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The spatial relationship between high-tech industrial agglomeration and urban ecological
efficiency has been a widespread concern. This study empirically analyzed the bidirectional
influence relationship between high-tech industrial agglomeration and urban ecological
efficiency and its spatial spillover effect by constructing a spatial simultaneous equation
model, and based on the classification of urban resource endowment, this paper studies
the heterogeneity of spatial spillover effects between high-tech industrial agglomeration
and urban ecological efficiency based on the sample data of 285 cities in China from 2004
to 2017. The empirical results reveal the following: first, there is a two-way promoting effect
between high-tech industrial agglomeration and urban ecological efficiency; second, there
is a significant spatial spillover effect of urban ecological efficiency, that is, the urban
ecological efficiency in this region is significantly positively correlated with the urban
ecological efficiency in neighboring regions; third, there is a significant difference in the
regional interaction between high-tech industry agglomeration and urban eco-efficiency,
that is, the urban eco-efficiency in the neighboring areas has a significant negative impact
on the regional high-tech industry agglomeration, while the high-tech industry
agglomeration in the neighboring areas has a negative but not significant impact on
the regional urban eco-efficiency; fourth, the spatial interaction spillover effects between
high-tech industrial agglomeration and urban ecological efficiency are heterogeneous in
terms of regional resources, and the results of regional interaction and spatial spillover
effects are better in the sample study.

Keywords: high-tech industry agglomeration, urban ecological efficiency, spatial spillover effect, regional
interaction, spatial simultaneous equation model

1 INTRODUCTION

Eco-efficiency not only plays an important role in the global climate but is also the key to facilitating
the transition from high-speed to high-quality economic development. However, high energy
consumption, high emission, high pollution, and other extensive development modes have not
been fundamentally changed, which has brought many environmental pollution and ecological
damage problems. With the increasingly sharp contradiction between economic development and
environmental resources, ecological efficiency problems have attracted wide attention from all
directions. The coordinated development of economic development and environmental resources is
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an important prerequisite for the construction of ecological
civilization. The essence of achieving high-quality economic
development lies in technological progress. It is of great
significance to promote the transformation of social
development mode through high-tech development and
replace the traditional high energy consumption and high
input production mode.

Ecological efficiency emphasizes the coordinated development
of the economy and environment and takes the minimum input
of resources and environment consumption as the core to achieve
the maximum economic and social benefits. Ecological efficiency
mainly reflects the impact of resources and environment on
economic activities, and ecological efficiency evaluations reflect
the regional ecological status and the level of input and output,
which is conducive to solving the problems of ecological
environment governance. Existing literature mainly focuses on
the research of ecological efficiency in micro-enterprises and
industries (Dyckhoff and Allen, 2001), and studies on regional
and urban ecological efficiency also have important value and
practical significance (Hur et al., 2004; Seppala et al., 2005). Due
to the differences in development modes and resource
endowments, the development of ecological efficiency between
different cities is not the same. Therefore, it is of great significance
to analyze the differences in urban ecological efficiency among
different regions.

Many scholars have researched the influencing factors of
ecological efficiency to alleviate the downward pressure of the
economy and environment. At present, the relevant literature on
the influencing factors of ecological efficiency mainly focuses on
the following aspects: first, the relationship between ecological
efficiency and technological innovation. Liu et al. (2019) used the
Boostrap regression model to analyze the influencing factors of
urban ecological efficiency and found that technological progress
was the main driving force for the improvement of urban
ecological efficiency in Henan Province. Song et al. (2020b)
found that pilot low-carbon city policies of China improve
urban ecological efficiency through technological innovation
paths. Technological progress improves energy efficiency and
thus reduces emissions, which can make up for the loss of
ecological efficiency to some extent, and also improves the
dynamic ecological efficiency of urban agglomeration (Li T.
et al, 2021b; Li Z. et al, 2021a). In addition, the public
budgets for energy RD&D also affect air pollution levels, and
the impact of technological innovation on eco-efficiency is
significantly positive at both national and regional levels
(Balsalobre et al., 2015; Yasmeen et al., 2020; Kassouri, 2022).
The second is the relationship between ecological efficiency and
industrial structure. Industrial structure has a positive effect on
ecological efficiency, and the sustainable development of the
ecosystem can be realized by transforming resource-intensive
industries into technology-intensive industries (Zhao et al., 2020).
Wang et al. (2020a) found that urban agglomeration development
is conducive to improving regional ecological efficiency. With the
improvement of the efficiency of urban agglomeration, the gap of
eco-efficiency between cities continues to expand, and industrial
structure and innovation intensity have a positive impact on eco-
efficiency (Xu and Wang, 2020). The third is the relationship

Urban Ecological Efficiency

between ecological efficiency and behavioral consciousness.
Zhang et al. (2020) consider that improving education levels
can enhance people’s awareness of environmental protection and
conservation, thus improving ecological efficiency. Population
agglomeration and economic development have a significant
negative impact on urban ecological efficiency, and the
development of higher education and medical services
significantly promote the improvement of urban ecological
efficiency (Zhang et al., 2020; Shen et al,, 2021; Si et al., 2021).
Financial behavior has a heterogeneous influence on total factor
green productivity and promotes coordinated development of the
economy and environment (Liu et al., 2020; Li Z. et al., 2021b; Li
Z. et al., 2021c). Financial development alleviates environmental
pressure through innovation and technology introduction (Haas
et al,, 2021; Sardo and Serrasqueiro, 2021; Wang M. et al., 2021;
Yao et al, 2021). Through literature review, it is found that
scholars have studied the influencing factors of ecological
efficiency from different perspectives, and technological
progress is closely related to ecological efficiency.
Technological progress reduces pollutant emission and energy
consumption through optimizing industrial structures.
Ecological efficiency varies across different locations and
timelines. Ecological efficiency and technological progress form
a certain degree of spatial differentiation and agglomeration.
There are some differences in resource endowment and
environmental conditions in different regions, which leads to
unbalanced economic development among regions, and also
leads to the spatial diversity and difference of urban ecological
efficiency among regions. There is a serious imbalance in
ecological efficiency between regions, and ecological efficiency
has an obvious spatial aggregation effect (Ma et al., 2018; Li, 2019;
Shi and Huang, 2019). Wang Z. et al. (2021) empirically analyzed
the spatial and temporal dynamic evolution of urban ecological
efficiency and its driving factors in the Yellow River Basin and
found that the overall spatial pattern of urban ecological
efficiency in the middle reaches was higher than that in the
upper and lower reaches. The spatial agglomeration of high-tech
industries has an impact on urban ecological efficiency. The
impact of industrial agglomeration on eco-efficiency is mainly
reflected in two aspects. On the one hand, with its own scale
effect, industrial agglomeration promotes the improvement of
energy efficiency through knowledge spillover and high-tech
diffusion, which is conducive to alleviating environmental
pressure (Liu J. et al, 2017). On the other hand, industrial
agglomeration is often accompanied by the expansion of city
scale and the increase of population density, which leads to the
increase in energy consumption and regional environmental
pollution (Liu S. et al.,, 2017). In the past, the one-way impact
of technological progress on ecological efficiency was mainly
studied, and there was a lack of literature on the relationship
between the two. Based on the above analysis, it is preliminarily
predicted that there is a bidirectional influence between high-tech
industrial agglomeration and urban ecological efficiency.
However,  ecological  efficiency = has  spatio-temporal
differentiation, and high-tech industries form agglomeration in
space. It is of practical significance to study the spatial impact and
spillover effect of high-tech industry agglomeration and urban
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ecological efficiency. The relationship between high-tech industry
agglomeration and urban ecological efficiency should be
empirically concluded through relevant models.

This paper focuses on the spatial spillover effects between
high-tech industrial agglomeration and urban ecological
efficiency. The marginal contribution is mainly as follows:
First, the interaction between high-tech industrial
agglomeration and urban ecological efficiency is studied.
Through the empirical test, there is a two-way promoting
effect between high-tech industrial agglomeration and urban
ecological efficiency. Second, the spatial
equation model combined with the three-stage least square
method is used to test the spillover effect between regions
under the geographical distance space matrix and economic-
geographical space weight respectively. Third,
considering the regional interaction between high-tech
industrial agglomeration and urban ecological efficiency, the
significant difference between them is studied. Fourth, all
samples are divided into resource-based cities and non-
resource-based cities according to different resource
endowments, and the heterogeneity of spatial interaction
spillover effect between high-tech industry agglomeration
and urban eco-efficiency is studied.

The rest of this paper is structured as follows: the second part is
the theoretical analysis part of the paper, and puts forward the
research hypothesis. The third part sets up the research model
and gives the calculation method of ecological efficiency. The
fourth part tests the interaction between high-tech industrial
agglomeration and urban ecological efficiency. The fifth part
further discusses the resource heterogeneity of different cities
and tests the stability of the results. The sixth part summarizes the
research conclusions and gives some enlightenment.

simultaneous

matrix

2 THEORETICAL ANALYSIS AND
RESEARCH HYPOTHESIS

2.1 Two-Way Influence Mechanism of
High-Tech Industrial Agglomeration and

Urban Ecological Efficiency

The agglomeration effect and innovation effect of high-tech
industry agglomeration have a certain influence on urban
ecological efficiency. Zeng and Zhao (2009) found that
manufacturing agglomeration mitigated the pollution effect,
which passed the test of a spatial economic model in two
countries and two sectors. Innovation promotes economic
development, agglomeration is conducive to knowledge
spillover, labor market sharing, and technology expansion.
Industrial agglomeration reduces environmental pollution and
improves energy efficiency through energy sharing. Yin and Guo
(2021) consider that high-tech industrial agglomeration improves
industrial productivity through scale effect and agglomeration
effect, promotes technological progress, and optimizes industrial
structure to protect the environment. As knowledge-intensive
and technology-intensive industries, high-tech industries form
clusters of talents and technologies with a high degree of

Urban Ecological Efficiency

agglomeration. The competition formed by agglomeration is
the main source of innovation, which is beneficial to the
enhancement of independent innovation ability within the
region. High-tech industry agglomeration promotes urban
ecological efficiency through the agglomeration effect and
innovation effect.

Urban eco-efficiency also has an impact on high-tech
industrial agglomeration. The improvement of urban
ecological efficiency means that the input of resources and
environmental factors has achieved greater social and
economic benefits. The ecological industry is the key to
realizing the green transformation, and the development of
ecological industry is beneficial to realize the coordinated
development of the economy, society, and environment. Song
and Zhou (2021) found that the establishment of national
eco-industrial parks promotes industrial agglomeration, and
the use of ecological processes to improve energy efficiency
and reduce pollution emissions has a long-term, though
delayed, impact. The improvement of ecological efficiency
promotes the development of a circular economy, which is
conducive to the upgrading of industrial structure and
sustainable development. Industrial agglomeration is a
kind of economic growth model, the improvement of
urban ecological efficiency can not only promote high-tech
industrial agglomeration by realizing the sustainable
development of the industry, but also promote the
development of the economy of high-tech
industry. Based on this, this paper puts forward the first
hypothesis.

circular

Hypothesis 1. There is a two-way promoting effect between high-
tech industrial agglomeration and urban ecological efficiency.

2.2 Spatial Spillover Effects of High-Tech
Industrial Agglomeration and Urban

Ecological Efficiency
While agglomeration promotes the technological progress of the
industrial chain within the region, its externality has a certain
influence on industrial agglomeration in surrounding areas.
There is a spatial spillover effect of urban ecological efficiency,
that is, the agglomeration of high-tech industries in neighboring
areas has an impact on the agglomeration of high-tech industries
in the region. Yin and Guo (2021) found that high-tech industrial
agglomeration promotes industrial agglomeration in adjacent
areas by forming innovative knowledge networks and
technology spillover. The agglomeration reflects the
convenience of space. The agglomeration of high-tech
industries plays a demonstration role to some extent through
the spillover of knowledge and technology and promotes the
agglomeration of high-tech industries between regions. At the
same time, inter-regional industrial agglomeration has the risk of
a crowding effect, which leads to the scramble for resources and
the negative spatial spillover effect of industrial agglomeration
through the “siphon effect.”

The development of urban ecological efficiency is uneven in
space, and there are great differences in urban ecological
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efficiency. There is a spatial spillover effect of urban ecological
efficiency, that is, the urban ecological efficiency in
neighboring areas has an impact on the regional urban
ecological efficiency. Chen et al. (2020) found that
industrial agglomeration and ecological efficiency both have
spatial spillover effects. The improvement of urban ecological
efficiency aims to realize the coordinated development of the
economy and environment. The development of ecological
efficiency in neighboring cities improves the ecological
efficiency of local cities through the demonstration effect.
However, environmental regulations between regions lead to
the transfer of polluting industries (D’Agostino, 2015; Wang S.
et al., 2021). Due to resource consumption and waste gas
emissions, the ecological efficiency of cities in neighboring
regions hinders the improvement of the ecological efficiency of
cities in the region, resulting in the phenomenon of “broken
cans.” The spatial spillover effect of high-tech industrial
agglomeration and urban ecological efficiency is affected by
many factors and shows complexity. Therefore, this paper
proposes the second hypothesis.

Hypothesis 2. Both high-tech industrial agglomeration and
urban ecological efficiency have a spatial spillover effect.

2.3 Regional Interaction Between
High-Tech Industrial Agglomeration and

Urban Ecological Efficiency

High-tech industry agglomeration and urban ecological
efficiency affect each other between regions. High-tech
industry agglomeration in neighboring regions has an
impact on the urban ecological efficiency of the region,
while the urban ecological efficiency in neighboring regions
has an impact on the local High-tech industry agglomeration.
Yin and Guo (2021) used the spatial Dubin model to
demonstrate the positive spatial correlation between high-
tech industrial agglomeration and industrial environmental
efficiency. Wang J. et al. (2019) found that technology spillover
effectively reduces pollutant emission intensity in neighboring
areas using the spatial Dubin model, while agglomeration
produces negative environmental effects on neighboring
areas through social and spatial networks. On the one hand,
the agglomeration of high-tech industries in neighboring areas
promotes the improvement of urban ecological efficiency
through technological diffusion and plays an exemplary role
when technological innovation breakthroughs are achieved in
neighboring areas. The local area can learn and imitate the
development of local high-tech industries through
information exchange, so as to improve urban ecological
efficiency. On the other hand, in the process of developing
high-tech industries, local cities actively introduce economic,
technological, and human resources from neighboring cities.
While promoting economic development, it brings serious
environmental pollution, which is not conducive to the
development of urban ecological efficiency. Urban ecological
efficiency in neighboring areas promotes the development of a
circular economy through pollution prevention and control

Urban Ecological Efficiency

and helps to promote the innovative development of high-tech
industries. The demand for innovation drives the formation of
cross-regional industrial agglomeration, and further enhances
the clustering degree of high-tech industries in this region and
neighboring regions. At the same time, ecological efficiency
and environmental regulation complement each other, and
environmental regulation has a direct driving influence on
ecological efficiency (Song et al, 2020a), environmental
regulation affects the regional environmental pollution level by
promoting the trans-regional transfer of polluting industries
(D’Agostino, 2015), the development of urban ecological
efficiency in neighboring areas inhibits the agglomeration of
high-tech industries in this region. Therefore, this paper
proposes the third hypothesis.

Hypothesis 3. There is a regional interaction between high-tech
industrial agglomeration and urban ecological efficiency.

2.4 Resource Heterogeneity of the
Interaction Between High-Tech Industrial
Agglomeration and Urban Ecological
Efficiency

The agglomeration degree of high-tech industries and urban
ecological efficiency is different due to the different modes of
industrial production and development among regions, as
well as the existence of factors such as different urban
locations and resources. Heterogeneity analysis mainly
studies the relationship between things from different
perspectives and various aspects and studies the
heterogeneous characteristics of influencing factors (Li T.
et al., 2021a; Li and Ma, 2021). Yu et al. (2018) found that
there was regional heterogeneity in ecological efficiency, so as
to study the dynamic impact of industrial agglomeration on
ecological efficiency. Chen et al. (2020) researched the urban
heterogeneity of the impact of industrial agglomeration on
ecological efficiency in eastern, central, and western China.
The impact of industrial agglomeration on ecological
efficiency shows obvious heterogeneity in the scale of
cities, so as to effectively improve the coordination
between economy and environment. Song et al. (2020b)
studied the impact of low-carbon city construction on
ecological efficiency in terms of urban heterogeneity. Ecological
efficiency is resource-dependent, and cities with a strong
dependence on resources are relatively low in ecological
efficiency, while cities with less dependence on resources are
relatively high in ecological efficiency. Considering the
difference in urban resource endowment, cities are divided into
resource-based cities and non-resource-based cities. The spatial
spillover effect and regional interaction effect of high-tech industry
agglomeration and urban ecological efficiency will show different
results in different types of city samples. Therefore, this paper
proposes the fourth hypothesis.

Hypothesis 4. Spatial spillover effect and regional interaction
between high-tech industrial agglomeration and urban ecological
efficiency are heterogeneous in terms of regional resources.
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3 RESEARCH MODEL AND METHOD
DESIGN

3.1 Spatial Simultaneous Equation Model
According to the above analysis, there is a spatial relationship
between high-tech industrial agglomeration and urban ecological
efficiency. Based on this, this paper adopts the spatial
simultaneous equation model and the generalized three-stage
spatial least square estimation method to empirically study the
spatial spillover effect and regional interaction between high-tech
industrial agglomeration and urban ecological efficiency, and to
verify the hypothesis mentioned above. The spatial simultaneous
equation model is as follows:

HTE; = a, + alz:* W HTE; +a, Z]“# W UEE; + a;UEE;

+aXie + Tit (1)
UEE; = f, + [slz;; W UEE; + ﬁzz; W HTE; + B,HTE;
+[3Zil + Vie (2)

In Egs 1, 2, HTE; and UEE; refer to the high-tech industry
agglomeration and urban ecological efficiency of city i in the ¢ year,
respectively; X;; and Zj, are the control variables affecting high-tech
industry agglomeration and urban ecological efficiency, respectively;
ap and f3, are constant terms; 7;; and y,, are the random error terms.
ap is the coefficient estimation of spatial spillover of high-tech
industry agglomeration in neighboring cities, representing the
intensity and direction of spatial spillover of high-tech industry
agglomeration; 3, is the coefficient estimation of spatial spillover of
ecological efficiency of neighboring cities, representing the intensity
and direction of spatial spillover of urban ecological efficiency. o,
and f3, represent the regional influence relationship between high-
tech industry agglomeration and urban ecological efficiency, a; tests
the intensity and direction of the impact of ecological efficiency of
neighboring cities on the agglomeration of high-tech industries in
the region, f3, tests the intensity and direction of the impact of high-
tech industrial agglomeration on the regional urban eco-efficiency.
a3 and f3; are used to test the endogenous relationship between high-
tech industry agglomeration and urban ecological efficiency. For
example, the positive or negative signs of the estimated value of a3
indicate the promoting or inhibiting effect of urban ecological
efficiency on the high-tech industry agglomeration in the region.

W represents the spatial weight matrix. Due to the uncertainty
and complexity of spatial spillover, the spatial weight matrix of
geographical distance (W) based on geographical factors and the
economic-geographic weight matrix (W) based on social-economic
factors are constructed respectively in this paper. W, directly
calculates a linear distance between each other according to the
longitude and latitude coordinates of each city, and takes its
reciprocal as weight after dimensionless processing of the linear
distance. W, is constructed according to .

W] = Wo X diag(YI/Y,YZ/Y, ...... Yn/Y) (3)

In Eq. 3,Y; and Y are the mean of per capita GDP of city i and
all cities in the research sample period, respectively. All the space
weight matrices are normalized.

Urban Ecological Efficiency

3.2 Measurement of Urban Ecological

Efficiency

The evaluation of ecological environment quality involves many
aspects of research, including ecological footprint in addition to
ecological efficiency (Kassouri, 2021). Ecological footprint mainly
refers to the impact of human activities on the ecosystem, and its
measurement indicators and data are huge and involve a wide range.
In this paper, urban ecological efficiency is studied to reflect the
quality of the ecological environment, and the relatively mature
research method of energy efficiency is used to analyze ecological
efficiency, that is, the total factor productivity method based on the
Malmquist index. The change of ecological efficiency is divided into
total factor productivity change and factor substitution change. The
change of total factor productivity is equivalent to technological
progress, and the replacement of factors depends more on the
change of relative prices among factors, which intuitively reflects
the impact on ecological efficiency.

Ecological efficiency emphasizes the coordinated
development of the economy and resources, and it is the
input-output efficiency that takes into account all kinds of
resource inputs and pays attention to economic output as well
as the undesired output of environmental pollution. This paper
uses the DEA-Malmquist index method to measure urban
ecological efficiency and take the environment into account
as an undesired output. DEA-Malmquist index method not
only considers labor, capital, and resource input, but also pays
attention to expected output and non-expected output, which
is the combination of data envelopment analysis method and
Malmquist index method.

3.2.1 Date Envelopment Analysis

The data envelopment analysis method is a non-parametric
estimation method to study multiple inputs and outputs. It
mainly evaluates and observes the dynamic change of subject
efficiency through a decision-making unit, which avoids the
interference of subjective factors, so as to effectively evaluate the
resource allocation efficiency (Shakouri et al., 2019). The BBC model
is adopted in this paper and its expression is as follows:

min|m - o(f{s” +f;5")] (4)

The constraints are

Z;‘lejtyj +v =X, 1=1,2,...,L (5)
k + n
Zj:lyjmyj—v =y", m=12...,M (6)
k
ijlyj =1 )
20, n=1,2,.. K (8)

In Eqs 4-6, x represents the input amount of decision-making
units (DMU), y represents the output of decision-making units,
is the comprehensive efficiency, k is the number of decision-
making units, y. is the weight variable, v~ and v* are the residual
variable and the slack variable, respectively. ¢ is an infinitely small
quantity, fI and fI are m and k dimension unit vectors,
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respectively. When 7 = 1, it indicates that the DMU evaluation
obtains the optimal comprehensive efficiency; 7 = 1 indicates that
the evaluation of DMU has not reached the optimal and is invalid.

3.2.2 Malmquist Index Method

The Malmquist index, or total factor productivity (TFP). This
index mainly studies the dynamic change process and analyzes
the dynamic efficiency change of DMUs from ¢ period to t + 1
period. The decomposition process of the Malmquist index
calculation is as follows:

Dt (X!H Y§+1) D§+1 (XFH yﬁl)

Mii !)F)F+1)F+1:‘ll’lxl i >7i 9

i+l (X1 Yo X »Yi ) V DI (X:)Y:) D;H (XI,YI) %)
Eq. 9 is the expression of total factor productivity. x! and y!

represent the input and output of the ith DMU in the t period,

respectively. D is the distance function.

D;H (XF-] R Y:H)
D} (x;,v)
D} (xi'h yi"!

D" (x}, y1)

i

t+1 t+l
i 27i )

D; (x},v1)
" \J’D‘” EXDM

t .t
M (X, 5 X

) (10)
=TP x TE

It can be seen from Eq. 10 that, assuming that return to scale
remains unchanged, from ¢ to t + 1, TFP is decomposed into
technological progress change index (T'P) and technical efficiency
change index (TE) based on the distance function.

Dtl+1 (X;+1>Y:+l)
D; (x},v})
y [ D (x;,v)
D™ (xi,y})

[ D; (xyi)
D3 (x,v})

t+1 L t+1

Miio (v %Ly =

Dt2+1 (X:Jrl , Y;H ) ]
D§+1 (x’iwl, Y:H)
D} (" yi™)

)

t+1 t+1 t+l
D (xi™, v}

(11)
=TP x PTE x SE

In Eq. 11, when returns to scale change, technical efficiency
change (TE) is decomposed into pure technical efficiency
change (PTE) and scale efficiency change (SE). When
Malmquist index is greater than 1, total factor productivity
increases; On the contrary, the index less than 1 indicates
that total factor productivity decreases, while the index equal
to 1 indicates that total factor productivity remains
unchanged.

4 METROLOGICAL TEST OF THE
INTERACTION BETWEEN HIGH-TECH
INDUSTRIAL AGGLOMERATION AND
URBAN ECOLOGICAL EFFICIENCY

4.1 Variables and Data

Urban ecological efficiency, this paper adopts the DEA-
Malmquist index method to measure urban ecological
efficiency. Labor, capital, energy, and land are taken as input
variables, and real GDP and emissions of “three wastes” are taken

Urban Ecological Efficiency

as expected output and unexpected output, respectively. Among
them, labor input is measured by the number of employees in units
of municipal districts at the end of the year; the perpetual inventory
method is used to estimate the capital stock, according to the
calculation formula: K;r = Kjr—1 (1 -68;7)+ L7, i and T are
cities and years, respectively. & is the economic depreciation rate,
I is the total fixed capital formation, the fixed capital in the initial
year divided by 10% represents the initial capital stock, and the
economic depreciation rate § is set at 9.6% (Zhang, 2008). Energy
input is measured by the total energy consumption of municipal
districts. Energy input is measured by the total energy consumption
of municipal districts. Due to the lack of urban energy data,
provincial energy intensity is considered to reverse urban energy
consumption, and the total energy consumption of each city is
calculated according to the energy consumption per unit output
value of each province. Land input is measured by the built-up area
of municipal districts. GDP was used to measure the expected output
of the city’s ecological efficiency, and the expected output was
measured by industrial wastewater emissions, industrial sulfur
dioxide emissions, and industrial dust emissions. The GDP data
was treated with a deflator. The input-output indicators selected in
this paper are shown in Table 1.

High-tech industry agglomeration, this paper selects the
employment density of high-tech industry to measure.
According to the calculation formula: HTE;; = L;/Sy, Ly is the
number of high-tech industry employment in city i at time ¢. Due
to the limited urban statistical data, this paper uses the number of
science and technology, technical services, and geological
exploration employees in the municipal district instead. S; is
the land area of the administrative area of city i at time ¢. The
larger the data value is, the higher the degree of high-tech
industrial agglomeration in city i is.

This paper selects a series of control variables that affect
high-tech industrial agglomeration and urban ecological
efficiency. Economic development level, measured by per
capita GDP of municipal districts, the city with better
economic conditions is more conducive to the inflow of
talents, which will improve the innovation level and
facilitate the agglomeration of high-tech industries. With
economic development, the increase of energy consumption
and emission inevitably brings environmental pollution and
affects ecological efficiency. Population density is measured by
the number of people per square kilometer of the municipal
district. An increasing population provides more labor and
brings environmental pressure. Upgrade of industrial
structure is measured by the proportion of the added value
of the secondary and tertiary industries in GDP. The
optimization and upgrading of industrial structure mean the
reduction of traditional production mode, and the
development of modern manufacturing and service industry
promotes the improvement of urban ecological efficiency.
Science and technology, expressed by the proportion of
science and technology expenditure in general government
expenditure, represents the impact of science and technology
on high-tech industrial agglomeration and urban ecological
efficiency. The high-tech industrial agglomeration and other
control variables selected in this paper are shown in Table 2.
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TABLE 1 | Input-output variables used to measure urban ecological efficiency.

Variable Abbreviation Unit
Input variables Labor input Lab Ten thousand people
Capital investment Cap Hundred million yuan
Energy input En Ten thousand tons of
coal
Land investment La Square kilometers
Expected output Economic value GDP hundred million yuan
Unexpected Environmental Wa Ten thousand tons
output pollution
Sd Ton
Se Ton

Urban Ecological Efficiency

Measurement Source

Number of employees per unit at China Urban Statistics Yearbooks
year-end
The capital stock

Energy consumption

China Urban Statistics Yearbooks
EPS database

China Urban Statistics Yearbooks
China Urban Statistics Yearbooks
China Urban Statistics Yearbooks

Built-up area of municipal district
Real GDP
Discharge of industrial wastewater

China Urban Statistics Yearbooks
China Urban Statistics Yearbooks

Industrial sulfur dioxide emissions
Industrial soot emission

TABLE 2 | High-tech industrial agglomeration and control variables.

Variable Abbreviation Unit Measurement Source

High-tech industrial HTE Ten thousand people/ Number of personnel engaged in science and technology, technical EPS database

agglomeration Square kilometers services, and geological exploration/Administrative area of land

Economic development EDI Ten thousand yuan per capita GDP China Urban Statistics

level Yearbooks

Population density PEP Ten thousand people/ Number of resident populations per unit of administrative area China Urban Statistics
Square kilometers Yearbooks

Upgrade of industrial IS % Proportion of added value of secondary and tertiary industries in GDP  China Urban Statistics

structure Yearbooks

Science and technology TEC % Expenditure on science and technology/General government EPS database

expenditure

The data samples of this study are 285 cities above the
prefecture-level in China from 2004 to 2017, and the time-
frequency of the data is set as annual. Unfortunately, the
“three wastes” emissions in the China city statistical yearbook
data are incomplete. In other words, the data of industrial
wastewater discharge, industrial sulfur dioxide discharge, and
industrial soot discharge published by the China Urban Statistical
Yearbook in the past 2 years are missing significant data. In order
to ensure the reliability of the research results, the sample data of
the study is finally up 2017. The data are mainly from the “China
Urban Statistical Yearbook” and EPS database. The fixed asset
investment data in 2017 are from the annual statistical bulletin of
each city, and some missing data are supplemented by the
interpolation method.

Descriptive statistics were made for the main research
variables according to the collected data, and the data
characteristics of the variables were analyzed. The results were
shown in Table 3.

As can be seen from Table 3, there is a great difference in the
degree of change among the variables. Table 3 describes the basic
characteristics of the data of 285 Cities in China from 2004 to
2017 and analyzes the variables through the mean value, standard
deviation, minimum value, and maximum value of the data.
According to the data of high-tech industry agglomeration, there
is a large gap between the maximum value of 51.619 and the
minimum value of 0.006, which indicates that there is a
significant hierarchical drop in the level of high-tech industry
agglomeration among regions. In terms of standard deviation,

TABLE 3 | Descriptive statistics of major variables.

Variable Obs Mean SD Min Max

Urban ecological efficiency 3,990 1495 0.664 0268 8.515
High-tech industrial agglomeration 3,990  1.122  3.495 0.006 51.619
Economic development level 3,990 3.65 3.043 0.103 30.498
population density 3,990 0.365 0.287 0.003 2.009
Upgrade of industrial structure 3,990 92.778 7.192 39.54 99.97
Science and technology 3,990 1.223 1.339 0.027 20.683

upgrading of industrial structure has the largest standard
deviation, followed by high-tech industrial agglomeration and
economic development level. The large standard deviation of the
upgrading of the industrial structure indicates that there are great
differences in economic development modes among cities. Due to
the differences in labor and resource endowment between
regions, high-tech industries are concentrated in major
regions, resulting in uneven economic development among cities.

4.2 Results and Empirical Analysis

Considering the spatial correlation between high-tech industrial
agglomeration and urban ecological efficiency, this paper uses the
spatial simultaneous equation model to test and analyze. The VIF
test values of variance inflation factors of all variables in this paper
are below 5 and close to 1, indicating that there is no serious
multicollinearity among explanatory variables. In order to solve
the endogenous problem of high-tech industrial agglomeration
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TABLE 4 | Results of full sample estimation.

Wo w;,
HTE UEE HTE UEE
W.HTE 0.8961 -0.0476 0.6032 -0.0879
(0.3421) (~0.3564) (1.3445) (~0.9410)
W.UEE —12.1412" 0.6391* ~3.9767* 0.5776™*
(-2.3827) (2.5569) (-2.7626) (2.5822)
HTE - 0.0525"* - 0.1289"
- (10.2611) - (5.1404)
UEE 19.0274™* - 7.0425"* -
(8.9680) - (4.4247) -
EDI ~1.5959*** 0.0839* -0.4962** 0.0725"*
(-7.5611) (19.7292) (-3.3294) (13.0210)
PEP ~3.4856* 0.1832" ~0.8674* 0.1318
(-4.2793) (5.2974) (~2.0300) (3.4095)
IS 0.1140" ~0.0060** 0.0552+* ~0.0076™*
(3.5625) (-3.8437) (4.0771) (~4.6896)
TEC 1.3164"* ~0.0691** 1.0666™* ~0.1396™*
(7.5975) (-6.9621) (15.7773) (-5.5331)
_cons ~15.2625* 0.8012* -8.4396** 11475
(~1.8708) (1.9480) (-3.9193) (3.4109)
N 3,990 3,990 3,990 3,990

t statistics in parentheses. *p < 0.1, *p < 0.05, **p < 0.017.

and urban ecological efficiency variables, generalized three-stage
spatial least squares (GS3SLS) were used to estimate. The
estimated results of all urban samples are shown in Table 4.

According to the empirical results in Table 4, based on the
estimation results of the geospatial weight matrix, high-tech
industrial agglomeration and urban ecological efficiency have a
two-way promotion effect, which verifies Hypothesis 1. The
impact coefficient of local city ecological efficiency on local
high-tech industrial agglomeration is 19.0274, and the impact
coefficient of local high-tech industrial agglomeration on local
city ecological efficiency is 0.0525, both of which pass the
significance level test of 1%. This finding is consistent with
previous research suggesting that technological innovation has
a positive impact on eco-efficiency (Wang D. et al., 2019). There is
an interactive effect between high-tech industry agglomeration
and urban ecological efficiency, that is, high-tech industry
agglomeration can promote the improvement of urban
ecological efficiency, and urban ecological efficiency can also
promote high-tech industry agglomeration, and the marginal
effect of urban ecological efficiency on high-tech industry
agglomeration is greater. Industrial agglomeration has strong
environmental  externalities, and enterprises in the
agglomeration area can reduce the cost of pollution reduction
of large-scale enterprises by sharing clean technology spillover
and professional pollution prevention facilities (Glaeser and
Kahn, 2010). By promoting the upgrading and optimization of
industrial structure, various regions can enhance industrial
competitiveness, promote the development of high-tech
industries and form certain agglomeration, so as to promote
the development of urban ecological efficiency.

There is a significant spatial spillover effect of urban eco-
efficiency, that is, the urban eco-efficiency in this region has a
significant positive correlation with the urban eco-efficiency in
neighboring regions, which verifies Hypothesis 2. The estimation

Urban Ecological Efficiency

results of spatial lag items show that the urban ecological
efficiency of the neighboring region has a significant
promotion effect on the urban ecological efficiency of the
region, while the influence coefficient of the high-tech
industrial agglomeration of the neighboring region is positive
but not significant. The spatial spillover effects between high-tech
industrial agglomeration and urban ecological efficiency are
basically consistent with the conclusions of related studies (Su
et al,, 2021). The inter-regional urban ecological efficiency has a
positive spillover effect, and the improvement of ecological
efficiency plays a demonstration role among cities, so as to
promote the development of urban ecological efficiency in
local and neighboring regions. Because of the siphon effect,
high-tech industrial agglomeration causes certain mobility of
human resources, and the promotion effect between regions is
not significant.

There is a significant difference in the regional interaction
between high-tech industry agglomeration and urban eco-
efficiency, that is, the impact of urban eco-efficiency in the
neighboring region on high-tech industry agglomeration is
significantly negative, while the impact of high-tech industry
agglomeration in the neighboring region on local urban eco-
efficiency is negative but not significant, which verifies
Hypothesis 3. The spatial lag item of urban ecological
efficiency is significantly negative to the estimation coefficient
of high-tech industrial agglomeration, while the spatial lag item of
high-tech industrial agglomeration is negative but not significant
to the estimation coefficient of urban ecological efficiency. Some
studies have found that there is a nonlinear relation between
industrial agglomeration and environmental pollution, including
inverted U shape (Yu et al., 2018; Chen et al., 2020). the increase
of industrial agglomeration in neighboring areascauses pressure
on local resources, and the rapid development of the industrial
economy cannot give consideration to environmental protection,
thus affecting the green development of the region. However, the
improvement of adjacent ecological efficiency will cause
downward pressure on the transfer of polluting industries,
which is not conducive to the agglomeration and development
of high-tech industries in this region.

Among the control variables, the impact of economic
development level on wurban ecological efficiency is
significantly positive. The improvement of the economic
development level means that the financing constraints of
urban innovation subjects are less, making it easier to apply
resources reasonably and effectively, thus increasing the stability
of urban ecological efficiency. The research on coordinated
development of economic growth and ecological efficiency is
consistent with the conclusion of this paper (Wang et al., 2020b).
The impact of economic development level on high-tech industry
agglomeration is significantly negative, which may be due to the
existence of unbalanced patterns such as resource mismatch,
which weakens the impact of economic development level on
high-tech industry agglomeration. Population density has a
significant positive impact on urban ecological efficiency, but a
significant negative impact on high-tech industry agglomeration.
The impact of industrial structure upgrading and science and
technology on urban ecological efficiency is significantly negative,
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TABLE 5 | Estimation results of cities by resource Endowment (geographical
distance spatial weight matrix).

Resource-based cities Non-resource-based

cities
HTE UEE HTE UEE
W.HTE 0.6999*** —-1.0864** 0.7912 -0.0617*
(3.2066) (-2.1628) (5.3779) (—-4.1233)
W.UEE -0.5760"* 0.9045*** —7.9540" 1.2090***
(—4.6092) (8.5759) (-2.3002) (13.4903)
HTE - 1.5876** — 0.0564***
— (9.6047) — (2.7373)
UEE 0.6299"** — 6.8250"* —
(12.0587) — (2.7046) -
EDI —0.0030 0.0050 -0.3112* 0.0615**
(-0.4717) (0.4169) (—1.6459) (7.3435)
PEP -0.0487 0.0765 -1.0268 0.2611**
(-1.5677) (1.6453) (-1.1847) (5.6590)
IS 0.0077*** -0.0124* 0.0597*** —0.0061***
(4.2205) (—4.0498) (3.1264) (-3.0032)
TEC -0.0016 0.0010 1.1366™* —0.0683***
_cons (-0.1574) (0.0629) (14.5130) (-3.1791)
-0.6622** 1.0712* -3.5833 0.0348
N (—2.4556) (2.0526) (-1.5260) (0.1530)
1,610 1,610 2,380 2,380

t statistics in parentheses. *p < 0.1, **p < 0.05, **p < 0.01.

but the impact on high-tech industrial agglomeration is
significantly positive. On the one hand, innovation and R&D
are conducive to the transfer of knowledge, and the growth of
regional innovation human resources and innovation efficiency
promotes the upgrading of industrial structure, which helps
optimize the high-tech industrial ecosystem by absorbing
richer resources to expand market potential and promote the
agglomeration of high-tech industries. On the other hand, in the
process of industrial upgrading, regional policies and resources
are inclined to other key industries and the unreasonable input of
factors affect the improvement of urban ecological efficiency.
The estimation results based on an economic-geospatial
weight matrix show that high-tech industrial agglomeration
and urban ecological efficiency are mutually reinforcing. The
estimated result of a spatial lag item of high-tech industrial
agglomeration shows that the influence coefficient of high-tech
industrial agglomeration in this region is 0.6032, which is smaller
than that of the geographical distance matrix, and the influence
coefficient of urban ecological efficiency in this region is —0.0879,
which is larger than the negative influence under geographical
distance space weight matrix. The small economic gap between
neighboring cities strengthens the competition effect and makes
the exploitation of resources more brutal. The estimation results
of the spatial lag item of urban eco-efficiency show that the
influence coefficient of high-tech industrial agglomeration in this
region is —3.9767, and the influence coefficient of urban eco-
efficiency in this region is 0.5776. The absolute values of the
estimated coefficients of both are smaller than the estimated
results under the weight matrix of geographical distance space.
Small economic gaps between neighboring cities promote
spillover effects of innovative technologies. The reduction of
industrial structure differences between regions weakens the

Urban Ecological Efficiency

TABLE 6 | Estimation results of cities by resource Endowment (economic-
geospatial weight matrix).

Resource-based cities Non-resource-based

cities
HTE UEE HTE UEE
W.HTE 0.5897* -1.2029** 0.4695** —0.0432
(1.9393) (—2.4658) (2.0203) (-0.7468)
W.UEE —0.4537* 0.8760** -1.7262 0.2892
(—2.2381) (2.9668) (—0.6375) (0.6014)
HTE — 1.6920"* — 0.1367**
— (8.7142) - (2.0083)
UEE 0.4949** — 3.8609** —
(8.2962) - (2.1418) -
EDI 0.0114 -0.0012 -0.1097 0.0490***
(0.6692) (-0.0404) (—0.8094) (3.6866)
PEP -0.0343 0.0747 0.0519 0.1428
(—1.0660) (1.4535) (0.0807) (1.4117)
IS 0.0074*** -0.0132*** 0.0470*** —0.0088***
(4.7905) (-8.8219) (8.0106) (-3.0912)
TEC 0.0111 -0.0132 1.1382"** -0.1581*
(1.0685) (-0.6386) (15.8260) (—2.0465)
_cons -0.6587* 1.2660* —7.8427* 1.6962**
(—2.2080) (0.1530) (-1.7632) (2.3934)
N 1,610 1,610 2,380 2,380

t statistics in parentheses. *p < 0.1, **p < 0.05, **p < 0.01.

inhibition effect of urban ecological efficiency in neighboring
regions on high-tech industrial agglomeration to some extent.

5. FURTHER DISCUSSION ON
HETEROGENEITY OF URBAN RESOURCES

5.1 Heterogeneity Analysis of Urban

Resources

To further analyze the heterogeneity of spatial impact between
high-tech industrial agglomeration and urban eco-efficiency,
based on the difference of resource endowment between
regions, the sample was divided into resource-based cities and
non-resource-based cities. According to the list of national
resource-based cities contained in “Notice of The State
Council on Printing and Distributing the Sustainable
Development Plan of National Resource-Based Cities (2013-
2020),” 115 resource-based cities and 170 non-resource-based
cities were identified. Tables 5, 6 show the estimation results of
resource-based cities and non-resource-based cities under two
different matrices, respectively.

According to the empirical results in Tables 5, 6, the spillover
effect of spatial interaction between high-tech industrial
agglomeration and urban ecological efficiency is heterogeneous
on regional resources, which verifies Hypothesis 4. Under the
weight matrix of geographical distance space, the estimated
coefficients of the impact of high-tech industrial agglomeration
on urban ecological efficiency in resource-based cities and non-
resource-based cities are 1.5876 and 0.0564 respectively, and the
impact coefficients of urban ecological efficiency on high-tech
industrial agglomeration are 0.6299 and 6.8250 respectively.
Cities with higher resource endowments have richer resource
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allocation. Accordingly, the more developed urban innovation
technology is, the greater the effective promotion effect on
ecological efficiency is. The influence coefficient of high-tech
industry agglomeration in neighboring areas is 0.6999 in
resource-based cities and 0.7912 in non-resource-based cities,
respectively. The spillover effect of high-tech industry
agglomeration in resource-based cities is better, and resource-
based cities have a better resource base, which is conducive to the
expansion of industrial scale. In resource-based cities and non-
resource-based cities, the influence coefficient of high-tech
industry agglomeration in adjacent areas is -1.0864 and
-0.0617 respectively, and the negative impact of high-tech
industry agglomeration in adjacent areas of resource-based
cities is greater. The impact coefficient of the urban eco-
efficiency in neighboring areas on the regional urban eco-
efficiency is 0.9045 in resource-based cities and 1.2090 in non-
resource-based cities, respectively. The eco-efficiency in non-
resource-based cities has a stronger spillover effect. In
resource-based cities and non-resource-based cities, the
influencing coefficient of eco-efficiency of adjacent areas on
local high-tech industrial agglomeration is —0.576 and -7.954,
respectively. Based on the study of resource-based cities and non-
resource-based cities, the empirical results of spatial spillover
effect and regional interaction between high-tech industrial
agglomeration and urban ecological efficiency are significant.
This indicates that among cities with small differences in
resource endowments, high-tech industries are more likely to
form agglomeration through technology and knowledge spillover,
play the driving role in industrial agglomeration, and promote
high-tech industrial agglomeration across regions. Eco-efficiency
promotes the green development of the urban economy between
regions through demonstration.

Under the economic-geospatial weight matrix, there is a
significant spatial spillover effect between high-tech industrial
agglomeration and urban ecological efficiency in resource-based
cities, and the regional interaction between high-tech industrial
agglomeration and urban ecological efficiency is significantly
positive. The spatial spillover of high-tech industrial
agglomeration in non-resource-based cities is significantly
positive, while the regional interaction between high-tech
industrial agglomeration and urban ecological efficiency is not
significant. Under the small economic gap among cities, the
interaction effect between resource-based cities is strong.
Therefore, when developing high-tech industries, resource-
based cities can not only form industrial agglomeration and
play the cooperation effect of regional industrial
agglomeration, but also improve urban ecological efficiency.

5.2 Robustness Test

In this paper, both the geographical distance space weight matrix
and the economic-geographic space weight matrix are used for
estimation. The estimation results under different spatial weight
matrices show that the direction and significance of the estimated
coefficients of each variable are basically the same, indicating that
the estimation results are robust to a certain extent. In order to
test the robustness of the estimation results, this paper selected
the method of changing the number of samples and removed the
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TABLE 7 | Robustness test.

Wo W,
HTE UEE HTE UEE
W.HTE 0.7605* -0.0842"* 0.7175"* -0.1307"*
(9.9555) (~4.0801) (4.2683) (-3.5677)
W.UEE —4.4248™ 1.0315"* -5.0410™ 0.9676"*
(-2.0912) (15.2218) (-3.7070) (6.4781)
HTE - 0.0948* - 0.1806*
— (3.3467) — (5.5550)
UEE 5.1199"* - 5.2694™* —
(2.9032) - (5.7726) -
EDI -0.2390* 0.0834™* -0.2607*** 0.0510"
(~1.6659) (9.8352) (-3.3139) (6.9172)
PEP -0.1110 0.1024* -0.1377 0.0333
(-0.2970) (2.5281) (-0.5192) (0.7084)
IS 0.0432** -0.0072"* 0.0452"* -0.0084™*
(3.0960) (~4.4658) (4.0606) (~4.4145)
TEC 0.9958"* -0.1007"* 1.0265" -0.1862"**
(17.8121) (-3.7459) (18.4379) (-5.8251)
_cons -5.1197 0.4643" -4.5139™ 0.8129"
(-7.2715) (2.4849) (-3.3672) (2.7261)
N 3,420 3,420 3,420 3,420

t statistics in parentheses. *p < 0.1, **p < 0.05, **p < 0.01.

sample data of 2004 and 2017 to re-estimate. The estimated
results are shown in Table 7.

According to the estimation results of the robustness test, the
coefficient symbols of the estimation results of the core variables
are consistent with those mentioned above, with only a small
difference in significance level. It indicates that there is a stable
spatial relationship between high-tech industrial agglomeration
and urban ecological efficiency, which means that the regression
results of this paper are robust.

6 CONCLUSION

Ecological efficiency is of great significance to the sustainable
economic development of a country or region. By constructing a
spatial simultaneous equation model and using the generalized
three-stage spatial least squares estimation method, this paper
examines the spatial spillovers and regional interactions of high-
tech industrial agglomeration and urban ecological efficiency in
285 cities above the prefecture-level in China and analyzes their
heterogeneity. The conclusions are as follows:

First, there is a two-way promoting effect between high-tech
industrial agglomeration and urban ecological efficiency. High-
tech industrial agglomeration and urban ecological efficiency
promote each other. High-tech industrial agglomeration
reduces emissions and environmental pollution through
innovative technologies and promotes the improvement of
urban ecological efficiency. Urban ecological efficiency
promotes the formation of innovation-oriented high-tech
industry agglomeration through incentives. Therefore, the
development of high-tech industry promotes the improvement
of ecological efficiency, which is of great significance to the
development of circular economy and other long-term
construction.
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Second, there is a significant spatial spillover effect of urban
eco-efficiency, that is, the urban eco-efficiency in this region has a
significant positive correlation with the urban eco-efficiency in
neighboring regions. The urban ecological efficiency of the
neighboring region promotes the improvement of the urban
ecological efficiency of the region through the spillover effect,
and the improvement of the urban ecological efficiency of the
neighboring region plays a demonstrative role, driving the
regional ecological efficiency to follow. The high technology
industry agglomeration forms a competition effect and there
also exists a siphon effect, and the spillover effect between
regions is not obvious.

Third, there is a significant difference in the interaction between
high-tech industrial agglomeration and urban ecological efficiency,
that is, the impact of urban ecological efficiency in neighboring
areas on local high-tech industry agglomeration is significantly
negative, while the impact of high-tech industry agglomeration in
neighboring areas on local urban ecological efficiency is negative
but not significant. The rapid development of economic industries
such as high-tech industries ignores the synchronous improvement
of ecological efficiency, while the construction of ecological
efficiency accelerates the transfer of polluting industries, which
is not conducive to the agglomeration of high-tech industries in the
surrounding areas.

Fourth, the spatial spillover effects of high-tech industrial
agglomeration and urban  ecological efficiency are
heterogeneous in terms of regional resources, and it is better
to study the regional interaction and spatial spillover effect by
sample analysis. The spatial spillover effect of high-tech industrial
agglomeration in resource-based cities is stronger than that in
non-resource-based cities, and resource-based cities have better
resource allocation, which is conducive to the spillover of
knowledge and technology. However, non-resource-based cities
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