial solid waste

production. In addition, industrial regional GDP is selected as

the expected output. The carbon dioxide emissions are calculated

according to the calculation method of carbon dioxide emissions

in IPCC Guidelines for National Greenhouse Gas Emission

Inventory 2006. Since the industrial enterprises covered by

China’s carbon emission trading policy are those with high

emissions and large space for emission reduction and have

reached a certain scale, we use the data of industrial

enterprises above the scale.

In terms of control variables, we refer to scholars and select

variables closely related to industrial energy efficiency (Xiong

et al., 2019; MacDonald et al., 2020; Liu et al., 2019; Zhao et al.,

2020; Liu B et al., 2020). The governance structure (GOV),

measured by the ratio of total assets of state-owned holding

industrial enterprises to total assets of industrial enterprises. A

high ratio means that the region is dominated by administrative

governance, while a low one means that the region is dominated

by economic governance. Industrial structure (IS), measured by

the ratio of the added value of the secondary industry to the gross

regional product, represents the overall regional industrial

structure. The degree of opening-up (OPE), measured by the

ratio of foreign direct investment to regional GDP, represents the

degree of openness of regional economy. Policy support (PS),

measured by the ratio of fiscal expenditure to regional GDP,

represents the support degree of local finance to economic

development. Carbon dioxide emissions, measured by the

region’s overall carbon dioxide emissions, represent the

region’s overall pollution level.

All data relating to prices are adjusted from the year 2000.

Data sources mainly include China Labor Statistics Yearbook,

China Statistical Yearbook, China Urban Statistical Yearbook,

China Energy Statistical Yearbook and statistical yearbook of

various provinces. In view of the availability of data, our research

interval is from 2008 to 2019. Before 2008, there are many

missing data of industrial enterprises above designated size.

However, the launch of China’s national carbon market after

2020 has a great impact on the pilot carbon trading market in
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2013. The research area is 30 provinces of China (Tibet, Hong

Kong, Macao and Taiwan are not included in the sample due to

the lack of data).

Empirical results

Result of DID method combined with
stepwise regression method

In this study, a bidirectional fixed effect model was

adopted to improve the overall fit and robustness of the

model by using the DID method combined with stepwise

regression method, and the baseline regression of ETS

policy on the two types of industrial energy efficiency was

analyzed. Table 1 and Table 2 show the regression results.

Columns 1) to 6) list the results without control variables, and

then gradually add control variables such as governance

structure (GOV), industrial structure (IS), openness (OPE),

policy support (PS), and CARBON dioxide emissions (CE). It

can be seen that the coefficients of the main explanatory

variable (treated*time) are positive regardless of whether

control variables are added, and they all pass the

significance test. It shows that the two types of industrial

energy efficiency improved significantly and steadily by

carbon emission right exchange. In the process of

gradually increasing the control variables, the direction of

the coefficient of the control variables does not change, and

the value of R-squared of the model keeps increasing,

indicating that the fitting degree of the model is increasing

and the explanatory ability of the model is gradually

improving.

TABLE 1 Baseline regression results of carbon trading policy on ISE.

Variables (1) ISE (2) ISE (3) ISE (4) ISE (5) ISE (6) ISE

post*treated 0.5313*** (0.1883) 0.5320*** (0.1875) 0.5374*** (0.1864) 0.5793*** (0.1938) 0.5796*** (0.1943) 0.4691*** (0.1591)

GOV 0.3592** (0.1802) 0.3911** (0.3911) 0.6384*** (0.2256) 0.6413*** (0.2283) 0.5691*** (0.1997)

IS 0.1585 (0.2239) 0.0917 (0.2358) 0.1006 (0.2592) 0.2991 (0.2451)

OPE 0.0861** (0.0372) 0.0859** (0.0367) 0.0790** (0.0341)

PS 0.0930 (0.5292) 0.5945 (0.5879)

CE -0.6308** (0.2509)

constant 0.0333 (0.0537) -1.5057* (0.7851) -2.2526** (0.9831) -3.1332*** (1.1749) -3.2079** (1.3872) 2.7062 (2.3854)

Time fixed effect control control control control control control

Province fixed effect control control control control control control

Observations 360 360 360 360 360 360

R-squared 0.5022 0.5046 0.5049 0.5208 0.5208 0.5329

Note: Robust standard errors are in parentheses; "***", "**" and "*" indicate significant at the level of 1%, 5% and 10% respectively.

TABLE 2 Baseline regression results of carbon trading policy on IGTE.

Variables (1) IGTE (2) IGTE (3) IGTE (4) IGTE (5) IGTE (6) IGTE

post*treated 0.0648** (0.0314) 0.0649** (0.0314) 0.0756** (0.0316) 0.0832*** (0.0307) 0.0842*** (0.0307) 0.1010*** (0.0289)

GOV 0.0251 (0.0694) 0.0880 (0.0703) 0.1326* (0.0749) 0.1422* (0.0746) 0.1531** (0.0740)

IS 0.3138*** (0.0856) 0.3018*** (0.0882) 0.3312*** (0.0980) 0.3011*** (0.0982)

OPE 0.0155** (0.0068) 0.0144** (0.0068) 0.0155** (0.0069)

PS 0.3080 (0.2858) 0.2320 (0.2976)

CE 0.0956 (0.0673)

constant 3.0200*** (0.0411) 2.9127*** (0.3036) 1.4339*** (0.4608) 1.2752*** (0.4578) 1.0277** (0.5196) 0.1318 (0.8231)

Time fixed effect control control control control control control

Province fixed effect control control control control control control

Observations 360 360 360 360 360 360

R-squared 0.9680 0.9681 0.9689 0.9692 0.9693 0.9695

Note: Robust standard errors are in parentheses; "***", "**" and "*" indicate significant at the level of 1%, 5% and 10% respectively.
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Dynamic effect analysis

The results of baseline regression show the average effect of

carbon emission trading policy on the two types of industrial

energy efficiency. In order to further investigate the difference of

impacts of carbon trading policies on pilot areas in different

periods, this paper analyzes the dynamic effects of carbon

emission trading policies by referring to the event research

method of scholars (Li et al., 2016). The model is set as follows:

Yit � β0 +∑2019

t�2008 β1treated × γt + β2controls + φt + μi + εit

(4)
Among them, the year 2013 is the base period of carbon emission

trading pilot. Yit represents the industrial energy efficiency of the

i province in year t β1 represents the estimated coefficient of the

impact of carbon emission trading policy on industrial energy

efficiency from 2008 to 2019.

Table 3 shows the dynamic effect results of each period after

the implementation of carbon emission trading policy. The test

results of dynamic effects without control variables are listed in

(1) and 3 of Table 3, and the test results of dynamic effects with

control variables are listed in 2) and 4) of Table 3. The fitting

degree of the model is significantly improved after the addition of

control variables. On the whole, with the implementation of the

carbon emission trading policy, the estimated coefficients of two

types of industrial energy efficiency began to become significant

and gradually increased from 2014. It shows that carbon

emission trading policy, as a typical market-oriented means of

environmental regulation, has a lag effect on industrial energy

efficiency due to the aftereffect of scientific research and

development. However, as the total amount of carbon

emissions trading increases year by year, the market influence

of carbon trading policy is gradually expanding, and its

promoting effect on industrial energy efficiency is increasing

year by year. According to the test results of the addition of

control variables, for ISE, the effect of carbon trading policy

began to be significant from 2017, the fourth year after the

implementation of the policy, and reached themaximum in 2018,

the fifth year, but then the significant effect decreased. For IGTE,

the effect of carbon trading policy began to be gradually

significant from 2014, the first year after the implementation

of the policy, and reached the maximum in 2018, the fifth year,

but then the significant effect became insignificant.

After the implementation of the pilot carbon trading policy,

China attached great importance to green development and had

launched various environmental assessment indicators to

support green development. For example, the Ministry of

Industry and Information Technology of China had launched

the Implementation Plan of the Special Action on Industrial

Energy Conservation and Green Development in 2013, which

had a great impact on the social economy. Each carbon trading

pilot area began to pay more attention to the improvement of

green energy efficiency including environmental factors, which

made the industrial green total factor energy efficiency improve

faster, while the industrial single factor energy efficiency paid less

attention, resulting in a slower improvement speed. Therefore,

the dynamic effects of carbon emission trading policy on the two

kind of industrial energy efficiency will also be different.

Based on the above analysis, Hypothesis 1 is verified.

TABLE 3 Dynamic regression results.

Variables (1) ISE (2) ISE (3) IGTE (4) IGTE

year2014 0.0321 (0.2468) 0.0294 (0.2378) 0.0536 (0.0341) 0.0593* (0.0329)

year2015 0.1265 (0.2468) 0.0708 (0.2382) 0.0940** (0.0409) 0.0900** (0.0369)

year2016 0.2665 (0.2468) 0.2935 (0.2391) 0.1228** (0.0498) 0.1358** (0.0512)

year2017 1.6617*** (0.2468) 0.6425*** (0.2386) 0.1584*** (0.0532) 0.1640*** (0.0472)

year2018 1.1248*** (0.2468) 1.1972*** (0.2400) 0.1524** (0.0593) 0.1790*** (0.0559)

year2019 0.8897*** (0.2468) 0.9927*** (0.2412) 0.0764 (0.1197) 0.1180 (0.1169)

GOV 0.8113*** (0.2882) 0.1681 (0.1269)

IS 0.2474 (0.3466) 0.2902** (0.1329)

OPE 0.1096*** (0.0258) 0.0183 (0.0122)

PS 0.5200 (0.8985) 0.2139 (0.3391)

CE -0.4547** (0.2114) 0.1195 (0.1196)

constant 0.1493* (0.0855) 0.1808 (2.7915) 2.9865*** (0.0505) -0.0929 (1.1906)

Time fixed effect control control control control

Province fixed effect control control control control

Observations 360 360 360 360

R-squared 0.2581 0.3230 0.7578 0.7704

Note: Robust standard errors are in parentheses; "***", "**" and "*" indicate significant at the level of 1%, 5% and 10% respectively.
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Robustness test

Parallel trend test

To satisfy the assumption of parallel trend is an important

prerequisite for using the DID model. Only when the

development trend of the experimental group and the

control group is sufficiently similar before the

implementation of the policy, can we ensure that the result

estimated by the DID model is the causal effect of the

carbon trading policy. We use the regression equation of

event study method to test the parallel trend hypothesis,

and use STATA software to show the test results, as shown

in Figure 2.

According to the results of our parallel trend chart, at the

policy time point in 2013, China’s pilot carbon trading policy did

not immediately improve ISE or IGTE, which is because China’s

pilot carbon trading policy is not perfect, and the effect of policy

implementation lags behind. However, in each period after the

implementation of the policy, this enhancement effect is

gradually very significant, indicating that the carbon trading

policy has a significant positive processing effect on ISE

and IGTE.

It can be seen that the coefficients of dummy variables in

both ISE and IGTE before the implementation of carbon

trading policy have no significant difference with 0 in each

phase of Before5, Before4, Before3, Before2 and Before1. In

each period after the implementation of the policy, the

coefficient of the dummy variable in each period keeps

increasing and is gradually greater than 0, which is

significant at the level of 1% or 5%. The results show that

carbon trading policy has a significant positive effect on both

types of industrial energy use efficiency, indicating that the

DID meets the parallel trend hypothesis.

Placebo test

If in all kinds of fictional situation, the coefficients of the

estimated dummy variables in the regression results are still

significant, it shows that the results of the estimation error. The

change of our explained variable industrial energy efficiency may

not be influenced by carbon trading policies, but by other policies

or random factors.

The method of placebo test in this paper is to randomly select

six provinces out of 30 provinces as virtual experimental group,

assume that these six provinces are carbon trading pilot, and the

remaining 24 provinces as virtual control group for regression

analysis. Next, we conducted 500 repetitions of the two types of

industrial energy efficiency respectively, and obtained the

corresponding 500 regression results. The result contains the

estimated coefficient, standard error, and p-value of the dummy

variable. Most estimates have p-values greater than 0.1

(indicating that they are not significant at the 10% level). This

indicates that the estimated results of our carbon emission

trading policy have a small probability of being obtained by

chance, and are not affected by other policies or other random

factors.

Change the time window width

In this paper, the baseline regression interval of carbon

trading policy on industrial energy efficiency is from 2008 to

2019. In order to prove the robustness of the conclusion, the

time interval is shortened to 2010-2018. The regression results

are shown in Table 4. The results show that the coefficient of

post*treated is still significant regardless of the addition of

control variables, indicating that the empirical results are

robust.

FIGURE 2
Results of parallel trend test.
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Add control variables

We further verify the robustness of the test results of the basic

regression equation by adding control variables. We added three

control variables, including regional wealth level (PG),

population density (PD) and pollution control level (PR),

related to industrial energy efficiency. In this paper, the ratio

of regional GDP to total population represents the wealth level

(PG). The ratio of permanent population to the total land area of

a region represents population density (PD). The ratio of

investment in industrial pollution control to gross regional

product represents the pollution control level (PR). As can be

seen from the test results in Table 5, after the addition of three

control variables, the coefficient of post*treated of the key

explanatory variable under the two models is significantly

positive at the 5% level, indicating that the model results are

robust.

Analysis of heterogeneity

China’s first seven carbon emission trading pilot projects are

located in different regions, each with different natural

endowments and economic and social environments, as well

as different carbon trading system designs, carbon quota

allocation methods and industrial sectors. Therefore, the

effect mode and extent of carbon emission trading policy

on industrial energy efficiency in different pilot regions are

also very different. According to the classification standards

of the National Bureau of Statistics, China can be divided

into three regions: eastern, central and western. Of the seven

carbon trading pilot cities, Beijing, Shanghai, Guangdong

and Tianjin are in the eastern region. Hubei and

Chongqing belong to the central and western regions. The

economic development level of the eastern region is

obviously higher than that of the central and western

regions. In view of this, this paper further investigates

the difference of the impact of carbon emission

trading policies on the two types of industrial energy

efficiency in different regions. The results are shown in

Table 6.

According to the empirical results of regional

heterogeneity analysis in Table 6, DID coefficients in

columns 1) and 3) of Table 6 are significantly positive,

while DID coefficients in columns 2) and 4) of Table 6 are

not significant. This shows that the carbon trading pilot policy

has a greater impact on the two types of industrial energy

efficiency in the eastern region, but a smaller impact on the

central and western regions. In terms of natural endowments

of energy and other resources, the eastern region is relatively

scarce, while the central and western regions are relatively

rich, increasing from east to west. In terms of economic

development, economic benefits, science and technology,

and management level, the eastern region is higher and the

western region is lower, decreasing from east to west. How

does technological innovation play a role in the “Porter effect”

of carbon emission trading policy on industrial energy

efficiency in each region? Is the driving force of

technological innovation derived from the improvement of

innovation institutional environment between industries or

the improvement of technological innovation level of

industrial enterprises within industries? The next part

analyzes the influence mechanism of multiple technological

innovation approaches.

TABLE 4 Robustness test: change the time window width.

Variables (1) ISE (2) ISE (3) IGTE (4) IGTE

post*treated 0.4482** (0.2053) 0 0.3675** (0.1657) 0.0602** (0.0275) 0.0749*** (0.0281)

controls control control

constant 0.0439 (0.0536) 2.4448 (2.6464) 2.8484*** (0.0199) 1.4366* (0.7426)

Time fixed effect control control control control

Province fixed effect control control control control

Observations 360 360 360 360

R-squared 0.5041 0.5389 0.9808 0.9816

Note: Robust standard errors are in parentheses; "***", "**" and "*" indicate significant at the level of 1%, 5% and 10% respectively.

TABLE 5 Robustness test: add control variables.

Variables (1) ISE (2) IGTE

post*treated 0.3827** (0.1566) 0.0737** (0.0320)

controls control control

constant 1.6602 (2.6492) -1.1422 (0.8603)

Time fixed effect control control

Province fixed effect control control

Observations 360 360

R-squared 0.5508 0.9699

Note: Robust standard errors are in parentheses; "***", "**" and "*" indicate significant at

the level of 1%, 5% and 10% respectively.
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Influence mechanism analysis under
multiple innovation approaches

The DID regression results show that the carbon emission

trading policy does improve the two types of industrial energy

efficiency. In this policy process, how does the innovation

mechanism play a role? Does the Porter effect exist? Based on

industry theory, we consider five important innovation-related

intermediates. To distinguish the important factors inside and

outside the industry, these mechanisms include inter-industry

elements including innovation environment level (IE) and

innovation protection intensity (IP), and intra-industry

elements including green innovation intensity (GI),

breakthrough innovation intensity (BI) and overall enterprise

innovation level (OI).

The purpose of mediation effect analysis is to study the

specific process in which independent variable X affects

dependent variable Y, how the mediation variable works, and

whether the relationship between X and Y is partly or entirely

attributable to the mediation variable. This study takes carbon

emission trading as independent variable, two industrial energy

efficiency as dependent variable, and five innovation-related

intermediate mechanisms as intermediate variables.

The classic mediating effect model, namely stepwise

regression combined with Sobel test (Baron and Kenny, 1986).

The stepwise regression method can be divided into three steps to

detect the mediation effect. The first step is to detect the influence

of carbon emission trading on industrial energy efficiency and

test whether the regression coefficient β1 is significant. In the

second step, based on the significant results of the first step, we

take the intermediary variable as the explained variable to detect

the influence of carbon emission trading on the intermediary

variable and test whether the regression coefficient γ1 is

significant. Finally, on the basis of the significance of the

previous step, we add the mediating variable as the

explanatory variable into the regression analysis to analyze the

influence coefficient α1 and α2 of carbon trading on industrial

energy efficiency. Stepwise regression is used to test the

mediation effect as follows:

Yit � β0 + β1post × treated + β2controls + φt + μi + εit (5)
Mit � γ0 + γ1post × treated + γ2controls + φt + μi + εit (6)

Yit � α0 + α1post × treated + α2M + α3ontrols + φt + μi + εit

(7)
Where,Mit is the mediating variable. When the coefficients β1、

γ1、 α2 were significant, the mediating effect existed.

However, the above methods are not applicable to the case of

complex mediation effects. When there are multiple mediating

variables in this study, the Bootstrap method should be used to

address complex mediating effects (Preacher and Hayes, 2008).

This method can analyze the mediating effect of all the

simultaneous multiple mediating variables, and is suitable for

medium and small samples. This method can study the effect of a

single mediating variable, decompose it into direct effect and

indirect effect, and compare the size and significant difference of

different mediating effects simultaneously. According to the

above process, we tested the mediating effect of five

innovation mechanisms.

Test of intermediate influence
mechanism: Innovation environment and
innovation protection

First, we examine the process of the intermediate mechanism

of two innovation factors (innovation environment and

innovation protection intensity) between industries.

Among them, the level of innovation environment (IE) comes

from the Evaluation Report of China’s Regional Innovation

TABLE 6 Regional heterogeneity analysis.

Variables (1) ISE eastern (2) ISE central and
western

(3) IGTE eastern (4) IGTE central and
western

post*treated 0.7275*** (0.2376) -0.0060 (0.0161) 0.1349*** (0.0346) 0.0433 (0.0423)

GOV 0.2726** (0.1373) 0.0475 (0.0409) 0.1111* (0.0649) 0.0954 (0.0722)

IS 0.4661* (0.2488) 0.3781*** (0.0855) 0.3309*** (0.0955) 0.3078*** (0.1113)

OPE 0.0779** (0.0333) 0.0030 (0.0078) 0.0149** (0.0068) 0.0086 (0.0078)

PS 0.1947 (0.5590) -0.1409 (0.1956) 0.1889 (0.2982) 0.1948 (0.3369)

CE -0.7164*** (0.2645) -0.1022** (0.0404) 0.0798 (0.0673) 0.1748*** (0.0621)

constant 4.3380 (2.6548) -0.5254 (0.5656) 0.3706 (0.7891) -0.4347 (0.8250)

Time fixed effect control control control control

Province fixed effect control control control control

Observations 360 360 360 360

R-squared 0.5554 0.4823 0.9708 0.9565

Note: Robust standard errors are in parentheses; "***", "**" and "*" indicate significant at the level of 1%, 5% and 10% respectively.
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Capability written by China Science and Technology Development

Strategy Research Group, which measures the ability of a region to

provide the corresponding environment for the generation, flow

and application of technology. The factors include innovation

infrastructure, market environment, quality of workers, financial

environment and entrepreneurship level.

Innovation protection intensity (IP) is the product of

regional intellectual property protection level and regional law

enforcement intensity. This paper refers to the research of Wei

and Wu (2018), in which, the level of regional intellectual

property protection adopts five categories of indicators,

including coverage of intellectual property protection,

membership of international treaties, the degree of protection

for loss of rights, the severity of law enforcement measures, and

duration of intellectual property protection. The five indexes can

be further divided into 17 secondary indexes. We assign scores to

the second-level indicators. If those that meet the conditions are

given a score of 1, and those that do not meet the conditions are

given a score of 0. Then, comprehensive scoring method is

adopted to measure the level of intellectual property

protection in each region. The intensity of enforcement in

each region is calculated by calculating the arithmetic average

of the proportion of lawyers, the rate of patent infringement cases

being settled and the rate of patents not being infringed. Data

sources are collected and sorted out by the Ministry of Justice,

provincial justice departments, Chinese Social Statistics Yearbook

and Guotai Junan database.

Table 7 (1)–6) shows the testing process and results of the

mediating effect of innovation environment level. For ISE, the

test results of stepwise regression method show that the

mediating effect of innovation environment is not significant.

In order to further verify whether the innovation environment

has a mediating effect on the impact of carbon emission trading

policy on ISE, Bootstrap sampling method is used to further test.

Bootstrap sampling show that the indirect effect of the mediating

variable of innovation environment is 0.1505 and significant at

the level of 5%. It shows that the mediating variable innovation

environment has a mediating effect on the impact of carbon

emission trading policy on ISE. As for IGTE, the test results of

stepwise regression method show that the mediating effect of

innovation environment on the influence of carbon emission

trading policy on IGTE is 0.1250, which is significant at 5% level.

It shows that carbon emission trading policy can improve ISE

and IGTE through the improvement of innovation environment.

Strengthening the regional innovation infrastructure, optimizing

the market environment, improving the quality of workers,

cultivating a good financial environment and enhancing the

level of regional entrepreneurship are all conducive to the

ultimate realization of this intermediary path.

Table 8 (1)–6) shows the testing process and results of the

mediating effect of innovation protection intensity. For ISE, the

test results under stepwise regression method show that the

mediating effect of innovation protection intensity on the

influence of carbon emission trading policy on ISE is

1.8333 and significant. For IGTE, stepwise regression test

results show that the mediating effect of innovation protection

intensity is not significant. In order to further verify whether the

intensity of innovation protection has a mediating effect on the

impact of carbon emission trading policy on IGTE, Bootstrap

sampling method is used for further test. Bootstrap sampling

TABLE 7 Mediating effect of innovation environment level.

Variable (1) ISE (2) IE (3) ISE (4) IGTE (5) IE (6) IGTE

post*treated 0.4691***
(0.1591)

0.1490***
(0.0278)

0.4143***
(0.1415)

0.1010***
(0.0289)

0.1490***
(0.0278)

0.0823***
(0.0283)

IE 0.3671 (0.2362) 0.1250** (0.0532)

Mediating effect of IE under Bootstrap
sampling

0.1505** (0.0600)

GOV 0.5691***
(0.1997)

0.1865** (0.0781) 0.5006***
(0.1862)

0.1531** (0.0740) 0.1865** (0.0781) 0.1298* (0.0758)

IS 0.2991 (0.2451) 0.2207** (0.0995) 0.2181 (0.2546) 0.3011***
(0.0982)

0.2207** (0.0995) 0.2735***
(0.0961)

OPE 0.0790** (0.0341) 0.0053 (0.0078) 0.0770** (0.0335) 0.0155** (0.0069) 0.0053 (0.0078) 0.0148** (0.0068)

PS 0.5945 (0.5879) 0.7114** (0.2881) 0.3334 (0.5683) 0.2320 (0.2976) 0.7114** (0.2881) 0.1430 (0.2835)

CE -0.6308**
(0.2509)

0.0647 (0.0533) -0.6545**
(0.2605)

0.0956 (0.0673) 0.0647 (0.0533) 0.0875 (0.0672)

constant 2.7062 (2.3854) 0.4879 (0.7070) 2.9570 (2.1048) 0.1318 (0.8231) 0.4879 (0.7070) 2.2344***
(0.7405)

Year fixed effect control control control control control control

Regional fixed effect control control control control control control

R-squared 0.5329 0.8930 0.5373 0.9695 0.8930 0.9699

Note: t value in parentheses; "***", "**" and "*" indicate significant at the level of 1%, 5% and 10% respectively.
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show that the indirect effect of the mediating variable of

innovation protection intensity is 0.1813 and significant at 1%

level. It shows that the mediating variable of innovation

protection intensity has a mediating effect on the influence of

carbon emission trading policy on IGTE. It shows that carbon

emission trading policy can improve ISE and IGTE by improving

the protection intensity of innovation. Strengthening the level of

regional intellectual property protection and the intensity of

regional law enforcement are conducive to the ultimate

realization of this intermediary path.

Innovation environment and innovation protection are

external institutional conditions for enterprise innovation.

Government departments’ support and construction of

regional innovation system are conducive to the long-term

development of industrial enterprises, and can promote

industrial enterprises to carry out technological innovation

activities with external motivation through technological

protection means and favorable market environment, thus

playing a significant intermediary role in the process of

carbon trading to improve industrial energy efficiency.

Based on the above analysis, Hypothesis 2 is verified.

Intermediate influence mechanism test:
Green innovation intensity, breakthrough
innovation intensity, overall innovation
level of enterprises

Then, we examine the action process of the intermediate

mechanism of three innovation factors within the industry,

including green innovation intensity (GI), breakthrough

innovation intensity (BI) and the overall innovation level of

the enterprise (OI).

Green innovation intensity is expressed by the ratio of the

number of green patent applications to the total number of

patent applications. For the collection of green patent data, this

paper identifies the international patent classification number of

each domestic patent according to the Green List of International

Patent Classification. The list of green patents was launched by

the World Intellectual Property Organization (WIPO) in

2010 and generated according to the standards for green

patents set by the United Nations Framework Convention on

Climate Change. It mainly includes seven categories:

Transportation, Waste Management, Energy Conservation,

Alternative Energy Production, Administrative Regulatory or

Design Aspects, Agriculture or Forestry and Nuclear Power

Generation.

The intensity of breakthrough innovation is expressed as the

ratio of the number of invention patent applications to the total

number of patent applications. In this paper, patent application

data are divided into invention patent, utility model patent and

appearance patent. Invention patent represents the core

innovation capability of an enterprise, and its innovation is

higher than the latter. Patent data come from the State

Intellectual Property Office of the People’s Republic of China.

Table 9 (1)–6) shows the testing process and results of the

mediating effect of green innovation intensity and breakthrough

innovation intensity. The role of these two intermediary

mechanisms is mainly reflected in the influence of carbon

emission trading policies on ISE. As for the intensity of green

TABLE 8 Mediating effect of innovation protection intensity.

Variable (1) ISE (2) IP (3) ISE (4) IGTE (5) IP (6) IGTE

post*treated 0.4691***
(0.1591)

0.0125* (0.0065) 0.4461***
(0.1505)

0.1010***
(0.0289)

0.0125* (0.0065) 0.1031*** (0.0293)

IP 1.8333* (1.0065) -0.1709 (0.3024)

Mediating effect of IP under Bootstrap
sampling

0 0.1813***
(0.0463)

GOV 0.5691***
(0.1997)

-0.0411**
(0.0192)

0.6444***
(0.2197)

0.1531** (0.0740) -0.0411**
(0.0192)

0.1461* (0.0744)

IS 0.2991 (0.2451) 0.0160 (0.0292) 0.2698 (0.2448) 0.3011***
(0.0982)

0.0160 (0.0292) 0.3038*** (0.0988)

OPE 0.0790** (0.0341) -0.0031**
(0.0015)

0.0846** (0.0355) 0.0155** (0.0069) -0.0031**
(0.0015)

0.0150** (0.0071)

PS 0.5945 (0.5879) -0.0010 (0.0751) 0.5964 (0.5819) 0.2320 (0.2976) -0.0010 (0.0751) 0.2318 (0.2974)

CE -0.6308**
(0.2509)

-0.0067 (0.0340) -0.6186**
(0.2444)

0.0956 (0.0673) -0.0067 (0.0340) 0.0944 (0.0684)

constant 2.7062 (2.3854) 0.4377 (0.2849) 2.0843 (1.8611) 0.1318 (0.8231) 0.4377 (0.2849) 2.5612*** (0.7602)

Year fixed effect control control control control control control

Regional fixed effect control control control control control control

R-squared 0.5329 0.7789 0.5446 0.9695 0.7789 0.9696

Note: t value in parentheses; "***", "**" and "*" indicate significant at the level of 1%, 5% and 10% respectively.
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innovation, the test results under the stepwise regression method

show that the mediating effect of green innovation intensity is

not significant. In order to further verify whether the intensity of

green innovation has a mediating effect in the impact of carbon

emission trading policy on ISE, Bootstrap sampling method is

used for further test. Bootstrap sampling method showed that the

indirect effect of the mediating variable of green innovation

intensity was 0.0771 and significant at the level of 5%. The

results indicate that green innovation intensity has a

mediating effect on the impact of carbon emission trading

policy on ISE. As for breakthrough innovation intensity, the

test results of stepwise regression method show that the

mediating effect of breakthrough innovation intensity on the

impact of carbon emission trading policy on ISE is 0.2716, and it

is significant at 5% level. It shows that carbon emission trading

policy can improve ISE through the improvement of green

innovation intensity and breakthrough innovation intensity.

Provinces should pay attention to two important dimensions

of technological innovation of enterprises in the region, namely,

through the dual promotion path of green innovation and

invention patent, which is conducive to the “Porter effect” of

technological innovation.

Table 10 (1)–3) shows the testing process and results of the

mediating effect of the overall innovation level of enterprises. For

IGTE, the test results under the stepwise regression method show

that themediating effect of the overall innovation level of enterprises

on the influence of carbon emission trading policy on IGTE is

0.0582, which is significant at the level of 5%. It shows that the

overall innovation level of enterprises has a mediating effect on the

influence of carbon emission trading policy on IGTE. It shows that

the carbon emission trading policy can improve IGTE through the

improvement of the overall innovation level of enterprises. It is

beneficial to the final realization of this intermediary path to

comprehensively strengthen the ability of enterprises in the

region to apply new knowledge, develop new technology, utilize

new technology and manufacture new products, increase the

investment of enterprises in research and development, pay

attention to the training of comprehensive design ability,

technology improvement ability and actively develop new products.

Three kinds of innovation factors (enterprise green

innovation intensity, enterprise breakthrough innovation

intensity, enterprise overall innovation level) represent the

three kinds of internal innovation capability of industrial

enterprises. With the “awakening of green consciousness” in

China, the government has issued more green policies and

provided better funding for innovation. All these conditions

promote industrial enterprises to increase the proportion of

green innovation and high-quality invention patents, and

improve the internal innovation motivation and overall

innovation level of enterprises, and create more advantageous

energy saving and emission reduction technologies. Finally, these

factors promote the overall improvement of industrial energy

efficiency.

Based on the above analysis, Hypothesis 3 is verified.

Conclusion and recommendations

In this paper, industrial single factor energy efficiency and

industrial green total factor energy efficiency are included in the

TABLE 9 Mediating effect of green innovation intensity and breakthrough innovation intensity.

Variable (1) ISE (2) GI (3) ISE (4) ISE (5) BI (6) ISE

post*treated 0.4691***
(0.1591)

0.0125*** (0.0027) 0.4491***
(0.1484)

0.4691***
(0.1591)

0.1816*** (0.0597) 0.4197***
(0.1410)

GI 1.5975 (1.9893)

Mediating effect of GI under Bootstrap
sampling

0.0771** (0.0373)

BI 0.2716** (0.1380)

GOV 0.5691***
(0.1997)

-0.0052 (0.0080) 0.5773***
(0.2049)

0.5691***
(0.1997)

-0.5815***
(0.1832)

0.7270***
(0.2480)

IS 0.2991 (0.2451) 0.0088 (0.0113) 0.2851 (0.2347) 0.2991 (0.2451) 0.2822 (0.3422) 0.2225 (0.2462)

OPE 0.0790** (0.0341) -0.0020***
(0.0007)

0.0822** (0.0367) 0.0790** (0.0341) 0.0163 (0.0170) 0.0746** (0.0321)

PS 0.5945 (0.5879) -0.0461 (0.0327) 0.6681 (0.6525) 0.5945 (0.5879) -3.6976* (2.1683) 1.5990* (0.9440)

CE -0.6308**
(0.2509)

0.0243*** (0.0085) -0.6696**
(0.2753)

-0.6308**
(0.2509)

-0.2355 (0.1607) -0.5668**
(0.2239)

constant 2.7062 (2.3854) -0.1785* (0.0959) 3.6898 (2.3393) 2.7062 (2.3854) 5.3209*** (1.9829) 2.1214 (1.8965)

Year fixed effect control control control control control control

Regional fixed effect control control control control control control

R-squared 0.5329 0.8368 0.5339 0.5329 0.7127 0.5494
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same analysis category. The SUPER-EBM method is used to

measure IGTE. Based on the data of 30 provinces in China from

2008 to 2019, the direct effects of carbon emission trading

policies on the two types of industrial energy efficiency are

investigated by using the DID method combined with the

stepwise regression method, and the dynamic effects are

studied by the event study method. To examine how the

“Porter effect” plays a role in this process, this paper

examines the influence paths of five important innovation-

related intermediates within and outside the industry. The

study found that after a series of robustness tests, such as

parallel trend test, placebo test, changing the time window

frame and adding control variables, carbon emission trading

policies significantly improved the two types of industrial energy

efficiency. The effect of carbon trading policies gradually

increased and reached its maximum in the fifth year, but then

began to decline. Under multiple innovation approaches,

innovation environment level and innovation protection

intensity can significantly improve the two types of industrial

energy efficiency. Green innovation intensity and breakthrough

innovation intensity improved ISE. The overall level of enterprise

innovation has improved IGTE. Heterogeneity analysis shows

that carbon trading policy has a greater impact on the eastern

region, but a smaller impact on the central and western regions.

Based on the above conclusions, the following policy

recommendations are put forward.

(1) Regional governments should have the values of sustainable

development in the process of industrial energy development

and formulate corresponding assessment and supervision

indicators. We should not only promote the improvement of

industrial single-factor energy efficiency, but also actively

promote green values and strive to improve industrial green

total factor energy efficiency. Provinces that have achieved

high industrial energy efficiency can actively exert the

“benchmarking effect” and publicize the energy-saving

and emission reduction technologies and internal

management methods of outstanding industrial

enterprises by setting up examples. We can combine

excellent government experience in carbon trading

management to strengthen regional exchanges and

interactions and drive the overall improvement of energy

efficiency in other provinces.

(2) Government departments need to make efforts to improve

the laws and regulations and the overall operation

mechanism of the carbon trading market. We need to

continue to strengthen the supervision of industrial

sectors with high emissions. At the same time, we need to

expand the coverage of carbon trading on the basis of the

regions and sectors covered by carbon trading during the

pilot period, and use the price mechanism to activate the

carbon market and increase the overall trading volume of

industrial enterprises. The government also needs to

consider the different industrial energy efficiency

comprehensively when setting regulatory targets. In

addition, it is necessary to actively improve the efficiency

of the implementation of carbon trading policies. We can

promote the timely role of carbon trading policies in

promoting industrial energy efficiency by establishing the

feedback and communication mechanism of the government

and improving the specialization level and technical capacity

of policymakers.

(3) In the process of making carbon trading policies, the

government needs to fully consider the differences

between regions. It can set the inclusion types of carbon

trading industries and the entry thresholds of carbon trading

enterprises in different regions by combining the resource

endowment conditions and the differences in energy

utilization efficiency in different regions. At the same

time, industrial enterprises also need to start from their

own internal conditions, take full account of the two

different components of energy efficiency, and make

TABLE 10 Mediating effect of the overall innovation level of enterprises.

Variable (1) IGTE (2) OI (3) IGTE

post*treated 0.1010*** (0.0289) 0.1471*** (0.0386) 0.0924*** (0.0293)

OI 0.0582** (0.0277)

GOV 0.1531** (0.0740) 0.1910 (0.1474) 0.1420* (0.0738)

IS 0.3011*** (0.0982) 0.1959 (0.1497) 0.2897*** (0.0993)

OPE 0.0155** (0.0069) 0.0213** (0.0101) 0.0143** (0.0067)

PS 0.2320 (0.2976) -1.4571** (0.5846) 0.3168 (0.3044)

CE 0.0956 (0.0673) 0.2575** (0.1006) 0.0806 (0.0696)

constant 0.1318 (0.8231) -0.8658 (1.3008) 2.4161*** (0.7369)

Year fixed effect control control control

Regional fixed effect control control control

R-squared 0.9695 0.8679 0.9697
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efforts from the input and output end to optimize the

allocation of internal resources, improve the utilization

efficiency of internal factors and improve economic

output capacity and environmental awareness. It is

necessary to actively use green technology to reduce

environmental pollution while pursuing profit

improvement, so as to ultimately improve the

comprehensive energy utilization efficiency of industrial

enterprises.

(4) In terms of the external innovation intermediary mechanism

of carbon trading on the energy efficiency of industrial

enterprises, we need to actively create an external

economic and social environment conducive to enterprise

innovation, and pay attention to the comprehensive

construction of innovation infrastructure, market

environment, labor quality, financial environment,

entrepreneurial level and other aspects. It is necessary to

enhance the whole society’s awareness of intellectual

property protection, and protect intellectual property

rights through relevant laws and national judicial and

administrative enforcement, and strictly stop and crack

down on a series of behaviors that infringe intellectual

property rights. It is necessary to protect trade secrets,

safeguard the legitimate rights and interests of intellectual

property inventors, improve the quality and efficiency of

intellectual property examination, introduce a punitive

compensation system, and significantly raise the cost of

violating the law. Thus, people are more willing to

improve industrial energy efficiency through technological

innovation.

(5) In terms of the internal innovation intermediary mechanism

of carbon trading on the energy efficiency of industrial

enterprises, we need to give full play to the role of carbon

market in controlling greenhouse gas emissions, promoting

green and low-carbon technological innovation of industrial

enterprises, and guiding climate investment and financing.

The role of market mechanisms should be strengthened to

guide investment into the green and low-carbon sectors of

enterprises through the huge market potential. It is necessary

to expand enterprises’ strong demand for energy saving and

emission reduction technologies through carbon trading

policies and market incentives, and promote enterprises’

green innovation and breakthrough innovation to actively

carry out industrial transformation. On the other hand, from

the perspective of the components of an enterprise’s overall

innovation capability, it is helpful to improve the efficiency

of industrial green total factor energy utilization by focusing

on the overall improvement of the enterprise’s research and

development investment, design capability, technology

upgrading capability and new product sales revenue.

The limitation of this paper is that only five types of

innovative intermediate mechanisms are considered in the

study of the intermediate mechanisms of China’s pilot carbon

market policy on industrial energy efficiency, but other

intermediate mechanisms are not considered.

Future research directions are as follows: After 2020, China

has launched a national carbon emission trading market. Based

on China’s national carbon emission trading market data, the

impact of national carbon emission trading policy on the

industrial energy efficiency can be studied in the future, and

other intermediate mechanisms between the two can be further

studied.
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