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The integrated development of various industries in China is essential for
promoting long-term sustainable development and achieving carbon neutrality.
In this study, we analyze panel data from 30 Chinese provinces (excluding Tibet,
Hong Kong, Macao, and Taiwan) covering the period between 2005 and 2020
to investigate the impact of collaborative agglomeration between productive
service and manufacturing industries on green development e�ciency. We utilize
a mediation e�ect model to examine the role of technological innovation
in driving the relationship between industrial collaborative agglomeration
and regional green development e�ciency. Our findings reveal that the
collaborative agglomeration of the productive service and manufacturing
industries has a significant positive e�ect on improving regional green
development e�ciency. We also identify a non-linear relationship, indicating a
double threshold e�ect. Technological innovation plays an important role in
facilitating industrial collaborative agglomeration and promoting the e�ciency
of regional green development. Moreover, our results demonstrate significant
regional heterogeneity in the impact of industrial collaborative agglomeration
on regional green development e�ciency. Based on these findings, we
propose several policy recommendations to achieve high-quality regional
economic development, including improving the quality of industrial synergy and
agglomeration between regions, strengthening the intermediary promotion role
of technological innovation, and enhancing regional green productivity.

KEYWORDS

industrial collaborative agglomeration, technological innovation, green development
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1. Introduction

Green development is a crucial aspect of attaining high-quality economic

growth, emphasizing the need to focus on energy consumption, conservation and

emission reduction while promoting regional economic growth. To enhance the level

of regional green development, we must consider both economic and ecological

performance. Industrial agglomeration serves as a critical driving force for economic

development and has a significant impact on improving the ecological environment

(Peng et al., 2023). However, due to the continuous adjustment and upgrading of

industrial structures, traditional single specialized agglomerations are no longer
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effective in reflecting the differences between production and

intermediate products. We must consider not only the decline of

the production advantages of traditional manufacturing but also

increase the proportion of productive service industries, improve

technological innovation, and enhance enterprise adaptability to

external environments (Wood, 2006). Given the strong correlation

between productive service and manufacturing industries,

achieving coordinated development between them is crucial for

promoting the green development of the economy.

The Chinese government’s ambitious development goals of

peaking carbon emissions by 2030 and achieving carbon neutrality

by 2060 present significant challenges to the transformation and

development of traditional energy-intensive industries (Tian and

Sun, 2022). To achieve these goals, it is crucial to decrease

investment in high-emission and high-pollution projects while

increasing promotion of new energy projects. This strategy ensures

that relevant enterprises can improve their capability and level of

sustainable development (Wang et al., 2023). Traditional measures

of economic development efficiency focus primarily on capital

and labor factor input, whereas green development efficiency

emphasizes resource input and environmental cost, better reflecting

the potential for regional economic growth and green development

strength (Ge et al., 2023). Improving the efficiency of regional green

development and achieving high-quality economic growth require

greater exchange and integration among different industries

to provide a steady stream of impetus for regional economic

development. In fact, industrial collaborative agglomeration—a

special form of agglomeration economy that involves productive

service industry and manufacturing industry working together—

can effectively promote regional economic development and realize

dual development in energy-saving and emission reduction (Chen

et al., 2022).

The study aims to investigate how the synergistic agglomeration

of productive services and manufacturing affects the level

of regional green development and whether it can promote

the transformation of regional economies from traditional to

innovative growth models. Additionally, the research seeks to

identify the role of technological innovation in this impact.

Solving these problems is critical for promoting China’s industrial

restructuring and implementing the coordinated development

strategy. Therefore, this study aims to shed light on these issues and

provide practical insights for policy-makers.

2. Literature review

Industrial collaborative agglomeration was first proposed by

Ellison and Glaeser (1997) to refer to the spatial agglomeration

phenomenon of heterogeneous industries, and scholars have

conducted in-depth research on this aspect. And with the

development of specialization, the degree of interdependence

between productive services and manufacturing industries

has become increasingly close, gradually forming a mutually

complementary and mutually reinforcing coordination

relationship (Kelle, 2013; Liu et al., 2023).

Research on the efficiency of industrial collaborative

agglomeration and green development focuses primarily on

research methods, impact evaluation, and analysis of impact

mechanisms. The measurement of industrial collaborative

agglomeration includes various indices such as the E-G index, D-O

index, Colocalization index, γ index, and θ index. Ellison et al.

developed an industrial collaborative agglomeration index based

on the “target model” to better reflect differences in industrial

resources (Ellison and Glaeser, 1997). Duranton and Overman

(2005) improved the division idea of geographical concentration by

constructing the D-O index and then analyzed the agglomeration

trend of the manufacturing industry. Billings and Johnson (2016)

focused on industrial agglomeration within a single urban area,

analyzed its influencing factors by constructing a colocalization

index, and found that retail and consumer service industries were

less affected by externalities.

Related scholars have used China’s prefecture-level city panel

data to analyze the degree of industrial collaborative agglomeration

by constructing the γ index and θ index, confirming that industrial

collaborative agglomeration can effectively improve urban

production efficiency and industrial collaborative agglomeration

(Chen et al., 2020; Zheng et al., 2022). In terms of evaluating the

impact effect, researchers primarily focus on analyzing the impact

of industrial collaborative agglomeration on production efficiency.

Some scholars use the dynamic panel regression model to examine

the impact of productive service industry and manufacturing

agglomeration on manufacturing production efficiency, finding

that it plays a significant role in promoting manufacturing total

factor productivity (Dong et al., 2021). Other scholars have

analyzed the impact of industrial agglomeration at the city level on

air pollution and found an inverted “N” relationship between the

two (Hao et al., 2022). Furthermore, it is observed that industrial

agglomeration can reduce urban air pollution levels by influencing

environmental regulation, technological progress, and industrial

structure upgrading. Some scholars have also studied the impact

of industrial collaborative agglomeration on urban total factor

productivity and green innovation efficiency, finding a significant

positive facilitative effect between the two (Hong et al., 2020; Yuan

et al., 2020). In terms of the impact mechanism, some scholars

have used the threshold panel regression model to identify that

industrial agglomeration mainly affects regional environmental

pollution by improving the industrial structure and technological

innovation level. Others believe that the impact of industrial

agglomeration on the efficiency of urban green development has

both positive and negative externalities. Through these analyses

and studies, it is confirmed that industrial agglomeration can

significantly improve the level of green productivity and provide

insights for further research at a theoretical level (Lanoie et al.,

2008; Cieślik and Ghodsi, 2015; Xie et al., 2017).

Indeed, there are studies on the innovation effect generated

in the process of regional industrial collaborative agglomeration.

Researchers have analyzed knowledge exchange between different

industries in China and found that there are significant correlation

characteristics between cluster technology innovation and regional

industrial structure, which plays an important role in promoting

the improvement of regional technological innovation (Xu et al.,

2022a,b). Scholars have also examined the impact and mechanism

of industrial collaborative agglomeration on urban innovation from

the perspective of cities and found that it can promote urban

innovation by optimizing the allocation of innovation resources

and increasing market scale (Wu et al., 2019). Some researchers
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have also investigated the spatial effect of industrial collaborative

agglomeration on regional technological innovation from a spatial

perspective and identified differences in the level of industrial

collaborative agglomeration under different geographical locations.

While previous research primarily focused on single industrial

accumulation, the relationship between productive service

and manufacturing agglomeration and green development

requires further investigation. Since the concept of green

development was proposed, scholars have explained this concept,

its strategic significance, and its development mechanism (Zeng

and Zhao, 2009; Cuiyun and Chazhong, 2020). Therefore,

from the perspective of technological innovation, this study

integrates industrial collaborative agglomeration, technological

innovation, and green development efficiency into a unified

analysis framework, analyzing the impact mechanism of industrial

collaborative agglomeration on regional green development

efficiency to provide specific guidance for regional low-carbon

economic development.

Compared to previous studies, this paper provides the

following marginal contributions: Firstly, it integrates industrial

synergy, technological innovation, and regional green development

efficiency into a unified analysis framework. By analyzing the

mediating role of technological innovation, this paper can better

clarify the interaction among the three factors. Secondly, this

paper considers the nonlinear impact of industrial collaborative

agglomeration on regional green development efficiency and

examines whether there is a threshold effect. This approach

can provide a more comprehensive understanding of the

relationship between industrial collaborative agglomeration and

green development. Thirdly, this paper analyzes the heterogeneous

impact of industrial collaborative agglomeration on regional green

development efficiency. This aspect allows for the identification of

differences in impact across different regions, providing insights

that can be useful for policymakers.

3. Theoretical mechanism and
research hypothesis

3.1. The positive externality of industrial
collaborative agglomeration on the
e�ciency of green development

Industrial synergistic agglomeration reflects the spatial

proximity of enterprises in different industries due to different

complementarities and production needs. Its impact on regional

green development efficiency is mainly reflected in positive

externalities and negative externalities (Chertow et al., 2008).

Positive externality impact refers to the process of coordinated

agglomeration of productive service industry and manufacturing

industry, which promotes regional green development. On the one

hand, it produces a technology spillover effect through the exchange

and cooperation among different enterprises. This phenomenon

is conducive to the dissemination and spillover of knowledge

and technology among industrial agglomeration areas, helping

enterprises master advanced production technology and methods,

thereby reducing pollution control costs, improving regional

pollution control capabilities, and optimizing regional emission

reduction technologies (Appold, 1995).

On the other hand, coordinated agglomeration can create

economies of scale. It achieves centralized consumption of

resources in different regions, realizes centralized pollution control,

and forms a certain development scale by attracting enterprises

with similar economic activities to join. This process promotes the

sharing of capital, labor, and other factor resources, optimizes the

efficiency of resource element allocation, and provides a strong

guarantee for local development and services (Zhang et al., 2022).

Hypothesis 1: Industrial collaborative agglomeration can

exert positive externality effects, thereby promoting the

improvement of regional green development efficiency.

3.2. The negative externality impact of
industrial collaborative agglomeration on
the e�ciency of green development

The negative externalities caused by industrial collaborative

agglomeration mainly refer to the process of coordinated

agglomeration of productive service industries in the process

of regional green development efficiency. Firstly, there is the

market competition effect. The agglomeration of different

industries in the same region may lead to the accumulation of

a large number of production factors and not take advantage

of the rational allocation and development of resources in

other regions. On the other hand, it also leads to competitive

effects, forcing enterprises to continuously improve their

competitiveness and technological innovation level, to achieve

a virtuous cycle of regional development (Martinus et al.,

2020). Secondly, it creates a crowding effect. The agglomeration

between industries causes excessive consumption of resources

in agglomeration areas, increasing the emission of pollutants

from enterprises. This phenomenon is not conducive to the

proper management of the ecological environment and poses new

challenges to the green development of the regional economy

(Nie et al., 2021).

Hypothesis 2: Industrial collaborative agglomeration can

exert negative externality effects, thereby improving the

efficiency of regional green development.

3.3. The indirect mechanism of action
played by technological innovation

Relevant studies show that industrial collaborative

agglomeration integrates innovation factors and saves innovation

costs by generating knowledge and technology spillover effects

(Amiti, 2005). This integration provides a basis for improving

the regional technological innovation level. The intercorrelation

of inputs between different industries also helps to improve the

level of human capital, which in turn generates technological

innovation effects. The improvement of the technological
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innovation level promotes the synergistic agglomeration and

development of different industries through growth and

knowledge spillover effects, forming a mutually reinforcing

development situation (Yang et al., 2022). Therefore, the

coordinated agglomeration development of the productive

service industry and manufacturing industry not only directly

promotes the efficiency of regional green development but also

indirectly achieves regional green development by improving

the level of technological innovation (Angel, 2002). The role

of technological innovation in promoting regional green

development is mainly through the reform of production

technology of high-emission and high-pollution enterprises,

the improvement of clean production technology, the technical

reduction of negative impacts on environmental protection

in the process of enterprise development, the promotion of

regional technological progress, and the elimination of traditional

backward industries (Caniëls and Romijn, 2003). The process

of industrial collaborative agglomeration promoting regional

green development, by leveraging the effect of technological

innovation, optimizing the efficiency of resource allocation, and

ensuring the establishment of a circular economy system, will

have an important impact on the high-quality development of the

regional economy.

Hypothesis 3: In the process of promoting the efficiency

of regional green development, industrial collaborative

agglomeration may play an intermediary role in promoting

technological innovation.

3.4. The nonlinear impact of industrial
collaborative agglomeration on regional
green development e�ciency

Indeed, the improvement of the level of collaborative

agglomeration between the productive service industry and

the manufacturing industry requires a long-term development

stage. In the early stages of development, the green development

effect of technological progress may not be very significant

due to the large amount of capital required to invest in

innovative activities. However, with the continuous change

of technology, the positive impact of green technology innovation

will continue to strengthen. This phenomenon will attract the

input of high-end factors, realize the rational allocation of

factor resources, and help promote the long-term sustainable

development of regional green development efficiency. Therefore,

in the process of realizing relevant development, different

industries may have a non-linear relationship with regional

green development. This relationship will be affected by the

constraints of relevant factors (Shijie et al., 2021). It is essential

to recognize these complex relationships and understand

how they interact with each other to promote regional green

development efficiently. Only through coordinated efforts

and long-term planning can the full potential of industrial

collaborative agglomeration be realized and the goal of sustainable

development achieved.

Hypothesis 4: Industrial collaborative agglomeration may

have a non-linear relationship with regional green development

efficiency, that is, there is a threshold effect.

4. Model setting and data description

4.1. Model settings

4.1.1. Fixed-e�ect model
To verify the impact of industrial collaborative agglomeration

on regional green development efficiency, the following regression

model can be constructed:

Greenit = α0 + α1ICAit + α2Zit + µi + γt + δit (1)

Among them, Greenit represents the green development

efficiency of province i’s t-th year, ICAitrepresents the collaborative

agglomeration index of productive service industry and

manufacturing industry in province i’s t-th year, Zit is the set

of control variables, and µi represents the regional fixed effect, γt
represents the time fixed effect, δit is the random error term.

4.1.2. Mediation e�ect model
To investigate the influence mechanism of industrial

collaborative agglomeration on the efficiency of green

development, this paper adopts the mediation effect model

and treats technological innovation as an intermediate variable.

Based on the methods of previous research (Muller et al., 2005),

we first examine the influence of the core explanatory variables

on the dependent variable when no intermediary variables are

added. We then investigate whether the core explanatory variables

have a significant influence on technological innovation as an

intermediary variable. Finally, we put the core explanatory variables

and the technological innovation variable into the model at the

same time to compare their coefficients and determine the degree

of their respective contributions to explaining the variance in the

dependent variable. The specific model is constructed as follows:

tecit = β0 + β1ICAit + β2Zit + µi + γt + δit (2)

Greenit = λ0 + λ1ICAit + λ2tecit + λ3Zit + µi + γt + δit (3)

Among them, the tecit represents the level of technological

innovation in the t year of province i, and the meaning of the

remaining variables is consistent with the above.

4.1.3. Panel threshold model
To investigate the non-linear effect of industrial collaborative

agglomeration on regional green development efficiency, this

paper adopts the threshold regression model. The threshold

regression model can capture the non-linear relationship between

the independent variable and the dependent variable by dividing
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the sample into separate subgroups based on a specific threshold

value. Drawing on Hansen’s research method (Hansen, 1999), the

threshold regression model can be constructed as follows:

Yit = βixi + εiqi ≤ γ (4)

Yit = βixi + εiqi > γ (5)

Where β are regression parameters; q is the threshold variable;

r is the size of the threshold, if there are two or more thresholds,

the model structure must be expanded, this paper uses the double

threshold model to analyze, taking the industrial collaborative

agglomeration index as the threshold variable, the specific model

form is as follows:

lnGreenit = µi + β1I
(

ln ICAit ≤ γ1
)

+ β2I
(

γ1 < ln ICAit ≤ γ2
)

+β2I
(

ln ICAit > γ2
)

+ βn
∑4

k=1 Zi,k,t + εit (6)

Where i, t region and time, µi represent the eigenvalues of

the observation, I(.) As an indicative function, εit∼iidN(0,δ2) is

a random perturbation term, and other variables have the same

meaning as above.

4.2. Variable selection and data source

4.2.1. Variable selection
1. Variable to be explained: Green Development Efficiency

(Green). To measure the efficiency of regional green

development, this paper adopts the method of Zhang et al.

(2014) and selects capital (k), labor (l), and energy input (e).

The expected output is the level of economic development

(y), and the undesired output is the level of environmental

pollution (b). Capital investment is measured by the fixed

asset investment of the whole society (100 million yuan)

in the year, labor input is measured by the total number

of employees of the whole society (10,000 people) at the

end of the year, and energy input is measured by the

total energy consumption of the whole society (10,000 tons

of standard coal). The level of economic development is

measured by the per capita GDP (10,000 yuan), and the level

of environmental pollution is measured by the amount of

industrial wastewater, exhaust gas, and solid waste. Based on

the research methods of Lin and Guan (2023) and Lin and

Qiao (2023), the non-radial direction distance function of

all factors and the SBM-DEA model are used to measure

the efficiency of regional green development. The non-radial

direction distance function can handle both desirable and

undesirable outputs simultaneously, and it can effectively

measure the efficiency of regional green development. The

SBM-DEA model is a widely used method for evaluating

the relative efficiency of decision-making units (DMUs)

with multiple inputs and outputs. It can also be used to

identify the best-performing DMUs and provide insights into

potential areas for improvement. By using these methods to

measure the efficiency of regional green development, we

can obtain a comprehensive and objective assessment of the

level of economic growth and environmental protection in

a region. This analysis can provide a baseline for evaluating

the effectiveness of policies aimed at promoting sustainable

development and inform future policy decisions aimed at

improving the efficiency of regional green development.

2. Core explanatory variable: To calculate the Industrial

Collaborative Agglomeration Index (ICA), this paper refers

to the research methods of predecessors (Ding et al., 2022)

and mainly selects the relevant data of productive service

industries and manufacturing industries in 30 provinces,

municipalities (autonomous regions) in China from 2005

to 2020 as the basis of calculation. The specific calculation

formula is as follows:

ICAij =

[

1−

∣

∣LQmi − LQmj

∣

∣

LQmi + LQmj

]

+
[

LQmi + LQmj

]

(7)

Among them, LQmi and LQm,respectively, indicate

the regional entropy index of the i and j industries

in the i and j regions, and ICAij indicates the degree

of industrial collaborative agglomeration of i industry in

the j region.

3. Mediating variable: technological innovation (TEC). To

measure the level of technological innovation in each region,

this paper uses the number of patents granted as a proxy for

innovation output. The number of patents granted is a widely

used indicator of technological innovation and can provide

a quantitative measure of the level of innovation activity in

a region.

4. Control variables: level of openness (FDI), measured by the

ratio of foreign direct investment to GDP in each region;

Human resources (HR), measured by the ratio of the number

of students enrolled in regular colleges and universities in

each region to the total number of students in the region;

Government expenditure (GOV), measured by the ratio of

regional government expenditure to regional GDP; Level

of resource endowment (CAP), measured by the ratio of

fixed asset investment to labor force employed in each

region. The descriptive statistics for each variable are shown

in Table 1.

4.2.2. Data sources
This paper utilizes panel data from 30 provinces and cities

in China (excluding Tibet, Hong Kong, Macao, and Taiwan)

between 2005 and 2020, obtained from official sources such as

the China Statistical Yearbook, China Energy Statistical Yearbook,

China Environment Statistical Yearbook, and regional statistical

yearbooks. To ensure data accuracy and rationality, the following

data processing methods are employed: first, the interpolation

method is used to complete missing data, resulting in a complete

panel dataset; second, logarithms are applied to account for

dimensional differences between different sample data and large

variance fluctuations. Third, constant price treatment is applied to

the data related to the price index in the sample, using 2005 as the

base period.
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TABLE 1 Descriptive statistical results for each variable.

Variable Type Sample Mean Standard deviation Maximum Minimum

Green The variable being explained 480 0.936 0.377 1.752 0.930

ICA Explanatory variable 480 1.224 0.112 1.495 0.960

TEC Mediation variable 480 3.705 6.261 48.102 0.010

FDI Control variables 480 0.026 0.193 0.092 0.001

HR 480 0.151 0.099 0.624 0.030

GOV 480 0.035 0.042 0.725 0.005

CAP 480 0.526 0.836 1.236 0.002

TABLE 2 Results of industrial collaborative agglomeration on regional

green development e�ciency.

Variable lnGreen

(1) (2)

lnICA 0.165∗∗∗ (2.65) 0.024∗∗ (2.19)

lnFDI 0.325∗ (1.72)

lnHR 0.168∗∗ (2.16)

lnGOV 0.193∗ (1.85)

lnCAP −0.015∗ (−1.70)

Constant 1.235∗∗ (2.53) 2.085∗∗∗ (4.30)

Fixed time Yes Yes

Individual fixation Yes Yes

N 300 480

R2 0.0670 0.828

∗ , ∗∗ , ∗∗∗ representative significant levels of 10, 5, and 1%, respectively, and the values in

parentheses are t-values.

5. Analysis of empirical results

5.1. Benchmark regression analysis

Prior to conducting the benchmark regression, it is necessary

to address the issue of multicollinearity. After conducting a test

analysis, it was discovered that the variance expansion coefficient

of the variables is markedly lower than the value typically

required by experience, indicating an absence of multicollinearity

issues. Furthermore, this paper selects the fixed-effect model

for analyzing the impact of industrial synergy agglomeration on

regional green development efficiency, with the specific regression

results presented in Table 2.

Table 2 presents the regression results, indicating that

in column (1) without control variables, industrial synergy

agglomeration has a significantly positive effect on regional green

development efficiency at a 1% significance level. Even after adding

control variables in column (2), the regression coefficient of

green development efficiency remains significant. This suggests

that industrial synergy agglomeration can effectively facilitate

the integration of different factors and significantly enhance the

efficiency of regional green development during times of rapid

growth.

TABLE 3 Regression results for mediation e�ects model testing.

Variable (1) (2) (3)

lnGreen lntec lnGreen

lnTEC 0.048∗∗∗ (3.36)

lnICA 0.024∗∗ (2.19) 0.054∗∗ (2.33) 0.015∗∗∗ (3.43)

lnFDI 0.325∗ (1.72) 0.408∗ (1.85) 0.378∗ (1.79)

lnHR 0.168∗∗ (2.16) 0.285∗∗∗ (3.53) 0.098∗∗ (2.19)

lnGOV 0.193∗ (1.85) 0.813∗∗ (2.22) 0.738∗∗ (2.13)

lnCAP −0.015∗ (−1.70) −0.064∗∗ (−2.18) −0.036∗∗ (−2.35)

Constant 2.085∗∗∗ (4.30) 1.237∗∗ (2.29) 4.792∗∗∗ (3.67)

N 480 480 480

R2 0.828 0.715 0.802

∗ , ∗∗ , ∗∗∗ representative significant levels of 10, 5, and 1%, respectively, and the values in

parentheses are t-values.

5.2. Mediation e�ect estimation results

This paper employs the mediation effect model to empirically

examine the impact of industrial synergy agglomeration on regional

green development efficiency, as well as the role of technological

innovation as an intermediary. The regression results of this

analysis are presented in Table 3.

Table 3 displays the regression results of the impact of

collaborative agglomeration between the productive service

industry and manufacturing industry on regional green

development efficiency, with technological innovation serving as

the mediating variable. Model (1) focuses on the effect of industrial

synergy agglomeration on green development efficiency. It is

observed that an increase in industrial synergy agglomeration

significantly promotes regional green development at a 5%

significance level. This can be attributed to the fact that an

improved industrial agglomeration level fosters closer cooperation

and exchange among enterprises, leading to enhanced resource

utilization efficiency and factor productivity, while also promoting

technological spillover effects between industries and facilitating

the adoption of green production technologies by firms.

In addition, an improved industrial agglomeration level also

facilitates the internalization of pollutant emissions, reduces

regional resource consumption levels, and promotes regional green

development. Model (2) examines the impact of technological
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innovation on regional green development efficiency, which is

significantly positive at a 5% level, indicating that technological

innovation can serve as an effective intermediary variable. Model

(3) incorporates both industrial synergy agglomeration and

technological innovation into the regression model, revealing that

the role of industrial synergy agglomeration in promoting green

development efficiency is significantly strengthened. This provides

further evidence supporting the hypothesis that technological

innovation plays a mediating role in the process of industrial

synergy agglomeration on regional green development efficiency.

The impact of the degree of opening up on regional

green development efficiency was found to be positive, but

not statistically significant. This may be attributed to the

insufficient absorption and transformation capacity of foreign

enterprises, leading to a less notable promotion of green

development efficiency. On the other hand, the impact of

human capital on green development efficiency was significantly

positive. Effective accumulation of human capital and rational

allocation of capital structure can optimize and adjust inter-

industrial structures, transforming low-end and high-pollution

industries into high-tech industries with lower energy consumption

and pollution levels, hence promoting green development.

Moreover, the impact of government fiscal expenditure on

regional green development efficiency was also found to be

significantly positive, indicating that increased fiscal expenditure

can facilitate the realization and application of production

technology achievements, while improving the level of regional

green technology innovation. However, the level of resource

endowment exerted a significant inhibiting effect on green

development efficiency, further emphasizing the importance of

enhancing regional resource utilization efficiency in promoting

better development levels of regional green development.

5.3. Robustness test

To ensure the accuracy of the empirical results, this study

employs robustness tests using the followingmethods: (1) inclusion

of lagging variables to account for any potential lag in the

impact of industrial synergy agglomeration on green development

efficiency; (2) substitution of intermediary variables by using the

number of patent applications in each region instead of the level

of technological innovation; and (3) exclusion of samples from

municipalities directly under the Central Government, given their

unique economic development characteristics that may be more

constrained by institutional and political factors. The regression

results are presented in Table 4, which demonstrate that even

with the inclusion of lagging variables, substitution of explanatory

variables, or exclusion of municipality samples, the impact of

industrial synergy agglomeration on regional green development

efficiency remains significantly positive, largely consistent with

the benchmark regression results. This further confirms the

robustness of the model. Additionally, technological innovation

was found to play an important mediating role in promoting green

development efficiency through industrial synergy agglomeration.

The regression results of the robustness tests are also presented in

Table 4.

TABLE 4 Robustness test results of mediation e�ect.

Variable lnGreen lntec lnGreen

lnTEC 0.078∗∗∗ (4.25)

lnICA 0.025∗∗ (2.31) 0.048∗∗ (2.13) 0.052∗∗∗ (3.27)

lnFDI 0.270∗∗ (2.16) 0.063∗ (2.09) 0.708∗∗ (2.02)

lnHR 0.032∗∗ (2.35) 0.149∗∗∗ (3.28) 0.482∗∗ (2.18)

lnGOV 0.185∗ (1.71) 0.107∗∗ (2.35) 0.647∗∗ (1.99)

lnCAP −0.191∗∗∗

(−3.68)

0.092∗∗ (2.38) −0.054∗∗ (−2.07)

Constant 1.748∗∗ (2.04) 0.347∗∗ (2.48) 5.148∗∗∗ (3.14)

N 480 480 480

R2 0.848 0.803 0.799

∗ , ∗∗ , ∗∗∗ representative significant levels of 10, 5, and 1%, respectively, and the values in

parentheses are t values.

5.4. Further heterogeneity analysis

Given the differences in regional economic development

levels and resource endowments, there may be variations in

the impact of coordinated agglomeration of production-oriented

service industries and manufacturing industries on the efficiency of

green development across different regions. To further investigate

this potential differentiation, the study area is divided into three

regions: Eastern, Central, and Western, with the specific estimates

presented in Table 5.

Table 5 presents the regression results for different regions,

indicating that industrial synergy agglomeration and technological

innovation significantly promote the improvement of regional

green development efficiency in the eastern region. Moreover,

after incorporating the mediation variable, the promotion effect

is significantly enhanced across the eastern, central, and western

regions, with the eastern region exhibiting a higher level of

promotion than the central and western regions. This could be

attributed to the relatively good economic development level

and industrial structure foundation of the eastern region, which

can attract significant resource agglomeration, human capital,

and foreign investment, providing a solid foundation for the

coordinated agglomeration and development of productive service

industries and manufacturing industries, which in turn generates

economies of scale and technological innovation effects, enhances

resource allocation efficiency, and improves economic green

development levels. On the other hand, due to the weak economic

development strength and low level of industrial structure in the

central andwestern regions, issues such as low innovation efficiency

and excessive pollutant emissions from enterprises during the

process of industrial synergy agglomeration are more likely to

occur, leading to greater environmental destruction than economic

promotion, which is not conducive to high-quality development of

the regional economy.

5.5. Threshold model regression results

In the process of industrial synergy agglomeration affecting

the efficiency level of regional green development, there may
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TABLE 5 Regression results of heterogeneity analysis.

Variable Eastern region Central region Western region

lnGreen lntec lnGreen lnGreen lntec lnGreen lnGreen lntec lnGreen

lnTEC 0.024∗∗∗

(3.16)

0.048∗∗

(2.36)

0.072∗∗ (2.31)

lnICA 0.053∗∗∗

(2.89)

0.048∗∗∗

(2.93)

0.018∗∗∗

(3.01)

0.008∗∗

(2.48)

0.069∗∗

(2.18)

0.015∗∗

(1.99)

0.017∗∗ (2.08) 0.082∗ (1.72) 0.047∗∗ (2.01)

Control

variable

Yes Yes Yes Yes Yes Yes Yes Yes Yes

λ 0.118∗∗

(2.48)

0.247∗∗∗

(3.89)

0.097∗∗

(2.09)

0.148∗∗

(2.42)

0.249∗∗∗

(4.18)

0.028∗∗

(2.15)

0.168∗ (1.86) 0.242∗ (1.90) 0.084∗∗ (2.17)

Timeeffect Yes Yes Yes Yes Yes Yes Yes Yes Yes

Individual

effect

Yes Yes Yes Yes Yes Yes Yes Yes Yes

R2 0.824 0.890 0.847 0.718 0.755 0.648 0.747 0.827 0.783

Mediation

effect

Yes Yes Yes

∗ , ∗∗ , ∗∗∗ representative significant levels of 10, 5, and 1%, respectively, and the values in parentheses are t values.

be a threshold effect, whereby only when the level of regional

industrial synergy agglomeration reaches a certain scale does it

promote the efficiency of regional green development. This paper

employs an industrial synergy agglomeration threshold variable

and uses a threshold regression model to investigate the threshold

effect of industrial synergy agglomeration on the efficiency of

regional green development. As shown in Table 6, the threshold

value and threshold number of the threshold variables were first

determined by the regression model. The results indicate that

the single threshold effect of industrial synergy agglomeration

was significant at a 1% level, while the double threshold effect

was significant at a 5% level, and the triple threshold failed the

significance test, indicating that the threshold number is two and

the threshold values are 0.824 and 0.927, respectively, revealing a

threshold effect on the impact of industrial synergy agglomeration

on green development efficiency. Therefore, this paper analyzes the

double-threshold model of industrial synergy agglomeration

selection, with the specific regression results presented

as follows.

Table 7 presents the regression results of the threshold

effect model, revealing that for different levels of industrial

synergy agglomeration development in various regions, when

the level of regional industrial synergy agglomeration is below

the first threshold of 0.824, industrial synergy agglomeration

has a promoting effect on the improvement of regional green

development efficiency, but the effect is not significant. When

the level of regional industrial synergy agglomeration is between

the first threshold of 0.824 and the second threshold of 0.927,

it has a significant promoting effect on the improvement

of regional green development efficiency. When the level

of regional industrial synergy agglomeration is above the

second threshold of 0.927, its positive effect on regional green

development efficiency increases. Specifically, the impact of

industrial synergy agglomeration on the efficiency of regional

green development can be divided into three stages. In the early

stage of industrial synergy agglomeration development, due to

production factors, transaction costs, and location differences,

various industries may not establish a good relationship between

knowledge, technology, and economy, leading to an expansion

of knowledge spillover and crowding effects generated during

the process of single industrial agglomeration, which may not

be utilized to improve regional green technology innovation

levels. However, with the continuous improvement of the level

of regional industrial synergy agglomeration, it can better play

the role of positive externalities, realize centralized consumption

of resources and treatment of pollutants, build a circular

economy system, and promote the efficiency of regional green

development. Nevertheless, excessive concentration of resources

resulting from a high level of regional industrial synergy

agglomeration may not be conducive to the rational allocation of

resources, thereby weakening the promotion of green development

efficiency.

6. Conclusions and policy
recommendations

6.1. Research conclusion

In summary, this paper provides a theoretical analysis of

the mechanism underlying industrial synergy agglomeration and

technological innovation on the efficiency of regional green

development. Using data from 30 provinces and cities in China

between 2005 and 2020, we employed the non-radial distance

function of all factors and the SBM-DEA model to measure

regional green development efficiency. The study also used a

mediation effect model to investigate the mediating role of

technological innovation in promoting the impact of industrial

synergy agglomeration on green development efficiency, and
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TABLE 6 Significance test and threshold estimation results of threshold variables.

Model F-value P-value BS times Threshold
estimate

Critical value

10% 5% 1%

Industrial

collaborative

Single

threshold

12.134 0.005 500 1.824 4.018 10.436 14.267

agglomeration
Double

threshold

10.425 0.038 500 1.927 5.742 9.472 18.274

Triple

threshold

4.128 0.124 500 2.240 8.142 15.244 25.428

TABLE 7 Estimation results of threshold model.

Variable Variable
interval

Coe�cient t-
value

P-
value

Industrial ICA ≤ 0.824 0.0171 1.122 0.634
collaborative

0.824 < ICA ≤

0.927

0.047 3.189 0.001agglomeration

ECR ≥ 1.240 0.058 4.266 0.000

incorporated a threshold model to examine the non-linear

relationship between the two. Results indicate that industrial

synergy agglomeration has a significant positive effect on the

development of regional green development efficiency, with a non-

linear promotion relationship that exhibits a double threshold

effect at threshold values of 0.824 and 0.927, respectively. The

intermediary effect shows that technological innovation plays an

important intermediary role in the process of industrial synergy

agglomeration to promote regional green development efficiency.

Additionally, the analysis of regional heterogeneity reveals that the

intermediary promotion effect is most significant in the eastern

region, with a considerable impact in the central and western

regions as well.

6.2. Policy recommendations

Based on the research conclusions above, we propose the

following policy recommendations:

Firstly, it is recommended to enhance the quality of

collaborative agglomeration between productive service

industries and manufacturing industries by promoting their

deep integration. To achieve this, the government should

consider the local economic development level and the industrial

structure of the manufacturing industry when formulating

policies, increase investment in productive service industries,

adopt functional industrial policies to promote knowledge

spillover and technology coupling between these industries,

strengthen top-level design between them, and guide productive

service industries to form regional agglomerations through

the construction of industrial parks. These measures will help

to strengthen the connection and cooperation between the

two industries. Additionally, inter-regional exchanges should

be strengthened, and inter-regional coordinated development

achieved through differentiated policies and measures. Further,

industrial transfer measures in the eastern region should be

improved, the industrial structure level of the central region

enhanced, and the high-quality development of industrial structure

in the western region promoted, to improve the overall efficiency

of resource allocation and realize the ascending development of

industrial collaborative agglomeration.

Secondly, we recommend strengthening the intermediary

promotion role of technological innovation in enhancing the

positive impact of industrial collaborative agglomeration on

regional green development. This can be achieved by promoting

cross-industry technology exchange and cooperation during

the coordinated development of productive service industries

and manufacturing industries, leveraging the knowledge and

technology spillover effects generated through industrial

collaborative agglomeration, and improving the role of inter-

industrial collaborative agglomeration in promoting technological

innovation. Furthermore, we should improve the flow of

factor resources among regions, promote the development and

application of information technology, increase investment in

knowledge-intensive production-oriented service industries such

as scientific and technological research and development,

and ensure that the effect of technological innovation is

maximized while playing a vital role in promoting regional

green development.

Thirdly, we recommend improving the efficiency of

transforming scientific and technological innovation achievements

to raise the level of regional green productivity. To achieve

this, it is necessary to increase scientific and technological

expenditure, improve the cultivation of technological innovation

ability for enterprises, enhance the level of technological research

and development in enterprises, reduce negative externalities

caused by pollution emissions from enterprises, and improve the

level of human capital to enhance the independent innovation

ability of enterprises. Additionally, optimizing the allocation of

resources and establishing a resource sharing mechanism among

different regions can promote the integrated development of

industries and facilitate the green development of industrial

clusters, ultimately leading to the high-quality development of

regional economies.
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