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Abstract: Environmental regulation and technological innovation play important strategic roles
in green growth, and the three systems interact and influence each other. Herein, we used a com-
prehensive development level evaluation model for calculating the environmental regulation and
technological innovation indices for 17 cities in Shandong Province. We used the slack-based measure-
data envelopment analysis (SBM-DEA) model to measure green development efficiency. The coupling
coordination degree model was used to determine the coordination of environmental regulation,
technological innovation, and green development; we divided the cities into three systems: green
economy lagging, environmental regulation lagging, and technological innovation lagging. We used
grey correlation analysis to explore the factors affecting system development. Eastern coastal cities
were better developed in the three systems and the degree of coupling and coordination, like Qingdao
and Weihai, and the observed level of technological innovation development, a critical factor in the
coordinated development of cities, was lowest in Shandong Province. The grey correlation analysis
illustrated that the level of economic development and the level of foreign economic development
impacts cities labeled green economy lagging; the impact of pollutant emissions is greater than
pollution control expenditure in environmental regulation lagging cities; and the government’s
attention and the cultivation and attraction of talent are foundational for technological innovation in
lagging cities. Considering these factors, we make recommendations for the optimal development of
cities and coordinated development of regions.

Keywords: green development; environmental regulation; technological innovation; coupling coordination

1. Introduction

In recent years, a green development method that considers “economic growth, re-
source conservation, and environmental friendliness” has been paid adequate attention.
The green development model has gradually become mainstream with the introduction
of quality development [1–3]. The enhancement of environmental regulations has put
environmental protection pressure on enterprises [4], thus making them prefer to invest
in technological innovation [5]. The direct ecological benefits brought by environmental
regulations and the indirect ecological benefits that drive technological innovation play a
positive role in green development [6], although environmental regulations may have a
short-term impact on economic growth and technological innovation [7–9]. Improvements
in scientific and technological innovation capabilities can directly or indirectly reduce
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pollution emissions and improve green development [10,11]. Environmental regulations
can be targeted by using higher levels of technological innovation and green development,
thus improving policy efficiency [12,13]. The improvement in the level of green devel-
opment involves the progress of resource utilization efficiency and the improvement of
the ecosystem so that more factors can contribute to the environmental regulation system
and the scientific and technological innovation system, thus improving the infrastructure
required and adding impetus for their further development.

Green development is a sustainable model generally followed by countries world-
wide [14,15]. The coordination of various issues in the economic, environmental, and social
fields promotes balanced sustainable development and improves the efficiency of green de-
velopment, such that it is one of the critical areas of study for domestic and foreign research
scholars. Concerning the analysis of environmental regulation and green development,
empirical research has shown that increasing the intensity of environmental regulation
can improve the efficiency of green development [16–18]. Strengthening environmental
regulations provides both “top-to-top competition” and “bottom-to-bottom competition”
for local and municipal governments [19,20]. At the same time, the implementation of
green development strategies affects the formulation of environmental regulations [13,21].
The relationship between environmental regulations and the development of the green
economy of our country conforms to a U-shaped change relationship, and the two fac-
tors influence each other [22–24]. Research studies show that enhancing environmental
regulation can increase enterprises’ willingness to innovate [25–27], and strengthening
environmental regulation has different impacts on the innovation activities of different
enterprises based on the perspective of the relationship between environmental regula-
tion and technological innovation [12,28,29]. On one side, it is often argued that there is
a conflict between environmental protection and business performance [30], insofar as
environmental improvement efforts increase companies’ costs and erode their competitive
advantage and business performance [31]. From this perspective, it could be noted that
environmental commitment is a luxury good [32]. In the empirical literature, some results
support this belief. In this sense, some authors have found evidence that the relationship
between environmental regulation and productivity is negative [33–36]. In contrast, some
authors point out that the existence of strict environmental regulations encourages the
replacement of underperforming assets, which contributes to an increase in the productiv-
ity of companies and an improvement in business performance [37]. In other words, the
design and implementation of an environmental innovation strategy can bring both eco-
nomic benefits to companies and environmental benefits to society; that is, it is a win-win
solution [38]. The implementation of strict environmental regulations can induce the irrup-
tion of innovations that help reduce the environmental impact and, simultaneously, also
contribute to the improvement of business performance. They constitute what Jaffe and
Palmer [39] called the weak version and the strong version of Porter’s hypothesis, referring
to the effect that government regulations have on environmental innovations, on the one
hand, and business performance, on the other. In general, most empirical studies have
corroborated the weak hypothesis, but few studies corroborate the strong hypothesis [40].
Research shows that there is an inverted U-shaped relationship between technological inno-
vation and environmental regulation, which means that as the intensity of environmental
regulation increases, the impact of environmental regulation on technological innovation
will shift from restraint to leading [41]. As the intensity of environmental regulations
increases, there will be an “inflection point” [42,43]. Beyond this point, environmental
regulations will promote the development of technological innovation. Some scholars
have found that the relationship between China’s environmental regulations and green
technology innovation conforms to the U-shaped curve, and China is in a stage of restraint
before the “inflection point” [44].

Concerning the relationship between technological innovation and green develop-
ment, these two factors are important for the development of each other [45]. Research
scholars have observed that technological innovation can promote green development,
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induce spatial spillover effects, and exhibit different influence capabilities in different
regions [46]. However, the use of spillovers, in a certain geographical area, requires compa-
nies to have a high absorption capacity, as only in this way can small and medium-sized
companies take advantage of their relationships with scientific agents [47]. Likewise,
eco-innovation-oriented strategies have a positive impact on the labor productivity of
enterprises, and the establishment of R&D cooperation agreements to receive public aid
has a lower effect on the labor productivity of non-ecological innovation enterprises [48].
After determining the temporal and spatial evolution trends of regional innovation and
green development synergy, it was observed that the coupling degree gradually increased
between these two factors, and there were regional differences, although the overall co-
ordination degree between them was low in China [49]. There is little research on the
relationship between environmental regulation, technological innovation, and green de-
velopment. Kerui used a partial linear function coefficient panel model to study 105 cities
in our country and observed that green economic innovation is an important method for
promoting urban green economic transformation [50]. By fostering green technological
innovation, environmental regulation can promote urban green economic changes [51].

Most of the current research involves empirical analyses and the development of
linear and non-linear regression models of various environmental regulations, techno-
logical innovation, and green development, focusing on the analysis of the relationship
between the two factors, such as environmental regulations and technological innovation,
environmental regulations and green development, and technological innovation and
green development. Some of the current research focuses on determining whether there is
harmony among the three factors. Few studies have been conducted on the development
of a virtuous circle. In addition, most of the literature only analyzes the degree of influence
without further in-depth analysis of the optimization of urban development.

Shandong Province has developed rapidly in terms of social economy, and its re-
gional GDP ranks among the best of provinces in China. According to China Statistical
Yearbook, Shandong Province is the third-largest economy in China. Its economic aggre-
gates, exceeding one trillion US dollars, rank among the global top 20. However, there
remain drawbacks such as heavy industrial structure, insufficient innovation ability, the
destruction of resources and the environment, and the low efficiency of green approaches
in its economic development. High-quality economic development is affected by the in-
teraction between environmental regulation, technological innovation, and green growth,
and any disconnect between these factors. Amidst the background of the new normal of
economy, the following questions arise. What is the coordinated development relationship
among the three major systems of environmental regulation, technological innovation, and
green growth for each city? What are the critical systems and main factors hindering the
comprehensive development of the region? How can the level of regional coordinated
development be optimized? In this paper, we focus on these issues to promote the coordi-
nated development of the three major systems of environmental regulation, scientific and
technological innovation, and green growth in various cities of Shandong Province and
further promote the high-quality development of the region.

Therefore, we selected 17 cities in Shandong Province as the research object, used
the slack based measure-data envelopment analysis (SBM-DEA) model to measure the
level of green growth, applied the comprehensive development level evaluation model
to estimate the environmental regulation index and the scientific and technological inno-
vation index, and developed a coupling coordination model based on these factors. We
determined the coordinated development status of the three systems of environmental
regulation, technological innovation, and green development in each city of Shandong
Province. Finally, to analyze the main factors that restrict the efficiency of green growth,
environmental regulation, and technological innovation, the grey correlation model was
used to provide a reference and basis for optimizing the level of coordination of environ-
mental law, technological innovation, and green development. The term “cities” in this
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article is an administrative term covering rural surroundings as well as urban areas. The
total area of the province is the sum of 17 cities.

2. Materials and Methods
2.1. SBM-DEA Model

By combining the actual objectives of the research in this study, we adopted the DEA
model based on slack variables proposed by Tone [52,53], namely, the SBM model for
evaluating the green development efficiency of 17 cities in Shandong Province. The specific
form can be expressed as follows [54–57]:

ρ = min
1− 1

m

m
∑

i=1

S−i
xi0

1 + 1
s1+s2

(
s1
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)

(1)
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x0 = Xλ + s−

yg
0 = Ygλ− sg

yb
0 = Ybλ + sb

s−, sg, sb, λ ≥ 0

(2)

The above formula defines green development efficiency. In this formula, ρ, s−, sg, sb

are the efficiency score, excess input, good output deficit, and excess of bad output, respec-
tively. This means that the current factor input is inefficient when only the evaluation unit
is efficient.

According to the principle of index selection, (1) the total number of selected input-
output indices should not be overmuch, and the number of decision-making units (DMUs)
should follow the condition n ≥ max{m× s, 3(m + s)}, where n, m, s(s = s1 + s2) repre-
sent the number of DMUs and the number of input and output variables, and (2) the
absolute number index and the relative number index cannot exist simultaneously in the
index to ensure the credibility of the results [53]. In this study, we established a green
development efficiency evaluation index system, as shown in Table 1. To reduce the influ-
encing factors of the price level, the actual GDP calculated in the base period of 2006 was
selected to measure the expected output and to better consider the emissions and hazards
of various pollutants, such as the emissions of sulfur dioxide and industrial wastewater.
We used the entropy method [58,59] to calculate the respective weights of the emissions
of sulfur dioxide, the emissions of industrial wastewater, industrial smoke (powder) dust
emissions, and general industrial solid waste generation. Their corresponding weights are
0.22, 0.13, 0.30, and 0.35. We then used the comprehensive evaluation method to construct
a comprehensive pollution index, which is undesired output.

Table 1. Green development efficiency indicator system.

Indicator
Type

First Level
Indicator

Secondary
Indicators Indicator Type First Level

Indicator
Secondary
Indicators

Investment
index

Capital
investment

Investment in fixed assets
(100 million yuan)

Output
indicators

Expected
output

Economic
level

Real GDP
(100 million yuan)

Labor input
Number of employees at the

end of the year
(10,000 people)

Undesired
output

Environmental
pollution

Comprehensive
pollution index

(10,000 tons)
Energy input

Electricity consumption
of the whole society
(100 million kWh)
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2.2. Comprehensive Development Level Evaluation Model

In this study, we used the comprehensive development level evaluation model to select
indicators for evaluation according to the index selection principle and the existing index
system, given the complexity of the environmental regulation system and the scientific
and technological innovation system [60–62]. Table 2 lists the selected specific indicators
and their weights calculated by the entropy method. We used the range method and the
entropy method to objectively determine the importance of the evaluation index. We then
used the comprehensive evaluation method to construct the environmental regulation
evaluation index and the scientific and technological innovation evaluation index.

Table 2. Environmental regulation, scientific and technological innovation index evaluation system,
and weights.

System Layer Criterion Layer Index Layer Index Layer Weights

Environmental
regulation

system

Environmental
regulation level

Park green area per capita (m2) Positive 0.0419
Length of the urban drainage pipeline (km) Positive 0.0604

Domestic waste treatment rate (%) Positive 0.0414
Sewage treatment rate (%) Positive 0.0414

Industrial solid waste utilization rate (%) Positive 0.0414

Environmental
regulatory pressure

Industrial sulfur dioxide emissions (tons) Reverse 0.0507
Industrial wastewater discharge (10,000 tons) Reverse 0.0434

Industrial smoke (dust) emissions (tons) Reverse 0.2957
General industrial solid waste generation (10,000 tons) Reverse 0.2227

Environmental
regulation investment

Per capita financial expenditure on energy
conservation and environmental protection (yuan) Positive 0.1611

Technological
innovation

system

Technological innovation
investment

R&D personnel investment per 10,000 people Positive 0.0899
The ratio of R&D internal expenditure to GDP Positive 0.0792
Per capita financial expenditure on science and

technology (yuan) Positive 0.1197

Education expenditure per capita (yuan) Positive 0.4646
Number of ordinary colleges and universities (a) Positive 0.0811

Scientific and technological
innovation output

Number of patent applications
per 10,000 people (pieces) Positive 0.0838

Number of patents granted per 10,000 people (pieces) Positive 0.0818

2.3. Coupling Coordination Degree Model

To measure the degree to which the environmental regulation system, technologi-
cal innovation system, and green development system cooperate in the development of
prefectures and cities, the coupling coordination degree model can be used [61,63]. The
increase in the coordination degree reflects the transition trend of the three systems from
their respective development to coordinated development. There is a mutual relationship
between the three systems, as shown in Figure 1.

Based on this, we adopted the existing coupling coordination degree model to establish
the interaction coupling between the environmental regulation systems, scientific and
technological innovation systems, and green development systems of 17 cities in Shandong
Province. For the coordinated development model, the specific calculation formula is
expressed as follows [64–66]:

C =

U1 ×U2 ×U3[
U1+U2+U3

n

]3


1/3

(3)

D =
√

C× T (4)

T = αU1 + βU2 + γU3 (5)



Sustainability 2022, 14, 501 6 of 18

where C is the coupling degree, D is the coupling coordination degree, and T is the
comprehensive evaluation index of the three systems; U1, U2 and U3, respectively, represent
the evaluation of environmental regulation and technological innovation, and the efficiency
of green development; α, β, and γ are the parameters to be determined. When determining
these parameters, environmental regulation and technological innovation are considered
to be the driving factors for green development, considering that the interaction between
environmental regulation, technological innovation, and green development is asymmetric.
Green development is regarded as a continuous development and evolution process. The
realization of its core objectives primarily depends on the following two aspects. The first
is to control pollution sources and to reduce damage to green development from the start,
that is, to implement environmental regulations. The second is to innovate technological
methods to create a more suitable environment for green development, that is, to carry
out technological innovation. Based on a comprehensive survey of previous research,
α= 0.5, β= 0.25, γ= 0.25. According to the results of previous research studies, in this
study, we divided the degree of coupling coordination into ten levels, as shown in Table 3.
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Table 3. Evaluation criteria for coordination degree of green development, environmental regulation,
and technological innovation coupling.

Coordination
Value D

Coordination
Type Coordination Level Coordination

Value D
Coordination

Type Coordination Level

0.00–0.09

Maladjustment

Extreme imbalance 0.50–0.59

Coordination

Barely coordinated
0.10–0.19 Severe imbalance 0.60–0.69 Primary coordination

0.20–0.29 Moderate Disorder 0.70–0.79 Intermediate
coordination

0.30–0.39 Mild disorder 0.80–0.89 Well-coordinated
0.40–0.49 On the verge of dysregulation 0.90–0.99 Quality coordination
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2.4. Grey Relational Model

The development of a system is affected by complex information and has different
driving factors. The grey relational analysis method can truly and objectively reflect the
primary factors that affect the environmental regulation system, technological innovation
system, and green development system as compared to the correlation analysis and regres-
sion analysis, and it is called the impact difference [67–69]. Therefore, in this study, we
used the grey correlation model to find the factors that have a higher degree of correlation
with the development of the system to optimize city development.

The general calculation steps of the grey correlation model can be expressed as follows:

(1) Determine the reference and comparison sequences and standardize the data. The
reference sequence is X0, the compare sequence is Xi, and the reference sequence and

comparison sequence after standardization are denoted as
_
X0 and.

_
X1.

_
X0 =

{
_
X0(1),

_
X0(2), · · · ,

_
X0(n)

}
,
_
Xi =

{
_
Xi(1),

_
Xi(2), · · · ,

_
Xi(n)

}
(6)

(2) The correlation coefficient was calculated η(k). ξ is the distinguishing coefficient that
is used to reduce the impact of extreme values on calculations; in this study, ξ = 0.5.

ηi(k) =
min

i
min

k

∣∣∣∣_X0(k)−
_
Xi(k)

∣∣∣∣+ ξmax
i

max
k

∣∣∣∣_X0(k)−
_
Xi(k)

∣∣∣∣∣∣∣∣_X0(k)−
_
Xi(k)

∣∣∣∣+ ξmax
i

max
k

∣∣∣∣_X0(k)−
_
Xi(k)

∣∣∣∣ (7)

(3) Calculate the grey correlation degree, r.

ri =
1
n

n

∑
k=1

η(k) (8)

2.5. Data Sources

In this study, data from 2018 were selected considering that the data of some environ-
mental pollution indices in the Shandong province were not publicly released from 2019 to
2020. The primary data were predominantly derived from the 2019 and 2020 “Shandong
Statistical Yearbook”, “China City Statistical Yearbook”, and the statistical yearbooks of
various cities; some missing data were obtained by linear interpolation using the values of
neighboring years.

3. Results
3.1. Environmental Regulation Evaluation Index, Technological Innovation Evaluation Index, and
Green Development Efficiency Value

The SBM-DEA model was used to calculate the comprehensive development level
evaluation model, the environmental regulation evaluation index, the scientific and tech-
nological innovation evaluation index, and the green development efficiency value of
17 cities, as shown in Table 4. Among them, the environmental regulation evaluation index,
the scientific and technological innovation evaluation index, and the green development
efficiency value demonstrated satisfactory values; the larger the value, the better the system
development. Figure 2 shows spatial distribution diagrams of the three indices.
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Table 4. Environmental regulation evaluation index, scientific and technological innovation evalua-
tion index, and green development efficiency value in 17 cities of the Shandong Province.

Region Jinan
City

Qingdao
City

Zibo
City

Zaozhuang
City

Dongying
City

Yantai
City

Weifang
City

Jining
City

Tai’an
City

Environmental regulation
evaluation value 0.6230 0.6765 0.3409 0.7288 0.7063 0.5757 0.4878 0.4574 0.7227

Scientific and
technological innovation

evaluation value
0.6620 0.9004 0.5113 0.1308 0.5148 0.4031 0.3807 0.2481 0.1538

Green economy
development efficiency 0.7088 1.0000 0.5542 0.5252 1.0000 0.6280 0.3942 0.4472 0.4448

Region Weihai
City

Rizhao
City

Laiwu
City

Linyi
City

Dezhou
City

Liaocheng
City

Binzhou
City

Heze
City Average

Environmental regulation
evaluation value 0.8206 0.6861 0.6616 0.3011 0.5728 0.5935 0.3651 0.5522 0.5807

Scientific and
technological innovation

evaluation value
0.7402 0.3300 0.3028 0.1484 0.1535 0.0931 0.2576 0.0020 0.3490

Green economy
development efficiency 1.0000 0.2972 0.3262 0.3396 0.4088 0.3451 0.2558 0.3315 0.5298

3.1.1. Analysis of the Characteristics of the Environmental Regulation Evaluation Index

There are differences in the environmental regulation evaluation indices among the
17 cities in Shandong Province. The highest evaluation index was estimated for Weihai
City and the lowest for Linyi City. The average environmental regulation evaluation
index was estimated at 0.5807. The development of environmental regulations in the
eastern and western regions of Shandong Province was better than that in the central areas
from a distribution point of view. Only Weihai City had an evaluation index of higher
than 0.8. The environmental regulation evaluation indices of Jinan, Qingdao, Zaozhuang,
Dongying, Taian, Rizhao, and Laiwu were estimated to be in the range of 0.6–0.8, with
a relatively high evaluation index. Yantai City, Weifang City, Jining City, Dezhou City,
Liaocheng City, and Heze City had relatively low environmental regulation evaluation
indices, ranging from 0.4 to 0.6. The environmental regulation evaluation indices of Zibo
City, Linyi City, and Binzhou City were estimated to be in the range of 0.2–0.4, indicating a
relatively low level.

3.1.2. Analysis of the Characteristics of the Scientific and Technological Innovation
Evaluation Index

The scientific and technological innovation evaluation indices of the 17 cities in Shan-
dong Province were highly polarized. The highest evaluation index in Qingdao was
estimated to be 0.9004, the lowest was 0.0020 in Heze City, and the average evaluation
index of scientific and technological innovation was estimated to be 0.3490. From the
distribution point of view, the evaluation indices of scientific and technological innovation
in eastern coastal cities such as Qingdao and Weihai were found to be at a relatively high
level, whereas the evaluation indices of most other cities were observed at a relatively
low level. Among all cities, only Qingdao displayed an evaluation index higher than
0.8, much higher than that of other cities. Jinan City and Weihai City showed relatively
high levels of technological innovation development, found to be in the range of 0.6–0.8.
The technological innovation values of Zibo, Dongying, and Yantai were observed in the
range of 0.4–0.6, which are still relatively low. The scientific and technological innovation
evaluation indices of five prefectures in Weifang, Jining, Rizhao, Laiwu, and Binzhou were
estimated to be 0.2–0.4, and six prefecture cities in Zaozhuang, Tai’an, Linyi, Dezhou,
Liaocheng, and Heze showed technological innovation evaluation indices of less than 0.2,
which are at a relatively low level.
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3.1.3. Analysis of Characteristics of the Green Development Efficiency

The green development level of 17 cities in Shandong Province was observed to be
highly uneven. Among them, the green development efficiencies of Qingdao, Weihai,
and Dongying achieved a maximum value of 1, whereas the lowest value of 0.2558 was
estimated for Binzhou City, and the average efficiency was estimated as 0.5298. From the
distribution point of view, the green development efficiency values of the eastern coastal
areas were found to be generally higher than those of the central and western inland areas.
Apparent differences were observed in the green development between cities, and the
polarization was found to be large. The green development efficiencies of all cities except
Qingdao, Weihai, and Dongying were estimated to be below 0.8, and only Jinan and Yantai
showed green development efficiency values of more than 0.6. The green development
efficiencies of Zibo City, Zaozhuang City, Jining City, Tai’an City, and Dezhou City was
found to be in the range of 0.4–0.6, and the green development efficiencies of other cities
were found to be less than 0.4.

3.2. The Coupling and Coordination Development Level

Based on the coupling coordination model, the coupling coordination degrees of
17 cities considering the environmental regulation system, technological innovation sys-
tem, and green development system were obtained according to the evaluation index of
green development efficiency, environmental regulation, and technological innovation;
the analysis was conducted considering the classification standard of the coupling coor-
dination degree. The results are presented in Table 5. The spatial distribution map of the
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coupling coordination degree was formed based on the coupling coordination degree, as
shown in Figure 3.

Table 5. Numerical values and grades of the coupling and coordination degree of environmental
regulation systems, technological innovation systems, and green development systems in 17 cities of
the Shandong Province.

Region
Green

Development
Efficiency

Environmental
Regulation

Evaluation Index

Science and
Technology
Innovation

Evaluation Index

Coupling Coordination Coordination Level

Jinan City 0.7088 0.6230 0.6620 0.9986 0.8214 Well-coordinated
Qingdao City 1.0000 0.6765 0.9004 0.9869 0.9394 Quality coordination

Zibo City 0.5542 0.3409 0.5113 0.9788 0.6926 Primary coordination
Zaozhaung City 0.5252 0.7288 0.1308 0.7985 0.6175 Primary coordination
Dongying City 1.0000 0.7063 0.5148 0.9640 0.8811 Well-coordinated

Yantai City 0.6280 0.5757 0.4031 0.9825 0.7409 Intermediate coordination
Weifang City 0.3942 0.4878 0.3807 0.9939 0.6416 Primary coordination

Jining City 0.4472 0.4574 0.2481 0.9636 0.6208 Primary coordination
Tai’an City 0.4448 0.7227 0.1538 0.8333 0.6066 Primary coordination
Weihai City 1.0000 0.8206 0.7402 0.9921 0.9398 Quality coordination
Rizhao City 0.2972 0.6861 0.3300 0.9291 0.6117 Primary coordination
Laiwu City 0.3262 0.6616 0.3028 0.9363 0.6152 Primary coordination
Linyi City 0.3396 0.3011 0.1484 0.9412 0.5154 Barely coordinated

Dezhou City 0.4088 0.5728 0.1535 0.8722 0.5802 Barely coordinated
Liaocheng City 0.3451 0.5935 0.0931 0.7768 0.5171 Barely coordinated
Binzhou City 0.2558 0.3651 0.2576 0.9858 0.5287 Barely coordinated

Heze City 0.3315 0.5522 0.0020 0.2434 0.2722 Moderate Disorder
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Figure 3. Spatial distribution diagram of the coupling coordination degree.

In 2018, the value of the coupling coordination degrees between the environmental
regulation system, technological innovation system, and green development system of
17 cities in Shandong Province were estimated to be between 0.2722 and 0.9398, as shown
in Table 5, with an average value of 0.6554. The degree of coupling coordination was
observed in the range of moderate-to-high-quality coordination. In addition, a large gap
was observed between the prefectures and cities.

From the perspective of the geographical distribution, the degree of coupling coordi-
nation was observed to be the lowest in western Shandong and relatively high in eastern
Shandong, as shown in Figure 3. The degree of coupling coordination in eastern coastal
areas, such as Qingdao and Weihai, was found to be higher than in other regions. The
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coupling coordination degree of the other 16 cities was found to be within the scope of
coordination, except for Heze City. Qingdao City and Weihai City exhibited high-quality
coordination. Higher green development status and relatively complete environmental
regulations and technological innovation systems have been crucial for the coordinated
development of cities. The results of the green economy, environmental regulations, and
technological innovation of Heze City were all in a backward state, thus leading to a
moderate imbalance in its overall development.

Jinan City and Dongying City displayed a range of good coordination. The balanced
development of the three systems in Jinan City and the relatively high level of green devel-
opment in Dongying City were vital for the high degree of coupling coordination between
the two cities. Among the 17 cities, only Yantai was observed during the intermediate
coordination stage. Its green economy and environmental regulation development evalua-
tion index was found to be >0.5, which is better than other cities, but the development of
technological innovation was observed to be slow, so the level of coupled and coordinated
development had not effectively improved.

Table 5 shows that most cities of the Shandong Province were in the primary or barely
coordinated stage. Seven cities, including Zibo and Zaozhuang, were observed to be in
primary coordination, and four cities, including Linyi and Dezhou, were found to be in the
barely coordinated stage. Here, it is worth noting that 5 of the 11 cities showed a scientific
and technological innovation evaluation index of less than 0.2, and the comprehensive
level of scientific and technological innovation in nine cities was observed to be lower
than those of green economy and environmental regulation. Technological innovation has
become a constraint for most cities, especially for those that have just entered the stage of
coordination and balanced and coordinated development.

3.3. City Classification

We classified 17 cities of Shandong Province into three categories to promote the
improvement of the comprehensive development level of the city and optimize the devel-
opment of the city, based on the estimated green development efficiency, the environmental
regulation evaluation index, and the science and technology innovation evaluation index.
Namely, the obstacles that affect the coordinated development of each area are obtained,
and the cities were classified accordingly, considering the comparative relationship of the
three systems. If U1 < U2, U3, the city was found to be lagging in green development; if
U2 < U1, U3, the city was found to be lagging in environmental regulation; if U3 < U1, U2,
the city was found to be lagging in technological innovation. Thus, the 17 cities in Shan-
dong Province were classified based on the aforementioned criteria, and the results are
presented in Table 6.

Table 6. Classification of 17 cities of Shandong Province.

City Type Include City

Green economy lagging Rizhao City, Binzhou City
Environmental regulations lagging Jinan City, Qingdao City, Zibo City

Technology innovation lagging

Zaozhuang City, Dongying City, Yantai City,
Weifang City, Jining City, Tai’an City, Weihai

City, Laiwu City, Linyi City, Dezhou City,
Liaocheng City, Heze City

For Rizhao City and Binzhou City, the relative lag in green development was the
key factor leading to the imbalance of comprehensive development according to the
classification of cities, such that there is an urgent requirement to improve the efficiency
of green development. For Jinan, Qingdao, and Zibo cities, it is necessary to change the
status quo of the development of environmental regulations. For 12 prefecture-level cities,
such as Zaozhuang and Dongying, it is important to improve the level of technological
development to optimize the comprehensive development of the city.
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In this study, we attempted to use the grey correlation model to analyze the correlation
between the environmental regulation system, technological innovation system, or the
internal factors of the green development system and the level of green development,
environmental regulation, or technological innovation development to optimize the com-
prehensive development of various cities and improve the shortcomings of development.
We attempted to derive the factors most closely related to the development level of the
three and provide a basis for optimizing the coordinated development of the three.

3.4. Coordinated Development Level Optimization

The entropy method was used to obtain the weights of the indicators representing
the level of environmental regulation for cities where the development of environmental
regulations is relatively lagging, as shown in Table 2. To obtain the environmental regu-
lation level index as a reference series, the multi-objective summation method was used.
For industrial sulfur dioxide emissions, industrial wastewater emissions, industrial smoke
(dust) emissions, and general industrial solid waste emissions, the range method was
used and standardized. They constituted five comparison series with per capita financial
expenditure on energy conservation and environmental protection.

The entropy method was next used to obtain the weights of the indicators representing
the technological innovation output for cities where technological innovation is relatively
lagging, as shown in Table 2. To obtain the scientific and technological innovation level
index as a reference series, the multi-objective summation method was used, and compre-
hensive research data were also used. The ratio of R&D internal expenditure to GDP, per
capita science and technology fiscal expenditure, per capita education fiscal expenditure,
and the number of ordinary colleges and universities constituted five comparative series
concerning R&D personnel investment per 10,000 people.

The green development efficiency, which represents the level of green development,
was taken as a reference series for cities with lagging green development. Comprehensive,
relevant research combined data availability for calculating per capita GDP, the proportion
of the tertiary industry, per capita social fixed investment, per capita local fiscal expenditure,
foreign businessmen, the proportion of direct investment in GDP, the proportion of the
urban population in the total population, and the number of college students per 10,000,
which are the seven factors that influence the efficiency of green development, thus, forming
seven comparative series. The calculated grey correlation degree of green development
efficiency, environmental regulation level index, and technological innovation level index
values were arranged in descending order. The results are presented in Tables 7–9.

Table 7. Correlation degree of the environmental regulation level index.

Index
Industrial

Smoke (Dust)
Emissions

General Industrial
Solid Waste
Generation

Industrial Sulfur
Dioxide Emissions

Per Capita Fiscal
Expenditure for Energy

Conservation and
Environmental Protection

Industrial
Wastewater
Discharge

Correlation 0.8448 0.8414 0.7899 0.7206 0.6487

Table 8. Correlation degree of the science and technology innovation level index.

Index
Education

Expenditure
per Capita

R&D Personnel
Investment

per 10,000 People

The Ratio of R&D
Internal Expenditure

to GDP

Science and
Technology

Expenditure per Capita

The Number of
Ordinary

Colleges and
Universities

Correlation 0.8079 0.7724 0.7434 0.7347 0.6335
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Table 9. Correlation degree of the green development efficiency.

Index GDP per
Capita

Proportion of
Foreign Direct

Investment in GDP

Level of
Urbanization

Social Fixed
Investment
per Capita

Per Capita
Local Fiscal
Expenditure

Proportion
of Tertiary
Industry

Number of
College Students
per 10,000 People

Correlation 0.9657 0.9336 0.9154 0.9082 0.8884 0.8551 0.6667

4. Discussion
4.1. Analysis of the Relevance of Environmental Regulations

For cities with lagging environmental regulations, the impact of pollutant emissions
on the environmental regulation level index was greater than the impact of government
energy conservation and environmental protection expenditures; that is, the improvement
in an environmental regulation level depends on controlling the discharge of pollutants
at the source and balancing the relationship between economic development and pollu-
tion, as shown in Table 7. The per capita financial expenditure on energy conservation
and environmental protection also had an important impact on the development of envi-
ronmental regulations. The government’s emphasis on environmental protection affects
the development of environmental regulations. The centralized sewage treatment rate in
various cities is higher, mostly above 90%, so the adverse impact on the environment is
relatively small, although industrial wastewater discharge has the most negligible impact
on the environmental regulation index as compared to the first three pollutants. Therefore,
we should focus on increasing the pollutant treatment rate and reducing the harm to the
ecological environment by considering various pollutants and taking measures to control
their emissions.

4.2. Analysis of the Relevance of Scientific and Technological Innovation

For cities with lagging technological innovation, the per capita education fiscal expen-
diture, which represents the government’s emphasis on education, had the most significant
impact on the level of technological innovation, as shown in Table 8; this indicates that fiscal
education expenditure and national scientific literacy are crucial for developing technological
innovation. The investment of R&D personnel per 10,000 people, the ratio of R&D internal
expenditure to GDP, and the per capita financial expenditure of science and technology also
had an important impact on the development of science and technology innovation, reflecting
the critical role of high-quality science and technology innovation talents and investment in
science and technology innovation. The number of ordinary colleges and universities displays
the lowest correlation among the other factors. However, ordinary colleges and universi-
ties are essential for supporting the development of scientific and technological innovation
systems, as they are considered important places for talent training.

4.3. Analysis of the Relevance of Scientific and Technological Innovation

Per capita GDP and the proportion of foreign direct investment in GDP represent
the level of domestic economic development and the degree of openness and illustrate
the most significant impact on green development efficiency. The per capita GPD and the
proportion of foreign direct investment in GDP for cities with lagging green development
indicate the need to promote green development, as shown in Table 9. Certain economic
accumulation, the proportion of the urban population in the total population, and the social
fixed investment per capita also impact green development, that is, the level of urbanization
and the level of investment, are considered essential factors for green development. Green
development efficiency is highly correlated with per capita GDP, local fiscal expenditure,
and the proportion of tertiary industry. Appropriate government control and development
of the tertiary industry are considered essential foundational factors for advancing green
development. Although the education level indicator has the lowest correlation between
the number of college students per 10,000 students and the efficiency of green development,
the importance of the education level is unequivocal.
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5. Conclusions and Policy Recommendations
5.1. Conclusions

The coupling coordination degree model was developed to quantitatively analyze
the situation of the coupled and coordinated development of environmental regulation,
technological innovation, and green development in Shandong Province; classify the cities,
and discuss the constraints by considering the evaluation of the environmental regulation
system, technological innovation system, and green development system. Considering
the main factors for the coordinated development of every kind of city, the following
conclusions can be drawn:

In environmental regulation, technological innovation, and green development sys-
tems, gaps in technological innovation levels are becoming the key to hindering the coordi-
nated development of most cities. In addition, the development status of the eastern coastal
cities is better than that of other regions, and the gap is significant from the perspective
of the respective development status of the three systems or the coupled and coordinated
development status. In the central and western regions, the coupling coordination degree
of other prefectures and cities ranged from barely coordinated to well-coordinated, and the
overall development was good, except for Heze City, which is a moderately unbalanced
city. Among environmental regulation, technological innovation, and green development,
it is the lack of development of technological innovation systems that have become the key
factor restraining the urban coupling and coordination improvement of cities that have just
entered the coordination stage.

The impact of pollutant emissions on the environmental regulation level index is
more significant than the impact of government energy conservation and environmental
protection expenditures for cities with lagging environmental regulations. The govern-
ment’s emphasis on environmental protection affects the development of environmental
regulations. The government’s emphasis on education is relatively significant for cities
with lagging technological innovations. In system development, high-quality scientific
and technological innovation talents and scientific and technological innovation capital
investment are essential. The level of economic development, especially foreign economic
development, is vital for green development for cities with lagging green development,
and the level of urbanization and investment shows a significant effect.

5.2. Policy Recommendations

The impact of pollutant discharge on environmental regulations is more significant
than the effect of pollution control for cities with lagging environmental regulations. In-
creasing the pollutant treatment rate is considered key, such that to improve environmental
regulations, source control and innovative pollution treatment methods are considered
the most effective measures. To innovate in green technology, the government should
increase the management and control of production enterprises, formulate strict emission
standards, and encourage enterprises. Enterprises should strictly abide by pollution emis-
sion regulations, develop and introduce advanced pollution treatment equipment, control
emissions, and reduce pollution. Local governments should implement environmental
governance policies and weigh the tradeoffs between economic development and envi-
ronmental protection. To encourage the government to increase energy conservation and
environmental protection fiscal expenditures and promote enterprises to achieve green
production, they should establish government performance evaluations linked to ecological
and environmental protection. The government should develop transformation, cultivate
the public’s green living habits, and improve local environmental regulations.

The government’s attention and the cultivation and attraction of talent are essential
foundations for improving scientific and technological innovation capabilities in cities
with lagging scientific and technological innovations. To improve the level of scientific
and technological innovation, investment should be increased for the development of
this domain, and the scientific and technological transformation rate should be heeded
as well. The government should emphasize education, increase fiscal expenditures, and
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change the uneven distribution and uneven development of educational resources in
different schools and classes. The key to regional talent competition lies in the talent
system. In recent years, Shandong Province has become a province with a net population
outflow, preventing the abundant graduate resources from being transformed into labor
advantages. Therefore, targeted talent attraction policies should be actively introduced, and
the talent training system and guarantee system should be gradually improved. Thus, the
construction of innovative cities should be promoted. The conversion rate of scientific and
technological achievements is closely related to investment. The effect of capital investment
was significantly reduced by a low conversion rate. Funds should be actively implemented,
and the use of funds should be properly supervised such that financial support can be
transformed into scientific and technological innovation output.

The level of economic development and the level of foreign economic development
have a more significant impact on green development for cities with lagging green devel-
opment. Actively promoting the development of urbanization and high-level investment
is essential for promoting the green development of cities while extending full assistance
to the role of the government. In green development, the government plays a leading
role. To promote the green development of the foreign economy, cities that have the
location conditions for the development of the foreign economy should change their in-
vestment promotion policies considering environmental protection. Urbanization can be
considered as the transfer of the primary industry to secondary and tertiary industries
from the perspective of industrial structure. Supported by science and technology, the
“three–two–one” industrial structure should be optimized, developed, and diversified to
achieve high-quality urbanization. The improvement in the level of investment in fixed
assets depends on the implementation of the government’s fiscal stimulus and monetary
policies, and actively attracts investment based on optimizing the investment structure. At
the same time, more emphasis on education and improvement in the education level of the
urban population will help increase productivity and utilization efficiency, and thus will
also improve the level of economic development based on low resource consumption.

As the analysis technique, DEA is a deterministic technique. This makes the efficiency
measures obtained in the analysis biased by atypical observations. Because the input
and output of green economy development are difficult to measure, the five selected
indicators may not fully represent the development of the green economy in each region at
a specific time. Additionally, DEA does not allow hypotheses to be raised and tested, so its
conclusions are usually prescriptive. In future research, we will continue to improve the
analysis process. Furthermore, as the focus is on 17 cities in Shandong Province, China,
further research can include China-wide and other countries.
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