
Dynamic Environmental Regulation Threshold Effect
of Technical Progress on Green Total Factor Energy
E�ciency:Evidence from China
Ge Li 

Huazhong University of Science and Technology - Main Campus: Huazhong University of Science and
Technology
Da Gao  (  gaoda@hust.edu.cn )

Huazhong University of Science and Technology https://orcid.org/0000-0002-3078-8316
Yi Li 

Huazhong University of Science and Technology - Main Campus: Huazhong University of Science and
Technology

Research Article

Keywords: Technical innovation, Environmental regulation, Green total factor energy e�ciency, Dynamic
panel threshold model

Posted Date: May 25th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-463674/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-463674/v1
mailto:gaoda@hust.edu.cn
https://orcid.org/0000-0002-3078-8316
https://doi.org/10.21203/rs.3.rs-463674/v1
https://creativecommons.org/licenses/by/4.0/


 

1 

 

Title page 1 

 2 

Dynamic environmental regulation threshold effect of technical progress on 3 

Green Total Factor Energy Efficiency：Evidence from China 4 

 5 
Abstract: Sustainability is a strategic choice for the transition to a green economy in China. 6 
Improving green total factor energy efficiency (GTFEE) is the key to realizing the dual targets of 7 

energy saving and economic growth. This paper assesses the nonlinear influence of environmental 8 

regulation (ER) on technical innovation (TI) affecting GTFEE by establishing a dynamic panel 9 
threshold model using panel data of 271 prefecture-level cities in China from 2004-2016. 10 

Meanwhile, a system GMM approach is used to verify the channels through which TI affects 11 

GTFEE. Finally, the spatial and temporal characteristics of TI affecting GTFEE are analyzed from 12 

the perspective of ER. The empirical results are as follows: (1) TI can significantly improve GTFEE, 13 
and there is a threshold characteristic of this improvement effect, when ER is above the threshold 14 

value, TI has a greater improvement effect on GTFEE. (2) Besides directly influencing GTFEE 15 

through green technical innovation effect, TI can also indirectly influence GTFEE via channels such 16 
as economic growth effect, industrial structure upgrading effect and foreign investment effect, and 17 

the indirect influence channels show ER heterogeneity. (3) The number of cities crossing the 18 

threshold of ER in China increases year by year, which helps TI play a role in improving GTFEE, 19 

but there are still a small number of cities that do not cross the threshold during the sample period, 20 
which should attract the attention of local governments. 21 

 22 

Key words: Technical innovation； Environmental regulation； Green total factor energy 23 
efficiency； Dynamic panel threshold model 24 

 25 
 26 
 27 
First author:         Ge Li         E-mail:  lige@hust.edu.cn 28 

 Huazhong University of Science and technology Wuhan city, Hubei Province in China 29 
 30 
Corresponding author :  Da Gao    School of economics in Huazhong University of Science and 31 
technology Wuhan city, Hubei Province in China                        32 

 E-mail: gaoda@hust.edu.cn   33 
                              Tel:   +8613387625013 34 

                          Adress: Room 515, Building Tianjiabing, No.1037, Luoyu Road, 35 
Hongshan District, Wuhan, Hubei, P.R.China 36 
 37 
 38 
Co-author :          Li Yi   E-mail: ellie@hust.edu.cn   39 

Huazhong University of Science and technology Wuhan city, Hubei Province in China 40 

 41 

 42 

 43 

 44 



 

2 

 

Dynamic environmental regulation threshold effect of technical progress on 45 

Green Total Factor Energy Efficiency：Evidence from China 46 

Abstract: Sustainability is a strategic choice for the transition to a green economy in China. 47 

Improving green total factor energy efficiency (GTFEE) is the key to realizing the dual targets of 48 
energy saving and economic growth. This paper assesses the nonlinear influence of environmental 49 

regulation (ER) on technical innovation (TI) affecting GTFEE by establishing a dynamic panel 50 

threshold model using panel data of 271 prefecture-level cities in China from 2004-2016. 51 

Meanwhile, a system GMM approach is used to verify the channels through which TI affects 52 
GTFEE. Finally, the spatial and temporal characteristics of TI affecting GTFEE are analyzed from 53 

the perspective of ER. The empirical results are as follows: (1) TI can significantly improve GTFEE, 54 

and there is a threshold characteristic of this improvement effect, when ER is above the threshold 55 
value, TI has a greater improvement effect on GTFEE. (2) Besides directly influencing GTFEE 56 

through green technical innovation effect, TI can also indirectly influence GTFEE via channels such 57 

as economic growth effect, industrial structure upgrading effect and foreign investment effect, and 58 
the indirect influence channels show ER heterogeneity. (3) The number of cities crossing the 59 

threshold of ER in China increases year by year, which helps TI play a role in improving GTFEE, 60 

but there are still a small number of cities that do not cross the threshold during the sample period, 61 

which should attract the attention of local governments. 62 
 63 

Key words: Technical innovation； Environmental regulation； Green total factor energy 64 

efficiency； Dynamic panel threshold model 65 
 66 

 67 

1. Introduction 68 

China's economy saw a continuous rise in the past few decades, but the traditional extensive 69 

development model has also taken a huge toll on us (Wang et al., 2020; Gao et al.,2020). Referring 70 
to the BP World Energy Statistics Yearbook (2018), China's total energy consumption in 2017 was 71 

4.49 billion tons of standard coal, with a 3.1% growth in energy consumption. Meanwhile, the 2018 72 

Global Environmental Performance Index data demonstrates that among 180 countries and regions 73 
participating in the survey, China's overall environmental performance score was 50.74, the 120th 74 

lowest worldwide. In the face of the growing imbalance between energy supply and demand, the 75 

Chinese government has incorporated energy conservation into its long-term strategic planning. In 76 

the Eleventh, Twelfth and Thirteenth Five-Year Plans, targets were set to decrease energy 77 
consumption per unit of GDP by 20%, 17% and 15% (Yang et al., 2020). Under the dual pressure 78 

of economic growth and energy conservation and emission reduction, enhancing energy efficiency 79 

(EE) is a must for China to realize sustainability (Sun et al., 2019). Since environmental issues have 80 
been a vital dilemma limiting the transition to a low-carbon economy in China , we focus on green 81 

total factor energy efficiency (GTFEE), and incorporate environmental regulation (ER) and 82 

technological innovation (TI) into a unified research framework. 83 
To enhance energy use efficiency and realize high-quality growth of China's economy, TI and 84 

ER have become important enablers. TI could decrease energy consumption and pollutant emissions 85 

per unit of output, which is helpful to sustainable economy and environmental protection (Hashmi 86 

& Alam, 2019). ER has proved favorable in enhancing EE and eliminating the externalities of 87 
pollution (Bi et al., 2014; Sun et al., 2019). The Chinese government has introduced innovative 88 

deployment models at the institutional level, focusing on reforming the present environmental 89 

governance system, fulfilling local government environmental responsibilities, and protecting the 90 
health of the population and sustainable social development. In response to environmental issues at 91 
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various developing periods, China has proposed a flexible ER system tailored local conditions in  92 

China (Tong et al., 2020). In essence, ER is closely linked to TI, which is a crucial determinants for 93 
EE. 94 

So, is the relationship between TI and EE linear or non-linear? What are the mechanisms and 95 

pathways through which TI contributes to energy efficiency? A study of these questions are helpful 96 

to learn the current effect of TI on energy efficiency and its underlying mechanisms, so that TI can 97 
play a vital role in green development. At present, China's environmental governance model is 98 

shifting from end-of-pipe governance to comprehensive governance with preventive governance at 99 

source (Wu et al., 2019). Therefore, is the present government ER efficient? How does ER 100 
contribute to the impact of TI on energy efficiency? This study addresses these questions, which are 101 

immediately related to the policy effectiveness, assessment and development of ER in China. It is 102 

of great practical importance. 103 

The possible innovation points are as follows: Firstly, ER, TI and GTFEE are included in a 104 
unified framework, and the findings contribute to the mechanisms underlying the ER on EE and 105 

emission reduction. Second, for the first time, a plausible non-linear relationship between TI and 106 

GTFEE is proposed, and ER is included in the non-linear panel threshold model of TI on GTFEE. 107 
Third, the static threshold model neglects the endogeneity, leading to biases in the estimation results 108 

(Celil & Ömer, 2016), which is tested in this study using a dynamic threshold model considering 109 

the lagged term of GTFEE. Fourth, we investigate the direct effect of TI on GTFEE, and the indirect 110 
mechanism of the impact of TI on GTFEE through interaction effects as well. Fifth, the spatial and 111 

temporal features of TI on GTFEE are analyzed under different ER. 112 

The following study is structured as follows: Section II is a review of the relevant literature; 113 

Section III briefly provides the background and research hypothesis of energy saving and emission 114 
reducing in China; Section IV introduces the research design, constructing models and providing 115 

data description; Part V is the results of the empirical analysis; and Part VI concludes. 116 

 117 

2. Literature review 118 

Extant literature has examined issues such as the EE measurement and its influencing factors, 119 

the relationship between ER and EE, the relationship between TI and EE, and the relationship 120 

between ER and TI. There are abundant indicators for measuring EE, and the major indicators that 121 

are expansively used are single-factor and total factor energy efficiency(TFEE). The single-factor 122 

EE indicators primarily reflect the relationship between energy consumption and effective economic 123 

output. The most widely employed single factor index is energy consumption intensity, usually 124 

defined as energy consumption per unit of GDP. A number of studies in the literature that introduce 125 

energy consumption per unit of GDP as a proxy for EE have found that TI, R&D expenditure, 126 

ownership reform and industrial structure would significantly impact EE (Kofi, 2019; Wei et al., 127 

2007; Crompton & Wu, 2005). TFEE is regarded as a more efficient measure of EE than single 128 

factor EE, and Hu and Wang (2006) pioneered data envelopment analysis (DEA) to measure the 129 

TFEE. However, the TFEE index they adopted only included the expected output of energy use. 130 

Watanabe and Tanaka (2007) pointed out that to analyze EE, the pollution emissions associated 131 

with energy use cannot be ignored. The unexpected output measured by pollution emissions is also 132 

a kind of social cost, which will dramatically counteract the favorable impact of expected output. 133 

Later, some literatures improved the previous evaluation methods, which included the effect of 134 

unexpected output factors, and used super SBM model to calculate green TFEE(GTFEE) (Wang & 135 

Feng, 2015; Dan et al., 2019). 136 

Recently, conclusions of studies on the relationship between ER and EE have been inconsistent. 137 

Some scholars have argued that environmental regulations increase firms' production costs, reduce 138 

their competitiveness and negatively affect EE. For example, Ramiah et al. (2013) investigated the 139 
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impact on stock returns and discovered that nearly all of the oil and electricity industries showed 140 

pronounced adverse abnormal returns when the Australian government announced the 141 

implementation of 'carbon reduction' environmental regulations. Hancevic & Ignacio (2016) 142 

analyzed the impact of the 1990 amendments to the Clean Air Act on productivity and EE in Mexico 143 

and thought that the negative effect of ER on EE came from the changed productivity. However, 144 

some scholars argue that appropriate ER can incentives TI, and partly or entirely counteracts cost 145 

effects, reducing production costs and increasing productivity as well (Porter & Linde, 1995). For 146 

example, Bi et al. (2014) conducted a study on ER and its influences on EE, demonstrating that EE 147 

in the thermal power sector has improved thanks to ER. Curtis and Lee(2019) examined micro-data 148 

at the factory stage in the annual survey of manufacturers, and found that ER could directly stimulate 149 

investment related to improving EE, which not only improved EE, but also reduced emissions.  150 

Among the studies on the relationship between TI and EE, Garbaccfio et al. (1999) 151 

decomposed the factors influencing EE with the input-output approach, both in terms of technology 152 

and structural change, and demonstrated that TI was a significant factor in enhancing EE. Popp(2002) 153 

found that the extent to which TI improves energy efficiency is influenced by energy prices. Fisher-154 

Vanden et al (2006), using annual data on the industrial sector in China, found that TI and industrial 155 

restructuring were the major reasons for the descend in energy intensity. A et al. (2018) examined 156 

output elasticity, factor substitution and technological bias in three Chinese urban agglomerations 157 

and concluded that TI, while beneficial for improving energy efficiency, does not decrease 158 

emissions. Wang et al. (2019) argued that TI had heterogeneity in carbon emissions across sectors, 159 

and that while TI can increase EE in the industrial sector, it can also contribute to a growth in carbon 160 

emission. However, there is few studies examining the non-linear relationship between TI and 161 

energy efficiency. 162 

There has been a heated debate about the impact of ER on TI, and there are currently three 163 

main views. One is that ER encourages firms to modify their emission management strategies, 164 

forcing them to look for optimal technological adaptation and further improving the efficiency and 165 

level of TI (Testa et al., 2011; Porter & Linde, 1995). Second, to avoid penalties from strict ER, 166 

firms will restrict their production scale and raise their investment in pollutant management, which 167 

lead them to decrease their R&D investment and discourages technological importation and 168 

cooperation (Lanoie et al., 2008; Li et al., 2019). Third, the effect of ER on TI is non-linear (Pan et 169 

al., 2019). When ER is weak, firms prefer lower-cost pollution penalties to technological change. 170 

However, as ER is strengthened, firms must enhance technological transformation so that they can 171 

avoid pollution penalties and also improve productivity and EE to cover the cost of technological 172 

transition. It can be inferred from this that the different levels of ER are likely to influence the role 173 

of TI on energy efficiency. Thus, it is important to use ER as a threshold to explore in depth the 174 

effect of TI on EE. 175 

In summary, although scholars have widely studied EE, the existing literature is mostly about 176 

isolated studies on how ER or TI affects EE, and there is almost no literature examining the various 177 

effects of TI on EE under different levels of ER. Secondly, there is little literature on the non-linear 178 

relationship between TI and EE, and the traditional static panel threshold model ignores the lagged 179 

effects of the explanatory variables, leading to estimating errors. Finally, there are relatively few 180 

researches on the affecting pathways of TI on EE, and the mechanisms of its direct or indirect effect 181 

have not been completely elucidated and verified. In view of this, this study takes GTFEE as a 182 

measure of energy efficiency, places it, TI and ER in the same research framework. And 183 

constructing dataset from 271 prefecture-level cities in China from 2004-2016, a dynamic panel 184 

threshold model is adopted to examine how ER acts on a non-linear effect between TI and GTFEE. 185 

We also attempt to verify the mechanism of the impact of TI on GTFEE through an interaction 186 

effect test, so as to disclose the mechanisms of the effects both theoretically and empirically. These 187 
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studies provide an important basis for the formulation of targeted economic and energy policies in 188 

China's green and sustainable development stage. 189 

 190 

3. Background and research hypothesis 191 

3.1 Background 192 

In the past few years, China has announced a series of policies to promote green development 193 

and energy conservation1. Simultaneously, China's investment in environmental governance rose 194 

from RMB 449 billion in 2008 to RMB 953.9 billion in 2017. These investments were aimed at 195 

improving the ecological environment and energy efficiency, but rarely successed. As a result, the 196 

Chinese government is vibrantly looking for measures to enhance EE. Studies have shown that 197 

technical innovations covering pollution control, ecological processes, and recycling are significant 198 

in promoting sustainable economic development (Ernest et al., 1994), and that pursuing TI is an 199 

effective means of breaking through current resource and environmental problems and promoting 200 

green economic development under the new normal. However, the positive knowledge externality 201 

and negative environmental externality of TI prevent enterprises from obtaining sufficient 202 

innovation benefits. Therefore, under the premise of market mechanism, effective government 203 

incentive is an effective means to compensate for the "double externality" of TI and promote 204 

enterprises to carry out TI. 205 

With a panel dataset in China, this study introduces the Malmquist-Luenberger index method 206 

under the Super-SBM model to estimate the GTFEE of Chinese prefecture-level cities for the 207 

sample period. To visualize the regional differences and dynamics of GTFEE in China, it is 208 

displayed in a topographic map in Figure 1. Considering space restriction, results for 2004 and 2016 209 

are presented in this study. As showed in Figure 1, among the 271 available prefecture-level city 210 

data in China, white represents cities excluded from the sample, the darker the color of the other 211 

marked cities, the higher the GTFEE, with the red areas presenting the highest level of GTFEE. 212 

From 2004 to 2016, the number of red areas gradually increased, indicating an upward trend in 213 

China's overall GTFEE. This is because during the Eleventh and Twelfth Five-Year Plans, the 214 

government made pollutant emissions a binding assessment indicator, strengthening the 215 

government's environmental responsibility. After a long-term change in economic development 216 

philosophy and the enforcement of different environmental protection policies, emissions have been 217 

efficiently decreased and the effectiveness of environmental management has been improved. 218 

 219 

 220 

                                                        
1 These Chinese policies includes the Strategic Action Plan for Energy Development (2014-2020), the Law of 

the People's Republic of China on the Prevention and Control of Air Pollution and the Law of the People's 

Republic of China on Environmental Protection, collected by the authors. 
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Fig.1 GTFEE of China in 2004 and 2016 221 

3.2 Research Hypothesis 222 

As the impact of TI on GTFEE varies across channels under different ER intensities, it is not 223 

ideal to improve energy use efficiency and achieve improved environmental quality by increasing 224 

the intensity of local TI or ER alone. When enacting environmental policies and considering 225 

management paths, governments should fully consider the dual role of local ER and TI and 226 

implement integrated policies that combine the two. The mechanisms of the threshold effect are 227 

witnessed in Figure 2. It is clear that TI directly affects GTFEE via green TI spillover effect. 228 

Moreover, TI will also indirectly affect GTFEE via economic growth effect, industrial upgrading 229 

effect and foreign direct investment effect. Nevertheless, once the intensity of ER varies, these 230 

channels of influence would also change, ultimately leading to different impacts on GTFEE. Namely, 231 

the impact of TI on green EE is different under different ER. In this study, based on the study of the 232 

non-linear impact of TI on green EE with a dynamic panel threshold model, the direct and indirect 233 

paths of TI on GTFEE under various ER intensities are tested by introducing TI and its interaction 234 

term with channel variables. Regarding this, we formulate the following research hypothesis. 235 

Hypothesis 1: TI is the primary measure for China to achieve economic growth while 236 

improving environmental quality, and it tends to improve energy use efficiency and clean 237 

production. TI can directly modify the traditional technologies in the production process and apply 238 

new energy-saving technologies to enhance EE (Li et al., 2019b). Namely, the green technology 239 

innovation effect channel is positive. 240 

Hypothesis 2: TI will contribute to the economic development, but in the early period, the 241 

rough development model will certainly lead to energy inefficiency. As economic growth makes 242 

the investment in scientific research increasing, different regional development strategies are 243 

gradually shifting from economic growth-centered to green and clean development, thus indirectly 244 

improving energy efficiency in the production process. Namely, the economic growth mechanism 245 

is present and uncertain. 246 

Hypothesis 3: TI accelerates the flow of resources to the tertiary industry (Tian et al., 2019), 247 

thus the proportion of tertiary industrial output growing. As the overall industrial structure changes 248 

from the energy-intensive and resource-intensive secondary industry to the low-energy-intensive 249 

and knowledge-intensive tertiary industry, the overall economy develops in an environmentally 250 

friendly way, and improving energy use efficiency becomes a top priority. Namely, the industrial 251 

upgrading effect channels is positive. 252 

Hypothesis 4: TI is helpful to attracting FDI. On the one hand, FDI may produce a "pollution 253 

halo" effect, where the advanced management experience and environmental technology brought 254 

by the investment will improve the environmental quality for developing countries. On the other 255 

hand, FDI may also produce a "pollution paradise" effect, which will export a large number of 256 

polluting industries, while developing countries will lower their ER standards in order to attract 257 

foreign investment, thus deteriorating the environment. That is, the channel of foreign direct 258 

investment effect exists and is uncertain. 259 
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 260 

Fig 2. The transition mechanisms of the threshold effect of TP on GTFEE 261 

 262 

4. Methods and Data 263 

4.1 Methods 264 

To test whether there is a dynamic non-linear relationship between TI and GTFEE under 265 

different ER intensities, we employ the dynamic panel threshold model proposed by Kremer et al. 266 

(2013) with GTFEE as the dependent variable and ER as the threshold variable. The model 267 

introduces the lagged terms of the explanatory variables into the static threshold model proposed by 268 

Hansen (2000) for estimation and is able to avoid estimation errors due to endogeneity (Wu et al., 269 

2019). We consider the following model: 270 

   0 1 1 2

1

4

it it it it it it

k

k it i t it

GFTEE GFTEE TI I ER TI I ER

Z u v

     

 





       

   
      (1) 271 

In model (1), 𝐺𝐹𝑇𝐸𝐸𝑖𝑡 denotes the green total factor energy efficiency of city i in year t, 𝑇𝐼𝑖𝑡 272 

denotes the level of technical innovation of city i in year t, 𝐸𝑅𝑖𝑡 denotes the level of environmental 273 

regulation of city i in year t, Zit signifies other control variables affecting GTFEE, 𝛽1, 𝛽2 denote 274 

the impact coefficients of technological innovation on GTFEE under different intensity of ERs 275 

respectively. I denotes the indicative function, γ denotes the threshold of ER, 𝑢𝑖 and v𝑡 represent 276 

the individual and time effects respectively, and 𝜀𝑖𝑡 represents the random disturbance term. 277 

Furthermore, to assess the direct and indirect effects, we introduce the interaction terms of TI 278 

and economic growth level (PGDP), industrial structure level (STR) and foreign direct investment 279 

level (FDI), and establishes the following model, where other variables are the same as above. 280 

0 1 1 1 2

3

PGDP STR

FDI
it it it it it

it i t it

GFTEE GFTEE TI TI TI

TI u v

    
 

      
    

      (2) 281 

4.2 Data 282 

Energy efficiency (GTFEE). How to measure energy efficiency is a controversial and 283 

ongoing research issue in academia. Patterson (1996) proposed energy consumption per unit of GDP 284 

as a proxy for EE, and Hu and Wang (2006) pioneered DEA to calculate GTFEE. Tone (2004) 285 

introduced the relaxation variables straightly into the objective function and proposed a 286 

measurement model (SMB) based on non-radial and non-angular values. Hong and Shi (2014) 287 

proposed an improved Super-SBM model based on an SBM model with non-consensual outputs 288 

and weak disposability assumptions. Drawing on sustainable development ideas and previous 289 

research findings (Hong & Shi, 2014; Li & Lin, 2017), this study calculates an energy efficiency 290 

index that fully considers undesired outputs, named GTFEE. Concretely, this study selected panel 291 
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data from 271 prefecture-level cities from 2004-2016 to measure the GTFEE of each city with the 292 

Malmquist-Luenberger index design based on the Super-SBM model. The model contains inputs, 293 

desired outputs and undesired outputs. The inputs include three variables: capital stock (K), labor 294 

(L) and energy consumption (E), the desired output is selected as the gross regional product (GDP) 295 

variable, and the undesired output variables are selected as industrial sulfur dioxide (SO2), industrial 296 

soot (smoke) and industrial wastewater (effluents) emissions. 297 

Technological innovation (TI). Intuitively, common indicators for TI consist of R&D 298 

investment, total factor productivity and number of patents (Cheng et al., 2017; Alam & Murad, 299 

2020; Fei & Lin, 2017). Regardless of the industry, TI is closely related to patent applications, and 300 

thus the number of patents is intensively employed to measure TI (Du & Li, 2019). Regarding this, 301 

we use the total number of patents granted to represent the R&D innovation capacity of cities.  302 

Environmental regulation (ER). The choice of ER strategy primarily influenced by the 303 

willingness of local governments to govern the environment, and the intensity of ER varies from 304 

region to region. Based on such typical characteristics, it is relatively more objective to reflect the 305 

intensity of ER from the results of pollution control. This study extends the measurement of ER at 306 

the provincial level by Wu et al. (2020) to the city level. In view of data availability and 307 

completeness, a composite index of ER was constructed based on the two individual indexes of 308 

industrial fume and dust removal rate and Centralized treatment rate of sewage treatment plants. 309 

The precise method is as follows: 310 
First, the two indicators, industrial fume and dust removal rate and centralized treatment rate 311 

of sewage treatment plants, are standardized according to Equation (3), where 𝑝𝑡𝑖𝑗 denotes the 312 

original value of the indicator of category j in city i, and min(𝑝𝑡𝑗) and max(𝑝𝑡𝑗) denote the 313 

minimum and maximum values of the indicator of category j in all cities, respectively. 314 

[ min( )] / [max( ) min( )]s

ij ij j j jpt pt pt pt pt                      (3) 315 

Then, the adjustment coefficients  𝐴𝑖𝑗 for the two indicators are calculated separately for 316 

different cities, indicating the ratio of the share of pollutant j emitted by city i in the country to the 317 
share of GDP of city i in the country, and the calculation formula is as in Equation (4). The 318 

calculation of 𝐴𝑖𝑗 shows that if a city has higher emissions of a certain pollutant, then the same 319 

pollutant treatment rate implies higher ER and therefore gives a greater weight. 320 

/ij i
ij

ij i

i i

p gdp
A

p gdp

 

                                 (4) 321 

Finally, from the standardized values and adjustment coefficients of the industrial fume and 322 

dust removal rate and the centralized treatment rate of the wastewater treatment plant, the degree of 323 
ER for city i is obtained, calculated as in Equation (5). 324 

1

2

/ 2
j

s

i ij ijER A pt


                                    (5) 325 

Control variables. To alleviate the problem of bias in the regression results due to omitted 326 

variables in the model, urban characteristics-related variables were controlled for in model (1) with 327 

reference to the studies by Liu et al., (2020). Gross regional product per capita (PGDP), obtained 328 

by dividing the city's GDP by the total year-end population of the city, which measures the degree 329 

of economic growth. Industrial structure (STR), defined as the share of GDP accounted for by the 330 

gross secondary industry. Foreign direct investment (FDI), expressed as the amount of FDI 331 

converted from the US dollar to the RMB exchange rate. The specific meaning of each variable and 332 

the measurement criteria are represented in Table 1. 333 

 334 

Tab 1 Selection and connotation of variables 335 
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Variable name Symbol connotation 

Green Total Factor Energy Efficiency GTFEE BM-Malmquist-Luenberger index method 

Technological innovation TI Total number of patents granted 

Environmental Regulation ER Comprehensive exponential method 

Industrial structure STR The proportion of Tertiary sector output in 

GDP 

Foreign direct investment FDI The proportion of FDI in GDP 

Gross regional product per capita PGDP Real GDP per capita 

 336 

The data in this study cover 271 Chinese prefecture-level city-level data from 2004-2016, and 337 

data on per capita gross regional product are price-deflated with 2003 as the base year. energy 338 

consumption data are accessible in the China Energy Statistical Yearbook, other variables are 339 

derived from the China Environmental Statistical Yearbook, China Environmental Yearbook, China 340 

Energy Statistical Yearbook, China Science and Technology Statistical Yearbook, and the National 341 

Bureau of Statistics. Table 2 provides the descriptive statistics. 342 

 343 

Table 2 Descriptive statistical analysis of variables. 344 
Variable Obs Mean Std. Dev. Min Max 

ln GTFEE 3523 -0.096 0.339 -1.425 1.846 

lnEI 3523 0.198 0.824 -1.798 4.137 

TI 3523 6.166 1.769 0.693 11.419 
STR 3523 0.494 0.108 0.090 0.910 

FDI 3523 0.253 0.217 0.000 0.676 

lnPGDP 3523 8.477 0.688 6.330 10.673 
ER 3523 1.123 1.695 0.001 60.012 

 345 

5. Analysis of Empirical Results 346 

5.1 Estimation of dynamic panel threshold model  347 

We investigate how TI affect GTFEE with a dynamic panel threshold model with ER as the 348 

threshold variable, based on the introduction of a one-period lag of GTFEE, and Table 3 provide 349 

the results. Model (1) excludes control variables, where the threshold value of ER is 0.3355. The 350 

coefficient of the impact of TI on GTFEE is 0.053 and significant at the 1% level when the intensity 351 

of ER is above its threshold, and 0.051 when it is below its threshold, which is significant at the 5% 352 

level. Models (2)-(4) represent the regression results with the step-by-step addition of other controls, 353 

and the threshold for ER remains at 0.3355, indicating that the effect of TI on GTFEE is non-linear 354 

and that their relationship changes with the corresponding magnitude of ER. At the same time, we 355 

observe that although the coefficient value of the threshold effect 𝛽1，𝛽2  changes, it is still 356 

significant and positive, and 𝛽2 is always greater than 𝛽1. This suggests that a dynamic threshold 357 

effect of TI on GTFEE does exist, and the consistency of the regression results across the four 358 

models supports the robustness of the findings.  359 

The economic reasons behind the non-linear effect may lie in the fact that when a region is at 360 

the poverty stage, economic growth is the main development objective and the level of ER is lower. 361 

During this period, TI tends to increase output, and although it witnesses a favorable influence on 362 

EE, it is relatively ineffective. When a region reaches a certain stage of economic growth and begins 363 

to focus on green and sustainable development, the level of ER will increase. At this period, TI is 364 

more inclined to green, which can help economic growth, an improve environment and EE. 365 

Therefore, TI has a greater role in improving GTFEE when ER crosses the threshold. China's current 366 
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strict ER has indeed improved China's overall EE, but environmental control is a long-term course 367 

that cannot depend merely on policies and should focus on the linkage between TI and ER. 368 

Meanwhile, the lagged terms of GTFEE are all pronounced(1% level) under different control 369 

variables, indicating that GTFEE has a certain path dependence, and past energy efficiency affects 370 

current energy efficiency. 371 

 372 
Table 3 Dynamic threshold effect and robustness test of TI on GTFEE  373 

 Model 1 Model 2 Model 3 Model 4 

A1:Estimation of threshold value   
r 0.3355 0.3355 0.3355 0.3355 

B1:Influence of TI on lngtfpe   𝛽1 0.051** 0.037** 0.044** 0.037* 

 (0.03) (0.02) (0.02) (0.02) 𝛽2 0.053*** 0.047*** 0.051*** 0.039** 

 (0.01) (0.01) (0.01) (0.02) 

C1:Influence of the hysteresis of lngtfpe on lngtfpe 

L.lngtfpe 0.451*** 0.707*** 0.745*** 0.714*** 

 (0.14) (0.07) (0.07) (0.05) 

D1:Influence of control variables on lngtfpe  
STR  0.370 0.779*** 0.549 
  (0.30) (0.30) (0.35) 

FDI   -0.304*** -0.351*** 
   (0.10) (0.09) 

GDP    0.036 
    (0.04) 

_cons -0.350*** -0.484*** -0.618*** -0.732*** 
 (0.06) (0.13) (0.12) (0.22) 

N 3252 3252 3252 3252 

N_ individual 271 271 271 271 

Individual FE YES YES YES YES 

Time FE YES YES YES YES 

Wald test 297.12 1066.9 1073.1 1169.8 
Note: ***, **, and * indicate the significance at 1%, 5%, and 10% levels, respectively; Standard errors are 374 

denoted in parentheses. 375 

 376 

5.2 Test of impact channels 377 

To estimate equation (2), OLS, differential GMM and systematic GMM estimators are 378 

extensively employed, while only the third method is helpful to eliminate endogeneity and avoid 379 

weak instrumental variable (Blundell & Bond, 1998). Thus, we adopt the systematic GMM design 380 

to estimate equation (2). Simultaneously, based on the previous analysis, we explore the impact of 381 

TI on GTFEE in the full sample, the low ER level sample (the sample with ER level below the 382 

threshold), and the high ER level sample (the sample with ER level above the threshold) respectively, 383 

and Table 4 reports the results. 384 

Firstly, the coefficient on TI is significantly positive in all three estimations, indicating that TI 385 

has a favorable direct impact on GTFEE for the full sample, the low ER level sample and the high 386 

ER level sample. Thus, Hypothesis 1 is further confirmed. Moreover, we also find that the direct 387 

effect is stronger in the high ER level sample than in the low ER level, suggesting that TI at high 388 

ER levels is more conducive to energy efficiency. First of all, high ER levels force firms to introduce 389 
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clean production technology and allocate more capital in green R&D (Pan et al., 2019); furthermore, 390 

firms' green TI will enhance EE of both themselves and other firms via knowledge spillover effects, 391 

resulting in the decline of energy consumption of the entire areas. Thus, TI inspired by stronger ER 392 

is more favorable to enhancing GTFEE (Barbieri, 2015). 393 

Secondly, from the full sample, the economic growth effect, the industrial structure effect and 394 

the foreign direct investment effect are all significant, in other words, the indirect influence 395 

mechanisms are effective. The coefficient of the cross-sectional term between TI and GDP per 396 

capita is significantly negative at the 1% level, which confirms hypothesis 2 and verifies that China's 397 

overall economic growth is still in a rough development mode. For the economic growth effect of 398 

TI, first of all, it needs to consume a large amount of energy resources and the rough development 399 

model may lead to low green EE; moreover, it can improve green EE by increasing R&D investment 400 

to enhance production efficiency. The negative cross coefficient demonstrates the rough 401 

development model is still dominant in overall economy. It is clear that the coefficient of the cross 402 

term between TI and STR is significantly positive at the 5% level, and hypothesis 3 is confirmed. 403 

For the industrial structure effect of TI, TI accelerates the flow of resources to the tertiary sector, 404 

thereby raising tertiary output share, the overall economy moves towards an environmentally 405 

friendly development, and improving energy use efficiency becomes a top priority. The coefficient 406 

of the cross-sectional term between TI and FDI is significantly positive, confirming hypothesis 4, 407 

namely, TI can influence GTFEE through the foreign investment effect. At the early stage of foreign 408 

investment introduction, the technology absorption capacity is insufficient, coupled with low ERs 409 

there may be a "pollution paradise effect", failing to significantly improve the GTFEE. With the 410 

introduction of foreign capital, its knowledge spillover effect and demonstration effect are enhanced, 411 

which is manifested as the "pollution halo effect", the level of local TI is continuously enhanced, 412 

and the GTFEE is also greatly improved. The significant positive coefficient of the cross term in 413 

the empirical results indicates the dominance of the pollution halo effect. 414 

Finally, different impact mechanisms are shown for the sub-sample at low and high levels of 415 

ER. The indirect impact mechanism of TI on GTFEE is not pronounced when ER is in the low ER 416 

level range, but it starts to be effective when the ER level exceeds the threshold. When ER is in the 417 

high ER level range, TI will improve GTFEE via economic growth effect, industrial structure 418 

upgrading effect and foreign direct investment effect, which confirms hypotheses 2, 3 and 4. This 419 

heterogeneity is primarily due to the fact that when the level of ER is low, it is unable to encourage 420 

the optimal industrial upgrading from an green development direction, making it hard to use 421 

resources intensively(Brunel & Johnson, 2019; Zhou et al., 2017). When the level of ER increases, 422 

TI shows a clear preference for green technology and can improve GTFEE through industrial 423 

upgrading and foreign direct investment effects. Therefore, the channels through which TI affects 424 

GTFEE vary under different levels of ER. 425 

 426 

 427 

 428 

 429 

 430 

 431 

 432 

 433 
Table 4 Channel analysis of TP affecting GTFEE 434 

Variables 
Model 5 Model 6 Model 7 

all sample low_ER High_ER 

TI 0.067*** 0.79* 0.112*** 
 (0.02) (1.09) (0.02) 
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TI×PGDP -0.011*** 0.054 -0.030*** 
 (0.00) (0.15) (0.01) 

TI×STR 0.019** -0.234 0.082*** 
 (0.02) (0.57) (0.03) 

TI×FDI 0.049*** -0.061 0.054*** 
 (0.01) (0.13) (0.01) 

_cons 0.729 -1.018*** -0.688*** 
 (5.28) (0.16) (0.11) 

N 3252 319 2729 

N_ individual 271 68 259 

Individual FE YES YES YES 

Time FE YES YES YES 

Wald test 7079.49 936.16 4501.38 

Prob>chi2 0.000 0.000 0.000 
Note: ***, **, and * indicate the significance at 1%, 5%, and 10% levels, respectively; Standard errors are 435 

denoted in parentheses. 436 

 437 

5.3 Analysis of spatiotemporal heterogeneity 438 

In fact, the impact of TI on GTFEE is also spatially and temporally heterogeneous due to the 439 

threshold effect of TI on GTFEE. For example, in a given year, the level of ER varies across cities, 440 

with some cities exceeding the threshold and others falling below it, resulting in spatial 441 

heterogeneity as the effect of TI on GTFEE is greater among areas that cross the threshold than 442 

among areas that do not. Similarly, the level of ER varies between years in the same city, with some 443 

years exceeding the threshold and others not, thus creating temporal heterogeneity. Thus, spatial 444 

and temporal heterogeneity of TI work in improving GTFEE across regions and years. 445 

From a temporal perspective, Figure 3 reports cities with levels of ER above the threshold in 446 

each of the 271 sample cities over the sample period. It can be seen that in each year from 2004-447 

2016, more than half of the cities had ER levels above the threshold, with 3,059 samples above the 448 

threshold over the last 13 years, accounting for 86.83% of the total sample size. At the same time, 449 

the intensity of ER has been increasing, from 0.949 in 2004 to 1.47 in 2016. this indicates that more 450 

and more cities are exceeding the ER threshold over time, and that China’s ER has generally 451 

increased, which is conducive to TI playing a role in improving GTFEE. 452 

 453 

Fig 3. Number of cities with ER greater/less than the threshold. 454 

 455 

From a spatial perspective, Figure 4 reports how many years in which the level of ER exceeded 456 
the threshold for each prefecture-level city. In the 13 years from 2004-2016, the majority of cities 457 
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exceeded the threshold in at least half of the years, and we focus on those cities that exceeded the 458 

ER threshold in only a small number of years. Prefectural-level city data is more relevant than 459 
provincial data in suggesting appropriate environmental management policies to local governments. 460 

Nowadays, China's environmental management system contains laws and regulations made by the 461 

central and local governments, forming an supervision scheme that combines national supervision 462 

and management with division of labor supervision and management, and differences in local 463 
government supervision lead to various strength of ER from disparate areas (Xie et al., 2017). As 464 

can be seen from Figure 4, Weihai, Wenzhou and Changsha exceeded the ER threshold in only one 465 

year, Nanchong and Putian in only two years, and Taizhou, Bazhong, Kunming and Fuzhou in only 466 
three years. Therefore, the level of ER in these cities needs to be further improved, otherwise the 467 

role of TI in improving GTFEE will be limited. 468 

 469 

 470 

Fig 4. Numbers of years in which ER was greater than the threshold in the cities which less 471 

than 8 from 2004 to 2016. 472 

 473 

 474 

 475 

6. Conclusions and policy implications 476 

This study analyses the effect of TI on GTFEE by building a dynamic panel threshold model 477 

with a Chinese dataset. Additionally, we adopt the System GMM to verify the channel of 478 

technological innovation affecting green total factor energy efficiency. We draw the following 479 

conclusions. First of all, a non-linear dynamic threshold effect of TI on GTFEE is indeed exist. On 480 
the one hand, GTFEE has a certain path dependency, where past energy efficiency affects current 481 

energy efficiency. On the other hand, TI can significantly enhance GTFEE, and this enhancement 482 

effect differs under different levels of ER, with the enhancement effect under high levels of ER 483 
being greater than that under low levels of ER. Secondly, an examination of the channels of 484 

influence shows that when the level of ER is below its threshold, the indirect channel of influence 485 

of TI on GTFEE is not smooth, but when ER level crosses its threshold, TI can influence GTFEE 486 

through indirect channels including economic growth effect, industrial structure effect, and foreign 487 
direct investment effect. Thirdly, from the perspective of ER, the impact of TI on GTFEE is spatially 488 

and temporally heterogeneous. As time changes, more and more cities in China exceed the threshold 489 
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of ER, which facilitates the role of TI in improving GTFEE. From a spatial perspective, there are 490 

still some cities in China with low levels of ER, which limits the role of TI in improving GTFEE. 491 
The following policy recommendations are made in response to these findings. Firstly, we 492 

should develop TI to enhance EE industriously, encourage cooperation between industry, 493 

universities and research institutes, and support research and development by enterprises and 494 

research institutes in clean production and ecological protection. Deepen the reform of the rigid 495 
system that hinders scientific and TI, improve supporting mechanisms and optimize the environment 496 

for scientific and TI. Secondly, the intensity of ERs should be increased to stimulate enterprises to 497 

carry out green TI, so as to realize the linkage between TI and ERs. In areas with higher ERs focus 498 
on promoting TI, while in areas with lower ERs, such as cities like Weihai, Wenzhou, Nanchong, 499 

Putian, Taizhou, Bazhong, Kunming and Fuzhou, ERs should be further strengthened to focus on 500 

promoting green-biased TI. Third, gradually realize the green sustainable high-quality development 501 

mode to replace the traditional extensive development mode. Further expand the scope of R&D and 502 
promotion of green technologies change, promote high energy consumption industries’ 503 

transformation, accelerate industrial upgrading, and realize rational energy use. The introduction of 504 

foreign-funded enterprises should combine with the local ER level, focus on high-tech industry, 505 
improve the absorption capacity of advanced technology, and prevent pollution paradise effect. 506 

 507 
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Figures

Figure 1

GTFEE of China in 2004 and 2016 Note: The designations employed and the presentation of the material
on this map do not imply the expression of any opinion whatsoever on the part of Research Square
concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 2



The transition mechanisms of the threshold effect of TP on GTFEE

Figure 3

Number of cities with ER greater/less than the threshold.



Figure 4

Numbers of years in which ER was greater than the threshold in the cities which less than 8 from 2004 to
2016.


