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High energy intensity and energy consumption structure are the main

contradictions restricting China’s green economic growth. Green technology

innovation is an important factor to alleviate the energy dilemma. Referring to

the IPC Green Inventory launched by the World Intellectual Property

Organization, the green patents of 30 provinces in China from 2004 to

2019 are screened. Based on the panel data of 30 provinces in China, this

study empirically tests the impact of green technology innovation on energy

intensity and energy structure by employing fixed effect model and quantile

regression model. The empirical results show that green technology innovation

can significantly reduce energy intensity and energy structure, and the long-

term effect is obviously higher than the short-term effect. Compared with the

green utility model patent representing general innovation, the green invention

patent representing disruptive innovation expresses more momentous long-

term and short-term effect. The sustainable effect of green technology

innovation will gradually weaken with the reduction of energy intensity and

energy structure. For provinces with low energy structure, the impact of green

technology innovation is no longer significant. Instrumental variable method

and robustness test prove that the conclusion of this study is robust. This study

provides support for the government and enterprises to promote technological

innovation and play a part in alleviating the energy dilemma.
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1 Introduction

Since the 21st century, China’s economy has maintained rapid growth. According to

China’s Statistical Yearbook, the average growth rate of China’s GDP from 2004 to

2019 was 8.9%, and the total GDP in 2019 was 99,086.5 billion (unit: RMB). However,

China’s rapid economic growth is at the cost of high energy consumption and

environmental pollution. In 2010, China’s total primary energy consumption was

2,432 million tons (equivalent oil), surpassing the United States as the world’s largest

energy consumer. From 2004 to 2019, China’s total energy consumption increased by
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about 115% (from 230,281 to 487,000, Unit: 10,000 tons of

standard coal). In recent years, China has begun to advocate

resource conservation and adopted many policies, such as the

Comprehensive Work Plan for Energy Conservation and Emission

Reduction in 13th Five-year Plan, The Medium and Long-term

Development Plan of Renewable Energy, etc. These policies have

reduced the growth rate of energy consumption, expanded the

use of clean energy and improved energy efficiency. However,

China’s total energy consumption and energy intensity are still

higher than other major countries. High energy intensity and

coal dependent energy consumption structure are still the energy

dilemma hindering China’s economic development. Getting rid

of the energy dilemma is an important means to achieve

sustainable energy development and protect the ecological

environment. Therefore, discussing how to get rid of the

energy dilemma at the macro level has important theoretical

significance and practical value.

Economic growth (Acheampong et al., 2021), industrial

upgrading (Luan et al., 2021), resource endowment (Zhang and

Wang., 2021), infrastructure (Bazzana et al., 2020) and other

socio-economic factors have been proved to have a significant

impact on energy intensity and energy structure. However,

more scholars emphasize the sustainable development effect

of technological innovation, especially green technological

innovation. The STIRPAT model proposed by Dietz and

Rosa (1994) defines technology, affluence and population as

three elements affecting sustainability. Based on the existing

research, there are two main paths for the impact of

technological innovation on sustainable development: First,

according to the production function, technology can act on

capital, labor force or other production factors (such as land

and energy). Second, disruptive technology, such as nuclear

power generation technology and wind power generation

technology, could bring phased progress or fundamental

revolution to energy utilization and induce a new round of

technological innovation. However, most of the existing studies

regard technological innovation as whole, and lack of

discussion on the role of green technological innovation.

Green technological innovation refers to technological

innovation conducive to saving resources, improving energy

efficiency, preventing and controlling pollution, realizing

sustainable development. It mainly includes alternative

energy, environmental materials, energy conservation and

emission reduction, pollution control and recycling

technology. Different from general innovation, green

technological innovation can have a direct impact on the

sustainability of energy and environment. Therefore, it is

necessary to explore the role of green technology innovation

in relieving the energy dilemma. This paper will analyze this

problem in detail.

This study mainly hopes to discuss the following issues and

give conclusions based on Chinese empirical evidence: 1) can

green innovation promote the reduction of energy intensity and

the optimization of energy structure? 2) From a long-term

perspective, can green patents still have a significant impact

on energy intensity and energy structure in the next few

years? 3) There are significant differences between green

invention patents and green utility model patents in terms of

application difficulty, standard and technical difficulty. Is there

any difference between the two in solving the energy dilemma? 4)

Considering the obvious differences between North and South

China in energy consumption, is there regional heterogeneity in

the impact of green innovation? 5) Is there difference in the

impact of green innovation in different stages of sustainable

development?

The rest of this paper is arranged as follows: the second part is

literature review and innovation; The third part is model and

variable; The fourth part is the empirical results and discussion;

The fifth part is the conclusion and policy recommendations.

2 Literature review

2.1 Relationship between technology
innovation and energy structure

The energy structure generally refers to the proportion of

coal consumption in the energy consumption of an economy

(Chen et al., 2020). The combustion of fossil energy (including

coal, oil, and natural gas, etc.) is important source of carbon

dioxide emissions. Reducing the proportion of fossil energy

consumption is the most important means to achieve

sustainable development (Tutak and Brodny, 2022). Zeng

et al. (2021) pointed out that coal is the main fossil energy

for China’s economic development due to the constraints of

resource endowment. In addition, due to the high content of

impurities in coal, coal combustion produces more pollutants

than oil and natural gas (Danish and Wang, 2019). Although

China’s economic development has gradually reduced its

dependence on coal energy consumption in recent years,

60.4% of China’s energy consumption in 2017 still came

from coal. Therefore, reducing the proportion of coal energy

consumption is of great significance to China’s sustainable

development process. Existing studies point out that

economic and social factors such as industrial structure

(Luan et al., 2021), urbanization (Lv et al., 2019), resource

endowment (Zhang and Wang., 2021), infrastructure (Bazzana

et al., 2020), labor force (Sharma and Banerjee, 2021) and

environmental regulation (Zhang et al., 2020) will affect the

energy structure. In addition, the impact of technological

innovation on energy structure can not be ignored (Bishop,

2021). The impact of technological innovation on energy

structure is mainly reflected in the following two aspects:

First, the development of clean energy technology provides

support for the development and utilization of new energy,

promotes clean energy to replace fossil energy in the production
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process (Gosens, 2020; Jyothi et al., 2020). Second,

technological innovation will reduce the utilization of

traditional fossil energy by optimizing production processes

and improving products (Lim et al., 2021). For example,

Benoliel et al. (2021) pointed out that in the field of urban

transportation, the popularity of electric buses has reduced the

consumption of oil. However, the existing literature is lack of

macro analysis of the impact of technological innovation on

energy structure. We should realize that innovation has scale

effect (or cumulative effect), so it is necessary to analyze the

sustainable effect of total innovation in a region on regional

development.

2.2 Relationship between technology
innovation and energy intensity

Energy intensity refers to the energy consumption per unit

output (Huang et al., 2021). High energy intensity is a

contradiction left over by China’s rapid economic growth

since the reform and opening up. Reducing energy intensity

is an important way to alleviate energy dilemma (Zhang and

Wang, 2021). The impact of technological innovation on

energy intensity is reflected in the following two aspects:

first, chemical technology or engineering technology related

to energy combustion will directly improve energy

combustion efficiency by improving production equipment

(Agrawal et al., 2019). Second, technological innovation will

reduce waste and energy intensity by improving management

level and reducing energy transportation cost (Lin and Chen,

2019). From the research conclusion, the existing literature

mostly supports the conclusion that technological innovation

can promote the transformation of energy consumption to

sustainable direction: Bu et al. (2019) took chemical

enterprises as sample and proved that foreign direct

investment can narrow the technology gap of enterprises

and show low energy intensity. Fan and Zheng (2019)

concluded that changes in input factor prices and

technological progress are important factors driving the

reduction of energy intensity in China’s industry. Li and

Solaymani (2021) took Malaysia as sample and used

dynamic ordinal least squares to conclude that

technological innovation to improve energy efficiency only

significantly reduced energy consumption in the industrial

sector. Barkhordari and Fattahi (2017) concluded that

technological innovation can optimize energy utilization in

combination with the actual situation of Iran. Some studies

have shown that technology may have a restrictive effect on

the sustainable development. Huang et al. (2020) based on the

data of 30 provinces in China shows that foreign direct

investment helps to reduce energy intensity, while the

technology spillover of export is on the contrary, showing

an obstacle to the improvement of energy intensity.

2.3 Research on the measurement of
technological innovation level

How to measure the technological innovation ability is an

important issue in analyzing the relationship between technology

and sustainability. Based on the existing research, it can be

divided into the following three categories from the

perspective of index selection: The first is to measure

innovation ability with input factors. Investment element

refers to the personnel or capital investment of enterprises or

governments in R&D, which measures the degree of support for

innovation activities. For example, Lou et al. (2021) represented

technological innovation by R&D practitioners and R&D

internal expenditure in high-tech industries. Second, measure

innovation ability by output factors. The output factors represent

the technology that the enterprise or government finally obtains

or uses in the production process in a period, such as the number

of patents, the transaction volume of technology contracts, etc.

Feng et al. (2021) selected the number of invention patents

authorized of the city represent the city’s technical level. Cai

et al. (2020) selected the number of patents with the theme of

environment to represent the technological innovation of

enterprises. Wang et al. (2021) represented technological

innovation by the number of green patents in each province

in the year and analyzed its impact on regional green total factor

productivity. Third, measure innovation ability with other

indicators. Some scholars use Data Envelopment Analysis

(DEA) method to measure the technological innovation

efficiency of economic subjects. Li et al. (2021) used the two-

stage DEA model to calculate the technological innovation

efficiency and eco-environment efficiency of 28 provinces in

China. Chen et al. (2021) used the three-stage DEA model to

analyze the innovation efficiency of high-tech enterprises.

However, the above research may have the following

deficiencies: one is to confuse green technology innovation

with non-green technology innovation, and the other is to

distinguish the heterogeneous impact of general green

technology innovation and disruptive technology. This study

will try to make up for the above defects.

To sum up, the main innovations of this paper are as follows:

1) Based on the panel data of 30 provinces in China from 2004 to

2019, this paper analyzes the short-term and long-term effects of

green technology innovation on energy intensity and energy

structure from a regional perspective for the first time. 2) In

the selection of indicators, this paper selects the number of

patents with the theme of saving resources, improving energy

efficiency, preventing and controlling pollution and realizing

sustainable development to represent green technology

innovation. This index can more accurately reflect the

innovation level of the region in environment-friendly

technology. 3) Further, this paper analyzes the heterogeneity

of green invention patent and green utility model patent, and

analyzes the regional differences between southern and northern
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China. Instrumental variable method and robustness test support

the main conclusions of this paper.

3 Method and data

3.1 Econometric model

In order empirically test the impact of green technology

innovation (GI) on energy intensity (ET) and energy structure

(ES), this paper uses the panel data of 30 provinces in China from

2004 to 2019. Fixed effect model is the commonly used model to

measure the influence of independent variables on dependent

variables with panel data (Zhong et al., 2021). Zhong et al. (2021)

pointed out that the fixed effect model should be compared with

mixed OLS model and random effect model, and the most

suitable model for data samples should be selected through F

test, LM Test and Hausman test. In the fixed effect model, it is

assumed that each province has individual characteristics that do

not change with time, and this model can eliminate the impact of

this individual characteristics on the regression results.

The fixed effect model is set as follows:

Yit � α0 + β1GIit + γXit + ϵit (1)

In Formula 1, Y represents the explained variables in this

paper, namely energy intensity and energy structure. GI stands

for green technology innovation, β1 is the most concerned

coefficient in this paper. It measures the role of green

technology innovation in alleviating energy dilemma. X is

other control variables, including urbanization level, education

level, transportation infrastructure and industrial structure. ϵ is
perturbation term. Further, we holds that green technology

innovation has long-term effects. Therefore, it is necessary to

bring the lag term of GI into the model. In this paper, the fixed

effect model of lag term including GI is set as follows:

Yit � α1 + β2GIit + β3GIi,t−1 + γXit + ϵit (2)
Yit � α2 + β4GIit + β5GIi,t−1 + β6GIi,t−2 + γXit + ϵit (3)

Yit � α3 + β7GIit + β8GIi,t−1 + β9GIi,t−2 + β10GIi,t−3 + ϵit (4)

Formulas 2–4 respectively represents the models including

GI lag phase I (L.GI), lag phase I (L.GI) and phase II (L2.GI), lag

phase I (L.GI), phase II (L2.GI), and phase III (L3.GI), and

measures the long-term effect of green technology innovation

when considering different lag orders. When using the fixed

effect model, F test and Hausman test should be used to

determine whether the fixed effect model is the optimal model

among mixed OLS regression, random effect and fixed effect

model (Zhong et al., 2021).

Furthermore, the optimization of ET and ES shows diverse

characteristics in different sustainable stages. In the initial stage

of sustainable development, there are many shallow problems in

regional energy utilization, such as serious waste of resources and

low management efficiency. Through general green technology

innovation, the energy intensity and energy structure can be

significantly reduced. With the process of sustainable

development, disruptive green technology innovation, such as

new energy utilization technology, is more needed to relieve the

energy dilemma. Therefore, the sustainable effect of green

technology innovation may vary with different energy

intensity and energy structure. The quantile regression model

can take the weighted average of the absolute value of the residual

as the minimization objective function, reduce the influence of

outliers, and explain the overall picture of the conditional

distribution of dependent variables (Koenker, 2004). The

panel quantile regression model seted in this paper is as follows:

Qτ(Yit) � β1τGIit + γτXit + ϵit (5)

In Formula 5, Qτ(Yit) is the τ quantile of energy intensity

and energy structure, β1τ is the τ quantile regression coefficient of

green technology innovation, γτ is the τ quantile regression

coefficient set of control variables, and the other explanatory

variables are the same as above.

3.2 Data

This study uses the panel data of 30 provinces in China (due

to incomplete data, the sample does not include Tibet, Taiwan,

Hong Kong, andMacao) from 2004 to 2019, empirically analyzes

the impact of green technology innovation on energy intensity

and energy structure through panel fixed effect model and

quantile regression model, and analyzes the long-term and

short-term effects of green technology innovation. The setting

and calculation methods of each variable are as follows:

3.2.1 Explained variable
Energy dilemma refers to the problem of over reliance on

energy for regional economic development, which includes two

aspects: First, the high energy intensity caused by the huge energy

consumption in economic growth; Second, due to China’s

abundant coal reserves, the proportion of coal in energy

consumption is prominent. This paper selects the following

two indicators to measure the regional energy dilemma: 1)

Energy intensity (ET). Energy intensity measures the energy

consumption per unit of GDP in regional economic

development. The higher the energy intensity, the more

economic development depends on energy consumption, that

is, the more serious the energy dilemma is. According to Lin and

Zhu (2017), energy intensity = total energy consumption/GDP.

For the calculation of total energy consumption, refer to the

research of Wang and Gong (2020), first collect the terminal

consumption of all kinds of energy in each region (including raw

coal, coke, oil, crude oil, natural gas, electricity, and heat, etc.),

then convert all kinds of energy into standard coal through
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thermal conversion coefficient, and finally obtain the total energy

consumption of each province in each year (unit: 10,000 tons of

standard coal). 2) Energy structure (ES). According to Sun and

Ren (2021), this paper represents the energy structure by the

proportion of coal consumption (including raw coal and coke) in

the total energy consumption of each province. The higher the

energy structure, the more the regional energy consumption

depends on coal, that is, the more serious the energy dilemma

is. Because the pollutant emissions (such as carbon dioxide and

sulfide) generated in the process of coal mining and consumption

are much higher than other fossil energy and clean energy.

Therefore, the significance of reducing the energy structure is

as follows: First, low energy structure means the use of more and

cleaner energy (such as hydropower, wind power, and natural

gas, etc.), which is an important way to reduce the emission of air

pollutants. Second, the low energy structure means that

economic growth depends less on coal resources, which is

conducive to the industrial development relying on new energy.

3.2.2 Core explanatory variables
1) Green technology innovation (GI). Green technology

innovation refers to technologies that are conducive to saving

resources, improving energy efficiency and preventing and

controlling pollution. The core of “green” is sustainable

development. According to Liu et al. (2021), Cho and Sohn

(2018), Wang et al. (2019), the number of green patent

applications is employed in this paper to represents the green

technology innovation of provinces. Compared with the method

of measuring innovation ability by input factors, the number of

green patent applications can accurately reflect the final results of

provinces in green innovation activities, and is closer to the green

technologies actually available to enterprises and governments in

the production process. The data sources of green patent

applications are as follows: firstly, collect the data of patent

applications in 30 provinces from 2004 to 2019 published by

China National Intellectual Property Administration. We rely on

the territory of the patent examination and approval unit to

allocate which province the patent belongs to. Since all prefecture

level cities in China have the right to approve patents, and patent

applicants often submit patent applications in the city where the

enterprise or institution is located due to the principle of

convenient application. Therefore, this distribution method is

reasonable. Secondly, with reference to the seven major green

patents (including alternative energy production, transportation,

energy conservation and emission reduction, waste management,

agriculture and forestry, administrative supervision or design,

nuclear power generation) and more than 200 minor items listed

in the IPC Green Inventory launched by the World Intellectual

Property Organization in 2010, combined with the collected data

on the number of patent applications in China, Select the number

of patents in line with the international green patent classification

list. Further, according to China’s patent system, green patents

can be divided into green invention patent (GIN) and green

utility model patent (GUP). The green invention patent requires

the patent to prominent substantive characteristics and

significant progress, while the green utility model invention

only needs marginal improvement in one aspect of the

product or process.

3.2.3 Control variables
1) Urbanization (URBAN). According to Wang et al. (2016),

this paper selects the proportion of urban population in the total

population to represent the urbanization level. Areas with higher

urbanization level have more significant scale effect and efficient

management level in energy utilization, which is more helpful to

relief energy dilemma. 2) Education (EDU). This paper uses the

average number of years for education in the province to

represent the regional education level. Education will directly

improve the quality of the labor force. A higher quality of the

labor force will help the government and enterprises improve

their management level and promote innovation. In addition, a

high level of education helps to form an environment of public

opinion that advocates a sustainable and green economy. 3)

Transportation infrastructure (ROAD). Based on the method of

Tan et al. (2018), this study adopts the per capita road area to

represent the level of regional transportation infrastructure.

Energy transportation (especially short distance

transportation) is directly related to the level of road

construction. Convenient road construction will help the

government and enterprises improve energy transportation

efficiency and save costs. 4) Industrial structure (TS).

Industrial structure dominated by heavy industry is the

current economic structure of most provinces. The huge

energy consumption brought by industrial production is an

important factor restricting the optimization of energy

intensity and energy structure. The energy utilization of the

tertiary industry has the characteristics of wide sources and

low consumption, which is more convenient for the use and

development of clean energy. Refer to Cheng et al. (2018) and

Zhang et al. (2019), the ratio of tertiary industry to secondary

industry is employed to represents industrial structure. The

higher the industrial structure, the greater the proportion of

the tertiary industry, which is also more conducive to alleviating

the energy dilemma of the region. In order ensure the stability of

the data and weaken the influence of extreme values, this paper

takes the natural logarithm of the explained variables, core

explanatory variables and control variables. 5) Economic

(ECO). Economic scale refers to the total amount of products

produced by a region in a period of time. This paper selects the

GDP of each province (unit: 100 million yuan) to represent the

economic scale. 6) Coal resource endowment (SOURCE).

Resource endowment refers to the convenience of obtaining

coal resources in a region. Because coal can only be

transported by rail or road and the quantity is huge, the

farther the area is from the coal producing area, the higher

the transportation cost. Therefore, this paper selects five major
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TABLE A1 Number of green patent applications from 2004 to 2019.

2004 2005 2006 2007 2008 2009 2010 2011

Beijing 1,392 1,908 2,388 3,118 4,742 5,828 6,757 8,553

Tianjin 354 451 702 824 811 1,214 1,436 1,996

Hebei 277 343 452 449 638 906 1,074 1,383

Shanxi 99 147 239 274 363 531 624 643

InnerMongolia 70 70 112 106 129 178 207 246

Liaoning 582 720 909 1,076 1,390 1,830 1,941 2,391

Jilin 155 218 233 317 386 521 557 543

Heilongjiang 320 366 483 628 746 836 936 1,092

Shanghai 1,040 1,446 1,881 2,428 3,200 4,124 4,684 5,335

Jiangsu 863 1,297 1,653 2,318 3,813 5,933 8,413 11,817

Zhejiang 674 1,258 1,478 1,859 2,844 4,146 5,087 6,226

Anhui 115 204 299 342 512 996 1,499 2,223

Fujian 219 280 318 496 772 1,174 1,486 1,783

Jiangxi 94 129 157 203 273 387 491 624

Shandong 660 984 1,347 1,805 2,442 3,310 4,052 4,945

Henan 301 409 555 654 1,093 1,370 1,919 2,161

Hubei 382 404 614 773 1,107 1,498 1,604 2,087

Hunan 447 359 506 614 794 1,136 1,417 1,915

Guangdong 1,327 2,004 2,574 3,249 4,278 6,000 7,520 8,479

Guangxi 112 148 166 207 259 309 440 502

Hainan 24 15 33 44 45 94 81 127

Chongqing 202 242 366 425 498 891 1,039 1,573

Sichuan 308 432 703 680 956 1,511 1,978 2,262

Guizhou 65 85 162 180 214 275 323 381

Yunnan 113 151 208 207 357 429 562 658

Shaanxi 196 256 337 459 691 1,229 1,589 2,153

Gansu 75 83 106 116 152 251 317 406

Qinghai 3 10 16 14 30 44 34 30

Ningxia 19 35 43 25 51 57 97 126

Xinjiang 50 85 96 125 159 224 276 309

2012 2013 2014 2015 2016 2017 2018 2019

Beijing 10,422 14,864 18,181 20,342 24,179 27,879 29,180 13,843

Tianjin 2,832 3,638 4,157 6,527 8,704 8,933 8,775 3,018

Hebei 2,008 1,996 2,392 3,420 5,040 6,382 7,343 2,923

Shanxi 948 1,107 1,280 1,327 1,739 2,378 2,755 1,194

InnerMongolia 388 433 572 768 1,065 1,468 1,960 945

Liaoning 3,080 3,511 3,162 3,782 5,098 5,864 6,486 2,666

Jilin 689 743 892 1,159 1,530 2,227 2,531 1,303

Heilongjiang 1,434 1,729 2,108 2,628 2,681 2,677 2,852 1,558

Shanghai 6,184 6,495 7,247 9,046 11,484 14,606 15,483 7,937

Jiangsu 16,141 18,109 21,761 26,535 34,402 44,888 50,152 19,049

Zhejiang 8,918 9,645 11,241 16,542 21,369 27,543 31,202 11,549

Anhui 3,339 3,892 5,673 8,762 13,399 16,570 19,010 6,192

Fujian 2,220 2,576 2,963 5,268 8,058 9,594 11,702 3,987

Jiangxi 798 785 1,349 2,067 3,095 4,609 5,215 1,986

Shandong 6,849 8,435 10,140 13,059 17,150 19,347 19,500 8,759

Henan 2,488 3,007 3,693 4,833 6,977 10,296 12,211 4,172

Hubei 2,640 3,091 3,985 5,280 7,783 10,780 11,504 5,400

(Continued on following page)
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coal producing areas in China and calculates the road distance

between provinces and coal producing areas to represent their

resource endowment. 7) Foreign direct investment (FDI).

Foreign direct investment has positive and negative effects on

energy consumption. On the one hand, the goal of foreign

investment may be resource-oriented enterprises (such iron

and steel industry), which will accelerate the consumption of

coal resources in the region. On the other hand, foreign

investment has brought advanced production technology and

management experience, which is conducive to regional

technological progress and cleaner production.

3.2.4 Data source
The data of energy consumption comes from China Energy

Statistical Yearbook 2005–2020, the data of GDP and control

variables comes from China Statistical Yearbook 2005–2020, and

the green patent data comes from the patent data published by

China National Intellectual Property Administration. The GI

data of each province is reported in Table A1. The statistical

despcription of all variables are reported in Table 1.

4 Result and discussion

4.1 Benchmark regression results

Table 2 reports the impact of green technology innovation

(GI) on regional energy intensity (ET) and energy structure (ES).

According to the empirical principle of step by step, the first step

should test the relationship between the core explanatory

variables and the explained variables (Model-1 and Model-2),

and the second step should include the control variables into the

model for empirical analysis (Model-3 and Model-4). Hausman

test shows that the random effect model should be used in

Model-1 and Model-2, and the fixed effect model should be

used in Model-3 and Model-4.

First, the impact of GI on ET. The results of Model-3

indicates that every 1% increase in GI will reduce ET by about

0.107%. The negative impact of green technological innovation

on energy intensity is mainly realized by reducing energy

consumption and improving economic benefits. Green

technology innovation will promote the use of environment-

friendly technologies, improve production equipment and

upgrade products. On the one hand, environment-friendly

technology will improve energy combustion efficiency and

make the existing energy play a higher role; On the other

hand, products in line with the green economy will be more

popular in the market and bring more economic benefits to

enterprises. In conclusion, green innovation will significantly

TABLE A1 (Continued) Number of green patent applications from 2004 to 2019.

2004 2005 2006 2007 2008 2009 2010 2011

Hunan 2,299 2,687 3,595 4,425 6,613 8,669 8,241 4,002

Guangdong 10,948 13,031 15,058 20,883 32,242 48,116 56,031 22,590

Guangxi 1,111 1,654 2,561 3,359 5,324 5,810 4,289 1,464

Hainan 214 225 235 315 414 632 743 426

Chongqing 1,836 1,910 2,758 4,960 4,289 5,055 5,214 2,710

Sichuan 3,946 4,202 4,954 8,022 10,891 15,286 13,868 5,084

Guizhou 668 768 1,203 1,296 1,760 2,680 3,424 1,139

Yunnan 835 986 1,420 1,799 2,619 3,387 4,104 1,525

Shaanxi 3,291 3,838 3,591 3,547 4,553 7,883 6,889 3,486

Gansu 555 593 753 936 1,264 1,848 1,972 847

Qinghai 87 94 118 228 308 449 563 206

Ningxia 191 337 281 353 594 840 1,147 438

Xinjiang 411 545 614 853 1,200 1,496 1,426 614

TABLE 1 Statistical despcription of variables.

Obs Mean Std.dev Min Max

ET 480 9.10354 0.55367 7.6405 10.67432

ES 480 3.66875 0.50919 0.49001 4.35367

GI 480 7.12038 1.66812 1.09861 10.93366

GIN 480 0.64127 1.74128 0 10.25362

GUP 480 6.38439 1.62083 0.69315 10.22724

URBAN 480 3.93827 0.25890 3.25348 4.49536

EDU 480 2.17243 0.11560 1.85283 2.54804

ROAD 480 2.53581 0.34789 1.39625 3.26576

TS 480 4.54605 0.36684 3.90611 6.07479

ECO 480 9.85178 0.62448 7.61587 11.73614

SOURCE 480 5.81482 0.58725 0 7.36010

FDI 480 6.92564 1.12548 0 10.30895
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reduce the dependence of economic growth on energy

consumption. Secondly, the impact of green innovation on

energy structure. The coefficient of GI in Model-4 is

significantly negative. An increase of 1% in GI will reduce ES

by about 0.061%. The empirical results shows that green

innovation will reduce the regional dependence on coal

energy and optimize the energy structure. Green technology

will promote the development of clean energy technologies

such as wind energy and solar energy, further apply clean

energy to the production of industry and service industry, and

reduce the dependence on traditional fossil energy. In

conclusion, the overall impact of green technology innovation

on energy intensity and energy structure is significantly negative,

that is, it alleviates the regional energy dilemma.

In addition, the control variables also provide valuable

information. The effect of URBAN on ET is significantly

negative, while the effect on ES is positive but not significant.

This is mainly because the urbanization process has brought

lower energy utilization cost and higher economic benefits to

enterprises. The coefficients of EDU to ET and ES are

significantly negative, that is, the improvement of education

level has significantly alleviated the regional energy dilemma.

Education improves the quality of labor force and further

provides potential talent support for enterprise technological

innovation, product innovation and efficient management.

The increase of the proportion of tertiary industry also helps

to reduce energy intensity and energy structure. This is mainly

because the types of energy consumption in the tertiary industry

are more diverse, and the time cost and capital cost of the

popularization of clean energy in the tertiary industry are also

lower. Economic development shows a negative impact on

energy intensity and energy structure. With economic growth,

the government and society will pay more attention to

sustainable energy development. The coefficients of resource

endowment are significantly negative, indicating that the

closer the region is to the coal producing area, the higher the

energy intensity and energy structure. The impact of foreign

direct investment on energy intensity is significantly negative,

indicating that foreign direct investment is not conducive to

regional energy sustainable development.

4.2 Long-term and short-term effects of
green technology innovation

The above fixed effect model only considers the overall

impact of green technology innovation on energy

consumption, while ignoring the difference of the impact of

green innovation in the short-term and long-term. Table 3

reports the empirical results when incorporating the lag term

of GI into the model. Model-5, Model-6 and Model-7 are the

impact ofGI lagging behind phase one (L3.GI), phase two (L5.GI)

and phase three (L7.GI) when energy intensity is taken as the

explanatory variable respectively. Similarly, Model-8, Model-9

and Model-10 are regression results with energy structure as the

explained variable.

Firstly, green technology innovation has a significant long-

term effect on energy intensity. In Model-6, the coefficients of

L3.GI and L5.GI are significantly negative, indicates the GI in the

past 2 years still has a significant negative impact on the ET of the

year. The results of Model-7 shows that the long-term effect ofGI

on ET still exists at three lag terms, but it is not significant.

Secondly, the coefficients of L3.GI, L5.GI, and L7.GI in

Model-10 are significantly negative, indicating that the energy

structure will be significantly affected by green technology

innovation in the past 3 years. In the results of each column

in Table 3, the coefficients and significance of L3.GI, L5.GI, and

L7.GI are higher than GI. Green innovation in the year may play

TABLE 2 Regression results of benchmark regression.

Model-1 (ET) Model-2 (ES) Model-3 (ET) Model-4 (ES)

GI −0.282*** (−46.25) −0.122*** (−13.14) −0.107*** (−8.15) −0.061*** (−3.22)

URBAN −0.515*** (−5.72) 0.279 (1.41)

EDU −1.223*** (−7.12) −0.852*** (−2.63)

ROAD −0.025 (−0.88) 0.073 (1.55)

TS −0.075* (−1.95) −0.495*** (−8.62)

ECO −0.021 (−0.51) −0.320*** (−5.28)

SOURCE −0.099** (−1.97) −0.250** (−2.00)

FDI 0.057 (1.40) 0.012 (0.15)

N 480 480 480 480

R2 0.824 0.277 0.870 0.381

F test 76.22*** 30.96***

Hausman test 0.36 0.70 43.25*** 32.15***

Notes: ***, **, * indicate significance at the 1%, 5%, and 10% level, t-value are in parentheses.
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more significant sustainable role in the following years, that is,

long-term effect. This paper holds that the long-term effect can

be explained from the following two aspects: 1) There is a certain

time lag in the application of environment-friendly technology

by enterprises and governments. Applying new technology to

production requires capital investment, equipment renewal,

employee training and other links, which requires a certain

time cost. 2) Green patents do not exist independently. The

existing green patents will provide support for further research,

that is, the “technology accumulation” effect. The abundant

green patents in provinces, the greater the potential for

disruptive innovation.

In conclusion, green innovation has significant long-term

effects in alleviating regional energy dilemma. In addition, the

coefficient of GI in Model-5, Model-6, and Model-7 is negative

but not significant, indicating that the short-term impact of green

innovation on energy intensity is not significant. The GI in

Model-8, Model-9, and Model-10 are significantly positive,

indicating that green technology innovation has a positive

impact on the energy structure in the short-term.

4.3 Analysis of different types of green
innovation

Green patents include green invention patent (GIN) and

green utility model patent (GUP). GIN refers to product

invention, method invention or improved invention with

prominent substantive characteristics and significant progress

based on environment-friendly principle. GINmainly emphasize

“substantive” and “significant,” requiring breakthrough or

destructive innovation compared with existing inventions.

GUP only require progress in one aspect, such as product

shape, composition or combination mode. The difficulty of

applying for GIN is higher than that of GUP, so the number

of applications is low. However, due to the substantive

innovation and breakthrough of GIN, it has greater

sustainable development potential. On the one hand, GIN are

more likely to bring fundamental energy consumption progress

to enterprises and solve major problems in energy dilemma; On

the other hand, GINmay stimulate a new round of technological

progress and provide knowledge support for future green

technology innovation. To sum up, this paper uses GIN to

represent destructive green innovation and GUP to represent

general green innovation, and analyzes the heterogeneity of their

roles in alleviating energy dilemma.

Table 4 reports the impact of green invention patent and

green utility patent on energy intensity and energy structure.

First, the absolute value of GIN (−0.148) in Model-11 is higher

than GUP (−0.062) in Model-13; The absolute value of GIN

(−0.110) in Model-15 is higher than GUP (−0.022) in Model-17.

The conclusion indicates that the role of GIN in alleviating

regional energy dilemma is significantly higher than GUP.

Secondly, the results of Model-12 and Model-14 indicate that

GIN and GUP have significant long-term effects on energy

intensity; The results of Model-16 and Model-18 show that

GIN and GUP also have significant long-term effects on

energy structure. This warns that governments and enterprises

should give full play to the “snowball effect” of green technology

innovation and promote green innovation to play a long-term

role in promoting green economy and alleviating energy

dilemma.

4.4 Regional differentiation analysis

There is a significant north-south imbalance in China’s

regional development. The southern region has richer human

capital and investment support, and is less dependent on fossil

energy. On the contrary, the northern region has low population

and urban density and is an important fossil energy producing

area in China (such as Shanxi and Heilongjiang, which are rich in

energy reserves). In the economic development, the northern

region has significant problems such as resource dependence and

TABLE 3 Short-term and long-term effects.

Model-5 (ET) Model-6 (ET) Model-7 (ET) Model-8 (ES) Model-9 (ES) Model-10 (ES)

GI −0.025 (−0.98) −0.015 (−0.74) −0.016 (−0.75) 0.100** (2.48) 0.098*** (3.07) 0.092*** (3.34)

L3.GI −0.168*** (−7.23) −0.078* (−1.82) −0.037 (−0.82) −0.268*** (−6.98) −0.165*** (−2.65) −0.127* (−1.80)

L5.GI −0.125*** (−3.50) −0.101** (−2.89) −0.150*** (−2.73) −0.090* (−1.68)

L7.GI −0.075* (−1.65) −0.101** (−1.96)

Control Variable YES YES YES YES YES YES

N 390 330 270 390 330 270

R2 0.874 0.858 0.834 0.432 0.461 0.467

F test 82.55*** 79.52*** 75.18*** 30.72*** 33.93*** 32.56***

Hausman 11.74* 37.55*** 34.61*** 13.59** 56.32*** 59.15***

Notes: ***, **, * indicate significance at the 1%, 5%, and 10% level, t-value are in parentheses.
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energy waste. It is still in the early stage of getting rid of the

energy dilemma. There are problems such as low efficiency,

resource waste and low management ability. Green

technological innovation can emerge significant role in the

initial stage of sustainable development by improving

management level and reducing waste. Therefore, this paper

holds that GI will show more obvious short-term and long-term

effects in relieving of the energy dilemma in the northern region.

Taking the Yangtze River as the boundary, this paper divides

30 provinces into northern region (15 provinces) and southern

region (15 provinces), and makes an empirical analysis by using

the fixed effect model. The results are reported in Table 5.

For the northern region, a 1% increase in GI will significantly

reduce the ET and ES by about 0.157% and 0.109% (Model-

19 andModel-22); The impact in the south is 0.073% and 0.056%

respectively (Model-25 and Model-28). The empirical results

show that green technology innovation express more

significant role in alleviating the energy dilemma in northern

TABLE 4 Empirical results of GIN and GUP on ET and ES.

Model-11
(ET)

Model-12
(ET)

Model-13
(ET)

Model-14
(ET)

Model-15
(ES)

Model-16
(ES)

Model-17
(ES)

Model-18
(ES)

GIN −0.148***
(−10.58)

−0.027 (−1.18) −0.110***
(−4.73)

0.080** (2.06)

L3.GIN −0.095***
(−3.05)

−0.175***
(−3.33)

L5.GIN −0.070***
(−2.80)

−0.098** (−2.34)

GUP −0.062***
(−4.92)

−0.001 (−0.10) −0.022
(−1.12)

0.080*** (3.72)

L3.GUP −0.033 (−0.91) −0.098* (−1.78)

L5.GUP −0.125***
(−3.81)

−0.194***
(−3.82)

Control
Variables

YES YES YES YES YES YES YES YES

N 480 420 480 420 480 420 480 420

R2 0.876 0.866 0.853 0.849 0.389 0.438 0.360 0.468

F test 76.44*** 80.81*** 75.19*** 80.26*** 27.46*** 31.98*** 25.38*** 34.43***

Hausman 12.34** 9.01* 27.22*** 32.99*** 48.25*** 40.67*** 16.42*** 53.57***

Notes: ***, **, * indicate significance at the 1%, 5%, and 10% level, t-value are in parentheses.

TABLE 5 Results of regional differentiation analysis.

North China Model-19 (ET) Model-20 (ET) Model-21 (ET) Model-22 (ES) Model-23 (ES) Model-24 (ES)

GI −0.157*** (−6.97) −0.069** (−2.24) −0.062** (−2.00) −0.109*** (−2.60) 0.080 (1.48) 0.093 (1.51)

L3.GI −0.121*** (−3.14) −0.030 (−0.42) −0.300*** (−4.54) −0.185 (−1.61)

L5.GI −0.119** (−2.35) −0.195** (−2.13)

Controal Variables YES YES YES YES YES YES

N 240 240 240 240 240 240

R2 0.814 0.810 0.781 0.310 0.382 0.402

South China Model-25 (ET) Model-26 (ET) Model-27 (ET) Molde-28 (ES) Model-29 (ES) Model-30 (ES)

GI −0.073*** (−4.96) 0.011 (0.49) 0.012 (0.53) −0.056** (−2.43) 0.063* (1.90) 0.111*** (3.82)

L3.GI −0.121*** (−5.00) −0.086** (−1.99) −0.153*** (−4.10) −0.132*** (−2.59)

L5.GI −0.052* (−1.66) −0.089* (−1.69)

Controal Variables YES YES YES YES YES YES

N 240 240 240 240 240 240

R2 0.932 0.940 0.935 0.547 0.585 0.659

Notes: ***, **, * indicate significance at the 1%, 5% and 10% level, t-value are in parentheses.
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China. In the long-term effect of green technology innovation,

whether it is the model containing only the one-period lag term

of GI (Model-20, Model-23, Model-26, and Model-29) or the

model containing both one-period and two-period lag terms

(Model-21, Model-24, Model-27, and Model-30), the absolute

value of GI is greater in the samples of the northern region. It

voices that green technology innovation has a stronger long-term

effect on alleviating the energy dilemma in the north.

4.5 Quantile model regression

The optimization of energy intensity and energy structure is a

long-term operation, representing different characteristics in

different stages. In the initial stage of sustainability, it is

manifested in high energy intensity and excessive reliance on

coal energy structure. There are many shallow problems in the

process of energy sustainability, such as low management

efficiency, and imperfect production equipment etc. Green

technology innovation can achieve sustainability by solving

above problems, so it may have a more apparent impact on

energy intensity and energy structure. In the later stage of

sustainable development, general green technological

innovation has been difficult to have a significant impact.

Breakthrough technological innovation and the scale effect of

technological innovation are the main driving forces to alleviate

the energy dilemma. This paper holds that the impact of green

technology innovation may be heterogeneous with the change of

energy intensity and energy structure. Therefore, quantile

regression model is used for analysis in this section.

The regression results are reported in Table 6. Model-31 takes

energy intensity (ET) as explanatory variable, and carries out 0.25,

0.5, and 0.75 quantiles; Similarly, Model-32 takes energy structure

(ES) as explanatory variable and performs 0.25, 0.5, and

0.75 quantiles. It can be seen from Model-31 that with the

increase of quantile, the absolute value of GI becomes larger. It

expresses that the impact of GI on ET decreases with the decrease

of ET. However, in the sample period, the negative impact ofGI on

ET retains significant at the level of 1%, indicating that green

technology innovation is still an important means to alleviate the

energy dilemma in the region at the current stage. According to the

results of Model-32, the coefficient of GI is positive and not

significant at 0.25 quantile, negative at 0.5 quantile, but only

significant at 10%, and the absolute value of the coefficient is

the largest at 0.75 quantile. It shows that green technology

innovation only expresses significant role in the initial stage of

energy structure adjustment. In the research, the sample with

energy structure in the 0.25 quantile range has the phenomenon

that green technology innovation can not significantly optimize

energy structure. This paper holds that the adjustment of energy

structure is affected by many factors. Further reducing the

dependence on coal energy consumption requires not only

environmental-friendly technology, but also capital cost, energy

endowment and other support. For example, coal is still the main

energy source for winter heating in northern China (about 83%).

Although there is no technical bottleneck in clean energy heating,

under the constraints of coal price and heating equipment cost, the

energy structure dominated by coal is difficult to change

significantly in the short term.

4.6 Endogenous problem

Endogeneity refers to the confusion of possible causal

relationship between explanatory variable and explained

variable (Alauddin et al., 2016). The main reason for the

endogenous problem is that the disturbance term may be

related to the explanatory variable and the explained variable at

the same time, resulting in the possible reverse causality of “the

explained variable affects the explanatory variable.” In the research,

there may be a reverse causal relationship between the explained

variables (energy intensity and energy structure) and the

explanatory variables (green technology innovation): regions

with a higher level of sustainable energy development may also

pay more attention to technological innovation, so their

innovation potential is higher. According to Acemoglu et al.

(2001), instrumental variable (IV) method is an effective

method to solve endogenous problems. Instrumental variables

should meet the conditions of “independent of disturbance

term” and “related to endogenous variables.” IV with historical

attributes can meet the hypothesis of “independent of disturbance

term” to the greatest extent (Zhong et al., 2021).

This paper selects the following three instrumental variables: 1)

The total postal and telecommunications business (IV-1) of each

province from 1984 to 1999 as the IV of green technology

innovation. First, the sample period of instrumental variables

(1984–1999) does not coincide with the study sample

(2004–2019). Therefore, the disturbance term and IV in the

study period meet the assumption of independence. Second, the

total volume of post and telecommunications businessmeasures the

level of regional information circulation and commodity

circulation. More active post and telecommunications business

means that the higher the level of opening to the outside world

and the higher the degree of internal informatization, that is, the

greater the potential of regional green innovation. Therefore,

instrumental variables satisfy the hypothesis of correlation with

endogenous variables. 2) Number of higher education graduates in

each province from 1984 to 1999 (IV-2). Students trained by higher

education are the main source of labor force for innovative R&D

and technological progress, so they have a significant positive

correlation with technological innovation. 3) Endogenous

variables lag by one period (IV-3). Referring to alauddin et al.

(2016), endogenous variables lag one period as instrumental

variables of endogenous variables. According to Acemoglu et al.

(2001), this paper sets two-stage instrumental variable model as

follows:
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GIit � α1 + ξ1IVit + ϕ1Xit + μit (6)
Yit � α2 + φ1GIit + ϕ2Xit + ϵit (7)

Formula 6 measures the explanatory ability of instrumental

variables to endogenous variables. It tests whether the POST can

significantly effect the regional green technology innovation ability.

Formula 7measures the explanatory ability of the explained variable

when the instrumental variable represents the endogenous variable.

Table 7 reports the regression results of instrumental variablemodel.

The results show that after controlling the endogenous problems,

green technology innovation can still significantly reduce the

regional energy intensity and energy structure. To sum up, the

conclusion of this paper is robust.

4.7 Robustness test

The empirical analysis of this paper adopts the number of

green patent applications in each province to represent green

technology innovation. In the robustness test, this paper measure

the green technology innovation by the number of green patent

authorizations (GIR) of each province. Table 8 reports the impact

of GIR on ET and ES. The results in Table 8 have no significant

changes in direction or significance compared with the previous

conclusions. Therefore, the main conclusion of this paper is

robust and credible.

5 Conclusions and policy
recommendations

Based on the panel data of 30 provinces in China from

2004 to 2019, this paper empirically analyzes the role of green

technology innovation in alleviating regional energy dilemma by

using fixed effect model and quantile regression model. Further,

this paper analyzes the long-term and short-term effects of green

technology innovation. The heterogeneity of green invention

patents and green utility model patents and the heterogeneity

TABLE 6 Quantile regression results.

Model-31 (ET) Model-32 (ES)

QR_25 QR_50 QR_75 QR_25 QR_50 QR_75

GI −0.191*** (−8.23) −0.248*** (−9.60) −0.285*** (−10.07) 0.019 (1.08) −0.025* (−1.85) −0.037*** (−3.11)

URBAN 0.101 (1.01) −0.050 (−0.24) −0.088 (−0.89) −0.984*** (−6.28) −0.743*** (−5.32) −0.680*** (−3.90)

EDU −0.710*** (−5.63) −0.472*** (−3.29) −0.253 (−1.03) 0.678*** (5.17) 0.322* (1.85) 0.279 (1.29)

ROAD −0.259*** (−3.86) −0.012 (−0.10) 0.039 (0.55) −0.091 (−0.86) −0.031 (−0.48) −0.037 (−0.53)

TS −0.424*** (−5.30) −0.146*** (−2.98) −0.146*** (−2.98) −0.742*** (−8.17) −0.546*** (−6.77) −0.325*** (−4.27)

ECO 0.020 (1.16) −0.009 (−0.22) −0.028* (−1.69) −0.360*** (−9.36) −0.309*** (−8.21) −0.286*** (−6.33)

SOURCE −0.085*** (−3.11) −0.125*** (−4.65) −0.100*** (−4.69) −0.259* (−1.86) −0.250* (−1.80) −0.246* (−1.70)

FDI −0.062 (−1.30) 0.035 (0.84) 0.085* (1.78) 0.025 (0.59) 0.011 (0.32) −0.018* (−1.70)

N 480 480 480 480 480 480

R2 0.447 0.502 0.511 0.366 0.287 0.256

Notes: ***, **, * indicate significance at the 1%, 5% and 10% level, t-value are in parentheses.

TABLE 7 Estimation results of instrumental variable method.

Model-33 (ET) Model-34 (ES)

IV-1 IV-2 IV-3 IV-1 IV-2 IV-3

GI −0.302*** (−5.28) −0.582*** (−6.70) −0.098*** (−2.99) −0.128*** (−3.26) −0.450*** (−5.33) −0.102*** (−2.80)

URBAN 0.135 (1.22) 0.136 (1.23) 0.135 (1.22) 0.140 (1.39) 0.139 (1.38) 0.141 (1.40)

EDU −0.319 (−1.59) −0.330 (−1.61) −0.328 (−1.60) −0.105 (−0.86) −0.101 (−0.82) −0.108 (−0.88)

ROAD −0.020 (−1.09) −0.021 (−1.10) −0.018 (−1.05) 0.107** (2.26) 0.107** (2.26) 0.105** (2.22)

TS −0.026 (−0.95) −0.026 (−0.95) −0.027 (−0.96) −0.456*** (−5.24) −0.455*** (−5.20) −0.425*** (−5.06)

ECO −0.031* (−1.83) −0.028* (−1.79) −0.030* (−1.81) −0.320*** (−4.68) −0.319*** (−4.66) −0.308*** (−4.38)

SOURCE −0.084** (−2.19) −0.080** (−2.10) −0.081** (−2.11) −0.250* (−1.84) −0.250* (−1.84) −0.244* (−1.79)

FDI 0.059* (1.91) 0.060* (1.92) −0.059* (−1.90) 0.012 (0.58) 0.013 (0.58) 0.011 (0.57)

Notes: ***, **, * indicate significance at the 1%, 5% and 10% level, t-value are in parentheses.
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of green innovation in different regions have been analyzed.

Robustness test and instrumental variable method confirm the

research conclusions.

The main conclusions of this paper are as follows: 1) Green

technology innovation shows a significant negative effect on

regional energy intensity and energy structure, that is, it

alleviates the regional energy dilemma. Under the fixed effect

model, an increase of 1% in green technology innovation will lead

to a decrease of about 0.124% and 0.085% in energy intensity and

energy structure, respectively. 2) The long-term effect of green

technology innovation is significantly greater than the short-term

effect, indicating that green technology innovation can

significantly promote the reduction of energy intensity and

energy structure in the long term. 3) Compared with green

utility patent, green invention patent has more significant

long-term and short-term effects on energy intensity and

energy structure. breakthrough green technology invention

exhibits a more important role in alleviating energy dilemma.

4) The role of green technology innovation in the northern region

is higher than that in the south, which is mainly related to the

weak technical foundation and more shallow energy problems in

the northern region. 5) With the reduction of energy intensity

and energy structure, the role of green technology innovation is

gradually decreasing. In the sample period of this research, green

technology innovation can still indicate a significant negative

impact on the energy intensity of all samples, but it can not show

a significant negative impact on the samples with low energy

structure.

Based on the conclusions of this paper, the government could

strengthen the role of green technology innovation on energy

intensity and energy structure by the following means: 1) Green

technology innovation is an important means to alleviate energy

intensity. The government should promote green technology

innovation. Specifically, it includes encouraging enterprises and

scientific research institutions to carry out green innovation

activities, strengthening the protection of green patents, and

more inclined fiscal policies. 2) The long-term effect of green

technology innovation warns the government and enterprises

that technological innovation is not an effort in a certain year but

needs to be adhered to for a long time. Therefore, the government

should guide enterprises and institutions to regard green

technology innovation as a long-term work through policies.

3) The government should pay more attention to green invention

patents. Green invention patents have the characteristics of long

R&D cycle and high return risk. Therefore, the government needs

to provide more policy support, such as financial compensation,

tax relief, etc. 4) In different stages of sustainable development,

energy intensity and energy structure face different

characteristics, and the influence of each variable is also

different. The empirical results show that the impact of green

technology innovation on energy intensity is still significant.

Therefore, while promoting green technology innovation, the

government should also pay attention to the impact of other

economic and social factors, such as optimizing industrial

structure and strengthening transportation infrastructure

construction.

Data availability statement

The data analyzed in this study is subject to the following

licenses/restrictions: The data in this article comes from the

public data published by the China Bureau of statistics and

the State Intellectual Property Office of China, which need to

be paid by institutions or individuals. Requests to access these

datasets should be directed to SZ, shenzhong2022@163.com.

Author contributions

The author YX contributions include data collection, basic

analysis and funding support. The author JL contribution include

first draft writing, empirical analysis and software support. The

author SZ contribution include manuscript revision and data

collation.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

TABLE 8 Results of robustness test.

Model-35 (ET) Model-36 (ET) Model-37 (ET) Model-38 (ES) Model-39 (ES) Model-40 (ES)

GIR −0.169*** (−5.37) −0.053* (−1.84) 0.006 (0.10) −0.170*** (−4.63) −0.298 (−1.57) 0.031 (0.47)

L3.GIR −0.102*** (−3.20) −0.058* (−1.80) −0.169*** (−5.86) −0.100* (−1.69)

L5.GIR −0.114*** (−4.51) −0.159*** (−4.08)

Control Variables YES YES YES YES YES YES

N 480 450 420 480 450 420

R2 0.881 0.883 0.898 0.414 0.421 0.430

Notes: ***, **, * indicate significance at the 1%, 5% and 10% level, t-value are in parentheses.
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