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Low-carbon technological progress is an important way to achieve energy
conservation and emission reduction, as well as achieve the goal of peaking
carbon emission and carbon neutrality. Due to the difference in energy input
structure, the difficulty of attaining low-carbon technology progress in
industries with different energy consumption levels will lead to different
responses to environmental regulation, affecting energy efficiency. This
paper demonstrates the theoretical mechanism of how environmental
regulation  affects  energy-saving efficiency  through  low-carbon
technological progress in industries with different energy consumption
levels. By reconstructing energy consumption of different industries in each
province, this paper estimates the low-carbon technology progress in high-
energy-consuming industries and low-energy-consuming industries in
30 provinces and cities of China from 2000 to 2016. It carries out empirical
tests using mediating effect model. The results show that nationwide, the
impact of environmental regulation on energy efficiency through low-
carbon technology progress is U-shaped. Low-carbon technology progress
accelerates the inflection point, indicating that the progress of low-carbon
technology is beneficial for strict environmental regulation policies to improve
energy efficiency. It shows there is asymmetric regional heterogeneity in the
impact of environmental regulation on energy efficiency through low-carbon
technology progress in high-energy-consuming and low-energy-consuming
industries: in the central-western region, the progress of low-carbon
technology in high-energy-consuming industries is faster than that in low-
energy-consuming industries; in eastern region, room for energy-saving
through low-carbon technology in low-energy-consuming industries is
more significant than that in high-energy-consuming industries. This paper
provides empirical evidence and policy suggestions for China to implement
differentiated environmental regulation policies in accordance with local
conditions, promote green technology transformation, and conserve the
ecological civilization.
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1 Introduction

China has stepped into the critical stage of growth model
transformation. The improvement of energy efficiency has
become one of the major problems to be solved to realize
energy consumption reduction and green development, as well
as the transition from the phase of rapid growth to a stage of
high-quality development. The coal consumption is still on the
rise. The total carbon emission has not yet reached its peak, and
the difficulty in improving energy efficiency is aggravated. The
report of the 19th National Congress of the Communist Party of
China emphasized the improvement of a green, low carbon, and
circular economic system; and the construction of a clean, low-
carbon, safe and efficient energy system. China announced to the
international community that “Aim to have CO, emissions peak
before 2030 and achieve carbon neutrality before 2060”, which is
the “carbon peak and neutrality” goal. In the face of growing
energy consumption demand and increasingly tighter carbon
emission constraints, low-carbon technology progress has
become an important way to improve energy efficiency, and
the key to successfully achieving the “carbon peak and neutrality”
goal, as well as a crucial driver for industrial carbon emission
reduction and energy efficiency. With high energy consumption,
long-term economic growth model gives market and profit
advantages to non-cleaner production and high-energy
consuming technology research and development. It offers
insufficient incentives for innovations in cleaner production
and low-carbon technology. Low-carbon technology will not
be adopted and spread spontaneously over industries. It needs
to be induced by environmental policies and appropriate
incentives. (Popp, 2019). In this case, the environmental
regulation, low-carbon technology progress, and energy
efficiency in the same analysis framework are obviously
beneficial to the more comprehensive research of the impact
mechanism of environmental regulation policies on energy
efficiency.

Industrial production does not only consume energy, but also
requires the input of energy elements (Ye et al., 2020). The energy
input structure of industries with different energy consumption
levels is distinctive, which is the natural feather of energy-
consuming industries that directly determines the impact of
environmental regulation on low-carbon technology progress
among industries. Industries with greater dependence on fossil
fuels like coal, are facing greater pressure and resistance to low-
carbon technology innovation. Low-carbon technology progress
is more unlikely to be made. That is the relative size of front-end
low-carbon technology innovation investment and back-end
pollution control technology innovation investment. The
impact of environmental regulation on energy -efficiency
depends on the direction and size of the impact of
environmental regulation on low-carbon technology progress
industries and

in  high-energy-consumption low-energy-

consumption industries. Therefore, clarifying the relationship
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between investment distortion of technological innovation
caused by differences in energy input structure and low-
carbon technology progress, is the key to analyzing the impact
of environmental regulation on energy efficiency. Energy
consumption is not only the input for industrial production
but also the source of environmental pollution emissions (Mavi
and Mavi, 2019; Wu et al,, 2020). The improvement of energy
efficiency can reduce pollutant emissions and environmental
losses (Li et al, 2020). With the gradual
of  environmental the
implementation of environmental protection policies, the

economic
improvement quality  and
development of low-carbon technologies will help to promote
the green and low-carbon development of energy and reduce
energy consumption. The optimization of the path toward
carbon emission reduction will be achieved, promoting the
sustainable development of the economy and society.
Compared with the existing literature, the marginal
contributions of this paper are mainly in the following four
low-carbon
technological energy efficiency the
analytical framework; Clarify the differentiated behavior
mechanism of environmental regulation caused by the

aspects:(Integrate  environmental regulation,

progress, and into

difference in energy input structure. Analysis the internal
mechanism of how environmental regulation improves energy
efficiency through low-carbon technology progress in industries
of different of
countermeasures for the implementation of environmental
the of
conservation and emission reduction targets in China.@For

levels energy consumption, providing

regulation  policies and achievement energy
the existing database, this paper makes up for energy
consumption data of different industries in each province in
the existing literature. It estimates the proportion adjustment
coefficient of different provinces in the industry through
industrial output value, reconstructs the energy consumption
data of different industries in each province, enriches the existing
energy data, and lays the foundation of data to construct low-
types  of

industries.®According to the existing literature on industrial

carbon  technology = progress in  two

classification in environmental research, most previous
researches used pollution emission data to classify industries
into pollution-intensive industries and clean industries. But
energy data is more reliable than pollution emission data.
This paper focuses on energy input and pollution control
sources, using energy data with a smaller statistical bias than
pollution emission data to classify industries into high-energy-
consuming and low-energy-consuming industries. It uses Data
(DEA) to

technology progress in high-energy-consuming industries and

Envelopment Analysis calculate  Low-carbon
low-energy-consuming industries. @Based on the regional
features in China, this paper makes a comprehensive research
of asymmetric regional heterogeneity, which is how
environmental regulation in the eastern, central-western

region affects energy efficiency through low carbon technology
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progress in high-energy-consuming industries and low-energy-
consuming industries. This paper also finds out the technical
the
environmental regulation that improve energy efficiency in

factors and differentiated behavior mechanism of
different regions. It provides empirical evidence and policy
China to differentiated

environmental regulation policies.

suggestions  for implement

The rest are as follows: the second part is literature reviews
and hypothesis proposal; the third part is theoretical analysis and
research hypothesis; the fourth part is research design; the fifth
part is the report of the empirical tests and a brief discussion; the

last part is the conclusion and policy suggestion.

2 Literature review

The research of environmental regulation and energy
efficiency is a hot controversial issue in the energy economy
and green development field, but the relationship has not yet
reached a unanimous agreement. Existing researches are mainly
the following two perspectives: one is the “inhibition theory,”
which holds that environmental regulation burdens enterprises
with additional pollution control investment and cost, therefore
inhibiting the improvement of energy efficiency (Greenstone
et al, 2012; Yu et al, 2019). The increasing environmental
regulation intensity and the rising price of scarce energy
resources will stimulate energy efficiency improvement. The
“innovative offset” effect will be gradually replaced by the
“compliance cost” effect which caused by the negative
externalities of the enterprise’s end treatment. The second is
“promotion theory.” It argues strict and appropriate
environmental regulation impels enterprise to innovate green
technology and improve energy efficiency (Metcalf, 2006; Wang
and Feng, 2014). Some scholars have theoretically elaborated on
environmental regulation and energy efficiency mechanisms, and
found that the relationship between environmental regulation
intensity and total factor energy efficiency is not linear but U-
shaped (Li et al., 2019).

Most researches have shown that technological progress
2006).

particular, the progress of low-carbon technology improves

improves energy efficiency (Hu and Wang, In
energy efficiency and help achieve emission reduction goals. A
few researches believe there is an inverted U-shaped relationship
between energy-oriented technology progress and energy
consumption due to the energy rebound effect. (Qian, 2020).
Therefore, the impact of low-carbon technology progress on
energy efficiency remains controversial. There are few literatures
discussed the relationship between low-carbon technological
differential

behavior of environmental regulation in different energy

progress and energy efficiency through the

consumption industries, from the perspective of energy input

structure. The energy input structure is inherent in industry,
which is difficult to change in a short time. It has an important
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impact on the decision-making of environmental protection and
pollution control in industry. The following parts will focus on
demonstrating the internal influence mechanism. There are
significant gaps between the development of industries in
different regions of China. The proportion of high-energy-
consuming industries and low-energy-consuming industries in
different regions varies is quite different. The role of low-carbon
technology progress in these two industries differs in
environmental regulation affecting energy efficiency, which is
differentiated
environmental policies. There are significant differences in

enlightening  for  formulating regional
environmental regulation intensity, technology R&D, and
industrial development among different regions in China,
which provides an ideal empirical environment for the
following multi-dimensional regional heterogeneity tests.
There are few empirical researches on the transmission
mechanism between environmental regulation and energy
efficiency. Some scholars discussed the relationship of
environmental regulation, technology innovation, and energy
efficiency (Pan et al., 2017), but they did not analyze low-carbon
technology as a mediating variable within the research
framework. This paper researches how low-carbon technology
progress in industries with different levels of energy consumption
promote energy efficiency under the differential behavior
mechanism of environmental regulation, from the perspective
of energy input structure and empirical tests in different regions.
By measuring the low carbon technology progress indexes of
high-energy-consuming and low-energy-consuming industries,
this  paper the of

environmental regulation on energy efficiency, through low

investigates influence mechanism
carbon technology progress in industries of different energy

consumption with a mediating effect model.

3 Theoretical analysis and research
hypothesis

The industry consumes a large number of energy resources
and generates pollutants in production. As the intensity of
environmental regulation increases, the industrial sector
the
punishment for industrial pollutions and maintain high

usually has two options, to avoid government’s
profits: one is to increase investment in back-end pollution
treatment technology; the other is to increase investment in
front-end low-carbon technology innovation. High-energy-
consuming and low-energy-consuming industries realize low-
carbon technology progress by increasing investment in low-
carbon technology innovation. But these two types of industries
have different degrees of difficulty in realizing low-carbon
technological innovation in the face of environmental
regulation. greater

dependence on coal and other fossil fuels created more

High-energy-consuming  industries’

tremendous pressure and resistance to low carbon technology
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innovation. Their potential for technological energy conservation
is promising, yet it is hard to achieve. Low-energy-consuming
industries are exactly the opposite. With greater pressure and
resistance to low-carbon technology innovation, the industries
need more investment in it, and the environmental regulation
intensity at the inflection point of the U-shaped curve of low-
carbon technology progress is higher. The intensity level of
environmental regulation corresponding to low-carbon
technology progress in high-energy-consuming industries is
higher than that in low-energy-consuming industries.

The low-carbon technology progress in the industrial sector
is determined by the direction of environmental technology
innovation caused by the difference in the energy input
structure. The industries that rely more on coal and other
fossil fuel energy consumption in the energy input structure
spend more on low-carbon technology innovation. Faced greater
pressure and resistance, their incentives to increase investment in
pollution control innovation to offset the rising cost of
environmental protection is stronger. Likewise, industries that
rely less on coal and other fossil fuel energy consumption in the
energy input structure spend less on low-carbon technology
innovation. Faced less pressure and resistance, their incentives
to increase investment in low-carbon technology innovation to
reduce pollution emission is stronger. For high-energy-
consuming industries, when the intensity of environmental
regulation is low, they choose to increase investment in
pollution control technology innovation due to the pressure
and resistance of low carbon technology innovation, which
occupies investment in low carbon technology innovation and
restricts the progress of low carbon technology. When the
intensity of environmental regulation increases, environmental
costs will rise at an accelerated pace. The increasing investment in
pollution control technology innovation in high-energy-
consumption industries cannot offset the investment in
environmental costs. They will turn to increase investment in
low-carbon technology innovation to promote low-carbon
technology progress, reducing pollution emission and avoiding
rise of environmental costs. When the intensity of environmental
regulation rises, the low-energy-consuming industries will also
choose to increase the investment in pollution control technology
innovation, due to the pressure and resistance of low-carbon
technology innovation. It crowds out the investment in low-
carbon technology innovation, and impedes the progress of low-
the of

low-energy-consuming

carbon technology. However, when intensity

environmental  regulation  rises,
industries will take a faster step than high-energy-consuming
industries to increase their input in low-carbon technology
innovation, promoting low-carbon technology progress and
reducing pollutant emission, so as to avoid the rise of

environmental cost. Therefore, this paper proposes the following:

Hypothesis 1: The impact of environmental regulation on
energy efficiency through low-carbon technology progress in
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high-energy and low-energy consuming industries is
U-shaped; In low-energy-consuming industries, the intensity
of environmental regulation at the inflection point is higher
than that of the high-energy-consuming industries.

The impact of environmental regulation on energy efficiency
depends on the direction and magnitude of the impact of
environmental regulation on low-carbon technology progress
in  high-energy-consuming industries and low-energy-
consuming industries. Specifically, if environmental regulation
restricts the low-carbon technology progress in both industries,
the energy efficiency is negatively affected. If the environmental
regulation can boost low-carbon technology progress at the same
time, the low-carbon technology progress in both industries can
jointly improve energy efficiency with the incentives from
environmental regulation. Under the circumstance where
the

technology progress in high-energy-consuming industries

environmental  regulation  constraints low-carbon
while promotes the low-carbon technology progress in low-
energy-consumption industries: when the increase of low-
carbon technology progress in low-energy-consuming
industries is more considerable than the decrease of low-
carbon in

technology  progress high-energy-consuming

industries, environmental regulation improves energy
efficiency; otherwise, the environmental regulation inhibits
energy efficiency. But how environmental regulation influence
low-carbon technology progress in both high and low-energy-
consuming industries, depends on the difference in technology
innovation investment orientation which is leaded by the
difference in the energy input structure. There are two steps
to explore the impact of environmental regulation policies on
energy efficiency. The first step is to analyze the direction of the
impact of environmental regulation on low-carbon technology
progress in two types of industries. The second step is to analyze
the relative size of the impact of environmental regulation on
low-carbon technology progress in both high and low-energy-
consuming industries.

Specifically, when the intensity of environmental regulation
rises, in the short term, enterprises are forced to increase their
investment in low-carbon technology innovation to offset the
rising cost of environmental protection, as the result of high
pressure and resistance to low-carbon technological innovation.
It crowds out low-carbon technology innovation, which restricts
the progress of low-carbon technology, and has a negative impact
on energy efficiency. In the long term, when enterprises fail to
improve energy efficiency through end-of-pipe pollution control,
they will increase their investment in low-carbon technology
innovation instead and promote low-carbon technology
progress, which has a positive impact on energy efficiency.
Compared with high-energy-consuming industries, low-
energy-consuming industries are less dependent on fossil fuel
energy consumption. When the intensity of environmental
regulation increases, the investment in innovation of pollution

control technology occupies a dominant position in the short
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term. The investment in low-energy-consuming industries will
be faster than that in high-energy-consuming industries in the
long term, so the investment in low-carbon technology
be
technology progress. When the growth rate of low-carbon

innovation  will increased to promote low-carbon

technology progress in low-energy-consuming industries is
than that
environmental regulation promotes the energy efficiency.

greater of high-energy-consuming industries,

Hypothesis 2: The impact of environmental regulation on
energy efficiency is U-shaped, and low-carbon and high-
carbon technological progress accelerated the arrival of the
inflection point.

As the development of industrial sectors in different regions
of China is quite different, the proportion of high- and low-
energy-consuming industries in different regions is different. The
role played by low-carbon technology progress in different
energy consumption industries may be different in the process
of environmental regulation affecting energy efficiency. Since the
Reform and Opening up, the eastern region is mainly in the late
stage of industrialization. The industrial structure is gradually
optimized. The proportion of low-energy-consuming industries
has exceeded that of high-energy-consuming industries. The
tolerance for environmental regulation is lower, and the
demand for environmental governance through low-carbon
technological innovation is more potent. It is more beneficial
to the realization of low-carbon technological progress. The
central-western region is mainly in the early and middle
stages of industrialization. The resource utilization rate is not
high, and the energy consumption structure is to be optimized.
The proportion of high-energy-consuming industries greatly
exceeds that of low-energy-consuming industries, the pressure
for energy conservation and consumption reduction is higher,
and the tolerance for environmental regulation intensity is
stronger. Comparing the national samples, it shows that the
intensity of environmental regulation in the eastern region is in
the right half of the U-shaped curve. The intensity of
environmental regulation in most provinces of central-western
region is still far below the level of the inflection point, and is in
the left half of the U-shaped curve. The proportion of the above
regional industries is shown in Figures 1-4. The proportion of the
total industrial output value of high energy consumption
industries in the total industrial output value of industries
accounts for an average of 0.4681 in eastern region, and
0.6457 in the central-western region.

Since the proportion of the high-energy-consuming
industries in the central-western region is much higher than
the
consuming industries have low carbon technology spillover

low-energy-consuming industries, and high-energy-
effect. The high-energy-consuming industries are more likely
to exceed the inflection point of environmental regulation under
the environmental regulation incentive effect, promoting the

progress of low carbon technology. However, the proportion
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FIGURE 1
Trend of proportion of high-energy-consuming industries in
eastern region.
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FIGURE 2
Trend of proportion of high-energy-consuming industries in
central-western region.

of low-energy industries in the central-western region is too low.
The technology spillover effect brought by economies of scale has
not appeared, and the inflection point of environmental
regulation arrives later. Therefore, the high-energy-consuming
industries in the central-western region realize the progress of
low-carbon technology faster than the low-energy-consuming
industries. The structural adjustment effect caused by the
difference in industrial structure makes room for technological
energy-saving of low-carbon technology progress in low-energy-
consuming industries in eastern China, which significantly
greater than that in high-energy-consuming industries. The
gross value of industrial output of high-energy-consuming
industries in the eastern region is relatively low, and the space
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FIGURE 4
Trend of proportion of high-energy-consuming industries in
western region.

for environmental regulation to promote energy efficiency
through low carbon technology progress in high-energy-
consuming industries through industrial structure adjustment
is limited. The low-energy-consuming industries account for a
large share of the total, there is more room for environmental
policy to improve energy efficiency by promoting low-carbon
technology progress through low-carbon technology innovation
inputs and technology spillover effects. The energy-saving
situations between the eastern region and the central-western
region are quite different. Based on this, the empirical analysis of
the whole country, the eastern region, and the central-western
region is carried out to research the regional differences in the
impact of environmental regulation on energy efficiency through
low-carbon  technological ~progress in different energy
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Low-carbon technologies in high-energy-consuming industries.
Low-carbon technologies in low-energy-consuming industries.
(M)

Environmental
regulation (X)

Energy efficiency (Y)

FIGURE 5

Transmission mechanism of mediating effect between
environmental regulation, low-carbon technology progress, and
energy efficiency. Source: The author.

consumption industries, which has important reference value
for the formulation of environmental policies in different regions.

Hypothesis 3: There is asymmetric regional heterogeneity in
the impact of environmental regulation on energy efficiency
through low-carbon technological progress in high- and low-
energy consuming industries.

4 Research design

4.1 Model setting

The mediating effect model (Baron and Kenny, 1986) is used
to estimate the impact of environmental regulation on energy
efficiency through low-carbon technological progress. There are
three steps to estimate. First, verify whether explanatory variable
X has a significant influence on explained variable Y. If the
coefficient of X is substantial, it tests whether the mediating effect
exists. Second, verify whether the explanatory variable X has a
significant effect on the mediating variable M. Third, the
coefficients of the explanatory variable X, the mediating
variable M and the explanatory variable Y are tested, by
adding the mediating variable M to the regression equation in
the first step. If the coefficients of X and M are both significant,
and there is a change in the coefficient of X relative to the first
step, the effect is partially mediated. If the coefficient of M is
significant, but the coefficient of X is not, the effect is fully
mediated. The explanatory variable X is environmental
regulation, the explanatory variable Y is energy efficiency, and
the mediating variable M is low-carbon technology progress. The
relationship between them is described in Figure 5. The
mediating effect model is as follows:

ES; = ap + a; ER;y + aczERizt + 1, Xt + &in (1)
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M = By + BERy + BER: + 1, X + €2
ESii = 6y + 0,ER;t + 0,ER: + 0s M, + 1, Xy + €3

@
3)

Here, i represents 30 provinces and municipalities in China
(except Tibet), i = 1, 2,..., 30, t represents the year, t = 2000,
2004,..., 2016,
ERj;represents

ES;represents energy efficiency, and

The
variable M is the low-carbon technology progress in high-

environmental regulation. mediating

energy-consuming industries and low-energy-consuming
industries. HTFPjis low-carbon technology progress in high-
and LTFPyis

technology progress in low-energy-consuming industries. Xjis

energy-consuming industries, low-carbon
control variable, including foreign trade dependency variables
(trady), proportion of fiscal expenditure (govi), education
(edujs), and patents (pat;). €;is a random disturbance term.

Benchmarking empirical model (1) is a nonlinear model
equation, measuring the impact of environmental regulation
on energy efficiency, and the square of environmental
regulation intensity is included in the model. In order to
reflect the time effect of environmental regulation, the
environmental regulation variable is delayed by one period. If
the coefficient of environmental regulation is significant, it
indicates that environmental regulation has a significant
impact on energy efficiency, and the impact of environmental
regulation on low-carbon technology progress can be further
studied. If the coefficient of environmental regulation in model
(2) is significant, it indicates that environmental regulation has a
significant impact on low-carbon technology progress, which
means it meets the second condition of mediating effect test.
Further research is needed to verify the third condition. Based on
the benchmarking model (1), model (3) is added with low-carbon
technology progress in high-energy-consumingHT FP;;and low-
energy-consuming industries LTFP;. If the coefficient of
mediating variable is positive and significant, the coefficient of
environmental regulation is significant, the coefficient of the
linear term of environmental regulation rises, and the coefficient
of the quadratic term drops. It means that environmental
regulation partially mediates the improvement of energy
efficiency through the progress of low-carbon technologies in
different energy-consuming industries.

4.2 Classification of high-energy-
consuming industries and low energy
consumption industry

From the perspective of energy input, industrial sectors are
classified as high-energy-consuming industries and low-energy-
consuming industries. In comparison with some literature that
classifies industries as polluting industries and clean industries
on the basis of pollution emission, the classification method
adopted in this paper can output more reliable outcomes. The
reason is that, in consideration of data availability and research
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purpose, the energy consumption data has advantages in
measurability, controllability, and high reliability.

The sample period by industry is from the year 2001-2015,
because of the lack of environmental data for some years in
33 industrial sectors of China. Due to the differences in the
classification of the industry sub-sector in the 2002 and
2011 versions of the Industrial Classification for National
Activities, the data are divided and merged as necessary with
the principle of maximizing the use of data. The classification is
made with 33 industry sub-sectors which refers to the industry
classification in China Industrial Economic Statistical Yearbook.
The data of certain years in five sub-industries (handicraft and
other industry; waste resources and materials recovery and
process industries; other mining industries; gas production
and supply industry; and water production and supply
industry) are excluded because of missing, and the missing
data of other industries are replaced by interpolation. To
maintain the integrity of data and consistency of statistical
criteria, we merged the plastic product industry, and rubber
product industry into the plastic and rubber product industry;
the automobile industry and rail, ship, aircraft, spacecraft and
other transport equipment industry are merged into
transportation equipment manufacturing industry. With the
above adjustment, 33 industries are classified. Based on the
median energy intensity by industry, the industrial sector is
classified

consuming industries. If the ratio of energy consumption to

into low-energy-consuming and high-energy-
total industrial output value is higher than average, it is classified
as the high-energy-consuming industries. Otherwise, it is the
low-energy-consuming industries. There are 17 low-energy-
consuming industries and 16 high-energy-consuming
industries (see Table 1).

The calculation of energy intensity (EP) is expressed by the
ratio of the energy consumption to the gross value of industrial
output, that is EP = E;/Y;. E;is the energy consumption of
industry i, and Y; is the gross value of industrial output of
industry i. For the energy consumption (E), the final energy
consumption of different industries in calculation refers to raw
coal, cleaned coal, other cleaned coal, briquette coal, coke, coke
oven gas, other gas, crude oil, gasoline, kerosene, diesel oil, fuel
oil, liquefied petroleum gas, refinery dry gas, natural gas, other
petroleum and coking products, heat and electricity. They are
converted into standard coal based on the conversion coefficient

provided by the State Statistical Bureau.

4.3 Low-carbon technology progress
estimates

The current technological progress measurement methods
are Solow Residual Method and non-parametric DEA. The
former is measured by regression residuals, while the latter
calculates  technological rate.

progress by production
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TABLE 1 Industry classification.

Low-energy-consuming industries

Agricultural and sideline food processing industry; electrical machinery and equipment
industry; stationery and sporting goods industry; printing and duplicate record media
industry; telecommunication, computer, and other electronic equipment industry;
furniture industry; textile clothing and footwear industry; general equipment industry;
tobacco industry; transportation equipment industry; instrument, meters, cultural and
office machinery industry; special equipment industry; fabricated metal product
industry; leather, fur, feather (velvet) and related products industry; wood processing,
wood, bamboo, rattan, palm and grass product industry; rubber and plastic products
industry; pharmaceutical industry

Source: Estimation of 2001-2015 average energy consumption intensity of industries.

According to the relevant definition of national policy
documents, low-carbon technology, as a green technology,
aims to reduce or eliminate carbon dioxide emissions through
high-efficiency utilization of resources. Due to the lack of
quantitative research on low carbon technology progress, this
paper measures low carbon technology progress from the
perspective of output, and undesirable output is carbon
dioxide. It is measured similarly to green technology progress,
and the non-parametric DEA is employed to measure the low-
carbon technology progress.

Based on the input-output data of different industries in each
province from 2000 to 2016, the ML index is calculated
respectively with the computation value of the total-factor
energy efficiency. As the ML index reflects the growth rate of
low-carbon technology progress rather than the progress itself,
the low-carbon technology progress in 2000 is assumed as 1. The
low-carbon technology progress in high-energy-consuming
industries and low-energy-consuming industries from 2000 to
2016 is obtained by multiplying the computation values of ML
index. Considering the data availability, the research targets are
industrial enterprises above the designated size. For the lack of
the data of different industries in each province before 2000 in
the China Industrial Economic Statistical Yearbook and China
Environmental Statistical Yearbook, this paper
the input-output data of 33 industries in
30 provinces (excluding Tibet for the lack of data in Tibet)
from 2000 to 2016. Input indices include energy input, capital,

actually
researches

and labor investment of different industries in each province. The
expected output index is industrial added value of different
industries in each province, and the industrial CO, emission
of different industries in each province measures the unexpected
output index.

The processing of relevant index and data of input, expected,
and unexpected output is described as follows:

4.3.1 Energy input

Besides the capital and labor input, this paper considers the
energy input, namely, the energy consumption. It assumed as the
main source of the unexpected output. The data of total energy
consumption by industry of industrial enterprises above the
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High-energy-consuming industries

petroleum and natural gas acquisition industry; food industry; textile industry;
beverage industry; petroleum, coking, and nuclear fuel industry; non-ferrous metal
smelting and rolling processing industry; chemical material and product industry;
chemical fiber industry; non-metallic mineral industry; ferrous metal smelting and
rolling processing industry; coal industry; non-metallic mineral product industry;
paper making and product industry; electricity, heat production, and supply industry;
ferrous metal industry; non-ferrous metal industry

designated size, from the statistical table of total energy
consumption by industry in China Energy Statistical
Yearbook. It is converted into 10,000 tons of standard coal
based on the conversion coefficient from the relevant
appendix of the book. As the energy consumption data of
different industries in each province have not yet been
counted, this paper reconstructs it. The estimation is as follows.

The first step is to calculate the adjustment coefficient W of
different industries in each province, namely the weight. The Nin
the coefficient refers to provinces, N = 1,2,3,..., 30, I refers to the
industry, I = 1,2,3,..., 33. For the specific industry, the proportion
varies from province to province. Oy represents the gross
industrial output value of industry I in province N. By
calculating the proportion of Ojy to the gross industrial
output value of the industry Oy, the weight Wy is obtained.
The weight Wy, reflecting the proportion of province N to that
of the industry I, is used to calculate the energy consumption of
the specific industry in the province. The adjustment coefficient
is calculated as follows.

4

The second step is to reconstruct Ey; which represents the
energy consumption of different industries in each province, with
the
consumption by industry.

— Ow _ En i
Wi = 3+ = Ffequation.  E;  represents the energy

Ent = Er x Wy (5)

Ey; indicates the energy consumption of industry I in
province N.

4.3.2 Capital input

In order to reduce the data deviation in the estimation of
capital stock as much as possible, it selects the annual average
balance of net fixed assets of industrial enterprises above
designated size of different industries in each province as an
approximate estimate of the capital stock, and converts the fixed-
asset investment price index by province into the constant price
in 2000. As China Industry Economy Statistical Yearbook only
offers the net fixed assets of different industries in each province
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instead of the annual average balance of net fixed assets in some
years, the annual average balance of the net fixed assets of the
current year is replaced by the average value of the net fixed assets
of the current year and the previous year. In addition, it requires
estimating the missing data of the net fixed assets of different
industries in each province. The estimation method is: net fixed
assets = original price of fixed assets - accumulated depreciation
of fixed assets. Relevant data is from China Industry Economy
Statistical Yearbook.

4.3.3 Labor input

Working hours serve as a better measurement of measuring
labor input than the number of workers, but those data are
difficult to obtain. Like most of the literature, working hours is
replace by the average number of employees of industrial
enterprises above designated size of different industries in
each province. The relevant data comes from China Industry
Economy Statistical Yearbook, with the missing values estimated
by the intermediate interpolation method.

4.3.4 Industrial added value

This paper uses industrial added value as the expected
output, and adjusts it to the constant price in 2000 with the
“factory price index of industrial products by province” in China
Urban (Town) Life and Price Yearbook. For the missing
industrial added value of different industries in each province
in “China Industry Economy Statistical Yearbook” in some years,
the estimation is as follows. Industrial added value = gross
industrial output value—industrial intermediate input + value-
added tax payable in the current period. The industrial
intermediate input is substituted with stock.

4.3.5 Industrial CO, emissions

This paper estimates CO, emissions with the amount of fuel
burned and default emission factors, based on the calculation
method of carbon emissions in the IPCC Guidelines for National
Greenhouse Gas Inventory. This paper constructs the industrial
CO, data of different industries in each province in the same
method of energy consumption. It assumes industrial CO,
emissions of different industries in each province as Cyp, and
industrial CO, emissions by industry as C;. Other variables are
also set in the above way, then Cy; = C/*Wyy.

4.4 Variables calculation and specification

4.4.1 Energy efficiency

The measurement of energy efficiency is single factor
energy efficiency index and total factor energy efficiency
index. The former is measured by the ratio of output to
energy input (Desvallées, 2022); The latter measures the
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production relationship between multiple inputs, such as
energy, labor force, capital, and is divided into parametric
methods and non-parametric methods, namely SFA and DEA,
which are classified based on the construction of production
Frontier.

As the DEA model has been employed to measure the low-
carbon technology progress, this paper adopts the ratio of the
gross industrial output value to final energy consumption
(10,000 tons of standard coal) as a gauge of energy efficiency.
The higher the ratio, the higher the energy efficiency. Although
only energy is considered as a single input factor, the method is
simple to calculate and more convenient to understand in the
analysis. It is the reciprocal of energy intensity (energy used per
unit of output), and both are partial factors productivity
indicators that reflect the relationship between energy
consumption and output growth in economic activity.

4.4.2 Intensity of environmental regulation
Domestic and foreign scholars mainly measure
environmental regulation from the following perspectives,
including the proportion of total investment in industrial
pollution control to industrial value added (Lanoie et al,
2008), the proportion of operating costs of pollution control
facilities in industrial output (Gray et al., 2014), the number of
inspections of enterprise emissions by policies on environmental
regulatory agencies (Brunnermeier and Cohen, 2003), etc.

This paper selects two methods to measure the intensity of
environmental regulation, in consideration of the availability
of provincial panel data in different industries. First, the
proportion of completed investment in pollution control
projects to total industrial output value (ER) in each
province is chosen as a proxy variable for the intensity of
environmental regulation. Second, the proportion of
operating costs of treatment facilities to total industrial
output value in each province is chosen to conduct a
robustness analysis of the empirical results. Since data on
operating costs of treatment facilities for industrial solid waste
are missing, the operating costs of treatment facilities include
wastewater and waste gas. In the econometric model, the one-
period lagged value of environmental regulation is used to
measure the value of the dependent variable, taking into

account the lagged factor of the policy effectiveness.

4.4.3 The control variable

The degree of dependence on foreign trade (trad) is expressed
by the proportion of total trade volume in GDP. The proportion
of fiscal expenditure (gov) is expressed by the proportion of fiscal
expenditure in GDP. Human capital (hc) is expressed by the
average number of students enrolled in colleges and universities
per 10,000 people. Patent ownership (pat) is expressed by the
patent authorization per 10,000 people.
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TABLE 2 Descriptive statistics of variables.

10.3389/fenvs.2022.1012229

Variable name Code
Energy Efficiency Y
Intensity of Environmental Regulation ER
Low-carbon Technologies in High-energy-consuming Industries HTFP
Low-carbon Technologies in Low-Energy-consuming Industries LTFP
Variable of Dependence on Foreign trade Trad
Proportion of Fiscal expenditure Gov
Human Capital Hc
Patent Ownership Pat

TABLE 3 Correlation coefficient of variables.

Variables (1) (2)

(1) Y — _

2 ER -0.561 —

3) HTFP 0.555 -0.382
(4) LTFP 0.606 -0.448
(5) trad 0.400 -0.276
(6) gov -0.199 0.111
) he 0.591 -0.411
(8) pat 0.726 -0.362

Mean Std Dev Min Max
1322 1.027 0.148 5.076
17.596 15.262 0.754 108.324
4465 467 0.814 37.384
3.723 2714 0.906 14.183
0.319 0414 0.009 1.84
0.197 0.09 0.069 0.627
141.503 74.281 13.251 357.875
4236 7.188 0.13 46.285
(3) 4) (5) (6) (7)
0.795 — — — —
0.267 0.082 — — —
0.177 0.304 -0.272 — —
0511 0.483 0.447 -0.007 —
0.673 0.522 0458 -0.093 0.488

4.5 Sample and data

This paper conducts empirical analysis with the panel data
of double-digit manufacturing industries in 30 provinces of
China (excluding Tibet, Hong Kong, Macao, and Taiwan)
from 2000 to 2016 for empirical analysis, with a sample size of
510. The sample data mainly come from China Environment
Statistical Yearbook, China Energy Statistical Yearbook,
China Yearbook and
statistical yearbooks in different provinces. In order to

Industry Economy  Statistical

eliminate the influence of price factors, this paper uses
producer price index (PPI) in region to construct deflator
by region, then converts the relevant indicator into the
constant price in 2000.

4.6 Descriptive statistics

Descriptive statistics for the variables are given in Table 2,
and correlation coefficients of that in Table 3. The test results
show that the correlation coefficient between variables is not
large, indicating the independence of variables. The serious
multicollinearity problems will not arise when they appear in
the same econometric analysis model.
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5 Results and discussion

5.1 Analysis of regression results at the
national level

5.1.1 Benchmark analysis

The regression analysis starts with a benchmark relationship
between environmental regulation and energy efficiency, based
on the fixed effect at provincial level. The estimated results are
shown in Table 4. Column (1) is the regression model of control
variables on energy efficiency. Explanatory variable
environmental regulation is added in Column (2). The
quadratic term of environmental regulation is added in
Column (3), and the model’s explanatory power is
significantly improved (AR®> = 0.031). At the 1% level, the
coefficients of the linear term of environmental regulation are
significantly negative, and that of the quadratic term are
significantly ~ positive. That indicates the impact of
environmental regulation on energy efficiency is in a

U-shaped
intensity of environmental regulation at the inflection point of

significant characteristic. The corresponding
the U-shaped curve of the impact of environmental regulation on
energy efficiency under the national sample is 44.0184. The

mediating effect test can be continued.
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TABLE 4 Regression Results of Model (1).

1) (2) (3)
Variables Y Y Y
ER — —0.00410** —0.0287***
— (0.00169) (0.00340)
ER2 — — 0.000326***
— — (3.99¢-05)
Trad -0.0133 0.0181 -0.0275
(0.166) (0.174) (0.163)
Gov 0.581 0.596 0.355
(0.458) (0.482) (0.451)
Hc 0.00838*** 0.00860*** 0.00817***
(0.000482) (0.000576) (0.000540)
Pat 0.0658*** 0.0652*** 0.0590%**
(0.00396) (0.00412) (0.00392)
Constant —0.253*** -0.234** 0.178
(0.0877) (0.116) (0.119)
Observations 510 480 480
R-squared 0.765 0.763 0.794
Number of id 30 30 30

Note: *, ** and *** indicate salience at the levels of 10%, 5% and 1% respectively, the
same below.

5.1.2 Analysis of the impact of environmental
regulation on low-carbon technology progress
Table 5 verifies the impact of environmental regulation on
low-carbon technology progress in high-energy-consuming
industries and low-energy-consuming industries respectively.
Based on columns (1) and (3), the explanatory power of the
model is significantly increased by adding the quadratic term of
environmental regulation in columns (2) and (4) (AR*=0.011 in
Column (2) and AR? = 0.008 in Column (4)). The coefficients of
the environmental regulation with primary term are significantly
negative, and the coefficients of the quadratic term are
significantly positive at the 1% level, which indicates that the
impact of environmental regulation on the low-carbon
technological progress in both high-energy and low-energy
consuming industries has a U-shaped characteristic. When the
environmental regulation intensity rises, the pressure and
resistance of low-carbon technological innovation increases.
The enterprises tend to substitute low-carbon technological
innovation input by increasing pollution control technological
innovation input to offset the rising environmental protection
cost, which inhibits the low-carbon technological progress in
industry. As the environmental regulation intensity rises, in
order to avoid the surge of environmental regulation cost,
industrial enterprises try to reduce pollution emission by
increasing low-carbon technological innovation input. When
the environmental regulation intensity crosses the inflection
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TABLE 5 Regression Results of Model (2).

Variables (1) 2) 3) (4)
HTFP HTFP LTFP LTFP
ER -0.0276** —0.106*** —-0.0106** —0.0530***
(0.0110) (0.0235) (0.00537) (0.0114)
ER2 — 0.00104*** — 0.000562***
— (0.000276) — (0.000134)
Trad —5.624*** —5.769*** —3.405*** —3.483***
(1.138) (1.122) (0.555) (0.545)
Gov 20.36*** 19.60** 21.04%** 20.62***
(3.151) (3.112) (1.536) (1.512)
Hc 0.00843** 0.00709* 0.0154** 0.0147*%*
(0.00376) (0.00373) (0.00184) (0.00181)
Pat 0.359*** 0.339%%* 0.145%%* 0.135%%*
(0.0270) (0.0271) (0.0131) (0.0132)
Constant 0.0525 1.362* —1.965*** —1.254***
(0.758) (0.824) (0.369) (0.400)
Observations 480 480 480 480
R-squared 0.643 0.654 0.784 0.792
Number of id 30 30 30 30

point, the low-carbon technological progress shows an
increasing trend on the right side of the U-shaped curve. This
also indicates the relationship between environmental regulation
and technological progress in the existing literature.
regulation
corresponding to the U-shaped curve inflection point of the

It shows that the environmental intensity
impact of environmental regulation on low-carbon technological
progress in high- and low-energy-consuming industries under the
national sample is 50.9615 and 47.1530, respectively. It indicats that
the level of environmental regulation intensity corresponding to the
U-shaped curve inflection point of the impact of environmental
regulation on low-carbon technological progress in low-energy-
consuming industries is much lower than that in high-energy-
consuming industries. This is determined by the differential
behavior of industry environmental regulation caused by
differences in energy input structures. Compared to high-energy-
consuming industries, low-energy-consuming industries rely less on
fossil fuels such as coal, and face less pressure and resistance to low-
When  the
environmental regulation rises sharply, to circumvent the
costs,

carbon technological innovation. intensity of

increase in  environmental protection low-energy-
consuming industries will increase low-carbon technological
innovation inputs and reduce technological innovation inputs for
pollution control faster than high-energy-consuming industries. It
promotes low-carbon technological progress in the industry, and
reduces environmental protection costs. The above conclusions have

certified Hypothesis 1.
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TABLE 6 Regression Results of Model (3).

Add HTFP
Variables Y Y
ER —-0.00348** —0.0273***
(0.00168) (0.00346)
ER2 — 0.000313***
— (4.05e-05)
HTFP 0.0224*** 0.0131*
(0.00718) (0.00685)
LTFP — —
trad 0.144 0.0479
(0.177) (0.167)
gov 0.140 0.0988
(0.499) (0.469)
hc 0.00841*** 0.00808***
(0.000573) (0.000540)
Pat 0.0571*** 0.0546***
(0.00483) (0.00455)
Constant —-0.235** 0.161
(0.115) (0.119)
Observations 480 480
R-squared 0.769 0.796
Number of id 30 30

5.1.3 Mediating effect of environmental
regulation on energy efficiency through low-
carbon technology progress

The low-carbon technological progress in high-energy-
consuming industries and low-energy-consuming industries is
added to test the impact of environmental regulation on it. The
estimated results are in Table 6. Based on Column (1) and
Column (3), the quadratic term of environmental regulation is
added in Column (2) and Column (4), significantly improving
the explanatory power of the model (AR* = 0.027 in model 2,
AR?=0.023 in model 4). At the level of 1%, the coefficients of the
linear term of environmental regulation are significantly
negative, and that of the quadratic term is significantly
positive. On the baseline regression in Table 4, the coefficients
of the linear term of environmental regulation increase while that
of the quadratic term decreases. It indicates a partial mediating
effect, namely a U-shaped effect of environmental regulation on
energy efficiency through low-carbon technological progress.
The intensity of environmental regulation corresponding to
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(3) Add LTFP (4) Add LTFP

Y Y
~0.00316* —0.0250***
(0.00163) (0.00339)
— 0.000287***
— (3.97¢-05)
0.0887%* 0.0691+%*
(0.0143) (0.0138)
0.320* 0.213
(0.174) (0.165)
~1.269** ~1.071%*
(0.552) (0.523)
0.00723*** 0.00716***
(0.000595) (0.000563)
0.0523*** 0.0497*%*
(0.00447) (0.00425)
—0.0600 0.265**
(0.115) (0.118)
480 480

0.782 0.805

30 30

the inflection points of the U-shaped curve at this time are
43.6102 and 43.5540, respectively, which are lower than the
intensity of environmental regulation corresponding to the
inflection points in the baseline regression model. It indicates
that low-carbon technological progress accelerates the arrival of
the inflection points.

When the intensity of environmental regulation rises, both
industries will experience a distortion effect of technological
innovation inputs. That is technological innovation inputs for
pollution control dominate in the short term. In the long term,
given the differences of energy input structure, low-energy-
consuming industries will increase low-carbon technological
than
industries to achieve low-carbon technological progress. When

innovation inputs  faster high-energy-consuming
the low-carbon technological progress in low-energy-consuming
industries increases more significantly than the decreases in high-
energy-consuming  industries, environmental regulation
promotes energy efficiency. The above conclusions have

certified Hypothesis 2.
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TABLE 7 Regression Results of Regional Model (1) and (2).

(1) Eastern (2) Central-western

Variables Y Y HTFP
ER —0.0379*** —0.0178*** —0.253***
(0.00715) (0.00389) (0.0685)
ER2 0.000599*** 0.000193*** 0.00366***
(0.000130) (4.15e-05) (0.00125)
Trad —0.433** 3.614%* —4.984***
(0.167) (0.638) (1.601)
Gov -1.069 0.437 49.81%%*
(1.024) (0.451) (9.823)
he 0.00893*** 0.00552%* —0.00858
(0.000791) (0.000680) (0.00759)
pat 0.0498*** 0.159* 0.297*4**
(0.00418) (0.0126) (0.0401)
Constant 0.602*** -0.175 2.604
(0.193) (0.145) (1.854)
Observations 208 272 208
R-squared 0.842 0.827 0.668
Number of id 13 17 13

5.2 Analysis of regression results by region

5.2.1 Analysis of the impact of environmental
regulation on energy efficiency

Since the huge differences in the development of industrial
sectors in different regions of China, it is necessary to examine
whether there is regional heterogeneity in the above
conclusions. Considering that only six provinces are in the
central region, we merged them into the western region. As a
benchmark model analysis by region, the impact of
environmental regulation by region on energy efficiency is
still in U shape, as shown in Column (1) and Column (2) of
Table 7.

The environmental regulation intensity is 31.6361 and
46.1140, respectively, corresponding to the inflection point
of U-shaped curve in eastern and central-western region. By
comparing Column (3) of Table 4, it shows that the intensity
of environmental regulation in the eastern region has
exceeded the level of the inflection point. It is in the right
half of the curve, indicating that the enhancement of
environmental regulation will promote the energy
efficiency. However, the environmental regulation intensity
of most provinces in the central-western regions is still lower
than the inflection point. It is in the left half of the U-shaped
curve, indicating that the enhancement of environmental
regulation will hinder the energy efficiency.
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(4) Central-western (5) Eastern (6) Central-western

HTFP LTFP LTFP
~0.0697*** ~0.0748** ~0.0475"
(0.0161) (0.0245) (0.0133)
0.000676*** 0.00117%* 0.000443**
(0.000172) (0.000445) (0.000142)
6.335%* —3.4641* 5.346**
(2.638) (0.571) (2.182)
15474 43710 16.75%%¢
(1.863) (3.505) (1.541)
0.0143%* 0.00917** 0.0115%*
(0.00281) (0.00271) (0.00232)
0.229%* 0.0947%* 0.220*
(0.0521) (0.0143) (0.0431)
—1.674%* ~2.061* ~2.050"*
(0.599) (0.662) (0.495)
272 208 272

0.739 0.856 0.782

17 13 17

5.2.2 Analysis of the impact of environmental
regulation policy on low-carbon technology
progress

Column (3)-(6) of Table 7 shows that the impact of
environmental regulation by region on low-carbon technology
progress in high-energy-consuming and low-energy-consuming
industries are still in U shape. For the high-energy-consuming
industries, the intensity of environmental regulation
corresponding to the inflection point of the U-shaped curve of
the impact of environmental regulation on low-carbon
technology progress in eastern and central-western region is
34.5628 and 51.5533, respectively. For the low-energy-
consuming industries, the intensity of environmental
regulation corresponding to the inflection point of the
U-shaped curve of the impact of environmental regulation on
low carbon technology progress in eastern and central-western
region is 31.9658 and 53.6117, respectively. A comparison of the
national sample in Table 5 shows that, the affordability of
environmental regulation differs between high- and low-
energy consuming industries in different regions. This is
because the proportion of low-energy-consuming industries in
the eastern region has exceeded that of high-energy-consuming
industries. The eastern region has a lower tolerance for
environmental regulation, and more robust demand for
environmental governance through low-carbon technological

innovation, which is more beneficial to achieving low-carbon
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TABLE 8 Regression Results of Regional Model (3).

(1) Eastern

(2) Central-western

10.3389/fenvs.2022.1012229

(3) Eastern (4) Central-western

Variables Y Y

ER —0.0369*** —-0.0130***
(0.00741) (0.00387)

ER2 0.000586*** 0.000146***
(0.000133) (4.11e-05)

HTFP 0.00380 0.0691***
(0.00760) (0.0147)

LTFP

Trad —0.414** 3.176***
(0.172) (0.620)

Gov —-1.258 —-0.632
(1.094) (0.489)

Hc 0.00896*** 0.00453***
(0.000796) (0.000686)

pat 0.0486*** 0.144***
(0.00476) (0.0126)

Constant 0.592** -0.0592
(0.195) (0.141)

Observations 208 272

R-squared 0.843 0.841

Number of id 13 17

Y Y
~0.0340*%* ~0.0140%
(0.00723) (0.00384)
0.000539*** 0.000157+%*
(0.000131) (4.07¢-05)
0.0513** 0.0804**
(0.0210) (0.0179)
-0.255 3.184*%%
(0.180) (0.622)
—3.312%* ~0.909*
(1.365) (0.527)
0.00846*** 0.00459***
(0.000804) (0.000687)
0.0449*%* 0.142%4%
(0.00458) (0.0128)
0.708*%* -0.0101
(0.196) (0.144)
208 272

0.847 0.840

13 17

technological progress. The proportion of high-energy-
consuming industries in the central-western region greatly
exceeds that of low-energy-consuming industries, with higher
pressure on energy conservation and consumption reduction.
The central-western region has a stronger tolerance for
environmental regulation intensity.

In the central-western region, the environmental
regulation intensity of the inflection point of the impact of
environmental regulation on low-carbon technological
progress in high-energy-consuming industries is lower than
that in low-energy-consuming industries. That’s probably
because the central-western region is mainly covered by
high-energy-consuming industries. It is more likely to
break through the inflection point of environmental
regulation and promote low-carbon technology progress
under the combined effect of environmental regulation and
technology  spillover  effects.
industries account for a relatively low proportion. The

Low-energy-consuming

technology spillover effects brought by economies of scale
have not yet emerged, so the corresponding inflection point of
environmental regulation comes later. The above conclusions
have certified Hypothesis 3.
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5.2.3 Mediating effect of environmental
regulation on energy efficiency through low-
carbon technology progress

The regional heterogeneity characteristics of environmental
regulation to promote energy efficiency through low-carbon
technology progress are validated and shown in Table 8.
Columns (2) and (4) show that for the central-western region,
the impact of environmental regulation on energy efficiency
through low-carbon technology progress is still U-shaped.
Moreover, the intensity of environmental regulation
corresponding to the inflection point of the U-shaped curve is
44.5205 and 44.5860, respectively. This shows that in the central-
western region, low-carbon technological progress has
accelerated the arrival of the inflection point, and
environmental regulation promotes energy efficiency through
low-carbon technological progress.

However, it should be noted that in Column (1), the
coefficient of low-carbon technological progress in high
energy-consuming industries is not significant in the
eastern region. It may be because the total industrial output
value of high-energy-consuming industries in the eastern
region is relatively low. The environmental regulation
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promote energy efficiency through low-carbon technological
progress in high-energy-consuming industries has limited
room with industrial restructuring, as shown in Figure 1.
In contrast, the high energy-consuming industries in the
central-western region account for a high percentage of the
total. It has been on a significant downward trend since 2008,
with a large decline and a solid structural adjustment effect. As
the intensity of environmental regulation increases, the high
energy-consuming industries are transformed and upgraded
to low energy-consuming industries through low-carbon
technological progress, with a greater potential for energy
efficiency improvement, as shown in Figures 2-4. There are
noticeable regional differences in the impact of environmental
regulation on energy efficiency low-carbon
high
industries. The role played by structural adjustment and

through

technological ~ progress in energy-consuming
low-carbon technological progress in energy efficiency
improvement must be fully explored. The coefficient of
low-carbon  technological — progress in  low-energy-
consuming industries in Column (3) is positive and
significant, which indicates that in the eastern region, the
impact of environmental regulation on energy efficiency
through low-carbon technological progress in low-energy-
consuming industries presents a U-shaped characteristic.

The above conclusions have verified Hypothesis 3.

5.3 Robustness test and endogeneity
treatment’

5.3.1 Robustness test

In order to test the robustness of the regression results, we use
the method of replacing the measures of environmental
regulation. After comparing the test results with that in the
above tables, it indicates that the estimation results of the two
proxy variables of environmental regulation are generally
the
conclusions of this paper are robust.

consistent.  Therefore, theoretical and  empirical

5.3.2 Endogeneity treatment

There may be a two-way causal relationship between
environmental regulation and energy efficiency in the
econometric model, and the regression results may be biased.
This paper uses the mean value of the environmental regulation
intensity of neighboring provinces as an instrumental variable
(IVER) to solve the endogeneity existing in the model. The test
results show that the choice of instrumental variables is generally

adequate.

1 Considering the length, the estimation results of robustness test and
the treatment results of endogeneity problem are not given in the main
body of this paper. Please see the appendix for details.
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6 Research conclusions and policy
suggestions

Based on the perspective of energy input structure, this
paper clarifies the mechanism of differentiated behavior of
environmental regulation triggered by differences in energy
input structure, and provides insight into the mechanism of
how environmental regulation promote energy efficiency
through low-carbon technological progress in different
energy-consuming industries. By reconstructing energy
consumption of different industries in each province, we
measure the low-carbon technological progress of high-
and low-energy consuming industries separately. It uses a
mediating effects model to empirically test the internal logic of
energy efficiency promoted by differences in environmental
regulation behavior between industries. It in turn provides
empirical evidence and policy insights for China to implement
differentiated environmental regulation policies according to
local conditions, successfully achieving energy conservation
and emission reduction targets.

The main findings are as follows:®Dthe impact of
environmental regulation on low-carbon technological
progress in high- and low-energy industries presents

U-shaped characteristic. The level of environmental regulation
intensity at the inflection point of low-carbon technological
progress in low-energy-consuming industries is much lower
than that in high-energy-consuming industries.@The impact
of environmental regulation on energy efficiency presents
U-shaped characteristics, and the low-carbon technological
of high-
accelerates the arrival of the inflection point.®It shows there

progress and low-energy-consuming industries
is asymmetric regional heterogeneity in the impact of
environmental regulation on energy efficiency through low-
carbon technological progress in high- and low-energy-
consuming industries: in the central-western region, the
development of low-carbon technology in high-energy-
consuming industries is faster than that in low-energy-
consuming industries; in eastern region, room for energy-
saving through low-carbon technology in low-energy-
consuming industries is more significant than that in high-
energy- consuming industries.

To accelerate the progress of low-carbon technology in
industry and promote energy efficiency, this paper puts
forward the following three policy suggestions:

(1) Establish and improve the energy conservation and
environmental protection policy system, including laws and
regulations. Use environmental policies to promote and apply
the

mechanism of environmental and technical standards, and

advanced low-carbon technologies. Play incentive
promote industrial enterprises to adopt energy-saving and
environmental protection technologies. Eliminate backward
and high-energy-consuming technologies, and ensure the low-

carbon energy structure from the source. Form an operating
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mechanism conducive to energy saving and environmental
protection, achieving a win-win situation of energy saving and
pollution reduction.

(2) Improve the credit policy for financing green and low-
carbon technology, and reduce the financing threshold and cost
of low-carbon technological innovation of industrial enterprises.
Although low-carbon technology innovation helps low-carbon
technology progress and energy-saving efficiency improvement,
it is difficult to achieve due to R&D financial constraints.
Financial institutions need to be guided to accurately invest in
energy-saving technology projects, accelerate low-carbon
technology innovation, reduce the cost of energy structure
transformation, and improve the market competitiveness of
low-carbon technology.

(3) Formulate differentiated regional and industrial
environmental regulation policies, and focus on
implementing differentiated management by regions and
classifications. For example, the high energy-consuming
industries in the central-western region account for a
relatively large share of the energy saving and consumption
reduction tasks, and the foundation for low-carbon energy
transformation is weak. The financial transfer payments of
central government need to be strengthened to accelerate the
reform process of industrial structure transformation,
optimization and upgrading and low-carbon technologies in
the central-western region, promoting the overall level of

industrial green and low-carbon development.
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