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Abstract: Exploring the dynamic relationship and coupling coordination between urban industrial co-
agglomeration and intensive land use is vital to ensure high-quality urban development. Based on an
industrial co-agglomeration model, a revised intensive land use model, and a coupling coordination
model, this paper comprehensively measured the urban industrial co-agglomeration and intensive
land use coupling coordination in eight cities in the Chengdu metropolitan area from 2004 to 2018.
It was found that despite the structural adjustment of the secondary and tertiary industries during
the study period, the industrial co-agglomeration in the Chengdu metropolitan area fluctuated,
the intensive urban land use had spatial characteristics that were decreasing from the center to the
periphery, and while the general coupling coordination level was increasing, the increase rate in each
city was different. The coupling coordination between the urban industry co-agglomeration and
the intensive land use was found to have “low-high-low” spatial characteristics from the southwest
to the northeast of the Chengdu metropolitan area, which revealed the core position of Chengdu.
Suggestions are provided to improve the industrial co-agglomeration and intensive urban land use
coupling coordination.

Keywords: coupling coordination relationship; industrial co-agglomeration; intensive land use

1. Introduction

Over the past 30 years, China has rapidly urbanized, with the urbanization rate
reaching 59.58% in 2018 [1]. Consequently, as a result of increased urban interactions and
connectivity, metropolitan areas have been increasing [2] and there have been significant
industrial agglomeration and intensive urban land use changes. Therefore, when analyzing
the urban development problems in China, it is not only necessary to examine the urban
space scale expansions and urban population agglomerations, but also to comprehensively
consider upgrading urban industries and transforming economic growth patterns. As
cities encompass both residential requirements and industry, it is necessary to carefully
plan the use of urban land. The continual need for land for urban residential and industrial
construction has resulted in problems such as a scarcity of urban land resources and a lack
of underground land use efficiency [3–5]. The urbanization of the Chengdu metropolitan
area has been accelerating since 2005, which has significantly affected its sustainable
development. Therefore, there has been an increased focus on coordinated land use
development and functional optimization in Chengdu’s current and future development
planning [6].

Previous studies have examined the relationships between industry co-aggregation,
and intensive land use. For example, the collaborative industry agglomeration proposed by
Ellison and Glaeser was focused on the geographical proximity of heterogeneous industries
that had input-output linkages [7]. Early stage industrial agglomeration research has often
revolved around a single industry, with later stage collaborative industry agglomeration ex-
amining the relationships between heterogeneous industries, such as the co-agglomeration
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of producer services and manufacturing [8,9]. Industrial synergistic agglomeration, how-
ever, determines the complementary synergies between industries to ensure a rational
allocation of factors between the various industries, with the basic theoretical bases being
externality theory, “center-periphery” theory, and heterogeneity theory [10]. Externality
theory has industry co-aggregation as its foundation, “center-periphery” theoretical models
are focused on spatial factors, and vertical correlation models are focused on industry
heterogeneity [11,12]. Based on these theories and models, in-depth studies have been con-
ducted on the connotations and measurements for industry co-aggregations, for which the
Ellsion–Glaeser (EG) index [13], the Duranton–Overman (DO) index [14], the spatial Gini
Coefficients [15] and the location entropy index [16] have been widely used [16,17]. With
the deepening of research, the focus of scholars extends from the measurement of indus-
trial agglomeration to the impact of industrial agglomeration [18,19]. For example, Wang
et al. examined the impact of industrial agglomeration on environmental performance in
China, and found that it is a U-shape relationship between industrial agglomeration and
environmental efficiency [20] Chu et al. believe that industrial agglomeration can promote
land intensive use [21]. Related research on intensive land use has focused on three main
aspects: (1) connotation and theoretical research on intensive land use, which mainly
elaborates on the urban land use structure, intensity, benefit, etc. [22]; (2) the measurement
of intensive land use levels, which is mainly based on the connotation and theory of the
intensive use of urban land to construct an index system for evaluation, and then use the
comprehensive evaluation method [23,24]; and (3) analyses of the impact mechanism for
intensive land use. Then based on the analysis, the improvement path of urban land inten-
sive use is proposed [25]. Research on cooperative industry agglomeration and intensive
land use, however, has the following shortcomings. First, intensive land use research has
tended to consider the input-output benefits and paid less attention to sustainable land
use. Second, research has mostly focused on a single instance of industrial agglomeration
or intensive land use, with little research focus on coordinated development. Third, the
study area is less involved than metropolitan areas, there has been little systematic research
on the coordinated development of urban industrial clusters and intensive land use in
metropolitan areas.

To promote inter-regional coordinated urban development, metropolitan space orga-
nization is important [26]. In the “new normal” Chinese economy context, urban industrial
upgrading and supply side structural reforms have shown the need for industrial co-
agglomeration because of the scarcity of supply and the demand for certain elements,
with supply speed, size, and stability often being influenced by the spatial agglomera-
tion [27]. However, metropolitan area urban industrial co-aggregation has both intensive
land use challenges and opportunities. Because of scarce land resources, urban industry
co-aggregation is necessary to promote industrial agglomeration, improve the supply
efficiency of other elements, and increase urban economic factor productivity and resource
allocation efficiency [28]. As land resources are an important factor in realizing urban indus-
try agglomeration, to ensure high-quality urban developments, industry co-aggregation
and intensive land use need to be coordinated, which requires: (1) an understanding of
current industrial co-concentration and intensive land use in the Chengdu metropolitan
area; and (2) determining the suitable coordinated development level to ensure sustainable
development in the Chengdu metropolitan area.

To address these two main concerns, this paper used an industrial co-agglomeration
model to calculate the industrial co-agglomeration levels in eight cities in the Chengdu
metropolitan area from 2004 to 2018. Then, a modified three-dimensional urban intensive
land use model was developed to comprehensively measure the intensive urban land use.
Finally, a coupling urban industrial co-agglomeration and intensive land use coordination
model was constructed to conduct a comprehensive analysis of the coupling and coordina-
tion degree of the urban industrial co-aggregation and intensive land use in Chengdu. The
results are a valuable reference for the implementation of associated policies in China.
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2. Materials and Methods
2.1. Study Area and Data Resources

Located in the upper reaches of the Yangtze River, the Chengdu metropolitan area is
one of the most densely populated areas in southwest China and is an important western
regional development hub, as shown in Figure 1. The Chengdu metropolitan area, the
Wuhan metropolitan area, and the Yangtze River Delta metropolitan area are the three most
important industrial agglomeration centers in the Yangtze River basin. This paper consulted
the 2003 Chengdu Urban Key Research Project “Chengdu Metropolitan Area Battle Road
Planning Study” to select eight cities in the Chengdu Metropolitan Area; Chengdu, Ya’an,
Leshan, Meishan, Ziyang, Suining, Mianyang and Deyang; for the research.
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Figure 1. Location map of the study area.

Data on the urban construction land proportion in the urban areas were extracted
from the China City Statistical Yearbooks (2005–2019), the data for the inputs; fixed assets,
employees, fiscal revenue, population, and the total administrative regional land areas;
were extracted from the Sichuan Statistical Yearbooks (2005–2019), and the data for the
fixed assets and the number of employee inputs in Chengdu were extracted from the
Chengdu Statistical Yearbooks (2005–2019).

2.2. Urban Industrial Co-Aggregation

Industrial agglomeration is a measure of urban industrial concentration, with the
most commonly used assessment methods being the Herfindahl index, the spatial Gini
coefficient, and the location entropy index. As the location entropy index can eliminate
any regional scale differences and truly reflect the spatial distribution of the geographic
elements, the location entropy index was chosen to characterize the urban industrial
agglomeration [29]. First, the agglomeration levels of the secondary and tertiary industries
were calculated based on the location entropy index.

Agglosec/thir =
Eij/Ei

Ekj/Ek
(1)

where, Agglosec and Agglothir respectively represented the agglomeration level of the city’s
secondary and tertiary industries, Eij was the output value of industry j in city i, Ei was
the GDP of city i, Ekj was the output value of industry j in province k where the city is
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located, and Ek was the GDP in province k. Eight cities in the Chengdu metropolitan area
of Sichuan Province were selected; Chengdu, Ya’an, Leshan, Meishan, Ziyang, Suining,
Deyang, and Mianyang.

Drawing lessons from Yang [30], the urban industry co-agglomeration was calculated;

CoAgglo = 1− |Agglosec − Agglothir|
|Agglosec + Agglothir|

(2)

where CoAgglo indicated the urban industrial co-aggregation level.

2.3. Urban Land Use

The focus for this intensive urban land use research was on the production efficiencies
and economic benefits needed to realize the sustainable use of land resources [31]. The
uncoordinated development of urban land input, output, and the carrying subsystems can
seriously affect the sustainable development of cities [32]; therefore, based on the traditional
intensive urban land use model [33], an intensive urban land use model was developed
and a three-dimensional intensive urban spatial land use model was constructed, as shown
in Figure 2. In Figure 2, the X-axis represents the urban land input, the Y-axis represents
the urban land output, and the Z-axis represents the urban land carrying capacity. The best

intensive urban land use is shown with the vector
→

OP, and the actual intensive urban land

use development direction is shown with the vector
→

OA. The ratio of the modulus of the

intensive urban land use level vector (OA’) to vector
→

OP modulus,
→

OA′ is the projection of

the vector
→

OA towards the most ideal situation.

Uij =

√
x2

ij + y2
ij + z2

ij√
3

× cosαij (3)

where, Uij indicates the intensive urban land use level; and xij, yij, zij, respectively, indicate
the urban land input index, the urban land output index, and urban land carrying index.
As in previous studies [34–36], the land input index in this paper was calculated based
on the average fixed asset land input and the number of employees per square kilometer
input, the land output index was based on the average land output value and the average
land fiscal revenue, and the land carrying index was based on population density and the
urban construction land proportion in the urban area. The index calculations used the
extreme value method and the mean value method, in which αij represented the angle
between the actual development direction and the ideal intensive urban land use.
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2.4. Coupling Coordination Model

After determining the urban industrial co-aggregation and intensive urban land use, as
in previous research, the physics capacity coupling concept and the capacity coordination
coefficient model were consulted to construct an urban industrial co-aggregation and
intensive urban land use coupling degree model [37].

Cij =

Uij × CoAggloij(Uij+CoAggloij
2

)2


1
2

(4)

where Cij was the intensive land use and industrial co-agglomeration coupling degree
in the jth year in city i, C ∈ [0, 1]. The more C tended to 0, the worse the coupling state,
with C = 0 indicating the worst coupling state. The more C tended to 1, the more effective
the coupling state of the two, and when C = 1, the collaborative agglomeration of urban
industry and the intensive land use were in the best coupling state.

Based on the above coupling degree function, the coupling state of the intensive urban
land use and industrial co-agglomeration was calculated. However, when the coupling
degree model was used alone, there was a pseudo coordination problem, which meant
that the industrial co-agglomeration and intensive urban land use coordination were
not truly represented. Therefore, the coupling coordination degree model was further
developed [38].

Dij =
(
Cij × Tij

)k (5)

Tij = αUij + βCoAggloij (6)

where, Dij was the coupling coordination degree between the collaborative industry ag-
glomeration and the intensive land use in the jth year in city i, Tij was the reconciliation
index for the coordinated industrial agglomeration and intensive land use in the jth year in
city i, and α, β, k were the undetermined coefficients with the general values, k = 0.5, and
α = β = 0.5.

Based on Dij, the coordination types between the urban industrial co-agglomeration
and intensive land use were divided into ten classes, as shown in Table 1 [39,40].

Table 1. Development classification for the urban industrial co-agglomeration and intensive land
use coupling.

Category D-Value Sub-Class

Coordination development

0.9000–1.0000 High coordination
0.8000–0.8999 Good coordination
0.7000–0.7999 Average coordination
0.6000–0.6999 Primary coordination

Transitional development 0.5000–0.5999 Poor coordination
0.4000–0.4999 Near disorder recession

Imbalanced development

0.3000–0.3999 Light disorder recession
0.2000–0.2999 Moderate disorder recession
0.1000–0.1999 Serious disorder recession
0.0000–0.0999 Extreme disorder recession

3. Results and Analysis
3.1. Urban Industrial Co-Agglomeration Analysis

Based on Formulas (1) and (2), the industrial urban co-agglomeration levels in each
Chengdu metropolitan area city were calculated, the results of which are shown in Figure 3.
In most cities, the urban industrial co-agglomeration level had risen, which indicated that
the differences between the secondary and tertiary industry agglomeration levels in these
cities had decreased. The industrial urban co-agglomeration levels in Ziyang, Suining,
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and Mianyang dropped significantly, from 0.9444, 0.9330, and 0.9645 to 0.6677, 0.6818, and
0.8813, respectively, indicating that the agglomeration between the secondary and tertiary
industries had increased. However, Meishan, Deyang, and Ya’an had relatively minor
changes in their industrial urban co-agglomeration levels.
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3.2. Intensive Urban Land Use Analysis

Based on the three-dimensional intensive spatial urban land use model, the intensive
land use levels in the eight cities were calculated, the results for which are shown in Figure 4.
As shown in Figure 4, while the intensive land use level in the Chengdu metropolitan area
had an upward trend year on year, the growth rate varied. The intensive land use level in
Chengdu was far ahead of the other cities, rising from 0.3862 in 2004 to 0.9501, an increase
of 0.5639; however, the growth rate gradually slowed in later years. The other seven cities
had relatively low growth rates, with the highest of these being in Deyang, which increased
by 0.1102 to 0.3138, and the lowest of which being in Ya’an, which increased by 0.0259
to 0.0282.
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The intensive urban land use level in the Chengdu metropolitan area had a circle-
layered spatial structure that was characteristic of a decreasing center-periphery, as shown
in Figure 5. Chengdu, in the center of the urban circle, had the highest intensive land use
level at 0.9501 in 2018 and an average value of 0.7019, followed by Deyang and Suining,
which, respectively, rose to 0.3138 and 0.2371 in 2018, and had respective averages of 0.2525
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and 0.1605. Ya’an had the lowest intensive land use level and an average of 0.0156, which
increased to 0.0282 in 2018; however, there was still a sizeable gap compared to Chengdu.
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3.3. Coordinated Coupling Relationship Analysis

Using Formulas (4)–(6), a comprehensive measurement of the coupling coordination
level between the industrial urban co-agglomeration and intensive land use was carried
out, the results for which are shown in Figure 6. From 2004 to 2018, the coupling coordina-
tion degree between the industrial co-agglomeration and intensive land use in the eight
Chengdu metropolitan area cities continued to increase, indicating continual improvements
in the coordination; however, the growth rates varied from city to city.
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Over time, the industrial co-agglomeration and intensive land use coupling coordi-
nation in the Chengdu metropolitan area had an upward trend. In 2004, Chengdu had
average coordination and Deyang had poor coordination, in 2009, Suining also had poor
coordination and Chengdu had good coordination, in 2010, Ziyang had poor coordination
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but from 2013 to 2018, Chengdu, Deyang, Suining, Ziyang, and Meishan had improved
coordination, with Deyang reaching primary coordination in 2012. Chengdu attained high
coordination in 2012, which dropped to good coordination in 2013 and 2014, and attained
high coordination again after 2015.

The spatial dimension analysis estimated the industrial co-agglomeration and inten-
sive land use coupling coordination levels in the Chengdu metropolitan area, which was
found to have “high in the center and low in the periphery” characteristics (Figure 7). The
industrial co-agglomeration and intensive land use coupling coordination in the Chengdu
metropolitan area could be divided into three: central Chengdu city, surrounding cities,
and fringe cities. The central Chengdu city’s coupling coordination level was always in
the leading position and had a growing trend from 0.7323 in 2004 to 0.9630 in 2018, that
is, from average coordination to high coordination. The surrounding cities were Deyang,
Suining, Ziyang, Meishan, Mianyang, and Leshan, in which the coupling coordination
was relatively low in 2004. By 2018, they had gradually developed to poor coordination
and primary coordination. However, due to its poor foundations, the fringe city of Ya’an
only developed from extreme disorder recession to moderate disorder recession during the
research period, and was, therefore, quite far from transitional development.
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4. Discussion

Industry co-agglomeration is the main industrial development objective for many
cities [27,41]. Studies have shown that secondary industry agglomeration generally occurs
before tertiary industry agglomeration [10]. The results of the industrial co-agglomeration
model showed that as the Chengdu metropolitan area developed, the industrial co-
agglomeration level increased. Based on their positions in the metropolitan area, each
city optimized its industrial layout and adjusted its industrial structure, and as the sec-
ondary and the tertiary industry agglomeration levels changed, the overall industrial
co-agglomeration changed. It was found that Ziyang and Suining continued to their
deepen “Industrial Strong City” development strategies, which were centered on charac-
teristic industries and modern industrial systems that coordinated both light and heavy
industry [42]. The secondary industry agglomeration level rose, the agglomeration level
of the tertiary industry decreased, and the industrial co-agglomeration decreased during
the study.
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During the study period, the intensive urban land use in the Chengdu metropolitan
area gradually increased, and there was a positive relationship between the intensive
land use and urban economic development [6]. As Chengdu, the central city, had a high
economic development level, complete infrastructure, and a good investment environment,
its intensive land use improved significantly and was found to have high sustainability [43].
As land is an indicator of social and economic development, intensive urban land use
can promote input-output land use efficiency, which in turn benefits economic develop-
ment [44]. Deyang, Suining, Ziyang, and Meishan were found to have a relatively high
gross output, high fiscal revenue per square kilometer, a high population density, and a
relatively high intensive land use level. Although Mianyang had relatively good economic
conditions, its topography, urban GDP per square kilometer, and fiscal revenue per square
kilometer affected its intensive land use; therefore, Mianyang needs to increase its GDP
per square kilometer [31]. The low level of intensive land use in Leshan and Ya’an was
mainly due to their complex topographies and poor economic levels. Therefore, overall,
the intensive urban land use in the Chengdu metropolitan area had a low-high-low change
from southwest to northeast, which was primarily because of the high, low, middle and
relatively flat terrain characteristics [45].

The coupling coordination level between the urban industrial co-agglomeration and
intensive land use in the Chengdu metropolitan area gradually increased over the study
period, with the number of cities having a greater than poor coordination level increas-
ing from two to five, all of which indicated that the industrial development was being
better coordinated in all cities, that is, they each had an efficient division of labor, and
had developed complementary advantages and benign interactive coordinated industrial
development [42]. However, there were three distinct industrial co-agglomeration and
intensive land use coupling coordination divisions in the Chengdu metropolitan area
cities. Chengdu was in the first division as it had the highest coordination, and Deyang,
Meishan, Ziyang, Suining, Mianyang, and Leshan were in the second division as they
had fairly high coordination. After the Chengmei intra-city development construction
and the “Three-Year Action Plan for the Development of Chengmei and the Construction
of the Chengdu Metropolitan Area (2020–2022)” (Guiding Opinions on Promoting the
Development of Chengmei Capital in the Same City) were successively issued, there were
significant intra-city developments, which improved the industrial co-agglomeration and
intensive land use coupling coordination [46]. The third division was for Ya’an because
even though the industrial co-agglomeration and intensive land use coupling coordination
rose, due to Ya’an’s poor foundation, complex topography, and lower economic level, the
coupling coordination only attained a moderate disorder recession level in 2018, which
meant that there was a gap between the average coordination in the Chengdu metropolitan
area and Ya’an.

5. Conclusions

The continuing pace of urbanization in China has expanded the urban agglomeration
and the industrial co-agglomeration; however, land resource scarcity is becoming a serious
problem. During its urban industrial co-agglomeration process, higher requirements have
been placed on intensive urban land use in the Chengdu metropolitan area. Therefore, this
study sought to determine the industrial co-agglomeration and intensive land use coupling
coordination in this city to assess the progress toward sustainable development. Based on
an industrial co-agglomeration model, a three-dimensional intensive land use model, and
a coupling coordination model, the urban industrial co-agglomeration and intensive land
use coupling coordination in the eight cities in the Chengdu metropolitan area from 2004
to 2018 was determined.

Due to an adjustment in the urban industrial configuration from changes in the
secondary and tertiary industry proportions, it was found that the urban industrial co-
agglomeration in the Chengdu metropolitan area had fluctuated. However, as the industrial
structure and industrial upgrading was gradually adjusted, the industrial synergy agglom-
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eration gradually stabilized. The intensive urban land use in the Chengdu metropolitan
area had an overall upward trend from southwest to northeast in terms of space and had
low-high-low changes, with the central city of Chengdu having a much higher urban
industrial co-agglomeration and intensive use land coupling coordination than the other
seven cities.

However, during the study period, the coupling coordination level in all cities im-
proved, but there were significant spatial differences: the first echelon city was Chengdu;
the second echelon cities were Deyang, Ziyang, Suining, Meishan, Mianyang, and Leshan;
and the third echelon city was Ya’an. The coupling coordination in Chengdu rose from
average to high, most cities in the second tier were in transitional development, with four
being above a poor coordination level in 2018, and Ya’an in the third echelon improved
from being in an imbalanced development stage to a moderate disorder recession state
in 2018.

Based on the research results, the following development suggestions are given.
(1) Development strategies need to be based on each city’s industrial structure and

development level. For example, in accordance with the metropolitan development and
the modern industry labor division, Deyang, Meishan, and Ziyang have collaborated
in co-city developments to take advantage of their urban industries. As the central city,
Chengdu’s role should be strengthened to take advantage of the characteristics and location
advantages of each city and improve the regional cooperation and interconnections.

(2) Urban land resource management and intensive land use mechanisms need to be
improved. First, it is necessary to improve the land resource allocation mechanism, actively
revitalize existing urban construction land, conduct intensive land use benefit evaluations,
and speed up intensive land use development. Second, land replacement needs to be
strengthened to gradually eliminate high-energy-consuming, low-efficiency industries,
actively integrate high-tech industries, and improve the comprehensive land utilization
efficiency. In addition, the government needs to give full play to its regulatory role by
improving the laws and regulations that restrict access to high-pollution, high-energy, low-
efficiency industries, establish reasonable and effective pollution prevention mechanisms,
and reduce pollution and land resource waste.

(3) The development of urban industry co-agglomeration and intensive land use
needs to be promoted. The government needs to recognize the objective needs of co-
agglomeration in the transformation and upgrading of urban industries, build links be-
tween the industrial distribution and spatial layout of the Chengdu metropolitan area,
optimize the supporting industrial infrastructure, and coordinate the industrial agglomera-
tion and intensive use of land resource coupling coordination.
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