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ABSTRACT Improving green total factor productivity (GTFP) is an important theme.Whether collaborative
agglomeration between logistics industry and manufacturing (LMCA) can effectively promote GTFP is
worth further research. Based on the panel data of 284 cities in China from 2005 to 2018, GTFP is calculated
by using the Biennial Malmquist-Luenberger productivity index (BMLPI), and this research investigates the
impact of LMCA on GTFP by adopting the spatial Durbin model (SDM) and threshold regressive model
(TRM). First, LMCA plays a significant role in promoting the improvement of GTFP in the local and
surrounding areas through the knowledge spillover effect, scale economy effect, resource allocation effect
and symbiotic economic effect, and the spillover effect is greater than the local effect. Second, the positive
direct effect of LMCA on GTFP comes mainly from technological progress, and the positive indirect
effect of LMCA on GTFP comes mainly from the positive spillover effect of technological progress and
technical efficiency improvement. Finally, theWilliamson hypothesis exists significantly in the collaborative
agglomeration scenario of the logistics industry and manufacturing of China. With the improvement of the
level of economic development, the impact of LMCA on GTFP changes from insignificant to promoting.
However, when it is further improved, the promoting effect turns into an inhibiting effect, and this change is
dominated mainly by the impact of LMCA on technical change.

INDEX TERMS Collaborative agglomeration between logistics industry and manufacturing, green total
factor productivity, Biennial Malmquist Luenberger productivity index, spatial Durbin model, threshold
regressive model.

I. INTRODUCTION
The report of the 19th National Congress of the Communist
Party of China pointed out that China’s economic devel-
opment must adhere to the principle of quality and effi-
ciency priority and improve total factor productivity (TFP)
by promoting quality reform, efficiency reform and dynamic
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changes in economic development. Green total factor pro-
ductivity (GTFP) which fully considers energy consumption
and negative environmental output has gradually become
a key indicator to evaluate the economic quality and the
level of green development and an important issue in the
context of high-quality economy under the ‘‘new normal’’
and the current grim ecological environment [1]. Industrial
agglomeration is one of the factors which affect the promo-
tion of GTFP. Industrial collaborative agglomeration is the
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advanced stage of industrial agglomeration. The specialized
agglomeration of a single industry cannot meet the demand of
differentiated intermediate products. Industrial collaborative
agglomeration, as an important form of spatial organization
and a vital force to promote the development of the regional
economy, has gradually featured the new economic era and
become the means of industrial upgrading and shifting, opti-
mizing spatial layout and improving urban efficiency by shar-
ing infrastructure, information exchange and dissemination,
technology spillover, and division of labor brought by scale
economy benefits [2].

Manufacturing is an indispensable industry in almost every
country. In particular, China is called the world factory, and
its manufacturing has a great impact on China and even the
world economy. In 2020, China’s manufacturing added value
accounted for nearly 30% of the global total, maintaining
its position as the world’s largest manufacturing country for
11 years. China is the only country in the world with all the
industrial categories listed in the United Nations Industrial
Classification. Agglomeration is an important organizational
form of modern manufacturing that plays an important role
in promoting the efficiency of the green economy. Therefore,
there are an increasing number of studies on the collabo-
rative agglomeration between producer services and manu-
facturing, which can improve GTFP through the innovation
effect [3], pollution emission reduction effect [4], industrial
structure optimization and upgrading effect [5], economic
growth effect [6] and other ways. The logistics industry, as the
producer service industry most closely related to manufac-
turing, plays a significant role in promoting the production
efficiency of manufacturing and presents a spatial geograph-
ical proximity to the distribution of manufacturing, showing
an increasingly obvious trend of collaborative agglomeration
with manufacturing [7]. However, the logistics industry does
not completely follow the rule of collaborative agglomera-
tion between producer services and manufacturing. In dif-
ferent spatial ranges, the logistics industry may show that
some enterprises cluster to the regional center, and some
enterprises will migrate to the periphery of the region along
with the manufacturing [8]. The unique phenomenon of the
coexistence of ‘‘complementarity’’ and ‘‘extrusion’’ char-
acteristics of collaborative agglomeration between logistics
industry and manufacturing (LMCA) has attracted increasing
attention [9]. Whether this unique form of agglomeration
can effectively improve GTFP is worthy of further study.
Therefore, the logistics industry cannot be generalized to the
financial, business consulting and other producer services
industries. A more targeted theoretical framework needs to
be built to analyze the impact of LMCA on GTFP.

The marginal contribution of this paper is as follows:
First, from the perspective of spatial spillover, this paper
constructs a theoretical model between LMCA and GTFP for
the first time, which provides a theoretical analysis frame-
work for revealing the impact mechanism of industrial col-
laborative agglomeration on GTFP. Second, considering both
the spatial spillover effect and threshold effect, based on

panel data of 284 cities in China from 2005 to 2018, this
paper builds a spatial Durbin model (SDM) and threshold
regression model (TRM) respectively, which provides more
robust empirical evidence for the relationship between indus-
trial agglomeration and GTFP. Finally, this paper uses data
envelopment analysis (DEA) and the Biennial Malmquist
Luenberger productivity index (BMLPI) to measure and
decompose GTFP of 284 cities in China from 2005 to 2018.
BMLPI has the advantages of no linear programming unsolv-
able, more flexible, considering the technological regression,
and relatively simple calculation, which makes the measure-
ment results of GTFP more accurate.

The other sections are organized as follows: Section II
shows a literature review; Section III constructs the mecha-
nism analysis framework; Section IV introduces the research
design, which includes data, methods and variable selec-
tion; Section V gives empirical analysis results and discus-
sion; and Section VI draws research conclusions and policy
implications.

II. RELATED LITERATURE REVIEW
Since Ellison andGlaeser (1997) first defined spatial agglom-
eration among heterogeneous related industries as indus-
trial collaborative agglomeration from the perspective of
manufacturing [10], research on collaborative agglomeration
between the producer services industry and manufacturing
has gradually become a hot issue. GTFP not only includes
economic growth but also considers the impact on the envi-
ronment. Therefore, this paper reviews the related literature
from the following three aspects.

A. INDUSTRIAL COLLABORATIVE AGGLOMERATION
AND ECONOMIC GROWTH
On the one hand, industrial collaborative agglomeration can
promote economic development through positive externali-
ties such as the agglomeration effect, scale economy effect,
synergy effect and innovation effect. Chen and Chen [11]
proposed that collaborative agglomeration between producer
services andmanufacturing can generate an economic growth
effect (scale and efficiency) by exerting an agglomeration
effect and synergy effect. Li and Li [12] empirically found
that the collaborative agglomeration between high-tech man-
ufacturing and knowledge-intensive service industries pro-
motes economic development by promoting innovation with
a mediating effect model. Based on the spatial economet-
ric model, Li and Feng [13] argued that the collaborative
agglomeration between high-tech manufacturing and high-
tech service industries can improve production efficiency
by industrial collaborative division of labor, realize the free
flow of factors, increase the efficiency of resource allocation,
form the spatial spillover effect of knowledge, technology and
innovation, and drive the economic development of surround-
ing areas. Hu and Zhu [14] demonstrated that the reasonable
spatial layout of producer services and manufacturing helps
reduce the production cost of enterprises, improve product
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quality and competitiveness, enhance factor productivity and
promote economic growth.

On the other hand, the impact of industrial collaborative
agglomeration on economic growth is also limited by urban
population size, economic development level and other fac-
tors, which may lead to a nonlinear relationship between
them. Chen [15], Peng andXiao [16], and Zhou andChen [17]
put forward that there is an inverted U-shaped curve between
industrial collaborative agglomeration and economic devel-
opment, that is, industrial collaborative agglomeration can
promote economic growth at the early stage, but when the
agglomeration reaches a certain level, economic growth will
be inhibited due to the existence of negative externalities such
as the crowding effect of agglomeration. Dou and Liu [6],
Li and Feng [13], and Zhou and Chen [17] believed that there
is a threshold effect on the impact of industrial collaborative
agglomeration on economic development. When the thresh-
old variable is between the first and second thresholds, the
promotion effect of collaborative agglomeration on economic
growth is the most significant; when the threshold variable
is lower than the first threshold or higher than the second
threshold, industrial collaborative agglomeration may hinder
economic growth.

B. INDUSTRIAL COLLABORATIVE AGGLOMERATION
AND ENVIRONMENTAL POLLUTION
Industrial collaborative agglomeration reduces environmen-
tal pollution through the spatial spillover effect, complemen-
tary effect and innovation effect. Cai and Xu [18] believed
that industrial collaborative agglomeration is conducive to
exerting the spatial spillover effect of knowledge and tech-
nology, decreasing the enterprise factor cost and transac-
tion cost, and improving the industrial production efficiency
and management level to reduce the pollution emissions per
unit output and promote the improvement of haze pollution.
Miao and Guo [19] analyzed externalities, industrial ecology
and specialization, and they believed that industrial collabo-
rative agglomeration could effectively improve environmen-
tal pollution by using the synergy between complementary
industries, improving the level of specialization, promoting
technological innovation and building an industrial symbio-
sis network. Shen et al. [4] established that collaborative
agglomeration is conducive to the reduction of industrial
sulfur dioxide intensity, and this pollution reduction effect
can produce a spatial spillover effect through an economic
network. Cai and Xu [20] showed that collaborative agglom-
eration between the producer service industry and manufac-
turing can promote the efficiency of manufacturing through
the scale economy effect, competition effect, specialization
effect and learning effect to reduce environmental pollution.

In addition, the impact of industrial collaborative agglom-
eration on environmental pollution is also affected by
the level of industrial agglomeration, resource allocation
and other factors, and there may be a nonlinear relation-
ship between them. Huang and Wang [21] and Lu and
Yang [22] indicated that the relationship between industrial

collaborative agglomeration and environmental pollution is
the inverted U-shape.When the level of industrial agglomera-
tion is low, collaborative agglomeration aggravates pollution;
with the continuous development of the agglomeration level,
the level of industrial agglomeration across the ‘‘inflection
point’’ can reduce pollution emissions. Li et al. [23] pre-
sented that the effect of industrial collaborative agglomera-
tion on promoting carbon emission reduction is significantly
limited by the degree of improper resource allocation, and
there is a double threshold effect: in areas with reasonable
resource allocation, industrial collaborative agglomeration
can produce a significant agglomeration effect and promote
the reduction of carbon intensity. Once the degree of improper
resource allocation exceeds a critical value, the agglomera-
tion effect will be transformed into a crowding effect, leading
to the failure to reduce carbon intensity.

C. INDUSTRIAL COLLABORATIVE AGGLOMERATION
AND TFP/GTFP
There is no consensus on the impact of industrial agglomer-
ation on TFP/GTFP, and there are three main viewpoints.

First, industrial collaborative agglomeration promotes
TFP/GTFP. Wang et al. [9] measured the TFP of 27 cities
in the Yangtze River Delta Urban Agglomeration with the
Malmquist-Luenberger productivity index (MLPI), applied
the system generalized method of moments (GMM) model
of a dynamic panel and pointed out that the collaborative
agglomeration of the manufacturing and producer services
industry has a positive effect on TFP. Yu et al. [24] esti-
mated the economic efficiency of 285 Chinese cities based
on the stochastic frontier approach (SFA) and concluded that
the collaborative agglomeration between manufacturing and
producer services has a significant role in promoting the
economic efficiency of cities in central and western China.
Zhang and Zhao [25] researched the internal relationships
between the collaborative agglomeration of the Internet and
manufacturing and GTFP based on more than 283 cities
in China using a slack-based measure (SBM)-undesirable
model and a spatial econometric panel mode. Collaborative
agglomeration can significantly improve GTFP and has both
significant direct and indirect effect. Moreover, the indirect
effect is higher than the direct effect.

Second, industrial collaborative agglomeration restrains
TFP/GTFP. Wu [26] proposed that collaborative agglomer-
ation between the service industry and strategic emerging
industry has a significant negative effect on TFP because
excessive agglomeration produces a negative externality—
continuous improvement of the agglomeration level will lead
to an increase in sunk costs such as land price, wages, traffic
congestion, etc., in the agglomeration area, and it is difficult
for enterprises with large fixed capital to exit the agglomera-
tion area. The enterprises with low production efficiency may
become zombie enterprises, and reduce the overall supply
chain production efficiency. However, Yu et al. [24] believed
that the industrial collaborative agglomeration between man-
ufacturing and producer service industries hinders urban
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economic efficiency due to the congestion effect of manu-
facturing agglomeration and the lack of positive interaction
between manufacturing and producer services.

Finally, the impact of industrial collaborative agglomer-
ation on TFP/GTFP is uncertain. Wu [27] and Wu [28]
estimated the TFP of 246 cities in China with the Global
Malmquist-Luenberger productivity index (GMLPI) and pro-
posed that the impact between the collaborative agglom-
eration of manufacturing and producer services on TFP
presents a nonlinear feature based on TRM. Specifically,
with the increase of industrial specialization agglomeration,
the impact of collaborative agglomeration between producer
services and manufacturing on TFP growth tends to change
from negative to positive.Whenmanufacturing specialization
agglomeration is a threshold variable, collaborative agglom-
eration has a threshold effect on TFP and its decomposition
items. Wang and Sun [29], Chen et al. [30], based on TRM
and SDM, demonstrated that the influence of industrial col-
laborative agglomeration on GTFP is an inverted U-shape,
taking the collaborative agglomeration of manufacturing and
producer services as the research object. In the initial stage
of collaborative agglomeration, there is no strategic cooper-
ative relationship among enterprises, with weak correlation
between upstream and downstream and low efficiency of
resource utilization. In addition, the migration of diversified
enterprises brings more pollutant emissions, and centralized
pollution control is more efficient than specialized pollution
control. As a result, the effect of pollution reduction gradu-
ally appears. Knowledge and technology cooperation among
enterprises promotes the spillover of clean technology. The
effective division of labor and cooperation further improves
production efficiency. Technological progress and large-scale
pollution control reduce pollutant emissions.

In conclusion, although many scholars have discussed
the impact of industrial collaborative agglomeration on eco-
nomic growth, environmental pollution and TFP from various
aspects, there are a few studies on the impact of the collab-
orative agglomeration between manufacturing and producer
services on GTFP, and the literature often ignores the spatial
spillover effect or nonlinear effect. In particular, it lacks
the research on the relationship between LMCA and GTFP.
Moreover, the literature uses MLPI and GMLPI mainly to
caculate urban GTFP, but these measurement methods have
some problems, such as infeasible solutions and complex
calculations, which cannot accurately measure urban GTFP.

III. THEORETICAL ANALYSIS AND
RESEARCH HYPOTHESIS
A. DIRECT PATH FOR LMCA TO INFLUENCE GTFP
The agglomeration of manufacturing or logistics industry
reflects the economic phenomenon that enterprises in the
same industry choose to cluster to each other because of the
constraints of factors such as production elements, transac-
tion costs and location advantages, while the reason of the
collaborative agglomeration between them in space is the
complementary differences and the mutual needs of the final

and intermediate production department. Industrial collabo-
rative agglomeration is a higher stage of industrial agglomer-
ation, which not only enlarges the knowledge spillover effect
and crowding effect of a single industrial agglomeration but
also produces economic, technological and knowledge link-
ages due to vertical or vertical linkages among heterogeneous
industries. The three kinds of correlation effects produce
different positive and negative effects to influence local city
GTFP (as shown in the right half of Figure 1).

Theoretically, LMCA may have four positive effects on
GTFP. First, LMCA brings more interdisciplinary collision
and integration than specialized agglomeration. LMCA can
provide technical support for green development and generate
greater and more effective innovation results by realizing the
sharing and dissemination of complementary knowledge and
technology among different industries, forming collaborative
innovation consortia, promoting technological innovation
and spillover, and improving the innovation performance of
the subject and the ability of imitation, digestion, absorption
and transformation. Second, with the continuous expansion of
manufacturing, the logistics industry is gradually separated
from manufacturing. In the development process, manufac-
turing and logistics promote and depend on each other, and
the cooperation division system is gradually improved. The
regional GTFP is consequently enhanced through the for-
ward and backward correlation of input and output, reduc-
ing the logistics cost, facilitating enterprise communication,
division and cooperation, continuous improving the scale
effect of economic development, and producing the spillover
effect in the surrounding areas. Third, LMCA is conducive
to sharing resources, improving the utilization efficiency of
infrastructure, public service platforms and human resources,
promoting the coordinated development of logistics industry
and manufacturing and enhancing the efficiency of urban
resource allocation. Finally, LMCA is convenient for the cen-
tralized consumption of resources and treatment of pollutants
and makes the vertical connection between heterogeneous
industries closer, which is more beneficial to the construction
of a circular economy system.

Corresponding to the positive effect, LMCA has three
negative effects on GTFP. Although LMCA saves transaction
costs and talent search costs, when LMCA in a region is
excessive, the local land rent, transportation, time and other
costs will increase correspondingly, which is not conducive
to the improvement of enterprise productivity. Intensive eco-
nomic activity will also lead to traffic, public infrastructure
congestion and environmental degradation, and the scale
effect is no longer significant, resulting in a crowding effect,
which will challenge the carrying capacity of local resources
and the environment and hinder the promotion of GTFP.
Moreover, LMCAwill attract numerous production factors to
gather rapidly and simultaneously, forming a lock-in effect.
This path lock-in not only hinders the transformation and
technology diffusion of new emission reduction technologies
but also crowds out the resources of other regions, which is
not conducive to the improvement of GTFP in other regions.
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FIGURE 1. The influence mechanism diagram of LMCA on GTFP.

Finally, due to the existence of sunk costs, logistics enter-
prises, especially manufacturing enterprises cannot easily
exit a certain region, resulting in relatively low productivity
enterprises staying in the industrial agglomeration area for a
long time or even evolving into ‘‘zombie enterprises’’, which
will reduce the production or service efficiency of related
enterprises.

In addition, GTFP can be divided into technical efficiency
change (TEC) and technical change (TC), in which TEC
refers to the production efficiency affected by management,
system, enterprise scale and other factors, and TC refers to
the production efficiency affected by technological change
or the matching of technological progress with economic
scale. In theory, LMCA can effectively promote TEC and TC,
but LMCA increases the government regulatory investment,
which is not conducive to the improvement of local TEC. The
influence direction of LMCA onGTFP and its decomposition
depends on the positive and negative effects. Based on the
above analysis, we propose Hypothesis 1.

Hypothesis 1. Under the dual influence of positive and neg-
ative effects, LMCA has a certain correspondence to the local
urban GTFP and its decomposition term, but the influence
directions are uncertain.

Williamson [31] proposed the ‘‘Williamson hypothesis’’:
spatial agglomeration can effectively promote efficiency in
the early stage of economic development, but after reaching
a certain threshold value, the impact of spatial agglomera-
tion on economic growth decreases and is not conducive to

economic growth, and crowding externalities make agglom-
eration tend to be a more decentralized geographical spa-
tial structure. According to the hypothesis, the influence of
LMCA onGTFPmay be discrepant in different stages of eco-
nomic development. Based on the above analysis, we propose
Hypothesis 2.

Hypothesis 2. The impact of LMCA on local urban GTFP
and its decomposition items is affected by the level of
economic development, and there may be threshold effects
with different characteristics in different stages of economic
development.

B. INDIRECT PATH OF LMCA AFFECTING GTFP
LMCA affects GTFP of surrounding cities through spatial
spillover effects such as diffusion effects and siphon effects
(as shown in the left half of Figure 1). In the process of
continuous collaborative agglomeration of logistics industry
and manufacturing, logistics and manufacturing facilities and
other related infrastructure will be continuously improved.
Through the diffusion effect, this improvement will bring
capital, talent, technology and other resources to the sur-
rounding cities and promote the economic development of the
surrounding cities. However, if a city forms a manufacturing
growth pole or a logistics growth pole, this pole will have a
siphon effect on the surrounding cities, continuously attract
the resources of surrounding cities to gather in the logistics
industry and manufacturing and hinder the economic growth
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of surrounding cities. Based on the above analysis, the fol-
lowing research hypotheses are proposed.

Hypothesis 3. LMCA affects GTFP and decomposition
items of surrounding cities by exerting diffusion effects and
siphon effects.

IV. RESEARCH DESIGN
A. MODEL DESIGN
1) SPATIAL ECONOMETRIC MODEL
To systematically investigate the impact of LMCA on GTFP,
the following benchmark model was constructed based
on Wu [27]’s econometric model:

lnGTFPit=α + β1 lnLMCAit + ϕ1
N∑
i=1

Xit+µi + vt + εit

(1)

where i is the city; t is the year; the explained variable
GTFP is the green total factor productivity; the core explana-
tory variable LMCA is the collaborative agglomeration index
between logistics industry and manufacturing; X is a series
of control variables, including INT, GOV, T , ROAD, INN;
β1, ϕ1 are the regression coefficients with estimation of the
core explanatory variable and a series of control variables;
µi is the spatial trait effect; vt is the temporal trait effect; εit is
the random disturbance term; and α is the constant.

LMCA can affect GTFP of local and neighboring areas.
There is obvious spatial correlation of GTFP. This paper
further constructs a spatial econometric model with a spatial
weighting term to test the impact of LMCA of a certain region
on GTFP of neighboring regions. SDM is set up as follows:

lnGTFPit = α + ρ
N∑

j=1,j6=i

Wij lnGTFPit + β1 lnLMCAit

+β2

N∑
j=1,j6=i

Wij lnLMCAit + ϕ1
N∑
i=1

Xit

+ϕ2

N∑
j=1,j6=i

WijXit + µi + vt + εit (2)

where ρ is the spatial autocorrelation effect of GTFP; Wij is
the spatial weight matrix; and β2, ϕ2 are the influence coeffi-
cients of the core explanatory variable and control variables
on GTFP of adjacent areas, respectively.

Spatial weight matrix is the core of SDM. According to
the first law of geography, the closer the spatial units are,
the stronger the spatial spillover effect which attenuates with
increasing distance will be. Therefore, this paper adopts the
inverse distance square spatial weight matrix W1, and the
specific form is shown in formula (3):

W1 =

{
1/d2ij, i 6= j
0, i = j

(3)

2) THRESHOLD MODEL
To investigate the threshold characteristics of LMCA on
GTFP in the process of economic growth, using Hansen’s
panel threshold model as reference [32], a panel threshold
model with PGDP as the threshold variable and LMCA as
the threshold dependent variable is constructed:

lnGTFPit = α + λ1 lnLMCAit I (PGDPit ≤ τ1)

+ λ2 lnLMCAit I (τ1 < PGDPit ≤ τ2)+ · · ·

+ λn lnLMCAit I (PGDPit > τn−1)

+βXit + µi + vt + εit (4)

where PGDPit is the threshold variable; τ1, τ2, . . . , τn are the
threshold values; λ1, λ2, . . . , λn are the estimation parame-
ters of different threshold intervals; and I (·) is the indicative
function. When the threshold variable meets the conditions
in brackets, it is 1; otherwise, it is 0. Other symbols have the
same meanings as above.

B. VARIABLE SELECTION AND CALCULATION
1) EXPLAINED VARIABLES
The traditional accounting method, stochastic frontier analy-
sis (SFA) and data envelopment analysis (DEA) are generally
used in academic circles to measure TFP. Compared with
the other two methods, DEA has the following advantages.
First, DEA does not need to set a specific function form. As a
result, DEA avoids the result deviation caused by the wrong
setting of the production function in the traditional account-
ing method and SFA. Second, DEA can decompose TFP
into a technical efficiency index and technological progress
index. Third, GTFP is constructed by bringing pollution
output into a unified input-output production system [33].
Chung et al. [34] proposed MLPI based on the directional
distance function (DDF), which was used to solve the prob-
lem of GTFP measurement, including pollutant emissions as
undesirable output, and real green productivity was obtained
for the first time. However, MLPI has a potential linear
programming unsolved problem when DDF is measured in
a mixed period. To solve the infeasible solution problem,
Oh andHeshmati [35] constructed a sequential environmental
technology set including not only the current year but also
all years before the current year, based on the assumption
that there will be no technological regression, and proposed
the Sequential Malmquist-Luenberger productivity index
(SMLPI). This method can only reduce but not completely
avoid infeasible solutions and ignores the situation of tech-
nical retrogression. In addition, SMLPI represented by the
geometric average is not cyclic or transitive. To overcome
these shortcomings, Oh and Lee [36] established the Global
Malmquist-Luenberger productivity index (GMLPI). Nev-
ertheless, GMLPI also has defects: if the data change, for
example, when the data set is added in the new period,
the whole frontier of GMLPI needs to be reconstructed,
and the whole technology would change. The index needs
to be recalculated, and the calculation is very complex and
lacks stability. To overcome this problem, Pastor et al. [37]
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introduced the Biennial Malmquist productivity index
(BMPI), which is used as a production technology to calculate
the efficiency and productivity index every two periods.
BMPI not only avoids the infeasible solution of linear pro-
gramming when MLPI is decomposed but also avoids recal-
culation when adding a data set in the new period compared
with GMLPI. In the meantime, BMPI can avoid the situation
in which sequential DEA does not have technical retrogres-
sion but does not consider unexpected output. To overcome
the shortcomings of traditional MLPI, SMLPI and GMLPI,
based on BMPI and considering unexpected output,
Wang et al. [38] constructed Biennial Malmquist Luenberger
productivity index (BMLPI) tomeasure and decompose tradi-
tional energy productivity under carbon emission constraint,
and the calculation formula of the new productivity index is:

BMLPI t+1t

=
1+ EDBo (x

t , yt , bt ; yt ,−bt )

1+ EDBo (x t+1, yt+1, bt+1; yt+1,−b
t+1)

=

[
1+ EDto(x

t , yt , bt ; yt ,−bt )

1+ EDt+1o (x t+1, yt+1, bt+1; yt+1,−bt+1)

]

×


1+ EDBo (x

t , yt , bt ; yt ,−bt )

1+ EDto(x t , yt , bt ; yt ,−b
t )

×
1+ EDt+1o (x t+1, yt+1, bt+1; yt+1,−bt+1)

1+ EDBo (x t+1, yt+1, bt+1; yt+1,−b
t+1)


= TEC × TC (5)

where TEC is the technical efficiency change; TC is the
technical change; and EDto(x

t , yt , bt ; yt ,−bt ) represents the
directional distance function of the t-phase evaluation object
under t-phase technology.

This paper uses BMLPI and Stata16 software to measure
GTFP, TEC and TC of 284 cities in China from 2005 to 2018.
A GTFP greater than 1 (less than 1) indicates GTFP growth
(decline); a TEC greater than 1 (less than 1) suggests a change
in green production efficiency caused by an improvement
(decline) at the management and system levels; and a TC
greater than 1 (less than 1) implies that a change in green
production efficiency is caused by technological progress
(retrogression).

Since the BMLPI reflects the change rate of GTFP of the
current year compared with the previous year, referring to
Shen et al. [39] and Cheng and Lu [40], this paper adopts the
cumulative GTFP as the explained variable. The calculation
method of cumulative GTFP is as follows: GTFP value of
the base period (2004) is set to 1, the cumulative GTFP
in the second year is the cumulative GTFP of the previous
year multiplied by the BMLPI of the current year, and the
cumulative TEC and cumulative TC are calculated according
to the above method. The input-output variables in BMLPI
are displayed in Table 1.

TABLE 1. Input-output factors definition.

2) CORE EXPLANATORY VARIABLE
LMCA is the core explanatory variable of this paper. Based
on the research purpose and the availability of data, referring
to Yang [41], this paper uses location entropy to calculate
industrial agglomeration and then measures the collaborative
agglomeration between logistics industry and manufacturing
through the relative difference of the agglomeration. The
specific calculation formula is as follows:

LQji =
eji
/
Ej

ei
/
E

(6)

LMCAi = 1−
|LAi −MAi|
LAi +MAi

(7)

where LQji refers to the location entropy of industry j in city i;
eji refers to the number of employees of industry j in city i; Ej
refers to the number of employees of industry j in China; ei
refers to the number of employees of all industries in city i;
E refers to the total number of employees in all industries in
China; LMCAi refers to the collaborative agglomeration index
of logistics industry and manufacturing in city i; and LAi and
MAi are the location entropy of logistics industry and man-
ufacturing in city i respectively. According to formula (7),
the closer the agglomeration level of logistics industry and
manufacturing in city i is, the higher the level of collaborative
agglomeration is, and the greater the value of LMCAi is.
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3) THRESHOLD VARIABLE
According to the Williamson hypothesis, GTFP is closely
related to the level of economic development. Therefore,
PGDP with a constant price in each region in 2004 is
taken as an indicator to measure the level of economic
development [42]. PGDP is selected as the threshold vari-
able in the threshold panel model to test and analyze the
impact of LMCA on GTFP in different stages of economic
development.

4) CONTROL VARIABLES
There are five control variables. First, government interven-
tion (GOV) is characterized by the proportion of govern-
ment fiscal expenditure in GDP. Under the system of fiscal
decentralization, regional economic development is often
associated with the promotion of government officials. Local
government often uses economic, administrative and legal
means to intervene in economic and social development,
including environmental governance. Zhang and Li [43]
found that the government is inclined to force firms to cut
down pollution by administrative means in regions where
government intervention is strong, which results in the mis-
allocation of resources and is harmful to the improvement
of GTFP. Second, science and technology investment level
(T ) is measured by the proportion of government science and
technology expenditure in GDP. Generally, science and tech-
nology investment can stimulate social innovation, advance
technological progress, achieve major changes in the produc-
tion mode and organizational form of enterprises, improve
the utilization efficiency of energy resources, and promote
energy conservation and emission reduction [44]. Third,
infrastructure (ROAD) is represented by the road area per
capita. The construction of urban infrastructure can not only
improve the economic operation environment and reduce the
transaction costs between enterprises and the outside but
also accelerate the upgrading of traditional industries and
promote regional economic growth. However, if we only
improve the urban internal infrastructure and do not form
a close contact network with the outside of the city, the
improvement of urban infrastructure cannot effectively pro-
mote urban efficiency [45]. Fourth, the innovation level (INN)
is expressed by the total number of patents granted. In theory,
innovation can effectively reduce energy consumption and
environmental pollution and promote economic growth [29].
However, if innovation fails to effectively transform achieve-
ments, innovation may not promote the improvement of
GTFP. Finally, population density (POP) is estimated by the
ratio of the population of municipal districts to the built-up
area of municipal districts at the end of the year. Population
density reflects the degree of urban sprawl and population
spatial agglomeration [46]. The increase in population spatial
density may promote the effective use of resources, produce
the scale agglomeration effect, and promote GTFP. How-
ever, the increase in population spatial density will make
the demand for resources and energy grow correspondingly,

strengthen the carrying capacity of resources and the envi-
ronment, and may produce crowding externalities, which
will cause further environmental damage due to unreasonable
development modes and is not conducive to the improvement
of GTFP [47].

C. DATA DESCRIPTION
At present, the logistics industry is not listed as an inde-
pendent industry in China’s national industry classification.
Instead, the transportation, warehousing and postal industries
are regarded as statistical industries, which can basically
represent the development of the modern logistics industry.
Therefore, this paper selects transportation, warehousing and
postal industry data to replace the logistics industry data [48].
In 2003, China made a great adjustment in the scope of
industrial statistics, while the statistical data of ‘‘China Urban
Statistical Yearbook’’ only separated the telecommunication
industry from transportation, storage and post and telecom-
munications industry in 2005 and began to count the data
of urban transportation, warehousing and postal industry.
Therefore, the time span of measuring GTFP is 2004-2018;
the time span of LMCA and control variables is 2005–2018.
To ensure the unity of the sample and the integrity of the data,
Lhasa, Chaohu, Bijie, Tongren, Laiwu and other cities were
excluded. Finally, 284 cities at the prefecture level and above
were selected as the research objects. As the logistics industry
and manufacturing are concentrated mainly in municipal dis-
tricts, the main indicators are the data of municipal districts
rather than the whole city, and some missing data are sup-
plemented by the interpolation method. The data are mainly
from the China Urban Statistical Yearbook (2005-2019),
China Statistical Yearbooks (2005-2019), statistical year-
books of 31 provinces, autonomous regions, and munic-
ipalities (2005-2019), statistical yearbooks of 284 cities
(2005–2019), and National Economic and Social Devel-
opment Statistics Bulletin of 284 cities (2004–2018). The
longitude and latitude of each city are from the National
Geographic Information Center. This paper uses 2004 as
the base period to adjust the price of all data expressed in
monetary value. To reduce heteroscedasticity, the related data
except threshold variable are also logarithmically processed.
Table 2 shows the descriptive statistical results for each
variable.

V. EMPIRICAL RESULTS AND DISCUSSION ANALYSIS
A. SPATIAL CHARACTERISTICS OF IMPACT OF
LMCA ON GTFP
1) SPATIAL AUTOCORRELATION TEST
Before estimation, the spatial autocorrelation of the main
variables was tested by the globalMoran index. Table 3 shows
that lnGTFP passes the significance test of 10% inmost years,
lnTC passes the significance test of 5% in most years, while
lnTEC passes the significance test of 10% in only 4 years;
the core explanatory variable lnLMCA passes the significance
test of 10% in 7 years. Except lnPOP, which passes the
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TABLE 2. Variables descriptive statistics.

TABLE 3. Spatial autocorrelation test.

significance test of 5% in one year, the other control variables
all pass the 1% significance level test.

To further study the correlation between different cities,
local indicators of spatial association (LISA) maps of LMCA
and GTFP of 284 cities in China from 2005 to 2018 were
drawn based on the inverse distance square spatial weight
matrixW1 (Figure 2-Figure 3).

Figure 2 shows that there is a certain local spatial autocor-
relation in LMCA, and the agglomeration trend is increas-
ingly obvious. The ‘‘High-High’’ cluster area is concentrated
mainly in the northeast and central regions in China, and
the scope of clusters in the central region is expanding. The
‘‘Low-High’’ cluster area is adjacent to the ‘‘High-High’’
cluster areas. The ‘‘High-Low’’ cluster area is located mainly

in the western region, and the surrounding area is mostly the
‘‘Low-Low’’ cluster area.

Figure 3 shows that there is a certain local spatial auto-
correlation in the growth of urban GTFP, and the agglom-
eration trend is increasingly obvious but unstable. The
‘‘High-High’’ cluster area has changed from ‘‘three core’’
to ‘‘one core and many spots’’. In 2005, the ‘‘High-High’’
cluster area was concentrated mainly at the junction of
Henan, Shanxi and Shaanxi, the junction of Yunnan, Guizhou
and Guangxi, and the junction of Fujian and Guangdong.
By 2018, the ‘‘High-High’’ cluster area was concentrated
mainly in the Bohai Rim Economic Zone, which included
Deyang, Guangyuan, Suining, Neijiang, Ziyang, Lanzhou,
Baoji and other cities. The ‘‘Low-Low’’ cluster area has
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FIGURE 2. Local indicators of spatial association (LISA) map of lnLMCA in 2005, 2011 and 2018. High-high and low-low represent statistically
significant clusters of high and low lnLMCA, whereas high-low and low-high are outliers representing either high lnLMCA surrounded by lnLMCA,
or vice versa.

FIGURE 3. Local indicators of spatial association (LISA) map of lnGTFP in 2005, 2011 and 2018.

gradually transferred from the eastern Yangtze River Delta
to the western Mongolia-Shanxi-Shaanxi junction, including
mainly Hohhot, Luliang, Linfen, Yuncheng, Yulin, Yan’an
and other cities. The ‘‘High-Low’’ cluster area is scattered in
Guangzhou, Zhuhai, Wenzhou, Nantong, Guilin, Ya’an and
other cities. The ‘‘Low-High’’ cluster area is located near the
‘‘High-High’’ cluster area.

In conclusion, the significant spatial autocorrelation means
that the spatial econometric model can be used to study the
effect of LMCA on GTFP.

2) SELECTION OF SPATIAL ECONOMETRIC MODEL
The Lagrange multiplier (LM) test, Hausman test, likelihood
ratio (LR) test, and Wald test were used to determine the
specific form of the spatial econometric model (Table 4).
First, LM and its robust statistics (R-LM) were obtained by
OLS estimation for the model without spatial effects, and
the choice of spatial autoregressive (SAR) model or spatial
error model (SEM) was tested. Second, if the LM test shows

that spatial effects are included in the panel econometric
model, according to the research of Elhorst [49], SDM can
be used directly for spatial econometric estimation. Third,
the Hausman test was carried out on SDM to determine
whether the model selected fixed effects or random effects.
Fourth, the LR test was used to test the fixed effects of SDM
to determine whether SDM includes spatial fixed effects or
time fixed effects. Fifth, Wald and LR tests are performed
to determine whether SDM is weakened in the SAR or SEM
model. The test results show that the SDM with double fixed
effects is more suitable for spatial econometric estimation in
this paper.

3) SPATIAL REGRESSION RESULTS
Based on SDM, the maximum likelihood estimation (MLE)
is used for parameter estimation, and the regression results
are obtained (Table 5). Table 5 shows that the regression
coefficient ρ of the spatial lag term of the SDM regression
shows positive results, except that models (3) and (4) are
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TABLE 4. Identification test of the spatial panel econometrics model.

significant at the 10% level, and model (1) is significant at
the 5% level. Other models are significant at the 1% level,
indicating that local GTFP, TEC and TC have significant
positive spatial spillover effects on surrounding cities.

Due to the spatial lag of the explained variable in SDM,
the regression coefficient cannot accurately reflect the real
marginal effect of the variable. Based on the method of
Lesage and Pace [50], this paper further decomposes the
direct (local) effect and indirect (spillover) effect of SDM
under the spatial weight matrix.

The influence of LMCA on GTFP and its decomposi-
tion term was analyzed. According to model (1) in Table 6,
the direct effect coefficient and indirect effect coefficient
of lnLMCA on lnGTFP are 0.014 and 0.086 respectively,
which are significant at the levels of 5% and 1% respec-
tively, showing that LMCA has a positive promoting effect on
GTFP of local and adjacent regions, and the spillover effect
is greater than the local effect. On the one hand, LMCA is
conducive to deepening the industrial division of labor. The
logistics industry provides more specialized logistics services
for manufacturing, and GTFP is boosted by improving pro-
duction efficiency with the division of labor and cooperation
among industries. On the other hand, LMCA can realize the
free flow of factor resources among industries, reduce the
barriers to the acquisition of factor resources, promote indus-
trial integration and innovation, form complementary indus-
trial advantages, and then improve the efficiency of resource
allocation. The free flow of talent, technology and other
innovation elements among regions by the diffusion effect is
conducive to strengthening interregional talent exchange and
technology interaction, forming the spillover of knowledge,
technology and innovation space and driving the economic
development of surrounding areas. According to model (3)
in Table 6, the direct effect coefficient of lnLMCA on lnTEC
is 0.002, but it is not significant, which means that LMCA
has no impact on local TEC. The indirect effect coefficient of

lnLMCA on lnTEC is 0.101, and it is significant at the level
of 1%, which implies that LMCA has a significant promotion
effect on TEC of neighboring areas, possibly because LMCA
has a competitive effect on the surrounding areas, forcing the
surrounding areas to upgrade the management and system
level. According to model (5) in Table 6, the direct effect
coefficient and indirect effect coefficient of lnLMCA on lnTC
are 0.011 and 0.004 respectively, which are significant at the
5% and 10% levels respectively, showing that LMCA has
a positive effect on local and adjacent regional TC, mainly
because LMCA is conducive to the exchange of knowledge
and technology among heterogeneous industries, thus pro-
moting local and adjacent technological progress. In other
words, LMCA has a promoting effect on local and neigh-
boring GTFP. The positive direct effect of LMCA on GTFP
comes mainly from the promoting effect of technological
progress. The positive indirect effect of LMCA on GTFP
comes mainly from the positive spillover effect of techno-
logical progress and technical efficiency improvement, which
basically verifies Hypothesis 1 and Hypothesis 3.

The following results can be obtained from the coefficients
of the control variables, and most regression coefficients of
the control variables are negative and statistically significant
at the 1% level.

First, the coefficients of the direct and indirect effects
of lnGOV are both negative. Except for lnTEC, the others
are significant at the 1% level, which suggests that gov-
ernment intervention has a negative impact on GTFP and
TC of local and adjacent areas but has no effect on TEC,
primarily because, under the system of resource allocation
by market means, repeated investment and construction,
homogeneous competition and other market failure problems
caused by government intervention in the economy worsen
the efficiency of urban resource allocation and result in
serious negative environmental externalities. In the mean-
time, the performance evaluation mechanism with economic
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TABLE 5. Regression results of SDM with spatial and time fixed effects.

growth as the core makes local officials pay attention to
short-term growth and ignore the sustainable development
of the economy. This extensive economic growth mode is
likely to lead to energy waste and ecological environment
deterioration and ultimately is not conducive to the improve-
ment of GTFP and technological progress in the local and
adjacent areas. This conclusion is basically consistent with
the viewpoints of Chen and Tang [51] and Hu and Chen [52].

Second, the direct and indirect effect coefficients of
lnROAD are both negative. Except for the indirect impact
on lnTEC, the others are significant at least at the 10%
level, which means that upgrading the infrastructure level
reduces the local and adjacent GTFP, TC, and local TEC, due
mainly to the significant network externality of infrastructure
between cities. Only networks with effective connections
between cities can effectively act as network externalities.
However, at this stage, the problems of investment and con-
struction independence in the infrastructure construction of

cities make the externalities not play effectively. This view-
point is coherent with the argument of Chen and Tang [45].

Third, the coefficients of the direct effect and indirect
effect of lnINN are both negative. Except for lnTE, there is a
negative impact on lnGTFP and lnTC in the local and adjacent
areas. The most likely cause is that technological innova-
tion aims only at expanding production scale and increasing
economic aggregate, and there may be a ‘‘siphon effect’’ on
the periphery, leading to a negative impact on the periphery
GTFP and TC.

Fourth, the regression coefficient of population density
(lnPOP) to local lnGTFP is –0.005, which is significant at
the 10% level, but it is negative and not significant to the
local lnTEC and lnTC, indicating that excessive population
agglomeration will produce considerable resource demand,
cause traffic congestion and be unfavorable to the improve-
ment of local GTFP. The regression coefficient of lnPOP
on lnGTFP and lnTC of neighboring areas is positive, and
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TABLE 6. Regression results of SDM with spatial and time fixed effects.

it is significant at the level of 5%, which shows that local
population agglomeration is conducive to the improvement of
technology progress and GTFP in neighboring areas, mainly
because population agglomeration in local areas can provide
a labor supply for neighboring areas and promote GTFP of
surrounding areas.

Finally, the regression coefficients of technology input
(lnT ) are all positive. Except for the lnTEC of neighboring
regions, lnT has a significant effect on other explained vari-
ables, which signifies that increasing science and technology
investment can improve GTFP and technological progress
of local and adjacent regions, which is consistent with the
research conclusion of Ji and Li [44]. Thanks to the adoption
ofmore efficient production technology, the recombination of
labor, capital, energy and other elements, the consumption of
energy and resources drops effectively.Meanwhile, the devel-
opment of more convenient and economic pollution control
facilities is beneficial to reduce the emission of pollutants.

GTFP of the local and surrounding areas improves corre-
spondingly.

4) ROBUSTNESS TEST
The spatial econometric model is sensitive to the spatial
weight matrix. To further ensure the reliability of the research
conclusion, referring to Yuan et al. [53], this paper analyzes
the robustness of the above main results by using the adjacent
spatial weight matrix (W2):

W2 =

{
1 (if region i is adjacent to region j)
0 (if region i is not adjacent to region j)

(8)

According to models (2), (4), and (6) in Table 5 and
Table 6, the regression coefficients and significance of the
core explanatory variable and control variables are consistent
with the previous research results, which can fully demon-
strate that the regression results are relatively robust.
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TABLE 7. Panel threshold effect test.

B. THRESHOLD CHARACTERISTICS OF IMPACT OF
LMCA ON GTFP
1) THRESHOLD EFFECT TEST
To test whether the Williamson hypothesis still holds in the
case of industrial collaborative agglomeration, PGDP was
selected as the threshold variable. Because the technology of
spatial threshold regression model is not mature at present,
only the local influence from LMCA on GTFP is analyzed in
this part. According to Hansen’s idea, the number and size of
the threshold should be determined before the panel threshold
is estimated. The threshold effect test was conducted by using
Stata software and the bootstrap method 500 times. The test
results are shown in Table 7. Table 7 shows that the F values
of the single threshold and double threshold of the model with
lnGTFP and lnTEC as explained variables are significant at
least at the 5% level, while the F value of the triple thresh-
old is not significant, indicating that the model has double
thresholds. Threshold 1 and threshold 2 of the former are
0.949 and 8.112, respectively, while thresholds 1 and 2 of the
latter are 2.214 and 11.466, respectively, both within the 95%
confidence interval, which shows the recognition efficiency
of threshold values. For the model with lnTC as the explained
variable, the single threshold is significant at the 1% level
and the F value of the double threshold is not significant,
indicating that there is a single threshold, and the estimated
value of the lnTC threshold is 10.709.

2) THRESHOLD REGRESSION RESULTS
Based on the results of the threshold effect test, this
paper constructed a double threshold regression model and

a single threshold regression model for empirical analysis.
The parameter estimation of threshold regression is shown
in Table 8.

First, the threshold effect of LMCA on GTFP was ana-
lyzed. When PGDP was not more than 9490 yuan per year,
the estimated coefficient of lnLMCA was −0.054, but it is
not significant, which denotes that LMCA has no impact on
GTFP when LMCA is lower than the first threshold, possi-
bly because when the economic development level is low,
the degree of industrial specialization is low, and the synergy
effect is weak, which leads to the failure of the economic
growth effect. When PGDP is greater than 9490 yuan per
year and not more than 81120 yuan per year, the lnLMCA
coefficient is estimated to be 0.031 and significant at the
level of 1%, which signifies that LMCA can promote GTFP
to a certain extent when crossing the first threshold. The
possible reasons are as follows: with the continuous improve-
ment of economic level, the industrial agglomeration in the
region has gradually formed a proper scale and its layout
has become more and more reasonable, and the interaction
and exchange, resource sharing and collaborative innovation
between the logistics industry and the manufacturing occurs.
In themeantime, the concentration of enterprises is conducive
to the sharing of energy-saving and emission reduction treat-
ment facilities, strengthening the centralized supervision of
environmental pollution, reducing the unit cost of emission
reduction, and making the scale effect of energy conservation
and emission reduction gradually apparent. When PGDP is
larger than 81200 yuan per year, the lnLMCA coefficient
is estimated to be −0.057, which is significant at the 5%
level, indicating that when the second threshold value is
crossed, the impact of LMCAonGTFP changes from positive
to negative. This is possibly because when the economy is
relatively developed, and there may be excessive agglomera-
tion of industries, resulting in resource mismatch, industrial
structure imbalance, environmental pollution and other prob-
lems, which aggravate regional competition. The increasingly
obvious crowding effect counteracts the economic growth
effect of collaborative agglomeration and suppresses GTFP.
In summary, when the level of economic development is low,
the impact of LMCA on GTFP is not significant. When the
level of economic development exceeds a certain threshold,
LMCAwill significantly promote the improvement of GTFP.
With the further development of the economy, the impact of
LMCA on GTFP changes from promotion to hindrance.

Moreover, the threshold effect of LMCA on TEC and
TCwas analyzed, showing opposite threshold characteristics.
For TEC, when PGDP is not more than 22140 yuan per
year, the lnLMCA coefficient is estimated to be −0.031 and
significant at the 5% level, showing that LMCA has a sig-
nificant inhibitory effect on TEC when it is lower than the
first threshold value. The main reason may be that when
the economic level is low, the development of the logistics
industry is also lagging behind, and it is difficult to effectively
embed into the value chain of manufacturing, which limits the
collaborative agglomeration effect. In addition, local market
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TABLE 8. Regression estimation results of the panel threshold model.

segmentation and the existence of local protectionism cause
the development demand of logistics industry and manufac-
turing to be out of touch, and local government competition
makes the logistics industry appear to be strongly homoge-
nized, resulting in a resource mismatch between the regional
logistics industry and manufacturing. Enterprises have no
motivation to improve technical efficiency through institu-
tional innovation. When PGDP is larger than 22140 yuan per
year and not more than 114660 yuan per year, the estimated
coefficient of lnLMCA is 0.010, but it is not significant, which
implies that LMCA has no impact on TEC when crossing
the first threshold, possibly because with the enhancement
of the economic level and the continuous improvement of
the logistics service level, the proportion of logistics out-
sourcing in manufacturing will continue to increase, which
makes manufacturing enterprises focus more on the core
competitiveness of enterprises. There is a driving force for
organizational change and institutional innovation. The posi-
tive effects of collaborative agglomerationmay counteract the
negative effects of agglomeration and become insignificant
in general. When PGDP is larger than 114660 yuan per year,
the estimated value of the lnLMCA coefficient is 0.078, and
it is significant at the 1% level, which suggests that LMCA
can significantly promote technical efficiency when crossing
the second threshold value. With the improvement of the
resource allocation efficiency of the logistics industry and

manufacturing and the deregulation of enterprises, technical
efficiency consequently rises. For TC, when PGDP is not
more than 107090 yuan per year, the estimated coefficient of
lnLMCA is 0.018, and it is significant at the 10% level, which
indicates that LMCA can promote TC when it is lower than
the threshold value. When PGDP is larger than 107090 yuan
per year, the estimated coefficient of lnLMCA is −0.117 and
is significant at the level of 1%, which signifies that the
influence of LMCA on TC changes from positive to negative
when the threshold value is crossed, possibly because the leap
forward growth of per capita GDP is often accompanied by
excessive agglomeration of manufacturing. The congestion
effect is produced by the excessive development of spe-
cialized agglomeration that hinders technological progress,
rather than the result of collaborative agglomeration itself.

In other words, when PGDP is taken as the threshold vari-
able, LMCAhas a nonlinear effect onGTFP and its decompo-
sition terms, and there are different threshold characteristics.
The impact of LMCA on GTFP and TC tends to change
from positive to negative, while the impact of LMCA on TEC
tends to change from negative to positive. These conclusions
basically verify Hypothesis 2.

VI. CONCLUSION AND POLICY IMPLICATIONS
From the perspective of spatial spillover, this paper constructs
a theoretical model that can describe the relationship between
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LMCA and GTFP and proposes three theoretical hypotheses.
Based on BLMPI, which has the advantages of transitivity
and multiplicity, no different results due to different base
period selections, no unsolvable linear programming, more
flexibility, technical retrogression and a relatively simple cal-
culation, this paper makes a more accurate measurement of
GTFP. Then, panel data of 284 prefecture-level and above
cities in China from 2005 to 2018 were selected as the
research sample. Based on SDMandTRM, this papermakes a
systematic and robust empirical test of the theoretical hypoth-
esis and obtains the following main conclusions.

First, LMCA has a positive effect on GTFP of local and
surrounding areas, and the spillover effect is larger than
the local effect. This conclusion is consistent with Zhang
and Zhao [54], showing that in the process of collaborative
agglomeration between logistics industry and manufacturing,
urban GTFP has also been improved. Industrial collaborative
agglomeration has become a new way to enhance GTFP of
the city.

Second, LMCA can promote TC of the local city and TC
and TEC of the surrounding areas, but the local effect of
LMCA affecting TC is larger than the spillover effect. In the
surrounding areas, the coefficient of LMCA affecting TEC
is higher than the coefficient of TC. These results indicate
that LMCA affects urban GTFP by promoting technological
progress for local cities and that LMCA affects GTFP of
neighboring cities mainly by improving the technical effi-
ciency of neighboring cities.

Finally, there is a double threshold effect between LMCA
and GTFP based on the level of economic development. With
the per capita GDP crossing a certain threshold, the effect
of LMCA on GTFP changes from insignificant to promot-
ing, but when the per capita GDP increases further, this
promoting effect turns into an inhibiting effect. This result
confirms the existence of the Williamson hypothesis in the
field of collaborative agglomeration of themanufacturing and
logistics industry in China. From the specific path of action,
with the improvement of the level of economic development,
the positive effect of LMCA on TEC gradually appears,
while the positive effect on TC gradually weakens. Generally,
the impact of LMCA on TC dominates its overall impact
on GTFP.

Through the above conclusions, the following policy
implications are drawn.

First, the deep integration of the logistics industry andman-
ufacturing should be promoted by supporting the integrated
development of enterprises, integrating and linking facilities
and equipment, guiding the integration and collaboration of
business processes, strengthening the integration and con-
vergence of standards and specifications and the integration
and sharing of information resources. The government should
encourage the integration, expansion and extension of the
value chain of the logistics industry and manufacturing to
realize the infiltration of the logistics industry into manufac-
turing from the aspects of procurement, manufacturing and
sales. The government should actively and simultaneously

build a cooperation platform and launch relevant preferential
policies to dredge the integration channels of the logistics
industry and manufacturing and tear down the industry barri-
ers between logistics industry and manufacturing.

Second, coordination and cooperation between cities
should be proposed. In the case of the city crowding effect, the
coordinated development of industry should break through
the restriction of administrative division, strengthen the con-
nection and cooperation between cities, fully tap the regional
advantages of talent, science and technology and the industry
of each city, avoid industrial homogenization between cities,
reasonably distribute industrial elements with the devel-
opment of urbanization, and strengthen infrastructure con-
struction. While improving the carrying capacity of urban
infrastructure, the construction of transportation infrastruc-
ture among regional cities should be given special attention.
We should accelerate the free flow of elements in a larger
space, improve the pattern of economic spatial connection,
and use the positive externalities (scale economy and knowl-
edge spillover) generated by urbanization to alleviate the
negative externality (congestion effect) of a single city.

Finally, the spatial collaborative agglomeration pattern
of the logistics industry and manufacturing should be con-
tinuously optimized. According to the research conclusion,
LMCA has a spatial effect on urban green efficiency, and
the indirect effect has a greater impact and is also affected
by the level of economic development. On the one hand,
collaborative agglomeration is not synchronous agglomera-
tion and symmetric agglomeration, but it needs to promote
reasonable spatial LMCA to achieve complementary agglom-
eration. On the other hand, LMCA to improve urban green
efficiency depends on effectively exerting spatial effects. The
impact of LMCA on GTFP is distinct in different stages
of economic development. Therefore, the spatial pattern of
spatial synergy agglomeration should be adjusted in different
stages of economic development.
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