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Abstract: In eastern China, where air pollution is severe and government regulations are being
tightened, green economic development has become the government’s goal. This paper makes an
improvement in the measurement of the Green Total Factor Productivity (GTFP) index, and an intensity
measure method reciprocal of the ratio of air pollutant emissions to the GDP is adopted to estimate
the level of air pollution regulation. Applying an air pollution monitoring data sample of 87 cities
in eastern China, empirically tests the relationship between air pollution regulation, technological
investment, and green economic growth. The positive influence of air pollution regulation on GTFP
in the Beijing-Tianjin-Hebei region is higher than that in the Yangtze River Delta region. Therefore,
improving the coordinated monitoring mechanism of environment and economic development can
achieve co-benefits. Technological investment can promote the improvement of GTFP, but it could
have a negative impact on green technology progress in the Beijing-Tianjin-Hebei region. The output
efficiency of technological investment should be improved. Technological investment has a positive
influence on green technology efficiency and green technology progress in the Yangtze River Delta.
The robustness test suggests that the influence direction and significance of the core variables were
unchanged, which supports the research conclusion.

Keywords: air pollution regulation; technological investment; green total factor productivity;
sustainable development

1. Introduction

The global economy is highly integrated, and global value chain production mode is increasingly
prevalent. In China’s participation in the global vertical specialization of production, along with
sustained and rapid growth of the domestic economy, the extensive industries with high energy
consumption and pollution, and low added value are growing too fast [1]. Growing problems include
the consumption of petrochemical energy growing continuously, the supply of resources being tight,
environmental damage and air pollution increasing in severity, and increasing dependence on foreign
markets for energy, minerals, and other raw materials [2]. In 2018, fossil energy consumption accounted
for about 80% of China’s total energy consumption, significantly surpassing that of the United States
and ranking first in the world. Renewable energy accounted for 14.3% of China’s primary energy
supply and only about 20% of its consumption [3]. The supply of nuclear power, hydropower, and other
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renewable energy is too low, making air pollution more and more serious and the necessity of green,
sustainable economic development in China increasingly urgent.

China has recently given more focus on environmental protection and has gradually improved
the legislation of environmental protection and air pollution monitoring system. While the increasing
intensity of environmental regulation plays a certain role in reducing environmental pollution, scientific
and technological innovation indispensably provide a sustained impetus for energy conservation,
emission reduction, and green economic development. It is an important guarantee for the green,
sustainable development of China’s economy to improve resource use efficiency and cleanliness
through scientific and technological innovation and to solve the environmental pollution and damage
caused by industrial development.

Air pollution monitoring data is used as the basis for objective assessment of the environmental
quality, reflecting the effect of pollution control, and implementing environmental management and
decision-making, and its role in environmental governance and economic green development is
increasingly important. Due to that environmental pollution has negative externalities, the government
will regulate the environment of production and operation activities. Environmental regulations can
effectively correct system failures and promote the efficient allocation of environmental resources, which
will trigger technological innovation effects and improvements in production processes and technologies,
reduce the intensity of pollution emissions, increase production efficiency, and slow or offset the
increased environmental costs of environmental regulations [4–6]. Recently, China has strengthened
environmental governance and established a relatively complete and real-time ecological environment
monitoring network, which is responsible for the management and operation of environmental
monitoring in air and ecology, effectively promoting green economic development [7–9]. Regarding
the relationship between technology and environmental regulation, the environmental regulation
of a certain region can regulate the relationships among local green credit, green technological
innovation, and economic growth. At the same time, environmental regulations will inevitably
require the government to adjust some existing policies and regulations and formulate corresponding
incentive measures, such as green subsidies and preferential funding, which will undoubtedly stimulate
technological innovation. Environmental regulations will also reduce the launch of high-energy and
high-pollution projects and, in turn, increase the supply of green innovation projects, triggering
advanced industrial structures and low-carbon energy consumption, which promotes the growth of
GTFP. However, due to differences in geospatial heterogeneity, the role of environmental regulation
in technological innovation may also be undefined [10–12]. Studies in South Korea show that the
environmental regulations had barely influenced the economic growth from 1980 to the mid-1990s.
For countries where environmental regulations are relatively weak, the pollution industries often have
relatively strong investments [13,14]. The regulatory stringency can increase the R&D investment in
Japan. Furthermore, the R&D investment can stimulate the increase of total factor productivity (TFP) [15].
Environmental regulations have a positive impact on the development of the technological change [16].
Using detailed production data of America, Greenstone et al. suggest that air quality regulations
can influence the manufacturing plants’ TFP levels [17]. Das et al. suggest that environmental and
technological policy can improve the level of TFP in the US [18]. By increasing the investment related to
science and technology, strengthening research and development (R&D) of energy-saving and emission
reduction technologies and new energy technologies, and introducing energy-saving and environmental
protection technologies, can reduce emissions of pollutants such as industrial waste gas, which is
conducive to environmental governance and economic green growth [19–21]. As important engines that
drive economic growth and productivity changes, inputting science and technology is an important part
of the competition strategy of enterprises, industries, and even the country, which profoundly affects the
economic and social development situation. The investment related to science and technology can also
have a spillover effect on economic development, social development, and the ecological environment
by affecting capital, manpower, and technology, promoting high-quality economic development.
Increasing investment related to science and technology will help ameliorate the ability of enterprises
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to innovate independently, promote the energy conservation and emission reduction for industrial
enterprises, and improve the green production efficiency of industrial products, which will significantly
promote the level of regional green development [22–24]. There is a significant negative correlation
among renewable energy consumption, R&D expenditure, and carbon emission [25]. Intellectual
property has an incentive effect on technological innovation, and energy technological innovation
plays an important role in the low-carbon green economy, which can accelerate the flow of knowledge
and technology in various fields, promote innovation and sharing, and promote labor productivity
and greenness [26–28]. Green technology innovation can promote environmental governance and
sustained economic growth. Technological progress is the main driving force for reducing carbon
emissions [29,30]. Foreign direct investment will help reduce the cost of introducing advanced
technology in China, promote the flow and application of advanced technology in China, bring a
technology spillover effect. The cross-border flow of factors has optimized the efficiency of resource
allocation, which has significantly stimulated the rapid development of China’s economy. Considering
the high environmental pollution costs, developed countries will transfer some pollution-intensive
enterprises to developing countries with loose environmental regulations to reduce the cost of pollution
control. However, the induced technical change is likely to change the pollution haven effect [31].
The advanced technology and technology spillover brought by foreign direct investment can ameliorate
the utilization level of energy and resources and the cleanliness of production through a demonstration
effect and correlation effect [32]. A competition effect can stimulate the host country’s enterprise,
increasing R&D investment, improve the level of clean technology innovation, and reduce energy
consumption and pollutant emissions. Some scholars also think that the level of environmental
regulation in developing countries is low, and the investment of developed countries has a significant
effect on the environmental pollution of host countries, which is not conducive to the promotion of
green total factor productivity nor will it improve the efficiency and level of green technology. In order
to enhance their competitiveness in attracting foreign investment, developing countries reduce the level
of environmental regulation to introduce some pollution-intensive industries and low-tech industries
will increase environmental pollution and hinder the improvement of GTFP [33,34]. The impact
of GTFP in the host country is influenced by elements such as the environmental regulation level,
financial development level, investment level, innovation heterogeneity, etc., which has uncertainty
and time-varying effect. Investment in fixed assets is an important public good for stable economic
development and plays a role in improving transportation logistics, human capital, and the ecological
environment [35,36]. The optimal investment in fixed assets of the energy industry not only reduces
the cost of the energy industry, but it also avoids the environmental deterioration caused by excessive
investment [37]. Investment in environmental technology has a significant positive influence on the
total factor productivity of enterprises. The green transformation and development of the economy are
also inseparable from large-scale infrastructure construction, but the environmental pressure brought
by the construction process and the negative effects of resource mismatch and low returns caused
by excessive investment are not conducive to the development of green economy [38,39]. Financial
development affects the rational flow and optimal allocation of resources, improves the efficiency of
resource allocation and the productivity of green technologies, and directly promotes the improvement
of GTFP. The policies related to financial liberalization and openness, which can increase the levels
of R&D-related foreign direct investment, maybe lessen environmental degradation [40]. Financial
development will bring new entrants to some highly polluting industries, resulting in the negative
influence of financial development on the environment. There is uncertainty about the impact of
financial development on the environment and green economy [41,42]. The existing research literature
about air pollution under the background of environmental regulation as well as investment in science
and technology to study economic growth tend to focus on the influence of environmental regulation
of science and technology into single core variables. Under the demands of the development of green
ecological quality and environmental regulation, the investment related to science and technology
and the breakthrough of technical innovation and efficiency are very important for high-quality and
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economic development, the influence of the two variables should be focused on. The rapid development
of China’s economy and the serious air pollution are closely related to the substantial increase of
foreign direct investment with high energy consumption and pollution, and low value added after
the reform and opening up. While the influence of variables such as foreign direct investment should
also be emphasized, the existing literature has paid less attention to this issue. For the measurement
of economic development level, scholars often adopt the traditional total factor productivity index,
which does not include energy consumption, pollutant emission, or other environmental constraints
and cannot accurately measure the ecological benefits of economic development. Some literature
has incorporated environmental factors into the productivity analysis, mainly based on the data at
the provincial level, and calculated the directional distance function with radial and oriented data
envelopment analysis (DEA). However, when there is excessive input or insufficient output—that
is, there is non-zero slack—the radial DEA efficiency measure overestimates the efficiency of the
evaluation object, while the angular DEA efficiency measure ignores a certain aspect of input or output,
so the efficiency result is not accurate.

Research of this paper is based on the radial and the angle of the directional distance functions,
and it aims to construct a set of production possibilities for unintended output of environmental
pollution. An intensity measurement method was used to estimate the level of environmental regulation,
avoiding the bias caused by proxy variables, such as per capita Gross Domestic Product (GDP) and
operating costs of pollution control facilities. Considering the cumulative effects of technological
investment and foreign investment, the stock data is measured using the perpetual inventory method,
and price index deflators are processed. The differential impacts of the two important economic regions
(Beijing-Tianjin-Hebei and the Yangtze River Delta) were verified, the influencing factors of regional
differentiation were identified, and suggestions for green economic development were put forward
according to local conditions.

2. Air Pollution Monitoring in China

In last decade, the Ministry of Ecology and Environment of China established a dynamic
monitoring network of air pollution, actively promoted the key projects of air pollution cause and
treatment, coordinated treatment of greenhouse gases and pollutants, carried out various low-carbon
pilot demonstrations, and promoted the work related to adaptation to climate change. Yangtze River
ecological environment protection and restoration joint research center was established to promote the
construction of the early warning system for toxic and harmful gases in the National Chemical Industry
Park. China’s environmental dynamic monitoring network includes 1436 urban environmental air
quality monitoring points in 338 prefecture-level cities and above, which can provide real-time and
comprehensive data streams of air pollution and play a great role in strengthening environmental
governance. In order to grasp the situation and dynamic change of air pollution in China from the
micro-level, this paper reveals a study of the environmental governance based on the monitoring
streaming data of air pollution in China in 2016.

As can be seen from Figure 1 and Table 1, among 338 prefecture-level and above cities in China,
84 cities met the air quality standard, accounting for 24.9% of the total, an increase of 6.5 percentage
points over the previous year. Air quality in 254 cities exceeded standards, accounting for 75.1%.
The average number of excellent days in 338 cities was 78.8%, and the average number of days
exceeding the standard was 21.2%. In 338 cities, severe pollution occurred over 2464 days. The number
of days with particulate matter PM2.5 as the primary pollutant accounts for 80.3% with heavy pollution
or above, the number of days with PM10 as the primary pollutant accounts for 20.4%, and the number
of days with O3 as the primary pollutant accounts for 0.9%. The concentrations of PM2.5, PM10, O3,
SO2, NO2, and CO were 47, 82, 138, 22, 30, and 1.9 µg/m3, respectively. The ratio of days exceeding the
standard was 14.7%, 10.4%, 5.2%, less than 0.5%, 1.6%, and 0.4%, respectively. Compared with 2015,
the concentration of O3 and the proportion of days that exceeded the standard increased, while the
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concentration of the other five indicators and the proportion of days that exceeded the standard
decreased [43].Sustainability 2020, 12, x FOR PEER REVIEW 5 of 18 
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Figure 1. Proportion distribution of six air pollutants in 338 cities in different concentration ranges
in 2016.

Table 1. Interpretation of air quality-related indicators.

Indicators Interpretation

Ambient Air Quality Standards

The six pollutants participating in the evaluation all met the standards,
which means that the ambient air quality standards were met. PM2.5,

PM10, SO2, and NO2 were evaluated for compliance with annual
average concentrations, and O3 and CO were evaluated for compliance
with percentile concentrations specified in the Technical Specifications

for Ambient Air Quality Evaluation (Trial) (HJ 663-2013).

Excellent Days The days with an air quality index (AQI) between 0 and 100 are excellent
days, also known as the number of days that reached the standard.

Days Exceeding Standards

AQI greater than 100 are days exceeding the standard. Among them,
light pollution is between 101 and 150, moderate pollution is between

151 and 200, severe pollution is between 201 and 300, and serious
pollution is greater than 300.

Primary Pollutant When AQI is greater than 50, the pollutant related to the largest air
quality index shows the primary pollutant.

In 2016, the average excellent days ratio of 74 key regional cities and provincial capitals was 74.2%,
3.0 percentage points higher than that of the previous year. The number of days with PM2.5 as the
primary pollutant accounted for 57.5% of the total number of days exceeding the standard, the number
of days with O3 as the primary pollutant accounted for 30.8%, the number of days with PM10 as
the primary pollutant accounted for 10.5%, the number of days with NO2 as the primary pollutant
accounted for 1.6%, and the number of days with SO2 as the primary pollutant was less than 0.1%.
As can be seen from Table 2, Compared to the previous year, the concentration and the proportion of
days exceeding the standard of the other five indicators except O3 pollution source decreased.

In Beijing-Tianjin-Hebei region, the percentage of excellent days ranged from 35.8% to 78.7%,
with an average of 56.8%, an increase of 4.3 percentage points compared to 2015. The average number
of days exceeding the standard in the Beijing-Tianjin-Hebei region was 43.2%, of which light pollution
is 25.3%. In general, the air pollution situation has improved. The proportion of excellent days in nine
cities is between 50% and 80%, and the proportion of excellent days in four cities is less than 50%.
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Among the exceeding days, the days with O3 and PM2.5 as the primary pollutants accounted for 26.3%
and 63.1% of the total exceeding days, respectively. CO as the primary pollutant was less than 0.1%,
and no pollution days with SO2 as the primary pollutant occurred. In the Yangtze River Delta region,
the percentage of excellent days in the 25 cities ranged from 65.0% to 95.4%, with an average of 76.1%,
an increase of 4.0 percentage points from 2015, which is better than the environmental conditions of
Beijing-Tianjin-Hebei and surrounding areas. The average number of days exceeding the standard
in the Yangtze River Delta region was 23.9%, of which light pollution was 19.0%. The percentage of
excellent days in seven cities is between 80% and 100%, and the percentage of excellent days in 18
cities is between 50% and 80%. Among the exceeding days, the days with O3 and PM2.5 as the primary
pollutants accounted for 39.8% and 55.3% of the total exceeding days. There are no pollution days
with SO2 and CO as the primary pollutants [43].

Table 2. Changes in pollutant concentrations in the Beijing-Tianjin-Hebei region and the Yangtze River
Delta region in 2016.

Region Beijing-Tianjin-Hebei Region Yangtze River Delta Region

Index Concentration Annual Change % Concentration Annual Change %

PM2.5 71 −7.8 46 −13.2
PM10 119 −9.8 75 −9.6

O3 172 6.2 159 −2.5
SO2 31 −18.4 17 −19.0
NO2 49 −6.5 36 −2.7
CO 3.2 −13.5 1.5 0

3. Empirical Methods and Data Sources

3.1. Research Questions

Based on the analysis of microdata streams for air pollution monitoring, macro data streams for
annual air pollution monitoring from the provinces (municipalities) with more international industries
and more severe environmental pollution in China from 2007–2016 were adapted to test the relationship
between environmental regulations, technology investment, and green economic growth. It also
examines the impact of regional differences in the Beijing-Tianjin-Hebei region and the Yangtse River
Delta region.

3.2. Empirical Model Construction

In this study, GTFP and the green technology efficiency index, with the green technology progress
index based on it are taken as explained variables to conduct the empirical research. By combing and
analyzing the literature and impact mechanisms, we can know that the core influencing factors of
GTFP include the level of environmental regulations and the level of technological input, as well as the
level of foreign direct investment, the level of fixed asset investment, and the level of financial industry
services. Therefore, it was expanded according to the needs of the research, based on the theoretical
model [44]. Assuming the form of the production function is C−D, standard production functions
C−D can be extended to

Y = A(EG, KJ, FDI, GZ, FS, t)F(K, L) (1)

where Y denotes city output level, A denotes GTFP considering energy input and unexpected output,
EG denotes environmental regulations, KJ denotes development input, FDI denotes actual utilization
of foreign capital, GZ denotes the level of fixed assets investment, FS denotes the financial industry
service level, K denotes the capital factor input, and L indicates the labor factor input. In Equation (1),
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A(·) represents technological progress function in Helix’s neutral. Given its multiple combinations,
A(·) can be expressed as follows

A(EGit, KJit, FDIit, GZit, FSit) = Ai0eλitEGαi
it KJβi

it FDIγi
it GZδi

it FSεi
it . (2)

Putting (2) into (1) gives

Yit = Ai0EGαi
it KJβi

it FDIγi
it GZδi

it FSεi
it · FKit, Lit. (3)

where Ai0 indicates the initial production technology efficiency level, λ indicates exogenous production
technology change, α, β, γ, δ and ε indicate the elasticity coefficient of environmental regulation
intensity, technology investment, actual utilization of foreign investment level, fixed asset investment
level, and financial industry service level, respectively, while i indicates city, and t indicates time.

Dividing both sides of Equation (3) by F(Kit, Lit) to get the calculation formula of the GTFP:

GTFPit = Yit/F(Kit, Lit) = Ai0eλitEGαi
it KJβi

it FDIγi
it GZδi

it FSεi
it (4)

Equation (4) is expressed in a logarithmic form of the variables as follows:

lnGTFPit = lnAi0 + λit + αilnEGit + βilnKJit + γilnFDIit + δilnGZit + εilnFSit + θi + σit (5)

µit = θit + ϑit, θit indicates the city fixed effect, ϑit indicates the time fixed effect and σit indicates
a stochastic error.

3.3. Variable Selection and Data Source

3.3.1. Measurement and Data Interpretation of the Explained Variable

This paper refers to the production possibility set includes expected and undesired outputs [45]
and uses the Malmquist–Luenberger index based on the non-radial and non-angle slack based measure
(SBM) directional distance to calculate the GTFP in eastern cities and its decomposition of green
technology efficiency and technological progress index values. The calculation of the GTFP index
covers labor, capital, and energy inputs. At the same time, the increase in expected output and the
decrease in undesired output are integrated into the calculation of productivity indicators. This is
consistent with the overall tone of green ecology and high-quality development and can better measure
development level and quality. The GTFP index is the relative change rate of the index in the previous
year. Therefore, the cumulative and dynamic change value of the urban GTFP in each year is obtained
with the base period as 1.

The Malmquist–Luenberger index [45] from period t to t + 1 can be expressed as:

MLt+1
t = [

1 +
⇀

Dt
0

(
xt, yt, zt, gt

)
1 +

⇀

Dt
0(x

t+1, yt+1, zt+1, gt+1)

×

1 +
⇀

Dt+1
0

(
xt, yt, zt, gt

)
1 +

⇀

Dt+1
0 (xt+1, yt+1, zt+1, gt+1)

]
1
2 (6)

MECt+1
t =

1 +
⇀

Dt
0

(
xt, yt, zt, gt

)
1 +

⇀

Dt+1
0 (xt+1, yt+1, zt+1, gt+1)

(7)

MTCt+1
t = [

1 +
⇀

Dt+1
0

(
xt, yt, zt, gt

)
1 +

⇀

Dt
0(x

t, yt, zt, gt)

×

1 +
⇀

Dt+1
0

(
xt+1, yt+1, zt+1, gt+1

)
1 +

⇀

Dt
0(x

t+1, yt+1, zt+1, gt+1)

]
1
2 (8)
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where
⇀
D is the directional distance function, while xt, yt, zt and gt are the input index, expected output,

and undesired output, respectively.
MLt+1

t = MECt+1
t ×MTCt+1

t , MECt+1
t represents the efficiency of green technology. It measures

the extent to which each decision-making unit catches up with the boundary of production possibility
from t to t + 1, and characterizes the output growth stimulated by the change in internal efficiency,
that is, the “catching-up effect.”, and greater than 1 means that the efficiency of green technology in
period t+1 is improved compared with that in period t. MTCt+1

t measures the degree of approach of
each decision-making unit from t to t + 1 to the optimal production frontier. It represents the increase
in output caused by technological progress, and greater than 1 indicates green technological progress.

Reasonable selection and measurement of input indicators. Labor input: This indicator is
expressed by the number of employed people in each city. Capital input: Calculated using the
“perpetual inventory method,” Kit = Iit + (1− δit)Kit−1 where i is the city, t is the year, and K, I, and δ
represent the capital stock, investment amount, and depreciation rate, respectively. These deflate
to the capital stock of constant price with 2006 as the base period. The depreciation rate is set to
15% [46]. The price index is set to 0.5 multiply the producer price index plus 0.5 multiply the fixed asset
investment price index. The relevant data comes from the statistical yearbooks of various provinces
and cities over the years as well as the China City Statistical Yearbook. Reasonable selection and
measurement of output indicators. Expected output is urban GDP. This article selects the expression of
urban GDP and uses 2006 as the base period and the price index to eliminate the influence of price
factors. Unexpected output is sulfur dioxide emission and smoke emission. The data were obtained
from statistical yearbooks of various provinces and cities and the China City Statistical Yearbook over
the years.

3.3.2. Measurement and Data Interpretation of Explanatory Variables and Control Variables

The core explanatory variables are the intensity of environmental regulation and technological
input, and the control variables include foreign direct investment, fixed asset investment levels,
and financial industry service levels. Environmental regulation (EGit) measures can generally
be measured by finding proxy variables, such as per capita GDP, pollution control facility costs,
and pollutant emissions per unit of output. Taking into account the scientific nature of the indicator and
the availability of data, this article uses the reciprocal of the ratio of industrial sulfur dioxide emissions
and industrial smoke (dust) emissions to the GDP. The higher the indicator value, the stronger the
intensity of environmental regulations. Variable unit: %. Individual missing data on urban pollution
emissions are replaced with the average of the past two years. Scientific and technological investment
(KJit) is expressed by the scientific and technological expenditure in the general budget of local finance.
Variable unit: 100 million RMB. Since the cumulative effect and lag effect of technology investment
are obvious, the stock data are used for empirical analysis. KJit = KJit−1(1− σit) + KJit, KJit represents
the stock of science and technology investment in period t of city i, FDIit−1 represents the stock of
science and technology input in period t− 1 of city i, σit represents the depreciation rate for period t of
city i. Setting the depreciation rate directly to 15% [46]. In the stock of technology investment in the
base period, calculated as KJit = KJit/(g + δ), KJit represents the amount of science and technology
investment in period t of city i, g is the average annual growth rate of technology investment from 2007
to 2016, and δ is the depreciation rate. We have deflated the price index of technology investment and
set it to 0.5 multiply fixed asset investment price index plus 0.5 multiply industrial product ex-factory
price index.

Foreign direct investment (FDIit): Taking into account the obvious cumulative and lag effects of
foreign direct investment, the actual use of foreign capital in each city took years to measure. Variable
unit: Million dollar. The specific measurement method is the technology investment stock. Investment
level of fixed assets (GZit) is measured by the total investment in fixed assets in each city. Missing data
are replaced with the average of the past two years. Variable unit: 100 million RMB. Financial Industry
Service Level (FSit) is measured by the balance of financial institutions’ deposits at the end of each year.
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Variable unit: 100 million RMB. Missing data in individual cities are recursively processed using the
average annual growth rate of the past five years.

3.4. Empirical Ideas and Model Selection

In order to more accurately grasp the effect of environmental regulations and technological
investment on the growth of GTFP and its sources, this article analyzes the green technology efficiency
and the progress of green technology based on an empirical test of GTFP. The differences in
environmental quality observed in the Beijing-Tianjin-Hebei and Yangtze River Delta regions from
the microdata stream of air pollution monitoring based on the full sample inspection, empirical tests
were performed on the Beijing-Tianjin-Hebei and Yangtze River Delta regions. At the same time,
for the sake of reducing the effects of dimensional difference and heteroscedasticity, the variables
were logarithmicized.

To ensure that the estimation is valid and avoid false regression, the method of panel unit root
was employed to test the stationarity of each series. Table 3 shows the full sample and subregional
test results, all variables are stable except for LnFSit variables. After the first-order difference of
the variables is stable, the single integer order of the explanatory variables becomes lower than the
order of the explanatory variables. The p-value of cointegration test results is less than 0.01, so the
original hypothesis of “no cointegration relationship” can be strongly rejected at the level of 1%,
and the cointegration relationship is considered to exist. There is no “pseudo-regression” problem in
the regression equation constructed by variables. The variance expansion factor of the explanatory
variables is all within 10, there is no problem of multicollinearity. Stata 15.0 measurement software was
used to pass the F test, and the “individual effect model” was selected for estimation. The Hausman
test also rejected the null hypothesis of random effects, so a fixed effect model was used for regression
estimation research. The statistical description of variables in full sample regression is shown in Table 4.

Table 3. Unit root test of variables in empirical equation.

Full Sample Beijing-Tianjin-Hebei Region Yangtze River Delta Region

t-Value p>t t-Value p>t t-Value p>t

LnMLit −10.912 0.0000 −2.099 0.0000 −7.498 0.0000

LnEGit −9.312 0.0086 −3.540 0.0017 −8.228 0.0206
LnKJit −11.555 0.0002 −9.246 0.0003 −5.604 0.0006

LnFDIit −18.817 0.0000 −9.057 0.0000 −6.463 0.0001
LnGZit −27.808 0.0000 −8.688 0.0000 −19.625 0.0000

LnFSit
−9.613 0.3712 −1.908 0.1824 −5.072 0.5910
−18.811(D) 0.0000 −6.998 (D) 0.0051 −10.903 (D) 0.0001

Notes: D is for the first difference of the variable.

Table 4. Statistical description of variables in full sample regression.

Variable Mean Std. Dev. Min Max Observations

LnMLit 0.0988 0.2465 −1.6391 0.9945 870
LnEGit 5.6792 0.9266 1.8808 10.4219 870
LnKJit 13.8771 1.2184 10.0865 17.5757 870

LnFDIit 11.9273 1.5083 7.0423 15.8742 870
LnGZit 16.1110 0.9296 13.7358 18.6867 870
LnFSit 16.8748 1.1348 14.3342 20.9244 870

Notes: Considering that the description of variable statistics is the basic work, the description of variable statistics
in the analysis of Beijing-Tianjin-Hebei Region and Yangtze River Delta Region will not be listed due to the
limited space.
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4. Results and Discussion

4.1. Full Sample Results and Analysis

The results in Table 5 and Figure 2 show that the regression coefficient of environmental regulation
variables (LnEGit) is positive. Environmental regulation has a significantly positive influence on the
GTFP. Environment regulation has a greater influence on the progress of green technology (TC), and the
impact of green technology efficiency (EC) has not passed the significance tests. The implementation
of current environmental regulatory measures helps promote the adoption of advanced production
technologies and management systems. It can improve GTFP by promoting technological innovation,
improvements in production processes and technologies, and environmental regulations that are
necessary for green development. The effect of intensive green economic growth that promotes
continuous improvement in efficiency has not yet appeared. Investment related to science and
technology (LnKJit) can stimulate the improvement of GTFP. From the perspective of decomposing
sources, it has a significant influence on the improvement of green technology efficiency, but it has
a negative influence on the progress of green technology. The current increase in government-led
investment in science and technology has increased the efficiency of green technologies by affecting
the allocation efficiency of capital and technology elements, attracting talent pools, improving human
capital levels, and accelerating the sharing of knowledge and technology in various fields. Investment
in science and technology is relatively limited in enterprise technology R&D. The introduction of
talents and efficiency-improving scientific and technological funds have squeezed out the independent
research and innovation, introduction, and absorption of technology. The impact coefficient of foreign
direct investment (LnFDIit) is negative, and the negative impact on the progress of green technology is
higher than the efficiency of green technology. The sample cities are mainly regions with concentrated
foreign direct investment in the east. The foreign-invested industries in these regions are mainly
concentrated in the low value-added sectors of labor-intensive industries or capital-intensive industries
with high pollution and energy consumption and low added value. Industrial production in these
regions is concentrated in low value-added segments of global value chains. The pollution effect of
product production on the environment exceeds the effect of technological progress introduced by
foreign capital. It is urgent to ameliorate the quality of foreign investment and reduce the level of
environmental pollution. The negative impact of fixed asset investment (LnGZit) on green technology
efficiency is higher than the positive impact of green technology progress. Large-scale infrastructure-led
investments have played an active role in improving transportation logistics, human capital, and the
ecological environment. However, the negative effects of resource mismatch and low returns caused by
extensive overinvestment are not conducive to the development of the green economy. The financial
service (LnFSit) improves GTFP, which is reflected in the progress of green technology. It shows
that with the reform and opening up, domestic financial funds are becoming increasingly abundant,
and the service level of financial institutions is constantly improving, which affects the rational flow
of resources, optimizes the allocation, and improves the efficiency of resource allocation and green
technology productivity. In recent years, financial institutions, under the guidance of national green
ecological development policies, have selected investment companies in terms of credit access, pricing
ratings, and priority support. These institutions have guided green technology R&D, playing a positive
role in improving GTFP.
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Table 5. Environmental regulation, technology investment and GTFP dependent variables: LnML it,
LnEC it, LnTC it. (Full sample)

ML EC TC

LnEGit
0.0236*** 0.0035 0.0201*
(0.0143) (0.0086) (0.0126)

LnKJit
0.0853* 0.0941* −0.0088*
(0.0289) (0.0174) (0.0255)

LnFDIit
−0.0900* −0.0325** −0.0576*
(0.0225) (0.0135) (0.0198)

LnGZit
−0.0469* −0.1190* 0.0721*
(0.0315) (0.0190) (0.0278)

LnFSit
0.0879* −0.0504*** 0.1383*
(0.0562) (0.0338) (0.0495)

CONS
−0.8731* 1.8312 −2.7043*
(0.5145) (0.3097) (0.4535)

F-value 12.73* 12.60* 11.25*
p-value 0.0000 0.0000 0.0000

Hausman, Test 17.35* 40.63** 12.29*

Notes: *** p < 0.01; ** p < 0.05; * p < 0.1; The Numbers in brackets represent the standard deviation. EGit represents
the environmental regulation intensity of city i in phase t; KJit represents the scientific and technological investment
of city i in phase t; FDIit represents the foreign direct investment of city i in phase t; GZit represents the investment
of fixed assets of city i in phase t; FSit represents the financial industry service level of city i in phase t; ML represents
the efficiency of green technology; EC represents the green technology efficiency; TC represents the progress of
green technology.
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4.2. Beijing-Tianjin-Hebei and Yangtze River Delta Region Sample Results and Analysis

From the regional regression results in Table 6, Figures 3 and 4, the environmental regulation
(LnEGit) of the Beijing-Tianjin-Hebei region has a higher positive impact on the GTFP than that of the
Yangtze River Delta region. The intensity of environmental regulations in the capital region is greater,
and the effect is more obvious. Environmental regulation has a greater influence on the progress of
green technology, but the impact of green technology efficiency has not passed the significance test.
Due to a large number of highly polluting industrial enterprises in the Beijing-Tianjin–Hebei region
and a large number of iron and steel enterprises in Hebei, environmental pollution problems are
serious, and the ecological benefits of economic development are not high. In recent years, the state has
strengthened environmental regulations and the Beijing-Tianjin-Hebei region has borne the brunt of
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this. Its industrial structure has been continuously optimized and adjusted, making the growth effect on
GTFP more noticeable. The implementation of environmental regulatory measures in the two regions
has helped to promote the adoption of advanced production technologies and management systems.
While it can promote technological innovation and improve production processes and technologies,
it has no obvious effect on improving resource utilization and scale efficiencies.

Table 6. Environmental Regulation, Technology Investment, and Green Total Factor Productivity in the
Beijing-Tianjin-Hebei Region and the Yangtze River Delta Region.

Beijing-Tianjin-Hebei Region Yangtze River Delta Region

ML EC TC ML EC TC

LnEGit
0.0711* 0.0180 0.0530* 0.0566** 0.0185 0.0381***
(0.0154) (0.0137) (0.0163) (0.0280) (0.0159) (0.0230)

LnKJit
−0.0010* 0.1221* −0.1231** 0.1377** 0.0745** 0.0632*
(0.0417) (0.0371) (0.0440) (0.0548) (0.0311) (0.0450)

LnFDIit
0.0224* −0.0844** 0.1068** −0.1481* −0.0352*** −0.1129*
(0.0395) (0.0351) (0.0417) (0.0382) (0.0216) (0.0313)

LnGZit
−0.0890* 0.0405 −0.1296** −0.1653* −0.1801* 0.0147
(0.0574) (0.0510) (0.0605) (0.0639) (0.0362) (0.0524)

LnFSit
0.2523* −0.1311*** 0.3834* 0.0957* 0.0071*** 0.0887**
(0.0751) (0.0668) (0.0792) (0.1094) (0.0620) (0.0998)

CONS
−3.2770* 0.8050 −4.0819* 0.6331* 2.0456* −1.4125*
(0.7030) (0.6235) (0.7419) (0.9985) (0.5662) (0.8195)

F-value 11.36* 10.23* 6.91* 12.35* 9.39* 11.16*
p-value 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Hausman, Test 29.06* 9.54** 37.72* 23.34* 27.18* 8.82*

Notes: *** p < 0.01; ** p < 0.05; * p < 0.1. The Numbers in brackets represent the standard deviation.
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Figure 3. Coefficient value and significance of variables in Beijing-Tianjin-Hebei Region sample
regression. Notes: *** p < 0.01; ** p < 0.05; * p < 0.1
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Notes: *** p < 0.01; ** p < 0.05; * p < 0.1.

The investment in science and technology (LnKJit) has a positive effect on the improvement of green
technology efficiency in the Beijing-Tianjin-Hebei region and a negative impact on the improvement of
green technology progress, yet it has positive impacts on both green technology efficiency and progress
in the Yangtze River Delta. The Beijing-Tianjin-Hebei government’s fiscal-led technology investment
has played a role in attracting talent, improving human capital, accelerating the flow of knowledge
and technology between various fields, and promoting innovation and sharing. However, investment
has a squeeze-out effect on independent research and development. The government of the Yangtze
River Delta region has more abundant financial funds, higher investment in science and technology,
and a better R&D foundation. While improving the efficiency of green technology, it has also promoted
enterprise research and innovation, and significantly improved the level of green technology.

The impact coefficient of FDI (LnFDIit) on the Beijing-Tianjin-Hebei region is positive, improving
the level of green technology progress, but reducing green technology efficiency. The amount of foreign
investment in the region is relatively small and located in the economic circle of the capital. In recent
years, enterprises have paid more attention to the quality of foreign investment. The accumulation of
science, technology, and talent factors caused by the introduction of foreign capital has increased the
level of green technology, but the development methods of some industrial enterprises are still relatively
extensive, and green technology efficiency requires further improvement. The impact coefficient of the
Yangtze River Delta is negative, and the negative influence of FDI on green technology progress is
higher than that on green technology efficiency. There is a concentration of foreign direct investments,
labor-intensive industries, chemical industries, and other capital-intensive high-polluting industries in
the Yangtze River Delta. Although the structure of attracting foreign capital has been actively adjusted
in recent years due to the large number and large scale of foreign-funded enterprises, high-energy
consumption and high-polluting industries still produce significant air pollution, making it difficult to
increase GTFP in the short term.

The negative impact of fixed asset investment (LnGZit) on GTFP has been higher in the
Yangtze River Delta region than in the Beijing-Tianjin-Hebei region. The negative impact of the
Beijing-Tianjin-Hebei region mainly stems from green technology progress, while the Yangtze River
Delta region’s impact stems from green technology efficiency. Beijing-Tianjin-Hebei’s fixed-asset
investment failed to improve green enterprise technology after improving transportation logistics,
human capital, and the ecological environment. This shows that the problems of extensive
investment and repeated construction remain serious. The amount of fixed-asset investment in
the Yangtze River Delta region is relatively high, with relatively strong technological and R&D levels.
The technological advancement effect of investment is evident, but the economic development mode
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has remained relatively extensive. Investment efficiency is low, resources are mismatched, low returns,
and other problems still exist, and all of these factors are not conducive to green and high-quality
economic development.

The promotion effect of the financial service level (LnFSit) on GTFP in the Beijing-Tianjin-Hebei
region was higher than in the Yangtze River Delta, and the positive effect on green technology progress
is clear, yet the negative effect on green technology efficiency was also found in the Beijing-Tianjin-Hebei
region. Beijing and Tianjin, as municipalities directly under the Central Government and financial
centers, have relatively high levels of financial institution services. Under the constraints of ecological
economic development, financial service has a significant role in driving regional green technology
progress. The development level of the financial industry in the Yangtze River Delta region is
also relatively high, which plays a significant role in guiding the development of green enterprise
technologies and affects the rational flow of resources to optimize their allocation and improve GTFP.
However, the promotion effect was weaker than in the Beijing-Tianjin-Hebei region.

4.3. Robustness Test of Empirical Results

Robustness tests can be expanded generally by replacing the estimation method and variables.
If the difference between estimation results before and after the transformation is insignificant, then the
estimation results have strong robustness. As it is difficult to obtain data about variables related to
independent variables, the generalized least square method of panel data was selected with fixed
regression model estimation to re-estimate in order to test the robustness of the effects of environmental
regulation and technological investment on GTFP (Table 7). The robustness test indicates that although
the significance of individual variables has changed, the coefficient value of the model’s core explanatory
variables has changed insignificantly, indicating that the research conclusion of this paper has strong
robustness. The regression results of Beijing-Tianjin-Hebei region and the Yangtze River Delta region
are consistent with the panel fixed effect model, which shows that the final research conclusion is
reliable and stable.

Table 7. Environmental regulation, technology investment, and GTFP.

ML EC TC

LnEGit
0.0193* 0.0021 0.0160*
(0.0130) (0.0079) (0.0113)

LnKJit
0. 0135* 0.0328** −0.0203**
(0.0164) (0.0099) (0.0141)

LnFDIit
−0.0745** −0.0086*** −0.0654*
(0.0160) (0.0097) (0.0138)

LnGZit
−0.0005** -0.1066* 0.1087*
(0.0260) (0.0158) (0.0226)

LnFSit
0.0328* −0.0268*** 0.0643*
(0.0280) (0.0168) (0.0238)

CONS
10.0061* 0.4690* −1.8409*
(0.7494) (0.1662) (0.2361)

Wald 99.75* 64.50* 196.32*

Notes: *** p < 0.01; ** p < 0.05; * p < 0.1. The Numbers in brackets represent the standard deviation.

5. Conclusions and Recommendations

The establishment of an energy consumption air pollution monitoring network in China, providing
real-time and comprehensive air pollution data streams, has played a great role in strengthening
environmental governance. The Yangtze River Delta region is better than the Beijing-Tianjin-Hebei
region at air pollution environmental governance. Environment regulation has a significant positive
impact on GTFP. The positive effect of environmental regulation on GTFP in the Beijing-Tianjin-Hebei
region is higher than in the Yangtze River Delta region. Environmental regulation has a greater
influence on green technology progress than green technology efficiency. The increase in the intensity
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of environmental regulation improves the TFP of Japan, which has little impact on the economic
growth of South Korea and a negative impact on the United States. The differences in research
conclusions are mainly related to the time stage of the investigation, the regions involved and the
differences of TFP influencing factors in different countries. Science and technology investment can
promote GTFP and had a positive impact on green technology efficiency in the Beijing-Tianjin-Hebei
region. Such investment had a positive influence on green technology efficiency and green technology
progress in the Yangtze River Delta. Research on Japan, South Korea, and the United States also shows
that technology investment can promote TFP. The influence coefficient of the whole sample of FDI
variables was negative, and the negative influence of FDI was stronger on green technology progress
than on green technology efficiency. Fixed asset investment had a negative impact on GTFP and a
stronger negative impact on the Yangtze River Delta region than the Beijing-Tianjin-Hebei region.
The improvement of financial service levels has improved the GTFP, and the promotion effect was
more pronounced in the Beijing-Tianjin-Hebei region than in the Yangtze River Delta region. Based on
the analysis results of air pollution monitoring data, environmental regulations, and investment in
science and technology on the GTFP (combined with the current domestic environment, resource
constraints, and industrial development status), the following measures are recommended to improve
the effectiveness of air pollution control.

5.1. Improve the Coordinated Monitoring Mechanism of Air Environment and Economic Development to
Promote the Improvement of Environmental Governance

Under the rigid constraints of ecological development, air pollution detection networks
should be established and strengthened in key regions (such as the eastern provinces and cities,
the Beijing-Tianjin-Hebei region, and the Yangtze River Delta region), regional cooperation should be
strengthened, joint prevention and control should be achieved, regional green ecological development
awareness should be increased, green transformation and upgrading should be achieved, and an
ecological security guarantee system should be built. At the same time, the government must grasp
the strength and nodes of environmental regulation, especially in the context of increasing economic
uncertainty. Enterprises should be given sufficient time and space for green transformation and
development. Environmental regulations and policies should be tailored to local conditions and
conditions to avoid the negative impact of a “one size fits all” model of economic development.
Coordinated monitoring of air pollution and economic development should be realized, ensuring
green and sustainable economic development through scientific and reasonable coordinated measures.

5.2. Obtain Investment to Increase Green Technology R&D, Improve R&D Output Efficiency, and Ensure
Green and Sustainable Economic Development

The investment in science and technology has a promotion effect on GTFP It should appear
as a noun without the italic treatment of the formula. The government should give green science
and technology innovation projects that can promote industrial development preferential loans,
tax relief, patent protection, and other measures. Doing so will stimulate enthusiasm for enterprise
R&D, strengthen technological innovation, and promote green production efficiency. Considering
the negative impact of science and technology investment on the improvement of green technology
progress in the Beijing-Tianjin-Hebei region, it is necessary to establish an efficient R&D decision
support system, formulate scientific and reasonable R&D strategy, improve R&D output efficiency and
green technology levels, and ensure green and sustainable economic development.

5.3. Formulate Differentiated Investment Strategies to Improve Investment Effectiveness and Financial Services

Governments and enterprises should formulate differentiated investment strategies based on
regional advantages to promote green TFP growth. For regional central cities, such as Beijing and
Shanghai, the investment attraction industry should focus on business logistics, finance, science
and technology, cultural tourism, and other service industries, building an open platform around
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constructing high-end industries. Other regions should actively increase investment attraction
for strategic emerging industries and high value-added industries to reduce air pollution. Future
investment should focus on intensive and efficient investment in infrastructure and fixed assets that
are conducive to the improvement of the ecological environment. The government should take Beijing,
Shanghai, and other financial center cities as forerunners, guide the agglomeration of high-quality
financial factors, and improve the R&D of financial services and green ecological industry development.

5.4. Limitations and Suggestions for Future Research

There is still something to be improved in this paper, which is worthy of further study. Considering
the influence of regional spatial association of environmental regulation policy is more helpful for
policymaking. At present, the sample selection is mainly for the eastern cities of China. In the
future, it can be considered to add more cities in the central and western regions for comparative
analysis. Japan, South Korea and India have also widely participated in the division of value chain,
and there is a serious period of environmental pollution. The effects of their air pollution regulation
and technological investment on sustainable development of green economy are also worthy of study.
Through international comparison, more effective measures should be taken to accelerate China’s
sustainable development of green economy in the future.
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