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Industrial ecology is an advanced form and ideal model of modern industrial development, in which the industrial ecosystem is
the core. Based on the PSR model, this paper builds a comprehensive evaluation index system for urban industrial ecosystem
development and selects 14 prefecture-level cities in Liaoning Province of the traditional industrial area in Northeastern China as
cases to calculate the development level of its industrial ecosystem during 2000–2018 using an improved Topsis method and then
to conduct a spatial visualization analysis. Finally, based on the “stress-state-response” subsystem, this paper diagnoses the
constraints for industrial ecosystem development, which can provide a reference basis for decision-making in industrial ecology of
traditional industrial area represented by those in Northeast China. 'e results show the following: (1) From 2000 to 2018, the
industrial ecology of the 14 cities in Liaoning Province was at a medium level. Except for Shenyang and Dalian with the rapid
development, the difference of industrial ecosystem development for other cities was relatively small. (2) From 2000 to 2018, the
industrial ecosystem development of each city was in a status of “either increasing, or decreasing, or fluctuating,” which generally
raised first and then decreased. Regarding spatial difference, the development exhibited a “center-periphery” pattern, with
Shenyang and Dalian as the “dual-core” that were increasingly strengthened with significantly high-level industrial ecology. (3) At
system level, PSR constraint grades for the industrial ecosystem development in the 14 cities of Liaoning Province were different.
Constraint grades in the pressure subsystem, the state subsystem, and the response subsystem for the industrial ecosystem of
Liaoning were 45.73%, 20.01%, and 34.34%, respectively, indicating that the lack of human response to the ecological environment
and the pressure of human activities on the ecological environment during the industrial economy development were the main
constraints affecting the process of industrial ecology in these cities. (4) Due to the differences in geographical environments,
economic bases, industrial structures, and local development contexts, the major constraint factors of industrial ecosystem
development in different cities are significantly different and complicated; however, there are five factors that are generally
considered as major constraint factors in all cities, i.e., regional GDP, number of labor force employed in the secondary industrial
sector, gross investment in fixed assets, amount of industrial sulfur dioxide removal, and production value from “three-wastes”
comprehensive utilization. At last, this paper puts forward some recommendations and suggestions for providing scientific
support for industrial ecosystem construction in the traditional industrial area of Northeastern China.

1. Introduction

Industrial ecosystem is a complex system formed by feed-
back and coupling between industry and ecological envi-
ronment [1–3]. It is an organic whole formed by material
exchange and energy flow between industrial segments and

environmental components in a certain area [4, 5], with
general features of subject diversity, structural complexity,
synergetic evolution, and systematic stability [6–8]. In this
system, the quantitative relationship between input and
output, supply and demand of different industries, appears
as the static aspect of the industrial system, while the
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interaction and restriction between industries in interme-
diate production processes appears as the dynamic aspect
[9]. In the process of continuous development and evolution
of the industrial ecosystem, it is affected by a continuous
interweaving and integration of various internal and ex-
ternal factors in both spatial and temporal dimensions
[10–12]. 'e change of one (or a group of) element(s) in the
system may cause a spatial and temporal change in other
elements and even in the entire system [13]. As a typical
subsystem of complex urban system [14, 15], the industrial
ecosystem usually interacts, integrates, and collaborates with
the complex urban system in all aspects including economy,
culture, society, and ecology [16]. On the one hand, a rapidly
developed ecological industry has an inestimable role in
promoting the economic vitality of the urban system and
protecting the ecological environment. On the other hand,
the industrial ecosystem, as a carrier of industrial ecosystem
activities, is always impacted directly or indirectly by the
construction and development methods of the city [17].
'erefore, to achieve regional sustainable development, we
should pay high attention to the ecological and environ-
mental effects of industry transformation in both spatial and
temporal dimensions, thus realizing the coordinated de-
velopment of industry and environment [18, 19]. At present,
the research on industrial complexity is shifting from
evolution of complexity of industrial system to adaptability
of industrial ecosystem [20], which provides a new theo-
retical and methodological paradigm for exploring the
coupling mechanism of the industrial ecosystem [21], and
has a very good application prospect [22].

Interaction through material flow, etc., between com-
ponents and subsystems of the industrial ecosystem shapes a
topological structure of ecological relationships, in which the
evolution of this structure and diagnosis of impact factors in
this process are essential for the transformation of urban
industrial ecosystems [23]. Either in China or abroad, the
research in transformation of industrial ecosystems mainly
focuses on industrial metabolic analysis, industrial chain
analysis, cleaner production, and ecological design. Ayres
first proposed the concept of industrial metabolism [24].
Based on this concept, Frosch and Gallopoulos [4] proposed
the industrial metabolism theory, that is, through the
recycling process of natural ecosystems to study the in-
dustrial metabolism process. Chopra et al. [25, 26] regarded
the industrial ecosystem as a natural ecosystem and studied
its metabolic processes. Furtherly, Lu [19] built a waste
metabolism model of industrial ecosystems and conducted a
quantitative analysis on the waste metabolism process and
characteristics of Jinchang’s industrial symbiosis system.
Industrial chain analysis mainly refers to starting from
adjusting the structure and composition of an industrial
chain to study the urban ecological transformation through
the industrial chain reorganization and the analysis of the
industrial chain stability, for example, Japan’s Eco-town
[27], and the industrial symbiosis formed by a green in-
dustrial supply chain of Guangxi Guitang Corporation in
China [28]. In addition, Zhang [29] conducted the analyses
on urban industrial ecological transformation from the
perspective of stability. In recent years, more and more

scholars in China and abroad have paid great attentions to
the related research on industrial ecosystem development
rules and its comprehensive evaluation. Huang and Ula-
nowicz [30] took the indicators of the ecological network
analysis method to evaluate the economic development
trend of Beijing. Zhang et al. [31] applied the Input-Output
table based ecological network analysis method to analyze
the nutritional structure and the symbiotic relationship
between the components of Beijing’s industrial ecological
network. Qiu et al. [18] selected 14mining cities in Northeast
China as research cases and quantitatively evaluated the
adaptability of the industrial ecosystems in mining cities.
Wang and Zhou [32] studied the spatial characteristics of
ecological-economic interaction in China’s industrial eco-
logical-economic system based on PSR Model and then
identified the key influencing factors of different types of
interaction relationships based on multiple discrete choice
model. Currently, some progress has been made in com-
prehensive evaluation and empirical research about indus-
trial ecosystems, but there still exist some common
problems: (1) existing research mainly focuses on the use of
coordination index, discrete models, or coupling relation-
ship to carry out industrial ecological security evaluation;
however, it will generate a major error when converting the
originally constructed index into the coordination index,
which has no sense to the ecological and economic signif-
icance of the original index, and is not conducive to the
analysis of the reasons; (2) there is still a lack of researches on
the comprehensive evaluation of the development level of
industrial ecosystem, and the diagnosis of impact factors; (3)
the solution to future industrial ecological construction and
co-governance has not been put forward in accordance with
the impact factors.

Since the 1980s, the human-land relationship in the
traditional industrial area in Northeast China has become
increasingly tense. 'e extensive development pattern has
not only caused environmental pollution and waste of re-
sources, but also become a major direct constraint on
economic growth [33, 34]. Particularly inmining cities, there
have been a series of economic, social, and environmental
issues such as stagnated economic development, severe
disguised unemployment, and deteriorated ecological en-
vironment, which have aroused a great concern of the
government [35, 36]. In 2003, the Central Committee of the
Communist Party (CCCP) and the State Council of China
jointly issued an official document “Several Opinions on
Implementation of the Strategy for Revitalizing Old In-
dustrial Bases in Northeast China” (as Revitalization
Strategy thereafter) and formulated various guidelines and
policies for the Revitalization Strategy; in 2007, the State
Council approved the “Revitalization Plan for the Northeast
Region” (as Revitalization Plan thereafter) and clearly
proposed that the Northeast Region would be built into an
important economic growth region with a high level of
comprehensive economic development and an essential
safeguarding zone for national ecological security; in 2016,
the CCCP and the State Council jointly issued another
official document “Several Opinions on Comprehensively
Rejuvenating Old Industrial Bases in the Northeast and
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Other Regions” (as Rejuvenation Opinions thereafter). 'is
document clearly reiterated that it was important to promote
sustainable development of resource-based cities, and strive
for the coordinated social and economic development of
resource-based and non-resource-based industries in urban
areas and mining areas. Since the implementation of the
above policies and plans, the economic and social devel-
opment in the traditional industrial area in Northeast China
was accelerated; the economic strength was continuously
enhanced; the pilot of economic transformation of resource-
based cities was steadily advanced; the infrastructure was
constantly improved; the ecological construction and en-
vironmental protection had achieved positive outcomes; an
urban social security system was preliminarily established;
and the employment situation showed an upward turn [37].
However, in the transformation process of the traditional
industrial area for undertaking industrial transfer, nurturing
alternative industries, and transforming towards sustainable
development from resource-based cities, Northeast China
has not completely come out of the traditional energy-
consuming production model. 'is is because the one-way
industrial economic development model ignored the eco-
logical capacity and therefore paid a high price at sacrificing
limited resources and natural environment which humans
live on. Consequently, for resource-based cities, especially
resource-depleted cities, sustainable development capabil-
ities become weak, development of alternative industries is
slow, and social, ecological, and environmental issues are
still serious [38–42]. To avoid the sharp conflict between the
traditional industrial system and natural ecosystem in the
process of industrial succession, transformation of mining
cities becomes vital. 'e core of such transformation is to
improve the level of industrial ecology. 'us, the scientific
review and research into comprehensive measurement and
constraint factor diagnosis for urban industrial ecosystem
development are particularly urgent.

In this study, 14 prefecture-level cities in Liaoning
Province of traditional industrial area in Northeastern China
were selected as examples. Taking the industrial ecosystem as
an entry point, we systematically evaluate the development
of industrial ecology of Liaoning Province during
2000–2018, at a city scale. Meanwhile, we explore the de-
velopment trend of industrial ecology, temporal evolution
and spatial distribution characteristics, and reveal the impact
factors. Overall, this study aims to look for a specific path of
development for optimizing industrial ecosystem for urban
areas in Liaoning. In the process of implementing the Re-
juvenation Opinions and “the Revitalization Plan,” it not
only can provide new ideas and decision-making evidences
tomaintain sustainable development of the industrial system
and improve the competitiveness in industrial development
for Liaoning Province, but also can provide references for
industrial ecology in other traditional industrial areas.

2. Materials and Methods

2.1. StudiedCases. Liaoning Province is located in the south
of China’s northeast region (Figure 1), with a land mass of
148,000 square kilometers. It administers 14 prefecture-

level cities and 100 counties (including county-level cities
and districts) with a total population of 42.71 million. As
one of China’s important old industrial bases, Liaoning
Province has almost all industrial categories, including 39
large, 197 medium, and more than 500 small industrial
categories. In Liaoning, equipment manufacturing and raw
material industries are well developed. Many industries
occupy an important position in the country, such as major
equipment manufacturing for metallurgy and mining,
electric power transmission and transformation, general
petrochemical processing, metal processing, iron and steel,
and petrochemical industries. In 2018, the regional GDP in
Liaoning was CNY2531.54 billion, of which the added
value of the secondary industry was CNY1002.51 billion,
accounting for 35.6%. Building a strong ecological prov-
ince is a strategic priority for Liaoning Province in revi-
talizing Northeast China. 'e coordinated development of
industrial ecology has already attracted widespread at-
tention. Since the implementation of the Revitalization
Strategy, the transformation and optimization of tradi-
tional industries in Liaoning has continuously accelerated,
while the economic development focus has shifted from
high-speed to high-quality, and the development of major
equipment design and manufacturing industry has taken a
lead in the country. However, due to the long-term in-
fluence of the extensive economic growth model, the in-
dustrial development pattern has not fundamentally
changed yet, which still mainly relies on traditional in-
dustries such as equipment manufacturing, coal mining,
and oil smelting. Governments and enterprises at all levels
overemphasized industrial development but failed to ef-
fectively integrate industries into industrial ecosystem
construction, thus resulting in a relatively independent
industrial system without comprehensive interconnection
between industrial categories. Consequently, the devel-
opment of industrial ecology was slow, industrial struc-
tures were convergent, and the complementary regional
advantages were not effectively exerted. In addition, the
independent innovation capability of industrial ecosystem
was weak. It always depended on traditional industrial
paths and lacked enough nurture of emerging pillar in-
dustries, featuring a low level of industrial structure and an
overweighed secondary sector. In the meantime, there
lacked an effective dynamic circulation system, high-tech
industries and modern service industries were propor-
tionally low, the deep processing of raw material industry
was at a relatively low level, and the independent inno-
vation ability was weak. Constructing industrial ecosys-
tems is a new strategic measure to promote the
comprehensive revitalization of the Northeast Region. It
can effectively address deep-seated issues in industrial
development of the traditional industrial area in Liaoning,
overcome constraints of traditional industrial development
systems and mechanisms, change the industrial develop-
ment approach in multiple dimensions such as manage-
ment mechanism, operation mode, production method,
and business environment, and realize an economic-en-
vironmental coupling and sustainable development
[43, 44].
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2.2. Index and Data Sources. Constructing a scientific and
rational evaluation index system is the basis and premise to
objectively evaluate an urban industrial ecosystem. Based on
the PSR model, in terms of local contexts, operability, and
rationality, this paper establishes a comprehensive evalua-
tion index system of urban industrial ecosystem develop-
ment, with fully considering the complexity, dynamics, and
openness of an urban industrial ecosystem, following the
principles of systematicity, comparability, and availability,
and taking the system’s internal structure and benefit op-
timization as the foothold. 'e evaluation index system
(Table 1) includes three layers: (1) pressure subsystem, which
represents the development need of the industrial economy
and the pressure of energy consumption on the ecosystem;
(2) state subsystem, which represents the impact on the
ecological environment during the development of indus-
trial economy and the original state of ecological environ-
ment; (3) response subsystem, which characterizes the
human’s effect to protect the environment and control
pollution in order to alleviate environmental damage when
the ecological environment is changed due to the impact of
industrial economic development. 'e data are mainly from
“Liaoning Statistical Yearbooks,” China City Statistical
Yearbooks, statistical yearbooks, and environmental

statistical bulletins of various cities in Liaoning Province,
published during 2001–2019.

2.3. Methodology: TOPSIS. 'is paper adopts the TOPSIS
(Technique for Order Preference by Similarity to an Ideal
Solution) method to objectively quantitatively measure and
analyze the development level of urban industrial ecosystem
in Liaoning Province. 'e TOPSIS method, proposed by
Hwang and Yoon in 1981, is commonly used for compre-
hensive evaluation and comparison of multiple options in
multi-attribute decision-making theory [45]. Its basic
principle is to eliminate the difference among various in-
dicators due to different units through related standardized
processing methods, establish a normalized matrix from the
original data, and then identify the best and worst ones from
the various solutions. By calculating the distance between
each solution and the best/worst solution, we can work out
the relative closeness between the selected solution and the
worst or the best solution, to rank and evaluate the ad-
vantages and disadvantages of different solutions. When
calculating a normalized decision matrix using the TOPSIS
method, all indicators are normalized with the perception of
the bigger the better, without classifying indicators. In
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Figure 1: Location of the studied cities.
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addition, the weight determination is subjective. Consid-
ering the intereffect of subsystems of the PSR model, we
cannot solely measure indicators of the primary index and
simply determine their impact weights. In this regard, this
paper first classifies different types of indicators into “pos-
itive” and “negative” ones, uses the difference coefficient
method to objectively calculate the weight of each type of
indicators, applies the TOPSIS method to calculate the
distance between the sample and the target, and then uses
the grey correlation degree to calculate the industrial eco-
logical development level. In fact, in the process of sys-
tematic evaluation of industrial ecosystems, not only is it
necessary to measure the level of industrial ecology, but also
it is more practical to understand the constraint factors in
promoting industrial ecology levels for the 14 prefecture-
level cities in Liaoning Province to develop pathological
diagnosis for industrial ecology. 'erefore, this article in-
troduces a constraint grade model to conduct an extension
study on the development process of industrial ecology and
diagnoses and analyses the constraint factors in the in-
dustrial ecology development of the cities in Liaoning
Province. 'e calculation steps are as follows.

Normalization and assignment: xij is the j-th evaluation
index value in the i-th sample; n is the number of samples;
andm is the number of indices. Because the different types of
indices would affect development of industrial ecosystems
either positively or negatively, it is necessary to normalize
index values by applying the difference between the actual
and target values and using the extreme value method:

Positive indices:

rij �
xij − minixij

maxixij − minixij

. (1)

Negative indices:

rij �
maxixij − xij

maxixij − minixij

, (2)

where maxixij and minixij are the maximum and minimum
values of the j-th index, respectively; after normalization, rij

is [0, 1].
Using the entropy value method to determine the weight

of each index, then the weight of the i-th sample for the j-th
index, fij, can be calculated:

fij �
rij

􏽐
m
j�1 rij

. (3)

Calculate the entropy value of the j-th index fj, i.e., Hj,
as follows:

Hj � −K 􏽘
m

j�1
Pj ln Pj􏼐 􏼑. (4)

Calculate the entropy weight coefficient, i.e., wj, as
follows:

wj �
1 − Hj

m − 􏽐
m
j�1 Hj

. (5)

Table 1: PSR model based evaluation index system for urban industrial ecosystems in Liaoning Province.

System
layer Normative level Parameters Indicator Parameters Indicator

type

Pressure
Industrial economy P1

GDP (billions) P11 +
Value added of the secondary sector (billions) P12 +

Number of persons employed in the secondary sector
(10,000) P13 +

Average wage of active workers (yuan) P14 +
'e number of industrial enterprises P15 +
Gross industrial output (billions) P16 +

Total investment in fixed assets (billions) P17 +

Energy consumption P2 Industrial electricity (10,000 kW·h) P21 −

Integrated energy consumption (10,000 tons/standard coal) P22 −

State

Discharge of the three
wastes S1

Total industrial waste water discharge (10,000 tons) S11 −

Industrial solid waste generation (10,000 tons) S12 −

Total industrial waste gas emissions (billion standard cubic
meters) S13 −

Industrial fume (powder) dust emissions (tons) S14 −

Greenfield resources S2 Greening of built-up areas (hectares) S21 −

Forest cover (%) S22 +

Air quality S3
Number of days with air quality at and better than level 2

(days) S31 +

Particulate matter (PM10) (μg/m3) S32 −

Response

Governance facilities R1 Number of waste water treatment facilities (sets) R11 +
Number of industrial waste gas treatment facilities (sets) R12 +

Governance capacity R2

Industrial sulfur dioxide removal (tons) R21 +
Industrial fume (powder) dust removal (tons) R22 +

Combined industrial solid waste utilization (10,000 tons) R23 +
Product value of “three-wastes” comprehensive utilization

(10,000 yuan) R24 +
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Build a weighted decision matrix, i.e., V, as follows:

V �

v11 v12 · · · v1j

v21 v22 · · · v2j

⋮ ⋮ ⋮

vi1 vi2 · · · vij

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (6)

Determine the positive- and negative-ideal solutions,
and calculate the Euclidean distance and grey correlation
degree for all samples. 'e positive- and negative-ideal
solutions are as follows:

v
+
j � max vij

􏼌􏼌􏼌􏼌􏼌 i � 1, 2, . . . , n􏼚 􏼛 � v
+
1 , v

+
2 , . . . , v

+
n􏼈 􏼉,

v
−
j � min vij

􏼌􏼌􏼌􏼌􏼌 i � 1, 2, . . . , n􏼚 􏼛 � v
−
1 , v

−
2 , . . . , v

−
n􏼈 􏼉.

(7)

'en, the calculations for the Euclidean distance of ei-
ther positive-ideal or negative-ideal solutions are as follows:

D
+
i �

�����������

􏽘

m

j�1
vij − v+

j􏼐 􏼑
2

􏽶
􏽴

, i � 1, 2, . . . , n,

D
−
i �

�����������

􏽘

m

j�1
vij − v−

j􏼐 􏼑
2

􏽶
􏽴

, i � 1, 2, . . . , n.

(8)

Calculate the grey correlation degree. 'e correlation
coefficient for an index between the sample and the positive-
ideal solution can be calculated based on the weighted
matrix:

s
+
ij �

miniminjΔvij + ρmaximaxjΔvij

Δvij + ρmaximaxjΔvij

, (9)

where Δvij � |v+
j − vij|; miniminjΔvij is the minimum dif-

ference between two levels; maximaxjΔvij is the maximum
difference between two levels; and ρ ∈ [0, 1] is resolution
coefficient; in this study, ρ � 0.5. Construct the grey cor-
relation coefficient matrix of positive-ideal solution samples,
and then calculate the grey correlation degree between each
sample and the positive-ideal solution:

W
+
i �

􏽐
m
j�1 s+

ij

m
, i � 1, 2, . . . , n. (10)

Calculate the correlation coefficient of each sample and
the negative-ideal solution on different indices:

s
−
ij �

miniminjΔvij + ρmaximaxjΔvij

Δvij + ρmaximaxjΔvij

, (11)

where Δvij � |v−
j − vij|.

Calculate the grey correlation between each sample and
the negative-ideal solution as follows:

W
−
i �

􏽐
m
j�1 s+

ij

m
, i � 1, 2, . . . , n. (12)

Calculate the relative proximity. Normalize the Eu-
clidean distance and grey correlation as follows:

εi �
δi

max1≤i≤m δi( 􏼁
, i � 1, 2, . . . , n, (13)

where εi⟶ D+
i , D−

i , W+
i , W−

i . After dimensionless pro-
cessing, they are d+

i , d−
i , w+

i , w−
i .

'e adjusted formula comprehensively considers the
Euclidean distance and grey correlation:

T
+
i � θ1d

−
i + θ2w

+
i , i � 1, 2, . . . , n,

T
−
i � θ1d

+
i + θ2w

−
i , i � 1, 2, . . . , n,

(14)

θ1, θ2 indicate the degree of preference, θ1 + θ2 � 1; in this
paper, θ1 � θ2 � 0.5; T+

i andT−
i refer to how close the sample

is to either the positive- or negative-ideal solutions.
Calculate the relative proximity, εi, as follows:

εi �
T+

i

T+
i + T−

i

, i � 1, 2, . . . , n. (15)

Calculate the constraint grade. Analyze and diagnose the
study case by measuring the factor contribution, index
deviation, and constraint grade: (1) factor contribution (Gj)
represents the degree of influence of single factor on the
overall goal; (2) index deviation (Pj) refers to the difference
between a single factor index and the overall goal of the
system, which is assumed as the difference between the
standardized value of a single index and 100%; (3) constraint
grade (Zj) is the degree of influence of a single index or an
index at criterion level on the development level of industrial
ecosystems. 'e index deviation Pj and the constraint grade
Zj are calculated as follows:

Pij � 1 − rij,

Zij �
PijGj

􏽐
14
j�1PijGj

.
(16)

3. Results

3.1. Spatiotemporal Evolution Characteristics of the Industrial
Ecosystem’s Development Level. According to the compre-
hensive evaluation methodology discussed above, we
identified the positive- and negative-ideal solutions of in-
dices, standardized the data using Excel, and conducted grey
correlation analysis using MATLAB, thereby revealing the
longitudinal characteristics of the development level of in-
dustrial ecosystems in the period of 2000 to 2018 for the 14
cities in Liaoning Province (see Figure 2). At the same time,
based on ArcGIS software, we used the data in 2000, 2006,
2012, and 2018, respectively, to conduct a spatial visuali-
zation analysis of the development level of industrial ecology
for all the cities in Liaoning Province, and then to clarify its
spatial differentiation, as shown in Figure 3.

From Figure 2, the development level and situation of
industrial ecosystems in the 14 cities of Liaoning Province
varied in the study period but generally showed a steady
upward trend. 'e industrial ecosystem’s development level
of these cities was in the range of [0.38, 0.66]. Shenyang, the
provincial capital city, and Dalian, a city specifically listed in
the state economic plan, had relatively high levels of
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industrial ecosystem development, with an obvious upward
trend and leading ahead, but they did not have a significant
pull effect on the surrounding cities. Meanwhile, there was
not a big difference in industrial ecology development
among other cities, as they were all at a medium level.
Liaoning Province, located in the old industrial region of
Northeast China, is rich in natural resources but with a
medium economic development level in China. Its economy
has been dominated by resource-based industries for a long
time, and the development of alternative industries was slow
[46]. Except for Shenyang and Dalian, the difference in
economic development among other cities was relatively
small; moreover, the ability to adjust and reorganize the
city’s industrial ecosystem was limited and lagged by low
ecological construction. From a longitudinal perspective, the
development of industrial ecosystems in 2000–2006 was
relatively stable; there was a rising trend from 2006 to 2013,
suggesting that the Revitalization Strategy had generated
huge policy and investment effects. Since 2013, there was a
trend of decline in industrial ecosystem’s development.
During the period when the GDP growth rates of all three
northeastern provinces nationally ranked among the bottom
ten, for example, ranking the bottom five in the year of 2014
and 2015, Liaoning Province, the largest economy in the
Northeast, ranked nationally the lowest economic growth
rate of 3.0% in 2015 and −2.5% in 2016, respectively. 'is
period was called the “New Northeast Phenomenon,” which
had a significant negative impact on the industrial ecology
development of the traditional industrial area in Northeast
China especially in Liaoning Province.

From the prefecture-level city level, we conclude the
following: (1) industrial ecosystem development in She-
nyang and Dalian showed a rapid upward trend, and the
development level was relatively high, leading the other 12
cities. 'is was closely related to the factors such as the
administrative status, geographical location, and industrial
structure of the two cities. Shenyang, as the central city of the

three northeastern provinces, has policy advantage, large city
size, and good market environment, thus attracts many
high-end talents and quality enterprises, and leads the
province in the overall development of Liaoning. Dalian is
one of the high-tech industrial bases and a well-known
tourist city in China. According to the 2010 China Urban
Competitiveness Report, the comprehensive competitive-
ness of Dalian ranked the eighth among all cities in China. In
Dalian, the solid technological foundation, first-class sci-
entific and technological talent concentration, convenient
sea & land transportation, and comfortable climate & en-
vironment promote its economic development and eco-
logical construction. (2) Industrial ecosystem development
in the five cities, i.e., Dandong, Jinzhou, Fuxin, Tieling, and
Huludao, shows a steady upward trend with a fluctuation
and is at a medium level. Dandong is an important meeting
point of the Northeast Asian Economic Circle, the Bohai Bay
Economic Rim, and the Yellow Sea Economic Basin. It has
currently formed advantageous industries such as trans-
portation equipment manufacturing, agricultural & sideline
product processing, energy, metal mining, and smelting &
rolling processing. In recent years, to promote the devel-
opment of industrial ecology, Dandong has successively
established various ecological and environmental industrial
parks and actively carried out ecological restoration projects.
Both Jinzhou and Fuxin are important old industrial cities in
Northeast China. Jinzhou has gradually formed an industrial
system featuring petrochemicals, new materials, and deep
processing of agricultural products. As one of the important
cities in the Shenyang Economic Zone, Fuxin’s industrial
economy is dominated by coal. Dandong and Fuxin play a
leading role in the overall development of the western
Liaoning region, with a healthy development momentum.
Tieling is one of the main grain production regions in China,
a production and processing base of quality agricultural
products, and an emerging coal-power city. Due to the
characteristics of the industrial structure, the industrial
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Figure 2: Development levels of industrial ecosystems in the 14 cities of Liaoning Province (2000–2018).
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ecosystem of Tieling is stable. Huludao is the west gate of
Northeast China. With outstanding geographical advan-
tages, it has formed a modern industrial system with such
pillar industries as petrochemicals, nonferrous metals,
machinery manufacturing, shipbuilding, and energy and
power production. Based on a strong industrial development
foundation, currently Huludao is in a critical transition
period of industrial structure upgrade. (3) In the remaining 7
cities of Liaoning Province, i.e., Anshan, Fushun, Benxi,
Yingkou, Liaoyang, Panjin, and Chaoyang, the development
of industrial ecosystems shows a moderate upward trend,
which is slightly weaker and more fluctuating than the
overall development of the five cities mentioned above.
Among them, the development of industrial ecosystems in
Anshan, Benxi, and Yingkou has been in the most severe
fluctuation, indicating that the stability of industrial eco-
systems in these three cities is poor and needs to be adjusted

effectively. 'ere is no obvious change in industrial eco-
system development in Fushun, Liaoyang, Panjin, and
Chaoyang. 'ese four cities generally had a single industrial
structure, poor environmental stability, and weak scientific
and technological capacity. It is necessary and urgent to take
effective measures to optimize the industrial ecosystem.

From the perspective of spatial distribution, the overall
spatial differentiation was significant in 2000. Shenyang,
Fushun, and Panjin in north-central Liaoning formed an
“uplift belt,” while Anshan, Liaoyang, and Benxi in the
central-eastern province formed a “groove area.” Since 2006,
the spatial differentiation has becomemore significant, when
Shenyang and Dalian have jointly formed a high-level in-
dustrial ecology zone. As the “dual-core” feature has been
significant and increasingly strengthened, the agglomeration
of Shenyang Economic Zone and Coastal Economic Belt was
gradually enhanced, while the difference between the “uplift
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belt” and the “groove area” gradually dimmed.'e industrial
ecosystem’s development level in the southeast has gradually
surpassed that in the northwest. Anshan, a resource-de-
pleted city, is slow in industrial transformation and remains
a relatively low level of industrial ecosystem development,
while Huludao City always maintains a high level. In terms
of regional difference, there is a remarkable feature of
“center-periphery” describing the central-northern region
centered on Shenyang, and southeastern & northwestern
regions, respectively. To summarize the above analysis, both
Shenyang Economic Zone and Liaoning Coastal Economic
Belt are currently still the engines of industrial ecology
development in the Northeast region, while the entire
Northeast region has also achieved considerable develop-
ment and the overall structure will be further optimized.

3.2. Cluster Analysis of Industrial Ecosystem. Based on the
cluster analysis of the industrial ecology level for the 14 cities
of Liaoning Province in 2018, the spatial distribution of
high-level, medium-level, and low-level industrial ecosys-
tems was identified. 'rough cluster analysis, we can con-
clude the following: (1) the two sub-provincial level cities,
Shenyang and Dalian, have the high-level industrial eco-
system (industrial ecosystem development level >0.55).'ey
have superior geographical locations, good industrial eco-
nomic development conditions, and strong industrial
foundations, which provide a strong guarantee for pro-
tecting the ecological environment. In the two cities, the
green coverage in built-up areas is significantly higher than
that of other cities; the industrial ecosystem development is
at a higher level due to strong policy support. However, there
is still room to improve the ability of ecological environ-
mental governance; that is, there is potential to further
develop the industrial ecology. (2) Huludao City has a
medium-level industrial ecosystem (0.5< development level
of industrial ecosystem≤ 0.55). Huludao is a coastal city and
has formed a modern industrial system with petroleum
processing, non-ferrous metals, machinery manufacturing,
ship building, and energy and power production as the pillar
industries. Its industrial foundation is strong. However, due
to the current situation of transitioning and upgrading
industrial structure, various issues such as poor environ-
mental stability and weak technological capacity have
negatively affected the improvement of industrial ecosystem.
(3) Eleven cities including Anshan, Fushun, and Benxi had a
low-level industrial ecosystem (development level of in-
dustrial ecosystem ≤0.5). Four cities in the Coastal Economic
Belt of eastern Liaoning, i.e., Anshan, Yingkou, Panjin, and
Jinzhou, are developing innovative industries and building a
livable and touristic urban agglomeration. However, the
traditional low-level industrial economy could not provide
enough material, technical, and resource support for
addressing ecological and environmental issues. 'erefore,
the environmental improvement is sluggish, and the process
of sustainable development is slow. In Chaoyang, Tieling,
and Fuxin, which locate in the northwest of Liaoning
Province, the ecological and industrial development is not in
harmony due to geographical constraints. 'e

comprehensive competitiveness of these cities is at the
lowest end of Liaoning Province with little development
potential due to the limitation by geographical conditions
and resource endowment. Insufficient motivation for in-
dustrial development leads to a low comprehensive level of
industrial ecosystems. Fushun, Benxi, and Liaoyang are
cities dominated by heavy industry, which strongly depend
on heavy industry enterprises and have a weak economic
foundation. 'e development of heavy industry caused a
severe environmental pollution for these three cities.'is in-
coordination in development of ecology and industry led to
a relatively low level in integration of industrial and eco-
logical development in the three cities. Dandong is a city
bordering with North Korea; its foreign trade is relatively
developed. However, due to a relatively late starting, there
has not been a leading enterprise in the foreign trade that can
drive the industrial development into a strong industrial
cluster. 'erefore, the added economic value is not signif-
icant, the growth rate is small, and the motivation in de-
veloping industry is still insufficient.

3.3. Constraint Grade and Main Constraint Factors in In-
dustrial Ecosystem Development. Constraint factor analysis
helps to formulate targeted measures to optimize the in-
dustrial ecosystem. In this study, we calculate the constraint
grade for each specific index, indices at either criterion level
or system level, as the results shown in Table 2. Further, from
the perspective of time series, we analyze the change of main
constraint factors and the difference of constraint factors
among cities and diagnose the main constraint factors for
the development level of industrial ecology in Liaoning
Province, as the results shown in Table 3. At the same time,
to identify the main constraints to the development of the
industrial ecosystem within each city, we conduct a diag-
nosis of the main constraint factors for the development
level of industrial ecology in 2018, as the results shown in
Table 4.

As shown in Table 2, from a perspective of the level of
constraints, the constraint grades of the subsystems of
pressure, state, and response are 45.73%, 20.01%, and
34.34%, respectively, indicating that the main constraints
affecting the development process of urban industrial eco-
systems in Liaoning Province are the pressure of human
activities on the environment and the inadequate measures
taken by human in response to the ecological environment.
(1) Constraint grade of the pressure subsystem. 'e con-
straint grade of the pressure subsystem to the development
of industrial ecology is 45.73%, suggesting that the pressure
subsystem is the greatest constraint in the process of urban
industrial ecology in Liaoning Province, among which the
constraint grade of the criterion layer of industrial economy
is 41.5%, and the constraint grade of the criterion layer of
energy consumption is 4.2%.Within the pressure subsystem,
many specific indices rank the top 10 by the constraint grade,
including gross fixed asset investment (P17), 6.74%; gross
industrial output value (P16), 6.42%; regional GDP (P11),
6.17%; added value of the secondary sector (P12), 6.10%;
number of industrial enterprises (P15), 5.92%; number of
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employees in the secondary sector (P13), 5.78%. 'ey all fall
into the category of industrial economy. 'us, it can be
revealed that the overall low level of industrial economic
development is the main constraint hindering the devel-
opment of industrial ecosystems in Liaoning Province. In-
adequate capital investment, declining economic growth,
and loss of human resources lead to low levels of industrial
ecosystem development. On the other hand, due to eco-
nomic downturn, excess energy production capacity, and

insufficient development motivation, at the criterion layer of
energy consumption, the constraint grade is only 4.3%. (2)
Constraint grade of the state subsystem. 'e constraint
grade of state subsystem to the development of industrial
ecology is 20.01%, proportionally small in comparison with
that of “pressure” and “response” subsystems. In this sub-
system, only the green coverage in the built-up area (S21)
ranks in the top 10 indices regarding the constraint grade,
i.e., 5.89%, ranking eighth. 'is suggests that, in the state

Table 2: Measurements of constraint grade based on PSR model.

System layer Normative level Barrier level Indicator Barrier level Sort

Pressure
Industrial economy P1 0.415

P11 0.0617 5
P12 0.0610 6
P13 0.0578 9
P14 0.0437 14
P15 0.0592 7
P16 0.0642 3
P17 0.0674 1

Energy consumption P2 0.042 P21 0.0193 18
P22 0.0229 17

State

Discharge of the three wastes P3 0.052

S11 0.0096 23
S12 0.0096 22
S13 0.0162 21
S14 0.0165 20

Greenfield resources S2 0.098 S21 0.0589 8
S22 0.0386 15

Air quality S3 0.051 S31 0.0183 19
S32 0.0323 16

Response

Governance facilities R1 0.103 R11 0.0499 13
R12 0.0528 12

Governance capacity R2 0.241

R21 0.0654 2
R22 0.0543 11
R23 0.0572 10
R24 0.0638 4

Table 3: Main constraint factors of industrial ecosystem development of 14 cities in Liaoning Province during 2000–2018.

Year
1 2 3 4 5

Barrier
factor

Barrier
level

Barrier
factor

Barrier
level

Barrier
factor

Barrier
level

Barrier
factor

Barrier
level

Barrier
factor

Barrier
level

2000 P16 0.0811 P17 0.0807 P11 0.0793 R21 0.0756 P12 0.0748
2001 P17 0.0745 R21 0.0728 P16 0.0706 P11 0.0709 P15 0.0699
2002 P17 0.0748 R21 0.0730 P16 0.0709 P11 0.0709 P15 0.0699
2003 P17 0.0748 R21 0.0746 P16 0.0718 P11 0.0706 P15 0.0701
2004 R21 0.0766 P17 0.0757 R24 0.0724 P16 0.0722 P11 0.0711
2005 R21 0.0818 P17 0.0747 R24 0.0739 P16 0.0713 P11 0.0703
2006 R21 0.0849 R24 0.0771 P17 0.0757 P11 0.0711 R23 0.0711
2007 R21 0.0900 P17 0.0811 R24 0.0765 P11 0.0761 P16 0.0759
2008 R21 0.0920 P17 0.0804 R24 0.0802 P11 0.0758 P16 0.0758
2009 R21 0.0961 R24 0.0871 S32 0.0837 R23 0.0821 P17 0.0818
2010 R24 0.0959 R21 0.0930 R23 0.0865 S32 0.0823 P17 0.0777
2011 R24 0.0935 R21 0.0898 R23 0.0890 S32 0.0868 P17 0.0798
2012 R24 0.0995 R21 0.0957 R23 0.0938 P21 0.0935 S32 0.0898
2013 P21 0.1119 R23 0.1021 R24 0.1013 S32 0.0958 R21 0.0921
2014 S31 0.1027 R24 0.0992 P21 0.0965 S11 0.0945 R23 0.0934
2015 P16 0.1022 R24 0.0999 S31 0.0922 R23 0.0878 S32 0.0866
2016 P16 0.0984 R21 0.0912 P15 0.0887 P17 0.0844 R23 0.0806
2017 R24 0.1035 P21 0.0996 R23 0.0973 R21 0.0970 S32 0.0932
2018 R24 0.1059 P21 0.1049 R23 0.0994 R21 0.0982 S32 0.0957
Note. Only the top five constraint factors are listed in the table.
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subsystem, green space resources have a greater impact on
the development of industrial ecosystems. Meanwhile, no
indices at the criterion level of three-wastes emission and air
quality are ranked in the top 10. Overall, the constraint grade
of either the damage caused by “three-wastes” emissions or
the maintenance sustained by green space resources to the
ecological environment, or the status of air quality because
of destruction and maintenance, is within the controllable
range for industrial ecosystem development. In the future
industrial development process, priority must be given to
strengthening the protection of existing green space re-
sources, and strictly controlling over excessive land devel-
opment. (3) Constraint grade of the response subsystem.'e
constraint grade of the response subsystem to development
of industrial ecology is 34.34%. Among them, at the criterion
level, the constraint grade of governance facility is 10.3%
while that of governance ability is 24.1%, suggesting that the
criterion level of governance ability is the main constraint
factor in the response subsystem. In this subsystem, those
indices ranking in the top 10 include industrial sulfur di-
oxide removal (R21) with a constraint grade of 6.54%, output
value of “three-wastes” comprehensive utilization products
(R24) with a constraint grade of 6.38%, and comprehensive
utilization of industrial solid waste (R23) with a constraint
grade of 5.72%. 'is indicates that cities in Liaoning
Province generally have problems in the pollution treatment
at the end of industrial production process, such as insuf-
ficient investment in treatment, weak treatment capability,
and low comprehensive utilization rate of wastes.

As shown in Table 3, from a perspective of main con-
straint factors, longitudinally, during the 19 years from 2000
to 2018, the main constraint factors in the process of in-
dustrial ecology development in cities of Liaoning Province
were industrial sulfur dioxide removal (R21), output value of
“three-wastes” comprehensive utilization products (R24),
gross fixed asset investment (P17), gross industrial output
value (P16), comprehensive utilization of industrial solid
waste (R23), regional GDP (P11), inhalable particulate matter

(PM10) (S32), industrial electricity consumption (P21),
number of days with air quality reaching or better than Class
II (S31), number of industrial enterprises (P15), gross in-
dustrial wastewater discharge (S11), etc. However, the
ranking of these major constraint factors changed signifi-
cantly with time. Among them, the ranking of industrial
sulfur dioxide removal (R21) and gross fixed asset investment
(P17) gradually decreased, while the ranking of the output
value of “three-wastes” comprehensive utilization products
(R24) fluctuated; but all these three always ranked in the top
three. In recent years, these cities in Liaoning Province have
actively responded to the central government’s call for
successively adopting a series of measures to control air
pollution and the emission of sulfur dioxide in factories,
which has achieved positive outcomes. 'e comprehensive
utilization of “three-wastes” influences recycling resources
and easing environmental pressure, but the current “three-
wastes” comprehensive utilization production is associated
with issues such as high capital investment, difficult pro-
cessing, and low product quality, which greatly constrains
the industrial ecosystem development. 'e highly temporal
consistency of the main constraint factors of different cities
indicates that the differences among the cities were
insignificant.

From Table 4, due to a significant difference in regional
economies among the cities, the main constraint factors for
the development of the industrial ecosystems were also
significantly different. However, the main constraint factors
in Fushun, Fuxin, and Huludao were similar, mainly in-
cluding regional GDP (P11), number of employees in the
secondary sector (P13), gross industrial output value (P16),
gross fixed asset investment (P17), etc. 'e top 5 indices for
the three cities were all the pressure subsystem; i.e., the
pressure subsystem became the main constraint factor.
Moreover, for these three cities, there were no strong in-
dustrial foundations, the urban construction was backward,
professional elites and talents had moved out to provide
workforce for other cities, the economy lacked vitality, and

Table 4: Main constraint factors of industrial ecosystem development of 14 cities in Liaoning Province in 2018.

Area
1 2 3 4 5

Barrier
factor

Barrier
level

Barrier
factor

Barrier
level

Barrier
factor

Barrier
level

Barrier
factor

Barrier
level

Barrier
factor

Barrier
level

Shenyang R24 0.1059 R21 0.0982 S32 0.0957 R23 0.0850 P21 0.0791
Dalian P21 0.1049 R23 0.0994 R24 0.0943 P22 0.0867 S11 0.0814
Anshan R21 0.0691 R24 0.0670 P22 0.0638 P17 0.0543 P21 0.0533
Fushun P17 0.0747 P13 0.0691 P11 0.0684 P15 0.0680 P16 0.0677
Benxi R24 0.0711 P17 0.0671 P15 0.0651 R21 0.0646 P13 0.0624
Dandong R24 0.0751 R21 0.0748 P16 0.0718 P17 0.0710 P13 0.0695
Jinzhou R21 0.0688 P17 0.0678 S22 0.0659 R24 0.0656 P13 0.0651
Yingkou P13 0.0657 P17 0.0651 R21 0.0647 S21 0.0604 P16 0.0597
Fuxin P17 0.0742 P16 0.0723 P12 0.0701 P11 0.0700 P13 0.0681
Liaoyang P17 0.0741 P13 0.0722 P15 0.0686 R24 0.0684 R21 0.0679
Panjin R21 0.0753 R24 0.0715 R23 0.0658 P15 0.0657 P17 0.0640
Tieling R21 0.0742 P17 0.0741 P13 0.0728 P12 0.0721 S21 0.0721
Zhaoyang R21 0.0730 R24 0.0711 P17 0.0704 S21 0.0694 P16 0.0684
Huludao P17 0.0815 P16 0.0785 P15 0.0776 P12 0.0759 P11 0.0757
Note. Only the top five constraint factors are listed in the table.
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the urban comprehensive competitiveness was at the bottom
of Liaoning Province. Shenyang and Dalian had similar
main constraint factors, mainly including industrial elec-
tricity consumption (P21), comprehensive utilization of
industrial solid waste (R23), and output value of “three-
wastes” comprehensive utilization products (R24), etc. 'e
response subsystem was the main constraint factor. On the
one hand, the two cities have strong industrial foundations
and superior geographical locations and have the most
developed industrial economies in the province. However,
on the other hand, the ecological environment was not paid
enough attention to and investment in environmental
management was not enough in these two cities, which
caused greater constraints to governance capacity than to
industrial ecology. 'e main constraint factors in Anshan,
Benxi, Dandong, Jinzhou, Liaoyang, and Chaoyang cities
were similar, mainly including number of employees in the
secondary sector (P13), gross fixed asset investment (P17),
industrial sulfur dioxide removal (R21), output value of
“three-wastes” comprehensive utilization products (R24),
etc. 'e six cities were at a medium development level in
the province, in terms of either urbanization or competi-
tiveness of the industrial economy. In recent years, due to
the policy advantage and the pull effect from economic
development of Shenyang and Dalian, the economy de-
veloped rapidly in the six cities. However, without a
continuous improvement of necessary supporting systems
such as employment market and urban construction, the
governance capacity was limited. At present, the six cities
should mainly strengthen talent introduction and urban
infrastructure construction and investment and simulta-
neously emphasize both economic development and en-
vironmental governance to overcome constraints to
industrial ecology development. 'e main constraint fac-
tors for Yingkou and Tieling cities were similar, mainly
including number of employees in the secondary sector
(P13), gross fixed asset investment (P17), green coverage of
the built-up area (S21), and industrial sulfur dioxide re-
moval (R21). Benefiting from the strategic layout of the
Eastern Liaoning Coastal Economic Zone, Yingkou City
had enjoyed preferential policies and achieved a rapid
economic development. However, there was still a shortage
in quality workforce and urban construction investment.
Moreover, the green coverage of the built-up area and the
governance capacity of Yingkou were insufficient. 'ese
issues constrained the economic development in Yingkou
City. Tieling, a remotely located city, had neither a strong
industrial foundation nor a large-scale trade exchange. In
addition, the labor force was insufficient. 'us, its indus-
trial economy, ecological environment, and governance
capacity were all in an embarrassing situation. Regarding
spatial scale, the main constraint factors affecting the in-
ternal industrial ecosystem’s development in 14 cities of
Liaoning Province were the pressure and response sub-
systems, while the state subsystem had little impact. Al-
though all the cities had made a great progress in actively
responding to the central government’s call for controlling
environmental pollution, it is yet to take urgent actions in
energizing industrial economic development motivation

and improving environmental governance capabilities for
all cities.

4. Discussion and Conclusions

4.1. Discussion. 'e industrial ecosystem consists of both
various elements that have an important impact on the
development of an industry and multiple interactions of
these elements. It is an organic system composed of various
participants along the industrial chain, the supporting
factors of industrial development and the external envi-
ronment which the survival and development of an industry
rely on. Establishment of a mature industrial ecosystem
enables symbiosis, mutualism, and regeneration of industrial
elements to maximize the economic and social values
[47, 48]. Industrial development is the result of collective
effects of entire industrial ecosystem [46]. Competition
among regional economies is a competition for industrial
ecology.'ose regions who can firstly establish the complete
industrial ecosystem will take an advantage in economic
development. Currently, formation of industrial ecology
exhibits two major characteristics: first, enterprises in the
same industry or industry cluster gather in a geographical
region to form an industrial agglomeration; second, local
leading enterprises with unique products and competitive-
ness expand its development based on its business model.
Such expansion drives the growth of individual ecological
elements in surrounding areas and forms a business eco-
system. A fundamental reason why China’s super central
cities, i.e., Beijing, Shanghai, Guangzhou, and Shenzhen, can
maintain high growth is the establishment of a good in-
dustrial ecology. In these cities, the competition has changed
from “industry” to “industrial ecology.” Moreover, the trend
of specialization and verticalization of industrial ecology is
becoming more and more obvious. To manifest this trend,
economic growth points are continuously emerging, major
breakthroughs are continuously made in emerging indus-
tries and technological innovation, innovative and emerging
industries are incubated and nurtured, and a group of
unicorn enterprises are born as industry leaders that race to
control the commanding heights of economy in China or
even in the globe. In contrast, in many third- and fourth-tier
cities, economic growth is slow. It is partly because of yet-to-
improve industrial ecology that lacks attractiveness to re-
sources such as talents, capital, and technology, lacks in-
novative environment, and thus results in the loss of
endogenous economic growth. 'e premise of constructing
a sound industrial ecology is to clearly define the industrial
positioning, realize the industrial agglomeration, and or-
ganically integrate industrial elements to catalyze their
“ecological chemical reaction.” With popularized applica-
tion of big data, cloud computing, Internet of 'ings, and
intelligent hardware, the industrial ecology is being digitally
empowered and flattened managed, industrial elements are
closely interconnected and collaborated in an efficient and
intelligent way, and finally the industrial value chain is being
reshaped. Despite this, it is still necessary to take measures
from multiple dimensions to increase support for industrial
ecology. For example, we should improve the construction
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of innovative ecosystems [49], strengthen the support for
ecological elements such as land [50], and take consideration
of responses to climate change [51, 52]. We must break the
information barriers among research institutions, univer-
sities, government departments, business organizations, and
financial institutions, optimize the business environment,
strengthen policy guidance, and actively promote the inte-
gration of industry-education-research and the transfor-
mation of research outcomes, thus to form a market-
oriented and enterprise-based innovation system. In addi-
tion, it is a wise choice to introduce third-parties to gather
industrial talents and resources, where a platform-type in-
dustrial organization is particularly important for the
construction of regional industrial ecology. 'rough such a
platform, it is possible to establish connection with various
resources including talents, scientific research, capital, and
market, and further to establish a network with upstream
and downstream enterprises. 'is would greatly reduce the
difficulties in attracting investment and energize the dy-
namics of industrial elements.

Liaoning Province, as a representative and typical
province of the traditional industrial area in Northeast
China, has been accelerating the transformation and opti-
mization of traditional industries since the implementation
of the Revitalization Strategy. Economic development in
Liaoning has shifted from high-speed growth to high-quality
development. While major equipment design and
manufacturing industry is leading the country, a regional
innovation system is gradually taking shape. However, due
to a long-term influence of the extensive economic growth
model, the traditional industry development model, and the
conservative management system and mechanism, the in-
dustrial development pattern has not yet fundamentally
changed, which is still mainly based on traditional industries
such as equipment manufacturing, coal mining, and pe-
troleum smelting. Meanwhile, there still exist many prob-
lems in urban industrial ecology in Liaoning Province.
Firstly, there is a lack of a top-level design of industrial
ecosystem planning. Governments and enterprises at all
levels overemphasize industrial development but fail to
organically integrate industry into industrial ecosystem
development, which results in a sole industrial system, lack
of connection between industrial categories, slow develop-
ment of industrial ecology, and convergence of industrial
structure. Consequently, the complementary effect of re-
gional advantages is not effectively exerted, and the regional
competitiveness is compromised. Secondly, there is not a
strong capability in independent innovation of industrial
ecosystems. Till now, Liaoning still heavily depends on
traditional industrial paths, without enough nurture of
emerging pillar industries, featuring a low level of industrial
structure and an overweighed secondary sector. Meanwhile,
there is a lack of effective dynamic circulation system, high-
tech industries and modern service industries are propor-
tionally low, the industry of deep processing of raw material
is less developed, and the independent innovation ability is
weak. 'irdly, there is no feedback mechanism for the
practice of industrial ecosystems. In the process of industrial
development, most traditional industries are still

characterized by the unidirectional consumption of energy
resources and the degradation of ecological environmental
service functions.'ere is a lack of standards andmethods to
systematically assess economic-environmental dynamics.
Without having established a feedback mechanism to reg-
ulate a healthy development of industrial ecosystems, it is
impossible to effectively integrate resources for building a
modern economic system.

Constructing industrial ecosystems is a new strategic
measure to promote a comprehensive revitalization of the
Northeast Region. It can effectively address deep-seated
issues in industrial development of the traditional industrial
area in Liaoning, overcome constraints of traditional in-
dustrial development systems and mechanisms, change the
industrial development approach in multiple dimensions
such as management mechanism, operation mode, pro-
duction method, and business environment, and realize an
economic-environmental coupling and sustainable devel-
opment. It is also an important pathway leading to an ef-
fective transformation of economic development in
Liaoning. In this regard, Liaoning Province should pay more
attention to the industrial ecosystem construction and take it
as a focus to promote the industrial development in a green,
circular, and quality way. Some recommendations and
suggestions are as follows: firstly, deepen the reform of
systems and mechanisms to create a good business envi-
ronment for industrial ecosystem construction. It is nec-
essary to properly handle the government-market
relationship, focusing on addressing such issues as gov-
ernment’s direct intervention in resource allocation, over-
management, and the misalignment, offside, absence, and
inadequacy of governmental functions, and further promote
simplified administration, decentralization, and optimiza-
tion of services. Continue to deepen the reform of admin-
istrative approval systems, commercial systems, and
investment and financing systems. Perform government
functions according to law to accelerate the establishment
and improvement of the management model based on the
power lists, the responsibility lists, and the negative lists.
Improve the legitimate decision-making mechanism and
strengthen the restriction and supervision of power. Sec-
ondly, unleash the potential in regional collaborative in-
novation to build technological innovation capabilities for
industrial ecosystem construction. Formulate and imple-
ment a system that encourages technological innovation and
intellectual property protection, improve the innovation and
entrepreneurship service model, and provide full-chain
value-added services for innovation and entrepreneurship
activities to stimulate the independent innovation capabil-
ities in the traditional industrial area in Liaoning. 'irdly,
strengthen the top-level design of regional collaborative
development to broaden development space for industrial
ecosystem construction. Aim to construct industrial eco-
systems, integrate the spatial distribution of industrial de-
velopment in the province, and plan the industrial ecosystem
construction based on regional macro-policies to establish a
regional macro ecosystem integrating industry, agriculture,
services, and high-technology. Fourthly, innovate and en-
hance the supply capacity of ecological products to provide a
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material foundation for industrial ecosystem construction.
Deploy in advance the development strategy for alternative,
clean, and green industries, make full use of unique eco-
logical resources, combine with rural revitalization strate-
gies, energize new dynamics of rural resource development,
to transform superior ecological resources into high-quality
ecological product supply and ecological services, and realize
ecological industrialization. Fifthly, engage a multi-party
participation mechanism to provide scientific support for
industrial ecosystem construction. Promote the knowledge
and cognition of the industrial ecosystem to make enter-
prises aware of the importance and advantages of industrial
ecosystem construction through education & training,
media promotion, and the Internet. Strengthen scientific
support by organizing an expert team to research industrial
ecosystems of the traditional industrial area in Liaoning,
which is an interdisciplinary team engaging multiple
stakeholders including governments, enterprises, research
institutions, and universities, to provide multi-dimensional
support for industrial ecosystem construction of the tradi-
tional industrial area in Liaoning, from policy recommen-
dation, to top-level design, and then to the application of
industrial ecological technology.

4.2. Conclusions. 'is paper took 14 cities in Liaoning
Province as examples of urban industrial ecosystems of
traditional industrial area in Northeastern China to calculate
the development level of its industrial ecosystem during
2000–2018 using an improved Topsis method, and to
conduct a spatial visualization analysis, which provides new
perspectives and methods for analyzing and interpreting the
complexity of urban industrial ecosystems. 'e results show
the following: (1) from 2000 to 2018, the 14 cities in Liaoning
Province had a moderate level of industrial ecology. Except
for Shenyang and Dalian with rapid development, the dif-
ference in the development level of industrial ecosystems
among other cities was small. (2) From 2000 to 2018, the
development level of industrial ecosystems in cities first
increased and then decreased, with some fluctuation. 'e
development level of the industrial ecology in these cities
generally showed an upward-then-downward trend. Re-
garding spatial differentiation, a high-level industrial eco-
logical zone formed with Shenyang and Dalian as the center.
'e “dual-core” feature was significant and continuously
strengthened. As a result, the whole region exhibited a
“center-periphery” pattern. (3) At the system level of PSR,
the constraint grades to the industrial ecosystem’s devel-
opment level in the 14 cities of Liaoning Province were
different. 'e constraint grades of the pressure, state, and
response subsystems to the province’s industrial ecosystem
were 45.73%, 20.01%, and 34.34%, respectively, indicating
that the main constraint factors affecting the process of
urban industrial ecology in Liaoning Province were both the
lack of human response to the ecological environment and
the pressure of human activities on the ecological envi-
ronment during the industrial economic development. (4)
Due to the large differences in geographical environments,
economic bases, industrial structures, and development

circumstances among different cities, the main constraint
factors to development of industrial ecosystems were also
significantly different; but overall, regional GDP, number of
employees in the secondary sector, gross fixed asset in-
vestment, industrial sulfur dioxide removal, and output
value of “three-wastes” comprehensive utilization product
were the main five factors. With popularized application of
big data, cloud computing, Internet of 'ings, and intelli-
gent hardware, the main direction of further research in the
future may point to reshaping the industrial value chain,
improving and innovating the ecosystem construction, and
introducing third-party forces to gather industrial talents
and resources for creating an industrial symbiosis network
on a city scale. However, to fully and scientifically under-
stand the complexity of the urban industrial ecosystem, it is
necessary not only to study at the element level, but also to
systematically recognize the complexity of the network
structure, establish a structural model to analyze its evo-
lutionary dynamics, and then guide the formulation of in-
dustrial policy for the development of regional industrial
ecology, which will be the main research direction in the
future.
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