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In this study, coal and gas outbursts are the “biggest killer” of mine safety production. With the deepening of mining, the mine gas
disaster is becomingmore andmore serious. From the perspective of big data, the establishment of a dynamic visualization system
of gas geology integrating gas geology, gas drainage, dynamic outburst prevention, and other information can efectively im-
proving the defects of gas disaster prevention and control in the coal industry, such as insufcient advance, lack of systematic
identifcation methods and backward information collection methods, which is of great signifcance to improve the ability of gas
hazard identifcation. Based on the precise detection of geology, structure, and gas, this paper proposes to use information
technology, the Internet of things, big data analysis, and other technologies to comprehensively analyze the changes in gas
occurrence and coal seam occurrence on the basis of the causes of mine gas geological outburst, fully consider the logical
relationship between diferent factors and outburst and adopt the disciplinary advantages of grey theory, fault tree theory, BP
neural network, and so on. Te tree of coal and gas outburst accidents with general signifcance is constructed by 24 relatively
independent factors. Te input vector is determined as the matrix composed of eight main factors afecting and controlling
outburst, including gas pressure, coal mechanical strength, comprehensive characteristic coefcient of coal fragmentation, the
permeability coefcient of coal, comprehensive characteristic coefcient of coal seam bifurcation and combination, compre-
hensive characteristic coefcient of coal thickness and coal thickness change, fault complexity coefcients and interlayer sliding
comprehensive characteristic coefcient. Te geological data afecting coal and gas outbursts are analyzed and calculated sci-
entifcally so that the gas geological data can be updated in time, and the change of gas geological laws is presented dynamically, so
as to guide the mine to predict the gas disaster more scientifcally and reliably.

1. Introduction

Coal and gas outburst (hereinafter referred to as “out-
burst”) is one of the most serious disasters in the coal mine,
which is extremely destructive. Te shock wave formed
when the outburst occurs can destroy the roadway and
ventilation facilities; the coal and rock thrown out will bury
the mining equipment and operators; and the large amount
of gas emitted will cause personnel sufocation or gas
explosion accidents. Terefore, the outburst disaster is the
key prevention and control object for coal mine safety in

our country. Long-term outburst prevention practice
shows that outburst is controlled by gas geological con-
ditions. [1–6] In the 21st century, a new round of tech-
nological and energy reform is being gestated. Te
development momentum of industrial informatization,
automation, and intelligence is strong, and the technology
is becoming more and more mature, which provides new
development opportunities and challenges for the trans-
formation of typical and major disaster management in
coal mines from traditional qualitative and empirical
prevention to modern quantitative and precise prevention
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and control; and it is also an efective way to curb major
accidents in coal mines [7–12].

Te outburst risk of mine working face is generally
dynamic, which requires that the safety technology and
measures should be adjusted in real time [13–15]. Te
existing outburst disaster prevention and control technology
and management methods are mostly static and manual
analysis and management in the analysis of coal and rock
outburst risks and the construction management of pre-
vention and control technology measures. Te automatic
monitoring and information detection level of hazard in-
formation is not high, and it cannot adapt to the dynamic
change of outburst risk of working face. Te precision,
comprehensiveness, and reliability of mine gas geological
analysis, gas extraction analysis, gas emission analysis, and
daily outburst prevention and control are not enough, which
cannot realize the comprehensive and precise control of gas
disaster diversifcation and automation, and restrict the
efectiveness and scientifc nature of coal and gas outburst
disaster prevention and control technology [16–18]. From
the perspective of big data, the establishment of a gas
geological dynamic feature system integrating gas geology,
gas drainage, dynamic outburst prevention and other in-
formation is of great signifcance to improve the identif-
cation ability of hidden dangers of gas disasters and can
efectively improve the shortcomings of insufcient advance
of gas disaster prevention and control in the coal industry,
the lack of systematic identifcation methods, and backward
information collection methods. Many mines have used
digitalization and informatization to guide gas prevention
and control work, Yangquan mining area has established a
two-level coal and gas outburst dynamic prediction method,
and the combination of gas geological analysis method and
GIS spatial analysis technology to establish a gas geological
dynamic analysis system has also been developed. Xinjing
Company has made a great breakthrough in gas intelligent
technology by using GIS digitalization technology. Tus, a
relatively perfect gas geological intelligent dynamic outburst
prevention management system is constructed and formed
[19–22].

2. Design Ideas of Gas Geological Dynamic
Characteristics Visualization System
Based on Big Data Framework

Te visualization of gas geological dynamic characteristics
based on big data framework is based on solving the precise
prevention and control of gas disasters, mainly based on the
precise detection of geology, structure and gas, using in-
formation technology, Internet of things, big data analysis,
and other technologies, based on the causes of mine gas
geological outburst disasters, giving full play to the role of
rich gas geological data in mines, and adopting the disci-
plinary advantages of grey theory, fault tree theory, BP
neural network, and so on, to carry out scientifc analysis and
calculation on the geological data afecting coal and gas
outburst, so that the gas geological data can be updated in
time, and dynamically show the changes of gas geological

laws, so as to guide the mine to predict gas disasters more
scientifcally and reliably [23–26].

2.1. Design Purpose

(1) Te organic combination of gas geological theory
and information technology can be realized in the
form of visualization, which provides an advanced
research direction for the prediction and prevention
of coal mine gas disasters.

(2) Compared with the traditional paper gas geological
map, it is convenient to compile, short in cycle, high
in accuracy and belongs to the dynamic map, which
can update, output and refect the gas geological
information in the dynamic mining process in real
time, and is not easy to damage or easy to save.

(3) Try to form a new technology of digital compilation
of mine gas geological map, and enrich and improve
the research methods of gas geology.

(4) Te establishment of visual management of mine gas
geology with database support not only makes the
entry, query, and update of gas geological infor-
mation convenient and fast, but also provides data
sources for the compilation and update of gas
geological maps, making the drawing of gas geo-
logical map more standardized and scientifc.

(5) Establish a visualization system of gas geological
dynamic characteristics based on big data framework
so that gas geological data can be better expressed in
the form of visualization, so that feld managers can
clearly and vividly understand the current mining
dynamics and the development and changes of gas
parameters, and provide a basis for guiding safe
production in time.

2.2. Data Development Structure. Te gas geological in-
formation applied to the prediction and prevention of coal
mine gas outburst mainly has two parts: Te frst is the data
obtained directly through on-site collection, sorting, and
testing, such as the layout and characteristics of mining
engineering in the mine feld or stope (coal seam), the
characteristics of coal structure, the distribution of folds
and fractures, gas emission and basic parameters, the de-
scription of outburst accidents that have occurred, and the
data obtained from on-site and indoor tests; the second is
the processing information obtained from the compre-
hensive analysis, processing, and calculation based on the
obtained data, for example, through the comprehensive
analysis of the coal seam gas occurrence and emission
characteristics in the mined area and through the nu-
merical analysis to predict the gas emission status in the
nonmined area [27–29].

To realize the gas geological information management of
outburst prevention, including the basic links of data ac-
quisition, processing, transmission, storage, and informa-
tion extraction. Due to the huge number, it is necessary to
use computers for auxiliary analysis to improve the speed
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and quality of information acquisition. In general, it mainly
includes the following aspects.

(1) Acquisition and management of original informa-
tion: a large number of diferent types of gas geo-
logical data, data and maps are constantly exposed in
the exploration stage and production process of the
coal mine. In order to efectively apply it to safety
management, it is necessary to collect and master
these information in detail; at the same time, the
classifed management of information needs to be
implemented after the examination and verifcation
of the data and the elimination of the false and the
preservation of the true. Te purpose of this work is
to lay a foundation for later information query,
modifcation, editing and output.

(2) Analysis and refnement of information: the ultimate
purpose of acquiring andmanaging information is to
achieve safety management in the production pro-
cess. Terefore, it is necessary to analyze and cal-
culate based on the mastered original information to
obtain deeper secondary information (knowledge).
For the safety management of coal and gas outburst,
that is to efectively realize the prediction and pre-
diction of accident hidden dangers, and based on
this, formulate safe and reliable prevention and
control measures in time.

(3) Establishment of database and database manage-
ment system: because the types of information af-
fecting and controlling gas outburst are complex and
diverse, and each type of information contains many
factors, in order to facilitate the storage, editing,
display and output of information, the above in-
formation is usually classifed (this paper adopts the
layer management method), and the corresponding
database (model base) and database (model base)
management system are established.

Te development structure of this “visualization of
dynamic characteristics of gas geology under the condi-
tion of big data framework” is shown in Figures 1 and 2.
Te development is mainly divided into two parts
according to the data fow. One is to use MapObjects
control to display the electronic map data and query the
map data; the second is to use ADO components to access
the metadata of electronic map data, which describes the
classifcation information of the map data in detail.
Trough the query of metadata, the query types can be
further subdivided.

3. Analysis and Establishment of Gas
Geological Database

3.1. Attributes of Gas Geological Database. In a vector data
structure, spatial entities and objects are expressed by basic
collection elements such as point, line (line segment, arc
segment, line), and surface (polygons). Te position of each

entity is defned in terms of its relative or absolute coor-
dinates in a spatial coordinate system. As the data expressed
by vector data is continuous, it can accurately mark the
position, length, and area of spatial entities.

In two-dimensional geographic space, object entities are
formed by (X, Y) coordinate pairs in appropriate coordinate
systems. In vector data structure, the most basic set elements
include point, line, and surface, as shown in Figure 3.

Gas geological phenomena mainly include three aspects:
geological phenomena, gas, and geological prospecting
engineering related to gas prediction and prevention. Te
following is to analyze the geological phenomenon of Vass
from these three aspects, so as to make clear the composition
and main sources of gas geological data, as shown in
Figure 4.

Geological phenomena: geological phenomena are ex-
tremely complex. Te main geological phenomena involved
in GIS are strata, faults, ore bodies, and deposits.Te stratum
is usually an irregular surface, which cannot be expressed by
mathematical expressions. In 3D GIS, a method similar to a
digital elevation model (DTM) can also be used to represent
the stratum interface. Te fault is close to the stratum but
usually has a certain width. On the other hand, it is often
perpendicular or oblique to the topographic surface. In GIS,
if the DTM method is adopted, its projection plane and
projection angle need to be considered. In the coal seam, the
fracture is mainly represented by normal and reverse faults.
An ore body is a three-dimensional entity, but it is often
extremely irregular, so it is impossible to determine how
many faces it is composed of. An approximate expression
method is to imitate the DTMmethod, express its top digital
surface model and bottom digital surface model, and then
consider its projection plane and projection boundary. In the
coal seam, the soft coal stratifcation and gangue inclusion
are similar to the ore body in geometric shape, which can be
treated by similar methods. Te deposit may include several
ore bodies, faults, exploration engineering and other geo-
logical phenomena, so the deposit is a composite phe-
nomenon of various geological phenomena, which can be
expressed in the form of complex ground features. Here,
mineral deposits refer to coal seams.

Gas: for gas, the distribution of gas and its change under
the infuence of mining are mainly considered. Because the
gas is in a continuous distribution state in the coal seam, and
the gas distribution changes very little in the vertical di-
rection in the same coal seam, the gas distribution can be
displayed by the surface map, and the surface map can be
processed by DTM.

Geological exploration engineering: it mainly includes
the exploration boreholes in the exploration stage and the
borehole data of gas emission and gas content at the working
face.

3.2. Structural Design of Gas Geological Attribute Database.
Te basic parameters of coal mine gas can be divided into
drilling data, gas content and related data, gas emission data

Mathematical Problems in Engineering 3



of mining face, gas emission data of heading face, and
outburst data. 37 table structure designs of gas parameters
related databases have been established and some of them
are shown in Tables 1 to 5.

3.3. Gas Geological Database Establishment Process. Basic
databases are the core of information systems, and poor
data organization, data structure, and data quality di-
rectly afects the quality of visualization of gas geological
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SQL query
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Components

Electronic map
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Figure 1: Gas geology database and visualization developing structure.
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dynamic characteristics. Terefore, we must strictly grasp
every technical link in the process of database con-
struction. Specifcally, the database building operation is
to adopt various inspection methods and necessary

means to ensure that all data can enter the database
system correctly. Te workfows of the established gas
geological dynamic data framework are shown in Fig-
ures 5 and 6.
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Table 1: Surface drilling datasheet structure.

Field number Field name Field type Field length Decimal places Field name meaning
1 ID Long 4 0 Serial number
2 CQ Char 16 — Mining area
3 ZK_num Long 8 0 Drilling number
4 ZK_X Long 12 2 Hole X coordinates
5 ZK_Y Long 12 2 Hole Y coordinate
6 ZK_depth Single 8 2 Hole termination depth
7 ZK_level Single 8 2 Elevation of bore hole
8 ZK_coal Logical 2 — Whether see coal
9 MC_ply Single 4 2 Coal seam thickness
10 ZK_obliquity Single 2 2 Drilling angle

Table 2: Te volume of gas discharge on coal face datasheet structure.

Field number Field name Field type Field length Decimal places Field name meaning
1 ID Long 4 0 Serial number
2 CQ Char 16 — Mining area
3 GZM_name Char 16 — Working face name
4 KC_depth Single 8 2 Mining depth
5 JL_date Data 8 — Record time
6 MC_thick Single 6 2 Average coal seam thickness
7 KC_thick Single 6 2 Height mining
8 HC_ways Char 16 — Extraction method
9 TF_volume Single 8 2 Air volume
10 WS_con Single 8 2 Gas concentration
11 RCL Single 8 2 Average daily production
12 WS_X Single 8 2 Gas emission point X coordinate
13 WS_Y Single 8 2 Gas emission point Y coordinate

Table 3: Gas pressure datasheet structure.

Field number Field name Field type Field length Decimal places Field name meaning
1 ID Long 4 0 Serial number
2 CQ Char 16 — Mining area
3 CS_site Char 16 — Test site
4 CS_data Date 8 — Test time
5 JM_ level Single 8 2 See coal elevation
6 WS_press Single 8 2 Gas pressure
7 CS_X Single 8 2 Test point X coordinate
8 CS_Y Single 8 2 Test point Y coordinate
9 BZ Char 64 — Remark

Table 4: Gas content datasheet structure.

Field number Field name Field type Field length Decimal places Field name meaning
1 ID Long 4 0 Serial number
2 CS_site Char 16 — Test site
3 CQ Char 16 — Mining area
4 CS_depth Single 8 2 Test depth
5 M_density Single 8 2 Te density of coal sample
6 MC_temper Single 8 2 Temperature of coal seam
7 WS_content Single 8 2 Gas content
8 Porosity Single 8 4 Porosity
9 XF_a Single 8 4 Adsorption constant a
10 XF_b Single 8 4 Adsorption constant b
11 M_wet Single 8 2 Moisture
12 M_Mash Single 8 2 Ash
13 Volatilization Single 8 2 Volatile
14 M_vol weight Single 8 2 Bulk density of coal
15 CS_X Single 8 2 Test point X coordinate
16 CS_Y Single 8 2 Test point Y coordinate
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4. Gas Geological Database Modeling

Te diversifed and accurate prevention and control tech-
nology of gas disasters is mainly based on the accurate
detection of geology, structure, and gas; based on the current
information technology, Internet of things, big data analysis,
and other technologies, guided by the scientifc concept of
accurate coal mining, based on the causes and occurrence
rules of mine gas outburst disasters, and supported by
multisource information acquisition and sensing equip-
ment, computers, and multinetwork fusion transmission
equipment, Taking the diversifed and accurate prevention

and control models and software of gas disasters as tools, the
accurate analysis and zoning of gas geology are carried out
from the perspective of accurate control of mine gas geology;
the intelligent evaluation of gas drainage reaching the
standard and the optimal design of drainage boreholes are
carried out from the perspective of accurate and reliable gas
drainage, and the continuous monitoring and early warning
of outburst anomalies are carried out from the perspective of
intelligent early warning of gas emission. From the per-
spective of daily outburst prevention management norms,
they carry out the standardized management and integrated
analysis of the “four in one” comprehensive outburst

Table 5: Te dot of gas outburst datasheet structure.

Field number Field name Field type Field length Decimal places Field name meaning
1 ID Long 4 0 Serial number
2 CQ Char 16 — Mining area
3 TC_site Char 16 — Coal and gas outburst location
4 TC_depth Single 8 2 Coal and gas outburst depth
5 TC_data Date 8 0 Coal and gas outburst time
6 TC_coal vol Single 8 2 Coal and gas outburst coal quantity
7 TC_gas vol Single 8 2 Coal and gas outburst gas amount
8 TC_type Char 8 — Types of coal and gas outburst
9 TC_X Single 8 2 Outburst point X coordinates
10 TC_Y Single 8 2 Outburst point Y coordinates
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Figure 5: Working fow of building gas geology database.
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prevention measures information, realize the dynamic ac-
quisition and comprehensive analysis of data in various links
of the mine, such as “gas geology⟶ gas drainage⟶ gas
monitoring⟶ daily outburst prevention”, and carry out
the accurate prevention and control of diversifed gas
disasters.

Te gas geological database is the basis of developing the
gas geological law. In the face of much gas geological data,
scientifc and efective analysis is the key to developing gas
geological law research. In order to meet the needs of gas
geological data with diferent attributes to carry out gas
geological law research, diferent gas geological data models
need to be used. In this paper, the fault tree model, the BP
neural network, and grey theory are used to study the
geological characteristics of gas. First, digital fusion is carried
out, and the multiple information of mine gas parameters,
coal seam parameters, geological exploration, geological
structure, working face, and roadway are classifed, ftted,
and analyzed by the fault tree method to determine the main
controlling factors of gas storage. Ten, the BP neural gas
network is used to establish a multiple regression analysis
model of gas parameters and various factors. On the basis of
the above research, the grey theory is used for quantitative
ftting, and the contour of gas parameters is automatically
drawn, and fnally the geological law integrating gas,
structure, coal seam, geology, and other factors is generated.
[30, 31].

4.1. Accident Tree Modeling. Coal and gas outbursts are the
result of the comprehensive action of gas, coal structure, in-
situ stress, and other factors. Geological structures control
the distribution of outburst risk by controlling gas occur-
rence, coal seam occurrence, and structural stress. More than
80% of the accidents occurred near faults and other geo-
logical structures. [32] Terefore, gas geological analysis and
control takes geological structure as the monitoring focus,
analyzes gas occurrence and coal seam occurrence changes
in parallel, [33, 34] fully considers the logical relationship

between diferent factors and outburst, simplifes and
merges some repeated basic events, and fnally, determines
the general model of coal and gas outburst fault tree with
general signifcance constructed by 24 relatively indepen-
dent factors (Figure 7).

4.2. BP Neural Network Modeling. Te key to the estab-
lishment of the BP network model is to determine the
number of nodes in the input layer, output layer, and
hidden layer of the network, that is, to determine the input
vector, output vector, and intermediate vector. Consider-
ing the organic combination with the general fault tree
model of coal and gas outburst, this paper takes all 24 basic
events (X1 ∼X24) of the fault tree model as the input vector
of the BP network model. In the BP network model of gas
outburst area prediction, the input vector is determined to
be the matrix composed of 8 main factors afecting and
controlling the outburst of the mine, which are: C1-gas
pressure P, C2-coal mechanical strength, C3-coal body
crushing comprehensive characteristic coefcient, C4-coal
permeability coefcient, C5-coal seam bifurcation and
combination comprehensive characteristic coefcient, C6-
coal thickness and coal thickness change comprehensive
characteristic coefcient, C7-fault complexity coefcient
C8-comprehensive characteristic coefcient of interlayer
sliding.

Te output vector is the risk characteristics of a gas
outburst. According to the outburst intensity, it is divided
into four types: no outburst (type I); outburst threat (with
dynamic phenomenon or abnormal gas emission, type II);
general outburst (coal 0∼100t, accompanied by a large
amount of gas, type III); and serious outburst (coal more
than 100t, accompanied by a large amount of gas, type IV).
Te output matrix isO1 (1, 0, 0, 0),O2 (0, 1, 0, 0), O3 (0, 0, 1,
0), and O4 (0, 0, 0, 1).

In general, the general relationship between the value of
the hidden layer (middle layer) and the number of input
vectors (m) and the number of output vectors (n) is (2m+ n).

Figure 6: Attributes list scanning.
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According to this principle and experience, the initial value
of the number of hidden layer (middle layer) vector elements
here is 20.

4.3. Grey Teory Modeling. Te sequence composed of gas
emissions (2.72, 3.03, 4.86, and 6.98) is relatively small
compared with the observed values of the whole period, but
it has a great disturbance to the whole sequence. It can be
said that these values are not the real behavior sequence of
the grey system, and modeling and prediction with these
distorted values of the whole grey system is bound to reduce
the prediction accuracy. Terefore, we should weaken the
sequential growth trend. Te second-order weakening op-
erator is introduced to obtain: XD2� (5.57, 5.96, 6.45, and
6.98). Replace XD2 at the corresponding position of the
original sequence to get a new sequence:

X� (5.57, 5.96, 6.45, 6.98, 6.87, 7.46, 7.32, 7.69, 7.66, 7.92,
8.18, 8.11, and 8.63); GM (1, 1) model is established by using
the 1st∼ 8th data in the sequence X to predict the gas
emission of II914 working face. Te modeling process is as
follows:

X
(0)

� (5.57, 5.96, 6.45, 6.98, 6.87, 7.46, 7.32),

X
(1)

� 1 − AGOX
(0)

� (5.57, 11.53, 17.98, 24.96, 31.83, 39.29, 46.61).

(1)

Least square estimation of parameter columns
􏽢a � (a, b)T,

􏽢a � (a, b)
T

� B
T

B􏼐 􏼑
− 1

B
T

YN

�
−0.03748

5.87891
􏼢 􏼣.

(2)

Determine the model: dx(1)/dt − 0.03748X(1) � 5.87891

Determine the time response sequence:
􏽢x(k + 1) � 162.3934e0.03748k − 156.8234

Comparison between sequence 􏽢x(0)(k) and sequence
􏽢x(1)(k) Table 6.

As can be seen from the calculated results in Table 6, the
residuals of the resulting prediction models are −0.07, +0.26,
−0.16, −0.07, and −0.39, and the relative error prediction
values are 1.01%, 3.48%, 2.18%, 0.91%, and 5.01%, all of
which meet the accuracy requirements.

5. Visualization of Gas Geological Dynamic
Characteristics under Big Data Framework

Te design of coal and gas outburst prediction information
systems is the core content of the whole system. Its main
work is to transform the system logical model proposed in
the system analysis stage into a realizable physical model;
that is, the problem of “what to do” proposed in the system
analysis stage is further concretized and refned into the
problem of “how to do”. In this paper, the design of coal and
gas outburst regional prediction information system adopts
modular and open design ideas, follows the principles of
systematization, practicality, versatility, and scalability, and
strives to make the system a practical information system
with advanced technology, reliable operation, and high ef-
fciency. Te whole system function development adopts a
rapid prototyping method and submodule implementation.
Te visualization function module of gas geological dy-
namics under the condition of a big data framework is
shown in Figure 8.

Tematic mapping is a method with powerful analysis
functions and data visualization. By using thematic graphics
to represent and display data and using certain thematic
rendering means, the information status and change trend
that can hardly be displayed in the data list can be displayed
intuitively and clearly. Usually, thematic maps use color
rendering, hatch patterns, symbols, rectangles, pie charts,
and other ways to express data. Diferent thematic maps can
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Figure 8: Vass geological dynamic visualization framework under big data framework.

Table 6: Te verifying conclusions using predicting model.

Time k Measure value
x(0)(k)

Predicted value
􏽢x(0)(k)

Residual error
ε(0)(k) � x(0)(k) − 􏽢x(0)(k)

Relative error Δk � |ε(0)(k)|/x(0)(k)

(%)
2005.4 5 6.87 6.94 −0.07 1.01
2005.5 6 7.46 7.20 +0.26 3.48
2005.6 7 7.32 7.48 −0.16 2.18
2005.7 8 7.69 7.76 −0.07 0.91
2005.8 9 7.66 8.05 −0.39 5.01
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be created by assigning these colors, patterns, or symbols
according to specifc values in the data. In the gas geological
database and its visualization system, MapObjects can be
used to analyze various thematic maps such as the following

level symbol maps, range maps, independent value maps, pie
charts, and histograms, as shown in Figures 9–12.

Only parts of the thematic maps are listed above. Te
thematic maps of gas emission and coal thickness points of 8

Figure 10: Te point diagram of the gas press in the eighth coal of Luling mining.
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Figure 11: Te gas press by mine section in the eighth coal of Luling mining.

Figure 9: Te block diagram of gas content in eighth coal of Luling mining.
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coal seams in Luling Mine are similar to this, and they are
not listed here one by one.

6. Conclusions

Te irresistible development momentum of industrial
informatization, automation, and intelligence has pro-
vided new development opportunities and challenges for
the transformation of typical and major disaster man-
agement in coal mines from traditional qualitative and
empirical prevention to modern quantitative and precise
prevention. Based on the causes of coal mine gas outburst
disasters, this paper adopts information technology, the
Internet, big data analysis, and other technologies and
gives full play to the role of abundant coal mine gas
geological data, and combines relevant disciplines to
scientifcally analyze and calculate the geological data that
afect coal and gas outburst, so that the gas geological data
can be updated in time and the changes of gas geological
laws can be dynamically displayed. Te main conclusions
are as follows:

(1) A gas geological attribute database is established
based on borehole data, gas content and related data,
gas emission data, and outburst data of mining faces
on the basis of accurate gas detection.

(2) A coal and gas outburst fault tree constructed by 24
relatively independent factors is established through
grey theory, fault tree theory, BP neural network, and
other disciplines.

(3) Taking the matrix composed of 8 main factors
afecting and controlling outburst in Luling coal
mine as the input vector, then the geological data
of coal and gas outburst are scientifcally analyzed
and calculated. As a result, the possibility of vi-
sualization and real-time gas geological data is
verifed.
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Te rapid growth and development of the logistics industry has brought productivity to commerce and trade and greatly contributed to
national economy, but at the expense of vast energy consumption, which signifcantly afects sustainability. To improve sustainability of
the development of the logistics industry (LISD) and identify its potential infuencing factors more directly and efciently, this study
proposes a data-driven-based evaluation and optimisation method. First, a comprehensive evaluation index system is constructed for
LISD from the aspects of economy, society, and environment (including the logistics industry, degree of specialisation, environmental
efects, and innovation capability). Second, considering the diversity of dimensions and units, a min-max standardisation is utilised for
data normalisation, providing dimensionless indicators for further weight determination via an entropy value method. Tird, two
coupling degree models are adopted to evaluate the degree of correlation among subsystems. Subsequently, a degree of obstacle model
is applied to analyse the interaction between factors, providing theoretical support for improving regional LISD. Finally, an evaluation
of LISD in Anhui Province is used as a case study to validate the practicability and feasibility of the proposed method, establish
theoretical basis, and propose policy recommendations for future sustainable development.

1. Introduction

1.1. Research Background. Te logistics industry (LI) is a
composite service industry that integrates transportation,
warehousing, freight, and information industries [1]. Te
sustainable development of the logistics industry (LISD)
has great signifcance for the promotion of industrial
structure and improvement of the competitiveness of na-
tional economies [2]. However, the LI is also a major in-
dustry related to energy consumption and carbon
emissions [3]. To fulfll the requirements of sustainable
economic development, the traditional LI needs to be
updated to the modern LI, following the guidance of ad-
vanced operation and management concepts, thus, the
energy consumption and trafc pressure can be efectively
reduced [4].

Despite extensive research on LISD, previously developed
models have emphasised the economic performance unilat-
erally, which is no longer suitable for the development of the

regional LI [5]. Terefore, the enhancement of LISD in co-
ordination has received increasing emphasis in the academic
feld [6–10]; the existing research can be divided into the
following aspects:

(1) Research on the index evaluation system of regional
logistics sustainability
Due to the serious environmental pollution, resource
depletion, and climate deterioration, the LISD has re-
ceived extensive attention [11–13], and related studies
proposed that companies should integrate the concept
of sustainability into business operations to improve
their long-term competitiveness [14].Terefore, various
indicator systems for LISD have been constructed from
the perspective of economy, society, environment,
technological innovation, and industry policy [15].
Particularly, detailed indicators include the logistics
carrying capacity [16], industrial performance, inno-
vation capacity, emissions and industry output [17],
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logistics packaging sustainability [18], and ecological
efciency [19].
Based on the constructed indicator system, scholars
in diferent felds explored methods to quantify the
level of sustainability industries. For example, Liu
[20] processed data from the perspective of energy.
Kayikci [21] developed a stream processing data-
driven decision-making model, resilience of the lo-
gistics infrastructure. As for the specifc operation
method, Cao [22] focused on using the DEA-Bayes
method to study the sustainable development ef-
ciency of the urban LI, while Long [23] employed the
super-SBM-DEA model to evaluate regional difer-
ences in logistics efciency. Huang [1] selected the
entropy weight method to assign values to various
indicators.

(2) Research on the improvement of the LISD
Besides the studies on the index evaluation system and
calculation methods, the benefts and losses of logistics
practitioners were investigated under the analysis of
diferent policy environments, such as urban route
planning, public space management [24], carbon tax
policy [25], producer responsibility [26], policy sub-
sidies, and construction logistics, which can provide
suggestions for practitioners’ optimal decision-making
and reference for government policy equation. From
the perspective of policy advice research methods, Liu
[27, 28] used the Nash equilibrium strategy to study
how to coordinate a three-party sustainable supply
chain and improve the internal coordination of the
sustainable supply chain for economic and environ-
mental benefts. Previous studies have assessed re-
gional logistics sustainability and incentive policies, but
the evaluative indicators for regional logistics are
relatively incomplete. Specifcally, most of the index
evaluation systems in the existing literature are focused
on the national level [29] or are aimed at developed
regions, and their index weight setting methods may
not be appropriate when researching other regions;
most existing literature focus on specifc perspectives,
such as logistics service providers [30], considering the
government and the public less when setting the in-
dicator system. Terefore, these evaluation methods
require further studies.

1.2.ResearchLimitations. Te existing research constructed a
good foundation for determining the sustainable develop-
ment level of the LI and its development path. However, the
breadth and depth of this research must be further improved.
For instance, the perspective of the existing research mostly
from the government or LI practitioners unilaterally.
Moreover, while analysing the calculation process, the impact
of the COVID-19 has not been sufciently taken into con-
sideration. Despite the wide application of evaluation
methods, such as the DEA and TOPSISmodels, the process of
selecting quantitative indicators is afected by subjective
factors and can easily be disturbed by extreme values during
data processing. Terefore, this study proposes a data-driven-

based evaluation and optimisation method for LISD and
further provides targeted optimisation countermeasures
correspondingly. In the proposed approach, a comprehensive
evaluation index systemwas frst constructed from the aspects
of economy, society, and environment (including the logistics
industry, degree of specialisation, environmental efects, and
innovation capability) for LISD. Ten, due to the diversity of
dimensions and units, a min-max standardisation was utilised
for data normalisation, which provides dimensionless indi-
cators for further indicator weight determination via the
entropy value method. Following this, two coupling degree
models were adopted to evaluate the degree of correlation and
coordination among the subsystems, avoiding low system or
the false coordination. Tis model can help diferent sub-
systems cooperate properly and achieve the overall im-
provement of the system. Subsequently, a degree of the
obstacle model was applied to analyse the interaction between
various factors, which provides theoretical support for im-
proving the sustainability of the regional LI. Finally, the
sustainability evaluation for the LI in Anhui Province was
adopted as a case study to validate the practicability and
feasibility of the proposed method and policy recommen-
dation. In brief, this paper proposes a data-driven approach to
evaluate the LISD, and the main novelty of the paper are: (1)
Researching the LISD from a data-driven perspective and
applying a quantitative evaluationmodel to explore the degree
of the LISD. (2) A targeted government incentive mechanism
is designed and through considering the cooperative rela-
tionship among logistics, the government and the market,
provide policy recommendations to improve the LISD. Tese
are the contributions and novelty of this paper. A theoretical
basis for in-depth research on the development of the regional
economy was provided for sustainable development. Tis
paper contributes to studying the LISD in areas with eco-
nomic potential. By comprehensively and systematically
quantifying the sustainable development capability of the
industry, it fnds the factors that hinder the development and
promotes the coordinated development of the regional
economy. Anhui Province, located in the Yangtze River Delta
region with abundant economic resources, has an above-
average economy in China. Despite possessing an obvious
location advantage, the GDP of Anhui Province still drops
behind of that of surrounding provinces by a substantial
amount. Terefore, with superior objective development
conditions, the development potential of Anhui Province can
be improved through critical suggestions.

1.3. Structure. Tis paper is organised as follows: Section 1
describes the development status of the LI in Anhui
Province through the operation of the local logistics in-
dustry and energy consumption. Section 2 presents the
model development and data processing method. Section
3 evaluates the LISD in Anhui Province and proposes
corresponding development suggestions according to the
calculation results. Section 4 presents the background and
data analysis. In Section 5, the management implications
and future work are discussed. Finally, the conclusion is
given in Section 6.
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2. Materials and Methods

In the following sections, the proposed methods, including
model selection, data processing, result analysis, and further
suggestions are systematically described.

2.1. Method Flow. Tis paper evaluated LISD and put for-
ward development suggestions based on data from four
aspects: logistics industry basis, degree of specialisation,
environmental efects, and innovation ability. Specifcally,
this research frst adopted the min-max standardisation
method to perform dimensionless and standardised pro-
cessing of the original data. Ten, the entropy method was
utilised to determine the index weight and calculate the
sustainability of the logistics industry according to the in-
dicator weights. Subsequently, two coupling degree models
are adopted to evaluate the degree of correlation and co-
ordination among subsystems, respectively. Finally, the
targeted optimisation countermeasures and suggestions
were put forward. Te fowchart of the proposed method is
illustrated in Figure 1.

2.2. Data Collection. Te data was mainly obtained from the
China Logistics Yearbook, Anhui Provincial Statistical
Yearbook, China Energy Statistical Yearbook, and similar
sources. Some missing data were obtained by a weighted
average method. By collecting various data of the regional LI
in a fxed period, a comprehensive assessment of the LI was
carried out to determine the key infuencing factors. Te
detailed evaluation indicators are shown listed in Table 1. “LI
basic” refers to the inherent factors of sustainable devel-
opment of the LI, including many measurement factors such

as employees, equipment, infrastructure construction, and
gross production value. “Degree of specialisation” demon-
strates the service efciency and benefts of the corre-
sponding logistics services. “Environmental efects” refer to
environmental pollution and resource utilisation [26, 27].
Lastly, the “ability of innovation” refers to the drive of
sustainable development and evaluates the deepest benches
in high-tech, scientifc payofs, and fnancial support. Te
logistics industry basic and degree of specialisation represent
the existing development foundation. Moreover, degree of
specialisation and ability of innovation indicate the ability
that the region’s natural and social resources can support the
LISD in the future.

2.3. Data Processing

2.3.1. Min-Max Standardisation. Due to the diferent
characteristics of the original data, with some being positive
and some being negative indicators, mechanical aggregation
was not advisable. Moreover, as the units of the collected
data were diferent, data standardisation is required to
remove the unit limitation of the original data and perform
co-chemotropic/dimensionless processing before data
analysis. After data standardisation, a min-max normal-
isation approach was adopted to transform the dimen-
sionless evaluation indicators linearly. To avoid results
deviation induced by the occurrence of 0 and 1, min{Xij} was
set as 0.99 times the actual minimum value of {Xij}, while
max{Xij} was set as 1.01 times the actual maximum value of
{Xij}. Te specifc calculation steps and corresponding
equations were as follows [28]:

Positive indicators:

X
∗
ij �

Xij − min Xij􏽮 􏽯

max Xij􏽮 􏽯 − min Xij􏽮 􏽯
+ 0.1, i � 1, 2, 3 . . . , m;   j � 1, 2, 3 · · · , n. (1)

Negative indicators:

X
∗
ij �

max Xij􏽮 􏽯 − Xij

max Xij􏽮 􏽯 − min Xij􏽮 􏽯
+ 0.1, i � 1, 2, 3 . . . , n;   j � 1, 2, 3 · · · , m, (2)

where n is the number of the frst level indicators, m is the
number of the second level indicators, Xij is the jth second
level indicator of the frst level indicator I, max {Xij} and min
{Xij} are the maximum and minimum of Xij, respectively.
Te calculation result of these two equations, i.e., X∗ij, was
the data after non-negative processing.

2.3.2. Entropy Value Method for Determining Index Weight.
Te entropy method is an objective weighting method which
can determine the index weights according to the degree of
variation in the values of each index, avoiding the inter-
ference of human factors.Te weight of indicatorsXij and μij

was determined as follows [28–30]:
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Xij, μij �
Xij

􏽐 Xij

. (3)

Te information entropy of index j (ej) was calculated as
follows:

ej � −k 􏽘 μij × ln μij, k �
1

lnm
􏼒 􏼓. (4)

Te value of the information entropy redundancy of
index gi, behaves as follows: the higher the value, the higher
the index redundancy, and it was calculated as:

Data driven

Data collection

Data processing

Data modelling

Analysis &
improvement

Processing&Method

(i) Input:

(ii) Output:

Logistics industry basis,
Degree of specialization,
Environmental effects,
Innovation capability

Sustainability of the
logistics industry

Propose feasible suggestions
for sustainable development

of logistics industry

Te comprehensive score and
the coupling coordination relationship

Weights of the second level
indicators used in

the evaluation system

Data of regional logistics industry
in Anhui province for seven years

Research contents

(i)
(ii)

Standardisation
Entropy method

(i)
(ii)

(iii)

Coupling degree model
Coupling coordination
degree model
Degree of obstacle model

(i)
(ii)

(iii)
(iv)

Improve traffic routes
Strengthen cooperation among institutions
Encourage innovation
Promote the coordinated development
of e-commerce and logistics

Figure 1: Flowchart of the proposed method.

Table 1: Evaluation index system of the sustainable development of the logistics industry (LISD).

Primary indicators Secondary indicators
Direction

of
indicators

Logistics industry
basic X1

X11 number of employed persons in urban nonprivate units in the logistics industry (persons) +
X12 GDP of the logistics industry (100 million RMB) +

X13 fscal expenditure general public services (100 million RMB) +
X14 fxed asset investment in the logistics industry (10,000 RMB) +
X15 number of trucks in urban highway operation (vehicles) +

Degree of
specialisation X2

X21 ratio of total logistics costs to GDP −

X22 number of business outlets (ofces) +
X23 transport line length (km)/service area (km2) +

X24 permanent population/business outlets −

Environmental
efects X3

X31 added value of the logistics industry (billion) +
X32 total energy consumption of the logistics industry (10,000 tons of standard coal) −

X33 wastewater discharge in the logistics industry (10,000 tons) −

X34 exhaust gas emissions from the logistics industry (10,000 tons) −

X35 solid waste discharge in the logistics industry (10,000 tons) −

X36 energy consumption per unit of logistics output (� total energy consumption of the logistics
industry/added value of the logistics industry) −

Ability of innovation X4

X41 number of authorised patent applications for logistics technology innovation (items) +
X42 income from the education funds of higher education schools (10,000 RMB) +
X43 research and experimental development (R&D) expenditure (10,000 RMB) +

X44 number of graduate students in colleges and universities +
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gi � 1 − ej. (5)

Te weight of the indicator wj was calculated as follows:

wj �
gi

􏽐 gi

. (6)

2.4. Data Modelling

(1) Determining the comprehensive score of the
indicators
Te sustainability level of the LI was calculated
according to the standardised logistics industry-re-
lated data weights, which were determined by the
entropy value method [31, 32]:

ci � 􏽘
j

wj × X
∗
ij􏼐 􏼑, (7)

where ci is the comprehensive score of the sus-
tainability level of the LI and is used to calculate the
comprehensive level of various frst level indicators
similarly (including logistics industry basic, degree of
specialisation, environmental efects, and innovation
ability).

(2) Coupling degree model
Based on the obtained comprehensive score of the
sustainability level of each frst level indicator, the
coupling degree (A) between the four frst level in-
dicators was calculated using the following equation
[33–35]:

A �
5 ×

�������������
X1X2 X3 X4 X5

5
􏽰

X1+X2 + X3 + X4 + X5
, (8)

where A is in the interval of (0, 1), X1, X2, X3, and X4
are the comprehensive levels of industry basics,
specialisation, environmental efects, and innovation
ability, respectively. In this method, a higher cou-
pling degree value indicates the greater degree of
coupling relationship between the internal indicators
of the LISD.

(3) Coupling coordination degree model
Te coupling model described above was employed
to evaluate the degree of correlation between the
subsystems; however, this model cannot refect the
coordination within the system. Terefore, the
coupling coordination model was used to evaluate
the degree of benign coupling between the subsys-
tems, i.e., low-quality mutual hindrance or high-
quality mutual promotion [36–38].

B �
�����
A × Z

√
,Z � aX1 + bX2 + cX3 + dX4, (9)

where B is the coupling degree, Z is the compre-
hensive evaluation index used to refect the overall
level of subsystem (including logistics industry basic,
degree of specialisation, environmental efects, and
innovation capability), and a, b, c, and d are the

undetermined weight coefcients. Tis model as-
sumes that each subsystem is equally important in
the LISD, so a� b� c� d� 1/4. Based on the deter-
mined coupling degree, the coordination level is
divided into seven grades: high-quality coordination,
good coordination, intermediate coordination, pri-
mary coordination, mild dysregulation, moderate
maladjustment, and serious maladjustment, which
has been proven to be the most practical. Table 2
shows the standard values of these seven divisions.

(4) Degree of obstacle model
Te degree of obstacle was calculated as follows
[39, 40]:

μij �
1 − X

∗
ij􏼐 􏼑 × wij×100%

􏽐 1 − X
∗
ij􏼐 􏼑 × wij

,

μi � 􏽘 μi,

(10)

where μij is the obstacle degree of the j
th second level

index in the frst level index i, μi represents the
obstacle degree of the frst level index, X∗ij represents
the standardised value of the jth second level index,
1 − X∗ij indicates the degree of deviation of the index,
and wij is the weight of the jth indicator.

3. Method Application

As shown in Figure 2, the proposed LISD approach consists
of three stages. To systemically weigh the indicators at all
levels after standardising the original data and calculate the
sustainability scores of diferent subsystems in the logistics
industry, an entropy method is utilised for experimental
design in the frst stage. During the second stage, the
coupling degree and coupling coordination degree models
were adopted to evaluate the degree of benign coupling
between the subsystems. For the third stage, an obstacle
degree model was utilised to calculate the obstacle degree of
each index and identify the obstacle factors and the key
breakthroughs in the sustainable development of the re-
gional LI. Finally, based on the combined data processing
results and ofcial government documents, feasible devel-
opment suggestions were proposed for optimising LISD. In
this research, the data which were collected from various
felds, including GDP of regional logistics industry, infra-
structure construction, wastewater, waste gas, solid waste
discharge, and scientifc research results in a fxed period,
will be used to construct a comprehensive evaluation index
system for the regional LISD, Also, scientifc methods were
applied to the industry operation process, providing positive
feedback to optimise and improve the logistics industry.

4. Results

4.1. Background. Anhui Province covers an area of
140,100 km2. In 2020, its total population was 61.027 million
and the corresponding GDP was 3,868.063 billion RMB,
ranking 11th in China. It is located in the Yangtze River
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Delta region, which has many metropolitan circles along the
river, such as the Nanjing Metropolitan Circle, Central
Plains Economic Circle, and Hangzhou Metropolitan Circle,
providing abundant outside resources for economic devel-
opment. Anhui Province gains the economic benefts of the
coastal areas. In 2020, the total social logistics of the LI in
Anhui Province was 7,021.3 billion RMB with a year-to-year
increase of 3.5%. Moreover, the ratio between total social
logistics costs and GDP in the same year was 14.7%, which
was a 0.2% decrease from the previous year, and the overall
trend was steadily rising (Anhui Provincial Statistical
Yearbook, 2020). In terms of policies, the published “14th
Five-Year Plan for the Development of the Logistics Industry
in Anhui Province” pointed out the direction for the sus-
tainable legal exhibition of the LI in Anhui Province. Spe-
cifcally, while strengthening the construction of logistics
infrastructure and improving logistics efciency, Anhui
Province has improved city- and county-level township

nodes and introduced multimodal transportation to reduce
logistics costs by building a high-quality comprehensive
three-dimensional transportation network. To sum up,
Anhui Province has a relatively superior geographical lo-
cation, population, and infrastructure, but the development
of the LI lags behind the surrounding provinces. Te in-
consistency between the actual development of Anhui
Province of LI and the anticipation remains to be investi-
gated. Terefore, this study adopted Anhui Province as a
case study, providing relevant development suggestions for
the local LI and validating the efectiveness of the employed
method.

4.2. Data Analysis. Dimensionless standard processing was
performed, and the processed original data are shown in
Table 3.

Following that, based on equation (7), a comprehensive
score of the 2014–2020 Anhui logistics industry sustain-
ability evaluation was obtained, which is shown in Table 4.

As shown in Figure 4, the comprehensive scores of
various indicators of the LI in Anhui Province demonstrated
an overall upward trend from 2014 to 2020, but the increase
in specifc time periods varied individually. Specifcally, the
composite score of industry basic indicator increased slowly
from 2014 to 2017 and rapidly from 2017 to 2019, reaching
its peak in 2019 followed by a downward trend. Tis trend
was mainly attributed to the development plan of the Anhui
Provincial Government for the logistics industry in 2017 and
2018.

To improve the logistics network, the Anhui Pro-
vincial Government has reconstructed and expanded
some roads, built new bridges to connect them, im-
proving the hub collection and distribution system.
Tese policies mean that the government has increased
the fnancial support for the logistics industry and im-
proved the industry foundation. While improving the
transportation network, the Provincial Department of
Transportation urges noncompliant transport vehicles to
be updated and eliminated in an orderly fashion as soon
as possible. In general, the comprehensive score of the
industry’s basic indicators has improved signifcantly
from 2017 to 2019 and declined slightly after 2019. Tis
phenomenon was related to the reduction in employees
and transport vehicles caused by the optimisation and
upgrade of the logistics industry.

Te degree of specialisation refers to indicators such as
the ratio of total logistics costs to GDP and density of
transportation routes. Over the past fve years, it has mainly
shown a fuctuating upward trend. Tis phenomenon is
closely linked to the government’s policies to promote
e-commerce and express logistics, as well as to the cold chain
infrastructure network. Environmental efects mainly in-
clude the burden caused by the LISD on the environment.
Te increase rate was relatively low from 2014 to 2018, and
increased exponentially from 2018 to 2019, after which the
level improved gradually. Similar to the reason for the
changes in the degree of specialisation, this phenomenon
mainly occurs because the Anhui Provincial government

Table 2: Seven levels of classifcation for the evaluation of the
coupling harmonious degree.

Harmonious degrees Harmonious levels
0–0.3 Serious maladjustment
0.3–0.4 Moderate maladjustment
0.4–0.5 Mild maladjustment
0.5–0.6 Primary coordination
0.6–0.7 Intermediate coordination
0.7–0.8 Good coordination
0.8–1 High-quality coordination

Input 
Standardized data

Entropy
method

Coupling
degree model

Coupling
coordination
degree model

Obstacle
model

Output
Improvement

Identify the key
obstacle factors

Analyse the degree of
interrelation and
coordination among
subsystems

Determine the
weight of index

Data
driven

Figure 2: Data analysis process of the LISD.
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vigorously built grassroots express outlets and planned the
coordinated development of e-commerce and express
logistics.

Te innovation capability indicator is mainly used to
measure the input and output of science and education inAnhui
Province. From 2014 to 2019, its comprehensive score increased
steadily and slightly, after which it started to increase sharply.
Tis was mainly because the number of authorised patent ap-
plications for logistics technology innovation increased rapidly
during this period. Based on the coupling coordination degree
model and equation (9), the four frst level indicators were
calculated, and the results are shown in Figure 5. Specifcally, the
internal comprehensive coupling coordination level of the LISD
in Anhui Province increased at a relatively stable rate from 2014
to 2020. Te degree of coupling coordination among the four
frst level indicators (the average values in 2014 and 2020 were
0.2046 and 0.9596, respectively) has changed from serious
imbalance to quality coordination.Tis showed that the logistics
industry development policy of Anhui Province took both
economic and environmental benefts into consideration by
improving the transportation network, increasing investments
in science and education, and promoting the mutual benefcial
efects of various subsystems.

On the other hand, the coupling coordination level
between the industry foundation-specialisation degree and
the degree of specialisation-environmental efects is rela-
tively high. Tis is because of the geographical location of
Anhui Province and the relatively complete basic trans-
portation network. Compared with the abovementioned
coordination relationship, the level of coupling coordination
between industry basic-innovation ability, degree of spe-
cialisation-innovation ability, and environmental efect-in-
novation ability was relatively poor.

According to equation (10), the obstacle degree model
was utilised to analyse and compare the obstacle degree of
each index and diagnose the obstacle factor of the LISD in
Anhui Province. As shown in Figure 6, the main obstacles to
the LISD in Anhui Province are innovation ability and
environmental efects. From 2014 to 2017, the values of the
barrier factors of each indicator were relatively stable, and
the main barrier obstacles including innovation ability and
environmental efects. Tis was mainly because the early
development model of the logistics industry in Anhui
Province was relatively extensive (by high cost and low
efciency), relying on the blind abuse of road networks and
human and economic resources (obtained from the number
of employees and the emission data in the statistical year-
book and combined with the logistics policies of Anhui
Province in that period). From 2018 to 2020, the barrier to
innovation capability increased initially and then decreased
to 19.93%. Conversely, the industry-based barrier increased
to 40% in this period. Tis drastic change in the degree of
barriers was closely related to the outbreak of COVID-19 in
2019. After the outbreak of the new crown pneumonia,
Anhui Province implemented trafc control, and closed type
management was adopted in residential areas.Terefore, the
demand in the private logistics market decreased sharply,
resulting in a substantial increase in the basic obstacles for
the logistics industry. Meanwhile, diferent types of anti-
epidemic materials from around the world had to be sorted,
repackaged, and transported within a specifc time. Te
demand for the distribution of medical and disaster relief
material distribution as well as e-commerce terminal surged,
consequently increased the energy consumption and
emission of the regional LI.

5. Discussion

5.1. Policy Suggestions. Based on the abovementioned cal-
culations and analyses, this research provides the following
suggestions for the LISD in Anhui Province:

(1) Te grassroots trafc network should be improved,
and transportation vehicles require an upgrade to lay
a solid foundation for the LISD. To optimise the
layout of the express logistics network, the density of
the road network, trafc capacity, and rural distri-
bution network should be improved in coordination.
Te implementation plan of the Anhui Provincial
Department of Transportation and the Provincial
Department of Finance shows that the proportion of
highways (above the third level) in the

30%

15% 2% 2%
3%
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7%

12%4%3%

X11

X12

X13

X14

X15

X21

X22

X23

X24

X31

X32

X33

X34

X35

X36

X41

X42

X43

X44

Figure 3: Weights of second level indicators in the adopted
evaluation system.
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demonstration counties and county roads was ≥85%
in 2017. At the same time, according to the Anhui
Provincial Statistical Yearbook, the number of
people engaged in economic activities in Anhui
Province has also risen steadily over the same period.
Tesemeasures are also conducive to increasing local
employment rates and promoting consumption
growth. In addition, the operating vehicles engaged

in the logistics industry should be strictly regulated,
substandard vehicles required to be scrapped in time,
and new energy vehicles need to be promoted vig-
orously, which is conducive to energy saving and
emission reduction. Overall, improving the grass-
roots road network and upgrading transportation
vehicles can promote energy consumption in the
short term, but in the long run, it is conducive to

2014 2015 2016 2017 2018 2019 2020

1

0.8

0.6

0.4

0.2

0

Logistics industry basic

Degree of specialization

Environmental effects
Ability of innovation

Figure 4: Visualised comprehensive scores of the frst level indicators corresponding to Table 4.

Table 4: Comprehensive scores of the 2014–2020 Anhui logistics industry sustainability evaluation.

2014 2015 2016 2017 2018 2019 2020
Logistics industry basic 0.06500 0.03822 0.08537 0.21530 0.80750 0.93837 0.83972
Degree of specialisation 0.06980 0.28605 0.29919 0.52488 0.50024 0.77306 0.97546
Environmental efects 0.11041 0.09939 0.18279 0.18259 0.26699 0.84307 0.91726
Ability of innovation 0.00325 0.04358 0.06918 0.10296 0.16804 0.21018 0.95609

Severe Moderate Mild Primary Intermediate Good High

X3-X4

X2-X4

X2-X3

X1-X4

X1-X3

X1-X2

Overall

0 0.2 0.4 0.6 0.8 1

2020
2019
2018
2017

2016
2015
2014

Figure 5: Te coupling coordination relationship among the frst level indicators.
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energy saving and emission reduction as well as to
improving the local LISD.

(2) Te cooperation among scientifc research institu-
tions, colleges and universities, and enterprises
should be strengthened to encourage the innovation
and application of logistics technology. Specifcally,
scientifc research institutions should attract high-
precision professionals, increase capital investment,
and promote the research and transformation of the
logistics technology to achieve innovation-driven
industrial development. Colleges and universities in
the province should ofer courses to provide students
with the skills required by contemporary logistics
practitioners. Enterprises should undertake their
own social responsibilities actively, assist in building
a logistics laboratory platform in colleges and uni-
versities, and help students exercise their business
practice ability.

(3) Te coordinated development of e-commerce and
express logistics should be promoted, along with
precise positioning, and the construction of logistics
parks should be expedited. In particular, the local
government and practitioners should consider the
economic background and local market demand
comprehensively and combine on-site market re-
search to locate logistics parks [27]. On the one hand,
it is necessary to clarify the location advantages,
make full use of the transportation advantages in
combination with the location characteristics, give
priority to road transportation, and consider

multimodal transportation. On the other hand,
avoiding the blind and disorderly construction of
logistics parks can decrease the waste of resources.
For instance, the scale and number of logistics parks
should be set mainly according to the local market
demand, and the needs of potential customers
should be determined through on-the-spot investi-
gation to ensure the continuous operation of local
logistics parks.

5.2. Management Implications. Compared with existing
research, this research provides some improvements from
diferent aspects. First, the entropy method is adopted to
analyse the status of the LISD in 16 cities in Anhui Province,
providing a more comprehensive and objective measure-
ment standard for quantitative research on the LISD, and
ofering a theoretical basis for in-depth research on high-
quality development of the regional economy. Second, the
two-coupling model is utilised to reveal the coordinated
development level among the subsystems and the key ob-
stacle factors hindering the LISD. Te adopted model can
analyse the problems and causes of obstacles, determine the
sustainable development direction of the LI in Anhui
Province, and propose countermeasures accordingly.
Terefore, the analysis process and results can help the
government to analyse, evaluate, and predict the sustain-
ability of the development of the regional logistics industry,
and can contribute tools for the analysis and evaluation of
the LISD based on data-driven methods, providing a ref-
erence for the sustainable development of regional logistics.
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Figure 6: Obstacles of the frst level indicators in Anhui province from 2014 to 2020.
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Based on the abovementioned research, the following
management implications are suggested:

Primarily, as there are many factors involved in the
sustainability of the LI, the proposed research identifes,
analyses, and optimises the infuencing factors according to
the actual situation, to build a set of evaluation indicators (a
system) for LISD to evaluate the actual level of sustainable
development of the industry. Te weight of diferent indi-
cators is calculated by the entropy method, which refects the
importance of each indicator in theory. Te government can
start from themost infuential factor, logistics industry basic,
and try to determine the impact of a single indicator on the
LISD. Only then can the government understand and grasp
the status quo of LISD and provide a reasonable direction for
further improvement of the sustainable development of the
logistics industry.

Moreover, as the sustainable development system of the
logistics industry is a complex ecosystem and the interaction
between the internal subsystems afects the level of LISD, the
LI should be studied as an organic whole, and the system
theory should be emphasised. Moreover, LISD is a basic
industry for a country’s economic development. Hence,
related research needs to achieve the sustainability of
economy, society, and environment, and to provide corre-
sponding optimisation policy recommendations from dif-
ferent perspectives.

6. Conclusions

Te rapid development of the LI not only contributes to
economic development but also reveals problems such as
environmental pollution and misuse of resources. Carrying
out technological innovations and improving the efciency
of resource utilisation are inevitable requirements for im-
proving the regional LISD. Terefore, a comprehensive
sustainability evaluation model for the LI was established in
Anhui Province based on the data-driven model, providing
suggestions for the development direction of the LI based on
the results of the model analysis.

Compared with the existing research, this article pro-
vides improvements from diferent aspects as follows: (1) we
evaluated several historical indicators of the LI compre-
hensively, considering the industry development back-
ground, environmental pollution, and development
potential, and estimated the LISD in Anhui Province in the
past seven years accurately and quantitatively; (2) we
revealed the degree of mutual infuence and coordinated
development between diferent development indicators
within the logistics industry development system using the
coupling coordination degree model; (3) we identifed the
main obstacle factors afecting the development of the lo-
gistics industry through the obstacle degree model, and
proposed corresponding suggestions to the government,
enterprises, logistics industry practitioners, and colleges and
universities, mainly including infrastructure, personnel
training, technology research, and development and
applications.

Te logistics industry is the mainstay of regional eco-
nomic development, while research on LISD involves many

aspects. With the deepening of related research and im-
provement of various regional cases, the regional LI sus-
tainability evaluation model will achieve higher accuracy
and applicability. However, the model does not consider
regional development diferences caused by the radiation of
surrounding economic regions; when we analysed indicators
data, indicators are divided into positive and negative in-
dicators, but in practice, the impact of diferent factors may
be inversed in diferent a period. Terefore, future research
should design more comprehensive models that combine
universality and particularity. More aspects can be con-
sidered when establishing the evaluation index system and
designing model, such as regional synergies, the degree of
packaging recycling in the logistics, and the interaction
among data that used in the model.
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Tis paper investigates operational decisions and online channel mode selection for green products with an e-commerce supply
chain in which the manufacturer is subject to capital constraint. Starting from a Stackelberg game framework where the
platform acts as a leader, two diferent online channel modes applied with an e-commerce supply chain are explored for
equilibria, respectively. Tis paper then extends to a diferent supply chain with a reversed channel leadership, so as to reveal
how the supply chain leaderships afect the equilibriums and supply chain performance. With the analytical studies, several
important and interesting insights are derived. For example, but not limited to, the following is found: (a) the equilibrium
decisions of the capital-constrained supply chain highly rely on the associated interest rate but are independent of the initial
capital level of the fnancially-constrained manufacturer; (b) the platform and the capital-constrained manufacturer act largely
diferently when choosing the optimal online channel mode for themselves; (c) a win-win situation benefting two parties holds
when and only when the two members choose the agency mode under certain conditions; (d) the impacts of the supply chain
leaderships and online channel modes on the consumer surplus and social welfare are clearly revealed. Tese results derived in
our paper shed lights on industrial practicer on how to efectively make such decision-making in platform economy. Te
members in an e-commerce supply chain can appropriately determine their decisions such as commission and slotting fee to
reach a win-win situation for two parties.

1. Introduction

With the rapid increase in the environmental awareness of
the general public, many frms are well devoted to producing
green products partly for developing a green economy and
improving eco-environment in diferent industries around
the world. Tese green products include the electric cars
produced by American car-maker Tesla, the fuorine-free air
conditioner made by Japanese home appliance manufac-
turer Panasonic, and others [1–4]. In addition to these
manufacturing producers, some leading retailers are also
engaged in the investment and promotion of green products.
For example, one of the giant home appliance retailers in the
world, Best Buy, sells ENERGY STAR-certifed products to
help businesses and consumers save money and protect our
climate through superior energy efciency.

Transforming from producing a regular product to a
green one requires a large amount of capital, including
product design, product publicity, and technological in-
novation. Hence, the capital constraint may constitute a
major obstacle restricting this transformation of the frms,
especially for the small and medium-sized ones, which
always sufers from the fnancial difculties even during
regular operations. To ease the capital shortage, the frms
can borrow loans to invest in green innovation, and the
most common way is to fnance from Bank. For example,
by the end of 2021, 15 major banks in China have issued a
total of 220.3 billion carbon emission reduction loans,
supporting 2,246 projects to assist enterprises in pro-
ducing low-carbon products [5]. Inevitably, the capital-
constrained frms will pay additional costs to raise the
capital, such as paying the interest to the lender, which in
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turn afects its operation and the associated performance.
Hence, an interesting issue has arisen here to reveal how
the fnancing afects the frm’s selling and greening
operation.

Nowadays, especially during the COVID-19 epidemic,
online retailing has gradually become a mainstream al-
ternative for the frms to distribute their various products
[6, 7]. It is noticed from the industrial practice that the
two complementary online channel modes are available
for the frms to sell the products with an online mar-
ketplace, i.e., one is online agency channel and the other is
online reselling channel. In terms of the online agency
mode, the frm directly sells the products to the end
consumers, paying commission sales to the e-commerce
platform as the revenue share. In this case, the frm takes
the ownership over the products, and the platform just
serves as an online marketplace. By contrast, with the
online reselling mode, the seller frst wholesales products
to the platform, and after that, the platform retails the
products to end consumers. Under this circumstance, the
platform takes the ownership over products and thus acts
as an online reseller. Te conventional wisdom suggests
that the online agency mode will mitigate the double-
marginalization efect and may require a low capital level
to cover production. Terefore, the online channel mode
will induce a signifcant impact on the fnancing deci-
sions. Given diferent features of the two online channel
modes, the two online channel modes will pose a key role
in the operation decisions of the members, thereby de-
creasing or increasing the individual profts with an
e-commerce platform supply chain. Herein, an interesting
issue has arisen to explore the optimal online channel
mode for the individuals with this e-commerce platform
supply chain.

As a matter of fact, diferent individuals may act con-
tradictorily when selecting the online channel modes. Es-
sentially, it is the bargaining power among diferent
individuals that fnally determines the online channel mode
selection between the individuals. Tus, it is worth inves-
tigating how the channel leaderships between the individuals
afect the optimal online channel mode selection as well as
the individual surplus, such as consumer and social
community.

Motivated by the previous industrial practice, this paper
develops an e-commerce supply chain consisting one
platform and one capital-constrained manufacturer with
two diferent online channel modes, in which the capital-
constrained manufacturer chooses bank loan to ease capital
shortage. To be specifc, the main research questions of this
paper are addressed as follows:

(i) How does the fnancing afect the operation and the
individual profts with an e-commerce platform
supply chain?

(ii) When should the individual select the online agency
mode and when should it select the online reselling
mode instead?

(iii) What are the impacts of the channel leadership on
the consumer surplus and the social welfare?

Te remainder of this paper is organized as follows:
Section 2 reviews the most related literature. Te problem
descriptions are explicitly exhibited in Section 3, followed by
which we develop an e-commerce supply chain system with
the online agency mode in Section 4 and with the online
reselling mode in Section 5, respectively. By comparing the
equilibrium profts across two diferent online channel
modes, Section 6 further investigates the optimal online
channel mode selections for the manufacturer and the
platform, respectively. Tis paper extends to a supply chain
with a diferent leaderships and discusses the impacts of the
consumer surplus and the social welfare on the two diferent
supply chains in Section 7. Section 8 concludes the key
fndings with the managerial insights and future researches.
For clarity, all proofs of the results are collected together in
the Appendix.

2. Literature

Te literature closely related to this paper is threefold,
namely, green supply chain, supply chain fnance, and online
channel mode selection.

2.1. Green Supply Chain. As the increasing pressure of the
environmental protection, the governmental regulation, and
the continuous development in green product, green supply
chain design and management has gradually become an
environmentally sustainable strategy for the supply chain
decision-makers and has thus been paid notable attention in
academia.

A large number of studies in the green supply chain
mainly focus on the green innovation and operational de-
cisions. Chen and Sheu [8] apply a diferential game model
to demonstrate that a proper design of environment-regu-
lation pricing strategy can boost the extended product re-
sponsibility for green supply chain, especially in a highly
competitive market. Bhaskaran and Krishnan [9] propose
various mechanisms of collaboration between two frms in
the development of green products yielding technology
uncertainty. Ghosh and Shah [10] examine the green in-
vestment in an apparel serial supply chain in which the
players cooperate or act individually. Li et al. [11] explore a
dual-channel supply chain where the manufacturer pro-
duces green products for the environmental conscious and
investigate the joint pricing and greening strategies for the
chain members in both centralized and decentralized cases.
Meng et al. [12] use game theory to analytically explore the
pricing policy in a green supply chain of a dual-channel
structure, in which consumers’ green preference and
channel preference are considered. Huang et al. [1] inves-
tigate the optimal green and pricing strategies in a capital-
constrained supply chain with diferent governmental green
subsidies. Das Roy and Sana [13] examine a multiechelon
green supply chain system in which a traditional production
process is integrated with a remanufacturing in a single-
setup-multidelivery system under setup cost reduction. Liu
et al. [14] study how the retailer’s fairness concern levels
afect the cooperation in a three-stage sustainable supply
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chain. Sana [15] look into a newsvendor inventory problem
where comparisons between green and nongreen marketing
are explicitly analyzed including subsidy and tax imple-
mentation by the governmental regulation.

2.2. Supply Chain Finance. Capital shortage has always been
a most important issue that the frms sufer from during the
production and operation process, especially for those small
and medium ones. Financing is an efective way for those
capital-constrained frms to deal with the capital shortage
and thus has drawn much attention in academic studies by
scholars.

Chen and Cai [16] look into an extended supply chain
model with a supplier, a budget-constrained retailer, a bank,
and a 3PL frm, where the retailer has insufcient initial
budget and can borrow loans from either a bank or a 3PL
frm. Cai et al. [17] investigate the roles of bank and trade
credits in a supply chain with a capital-constrained retailer
yielding demand uncertainty. Zhang et al. [18] propose a
portfolio fnancing strategy of bank loan fnancing and
retailer credit fnancing for a closed-loop supply chain
consisting of a fnancially constraint manufacturer and a
retailer. Jin et al. [19] develop a proper fnancing scheme and
discuss its efciency of supplier intermediation in retailer
fnancing in the case of unreliable products. Yan et al. [20]
examine a dual-channel supply chain where the retailer and
e-commerce platform can freely use the other’s sales eforts
and the e-commerce platform can provide online fnance
services to the capital-constrained supplier. Zheng et al. [21]
consider a remanufacturing supply chain in which the re-
tailer is capital-constrained and examine the optimal f-
nancing decision in terms of the market uncertainty. Sana
et al. [22] discuss the operational and fnancial decisions
among the supply chain individuals including one manu-
facturer and one distributor. Yan et al. [23] introduce
supplier fnance and supplier investment to a capital-con-
strained supply chain in which the retailer is subject to a
capital constraint and investigate the impacts of retailer’s
loss aversion on the supply chain fnancing decisions.

2.3. Online Channel Mode Selection. In recent years, the
online selling has been paid notable attention in supply
chain management. Extended studied focusing on this re-
search stream mainly includes the following aspects, such as
competition and cooperation [6, 24], information disclosure
[25–27], return policy [28–30], online reviews [31–33], in-
teractions of online and ofine channels [34, 35], and online
value-add services [36, 37].

Specifcally, this paper contributing to this research
stream lies in the optimal online channel modes in an
e-commerce platform supply chain. It is well noticed that the
two online channel modes, i.e., the agency mode and the
reselling mode, are typically adopted by the e-commerce
platform to their upstream suppliers. Hence, the most re-
lated researching line of this stream in regards to the online
channel mode is to identify the optimal online channel mode
for the diferent individuals and reveal the key drivers be-
hind deriving this strategic online channel mode selections.

For example, Tian et al. [6] indicate how to select a better
online channel mode for an e-commerce platform based on
which the two competing suppliers sell the complementary
products through the platform. Qin et al. [36] look into the
interplay of the logistics service provision and online
channel mode and focus on how the logistics service strategy
afect the optimal online channel mode selection in a
platform supply chain. Zhang and Zhang [38] study the
e-tailer information sharing strategy with supplier ofine
entry in which the e-tailer can choose either online agency
channel or online reselling channel. Chen et al. [39] in-
vestigate the optimal online channel mode for an e-seller and
explore who is better of to ofer the return-freight insurance
in a platform supply chain. Yu et al. [40] explore a man-
ufacturer’s production decisions and a government’s choice
between cap-and-trade and carbon tax regulation in which
the manufacturer sells the product through ofine and
online channels where the online channel can be the
reselling mode or the agency mode. Zhang et al. [41] in-
vestigate how to select an optimal online channel mode for a
manufacturer in an e-commerce platform supply chain in
the presence of a secondary marketplace. Wang et al. [42]
consider a multiple echelon supply chain where an upstream
supplier can retail its products through an online e-com-
merce platform and a live streaming sales channel, and the
online platform company can choose the reselling channel
mode or the agency channel mode.

Tis paper contributes to the literature from the fol-
lowing aspects: Firstly, this paper focuses on the joint f-
nancing and green decisions in a capital-constrained
platform supply chain. Te aim of this paper is to investigate
the mutual impacts of fnancing and operational decision in
this platform supply chain. Secondly, in contrast to the
existing studies on the optimal online channel mode se-
lection in an e-commerce supply chain with sufcient
capital, the fundamental diference of this paper lies in the
fact that this paper explicitly selects the optimal online
channel mode for the two parties when the manufacturer is
subject to the capital constraint.

For better exhibiting the key diferences between this
paper and the most related literature, Table 1 thus
formulates.

3. Model Formulation

We consider an e-commerce platform supply chain con-
sisting of an e-platform and a capital-constrained manu-
facturer. It is well noticed from the industrial practice that
the platform typically provides two options with their
manufacturer to sell products [6, 7, 39], that is, the capital-
constrained manufacturer has two choices to sell the green
product via the platform’s online marketplace; one is the
online reselling mode and the other is the online agency
mode. In terms of the reselling mode, the manufacturer
wholesales the products to the platform at wholesale price
(w), and after that, the platform sells them to the end
consumers at retail price (p). Under this circumstance, the
platform takes the ownership over products and acts as an
online reseller. In contrast, with the agency mode, the
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manufacturer directly charges a retail price (p) and sells
products to the consumers after paying a sales commission
(θ) and a slotting fee (F) to the platform as the revenue
share. In this case, the manufacturer takes the ownership
over products, and the platform purely serves as an online
marketplace.

To encourage green product development, the capital-
constrained manufacturer invests in green R&D technology,
and the green efort is denoted as e. Product with a higher
greenness can improve the environmental beneft(or reduce
environmental pollution) but also incurs a higher R&D cost.
By following Huang et al. [1], a quadratic R&D cost of green
investment is given by

C(e) �
ke

2

2
. (1)

On the market side, it is well noticed that consumers are
willing to purchase the green products because of their high
greenness and lower environmental damages. Te greener
the product , the more the consumers will pay for it. Tis
paper applies a linear demand function to capture such a
phenomenon by following the related literature [1, 44, 45],
such as

D(p, e) � a − p + λe, (2)

where a (a> 0) denotes the market potential, p is the retail
price, and λ (0< λ⩽1) measures how much the consumers
concern about the environmental awareness.

Te capital-constrained manufacturer faces fnancing
obstacles when producing the green products. Te marginal
cost of a unit product for themanufacturer is cD. To focus on
a capital-constrained manufacturer, the initial capital level
(K) is not sufcient to maintain the production, incurring
that K< cD + (ke2/2). Te capital-constrained manufac-
turer can choose to borrow the loans from bank with paying
a fraction of interest (r). Hence, the fnancing costs for the
manufacturer are (cD + (ke2/2) − K)r.

For eases of exposition and clarity, the notation used in
this paper can be found in Table 2.

4. Reselling Mode-Scenario R

With the reselling mode, the manufacturer produces the
product with green degree e and wholesales the product to
the e-platform at price w, and after that, the platform sells
the product to the end consumers at price p.

Mathematically, the profts of the manufacturer and the
e-platform are, respectively, formulated as follows:

πR
M(w, e) � (w − c)D −

ke
2

2
− r cD +

ke
2

2
− K􏼠 􏼡,

πR
E(p) � (p − w)D.

(3)

Applying the backward induction, the equilibrium de-
cisions are achieved in Proposition 1.

Proposition 1. With the reselling mode, the equilibrium
decisions are given by

w
R∗

�
(1 + r) ak − 2cλ2 + 3ck(1 + r)􏽨 􏽩

4k(1 + r) − 2λ2
,

e
R∗

�
λ[a − c(1 + r)]

4k(1 + r) − 2λ2
,

p
R∗

�
3ak + 2ck − cλ2􏼐 􏼑(1 + r) + ckr

2
− ck − aλ2

4k(1 + r) − 2λ2
,

(4)

and the associated equilibrium proft for the manufacturer
and the e-platform are

πR∗
M �

k(1 + r)[a − c(1 + r)]
2

8 2k(1 + r) − λ2􏽨 􏽩
+ Kr,

πR∗
E �

k(1 + r)[a − c(1 + r)]
2

4 2k(1 + r) − λ2􏽨 􏽩
.

(5)

According to Proposition 1, the resulting demand for the
product isDR∗ � (k(1 + r)[a − c(1 + r)])/(4k(1 + r) − 2λ2),
and the following corollary is obtained:

Corollary 1. With the reselling mode, the impacts of the
interest rate on the equilibriums and individual profts are as
follows:

(i) (zeR∗/zr)< 0 and (zDR∗/zr)< 0;
(ii) if 0⩽r< r1, then (zwR∗/zr)< 0 and if r1⩽r⩽1, then

(zwR∗/zr)> 0;
(iii) if 0⩽r< r2, then (zpR∗/zr)< 0 and if r2⩽r⩽1, then

(zpR∗/zr)> 0;

Table 1: Positioning of this paper in the literature.

Paper Green product Financing Channel mode Channel leadership Consumer surplus Social welfare
Ghosh and Shah [10] √ √
Li et al. [11] √
Huang et al. [1] √ √ √
Zheng et al. [21] √
Zhang et al. [18] √
Zhang et al. [41] √
[43] √ √
Zhang et al. [7] √ √
Our work √ √ √ √ √ √
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(iv) (zπR∗
M /zr)< 0 and (zπR∗

E /zr)< 0.

In the previous corollary,

r1 � (− 3c(2k − λ2) +
�
3

√
λ

�����������

c(2ak − cλ2)
􏽱

)/(6ck) and

r2 � (− c(2k − λ2) + λ
�����������

c(2ak − cλ2)
􏽱

)/(2ck).
It is seen from Corollary 1 that the product’s green-

ness, the resulting market demand, and the individual
profts of the manufacturer and the platform decrease with
an increase in the interest rate. Tis phenomenon is
naturally understandable that with an increase in the f-
nancing rate, the associated fnancing cost also increases.
Terefore, the manufacturer has to reduce investments in
the product’s greenness by balancing the production
amount and the fnancing cost, which results in a decrease
of the resulting demand. Also, it is obvious that an in-
crease in the interest rate signifes that bank extracts more
profts from the entire supply chain. Consequently, the
two individuals will obtain less profts with a higher in-
terest rate set by bank.

Corollary 1 also indicates how the interest rate afects the
wholesale and retail prices, which is largely relied on the
specifc interest rate. To be specifc, an increase in the interest
rate frst decreases the wholesale and retail prices and then
increases the wholesale and retail prices. On the one hand,
when the interest rate is relatively small as 0⩽ r< r1 (or
0⩽ r< r2), the wholesale price (or the retail price) decreases
with the interest rate. On the other hand, the wholesale price
(or the retail price) increases with a higher interest rate when
it is relatively high as r1⩽ r⩽ 1 (or r2 ⩽ r⩽ 1).

It is obvious to verify that r1 < r2. It is interesting to fnd
that the manufacturer will increase the wholesale price, yet
the platform will decrease the retail price with a higher
interest rate when r1 < r< r2. Tis indicates that the man-
ufacturer and the platform act diferently on the pricing
decisions in response to a higher interest rate. Tis occurs
because the platform has to balance the margin proft and
the resulting demand of the green product.

5. Agency Mode-Scenario A

With the agency mode, by paying a slotting fee and com-
mission sales to the platform, the manufacturer takes the
ownership over products and directly retails them to the end
consumers via the platform’s online marketplace. Similarly,
the proft functions of the platform and themanufacturer are
respectively achieved as follows:

πA
M(p, e) � [(1 − θ)p − c]D − F −

ke
2

2
− r cD +

ke
2

2
− K􏼠 􏼡,

πA
E � θpD + F.

(6)

It is noticed from the industrial practice that the
e-platform publicly and advancingly declares the com-
missions in response to the product categories for all
the potential suppliers every year. For example, JD.com
ofers and updates the commissions in response to every
product category for any potential suppliers [46]. Tus, this
paper considers an exogenous commission. Such an as-
sumption can also be seen in the related literature, such as
[47, 48] and [6]. Hence, the equilibrium decisions and the
individual profts can be obtained in Proposition 2.

Proposition  . With the agency mode, the equilibrium de-
cisions are given by

p
A∗

�
(1 + r) ak(1 − θ) + c k(1 + r) − (1 − θ)λ2􏽨 􏽩􏽮 􏽯

(1 − θ) 2k(1 + r) − (1 − θ)λ2􏽨 􏽩
,

e
A∗

�
λ[a(1 − θ) − c(1 + r)]

2k(1 + r) − (1 − θ)λ2
,

(7)

and the individual profts for the manufacturer and the
platform are as follows:

Table 2: List of notations.

Parameters
a Te market potential
λ Te consumer’s sensitivity to the environmental awareness
D Te resulting demand of the product
k Te cost factor when the manufacturer invests in green technology
c Te marginal cost of a unit product
K Te initial capital of the capital-constrained manufacturer
r Te interest rate set by bank

θ Te commission. With the online agency mode, the capital-constrained manufacturer pays a sales commission (θ) to the E-platform
and keeps the remaining fraction (1 − θ) of sales

F Te capital-constrained manufacturer pays the slotting fee (F) to the E-platform with the online agency mode
CS Consumer surplus
SW Social welfare

Decision variables
w Te wholesale price of the product when the capital-constrained manufacturer selects the online reselling mode
p Te retail price of the product with the both reselling and agency modes
e Te green efort of the manufacturer

Mathematical Problems in Engineering 5



πA∗
M � k(1 + r)

c
2
(1 + r)

2
− 2ac(1 + r)(1 − θ) + a

2
(1 − θ)

2

2(1 − θ) 2k(1 + r) − (1 − θ)λ2􏽨 􏽩
+ Kr − F,

πA∗
E �

k(1 + r)
2
[a(1 − θ) − c(1 + r)]θ ak(1 − θ) + c k(1 + r) − (1 − θ)λ2􏽨 􏽩􏽮 􏽯

(1 − θ)
2 2k(1 + r) − (1 − θ)λ2􏽨 􏽩

2 + F.

(8)

Based on Proposition 2, the resulting demand with the
agency mode is achieved as
DA∗ � (k(1 + r)[a(1 − θ) − c(1 + r)])/((1 − θ)[2k(1 + r) −

(1 − θ)λ2]), and the following results hold in Corollary 2.

Corollary  . With the agency mode, the impacts of the
commission on the equilibriums are obtained as follows:

(i) (zeA∗/zθ)< 0;
(ii) (zpA∗/zθ)> 0;
(iii) (zDA∗/zθ)< 0.

Corollary 2 clearly indicates the impacts of the com-
mission on the greenness, retail price, and the resulting
demand. It is seen that with a higher commission, the
manufacturer will pay more sales to the platform. Naturally,
the manufacturer reduces investments in green technology
and charges a higher retail price to balance its proft and the
revenue share to the platform. Also, the greenness and the
retail price of the product play a comprehensive efect on the
resulting demand, and it signifes that the negative impact of
the greenness on the demandand it signifes that the negative
efect caused by the greenness on the demand is much more
to balance the positive one caused by the retail price on the
demand.

6. Online Channel Mode Selection

In this section, we investigate the optimal online channel
mode for the manufacturer and the platform, which is
shown in Propositions 3 and 4, respectively.

Proposition 3. Te manufacturer will choose the agency
mode under the following circumstance and will choose the
reselling mode otherwise, such that

(a − c(1 + r/1 − θ))
2

2k(1 + r/1 − θ) − λ2
−

2F

k(1 + r)
>

[a − c(1 + r)]
2

4 2k(1 + r) − λ2􏽨 􏽩
. (9)

It is noticed from Proposition 3 that the commission rate
and the slotting fee jointly play a key role in the manu-
facturer’s optimal online channel mode selection. Herein, we
can verify that an increase in either the commission rate or
the slotting fee will shift the manufacturer to choose the
reselling mode.Tis is understandable that themanufacturer
will pay more sales to the platform with the agency mode
when the platform sets a higher commission or a higher
slotting fee. Consequently, the manufacturer will turn to the
reselling mode instead when sufering a relatively high
commission rate or/and a higher slotting fee. Te impacts of
other key factors on this selection are more complexed, and
we apply the numerical experiments to graphically show
such efects derived by the interest rate and product cost in
the following part.

In the practice, the manufacturer typically decides which
online channel is to be selected for its products’ sale through
the platform’s online marketplace. However, to a certain
extent, the platform poses more powers over the manu-
facturer on such type of decision-making, such as pricing
and channel distribution and among others. Hence, it is
necessary to compare the platform’s proft across these two
diferent online channel modes, so as to reach an advantage
outcome that satisfes both the manufacturer and the
platform.

Next, we investigate the optimal online channel mode for
the platform, which is shown in Proposition 4.

Proposition 4. Te platform will choose the agency mode
under the following circumstance and will choose the reselling
mode otherwise, such that

F

k(1 + r)
+

(1 + r)(a − c(1 + r/1 − θ))θ ak + c k(1 + r/1 − θ) − λ2􏼐 􏼑􏽨 􏽩

2k(1 + r) − (1 − θ)λ2􏼐 􏼑
2 >

[a − c(1 + r)]
2

4 2k(1 + r) − λ2􏽨 􏽩
. (10)

Similarly, Proposition 3 reveals the optimal online
channel mode selection for the platform. It is easy to verify
that a higher slotting fee will push the platform to choose the
agency mode. However, the impact of the commission rate
on the platform’s selection is more comprehensive, and we
apply the numerical experiments to show how the

commission afects the platform’s optimal online channel
selection. By following the literature [3, 49–51] and setting
the parameters a � 2, c � 0.5, r � 0.08, λ � 0.8, and K � 0,
Figure 1 shows that an increase in the commission will shift
the platform to choose the agency mode. Furthermore, it is
intuitively shown that the slotting fee and the commission

6 Mathematical Problems in Engineering



jointly play crucial roles in selecting the optimal online
channel mode for both the manufacturer and the platform.
For example, in terms of the manufacturer (see Figure 1(a)),
when the commission rate is very low (θ< 0.2), the man-
ufacturer will choose the agency mode, and it will choose the
reselling mode when the commission rate is relatively high
(θ> 0.42), regardless of the slotting fee. At a low level of the
slotting fee, the manufacturer will choose the agnecy mode,
whereas the manufacturer will choose the reselling mode
with a relatively high slotting fee. A similar observation can
be found for the platform in Figure 1(b).

Obviously, based on Proposition 3 and 4, we can infer
that both the manufacturer and the platform will likely
choose the same online channel mode to sell the product
under certain market conditions. To graphically show this
advantage situation satisfying the two parties, Figure 1(c)
indicates that when the platform sets a moderate commis-
sion, both the manufacturer and the platform will reach an
agreement and choose the agency mode. Te win-win sit-
uation herein holds for the two parties. Also, it signifes that
the win-win situation will purely exist when both the
manufacturer and the platform choose the agency mode.
Furthermore, a higher commission along with a low slotting
fee is constructive for the two parties to reach the win-win
situation and vice versa.

Te following applies the numerical experiments to
further reveal the other key factors behind to derive this
selection. Figures 2 and 3 investigate the impacts of the
interest rate and the product cost on the optimal online
channel mode selection, respectively.

Letting Figure 1 be a benchmark, when facing a rel-
atively low interest rate, it is seen that both the manu-
facturer and the platform will likely choose the agency
mode, given a commission rate and a slotting fee. Hence,
the region of the win-win situation becomes large in this
case as shown in Figure 2(c). Tis clearly indicates that a
sufciently low interest rate will push both the manu-
facturer and the platform, which will reach an agreement
and choose the agency mode. Similarly, it is seen form
Figure 3 that an increase in the product cost will shift the
manufacturer to choose the reselling mode and platform to
select the agency mode. Obviously, this kind of trans-
forming on the online channel mode selection for the two
parties will narrow the region of the win-win situation as
shown in Figure 3(c).

7. Extension and Discussion

Tis section frstly extends to a supply chain with a reverse
channel leadership in which the manufacturer acts as the
leader and the platform is the follower and then explores and
compares the consumer surplus and the social welfare across
diferent business scenarios.

7.1. Extension to a Supply Chain with Diferent Leadership.
It is noticed that the platform generally poses more bar-
gaining powers over the most manufacturers in controlling
the retailing channel and consumers’ preferences. However,

some leading manufacturers with big brand names may have
more powers when bargaining with the platform to a certain
extent. In this subsection, we consider a situation in which
the manufacturer acts as a Stackelberg leader and the
platform is the follower. Parallel to Sections 4 and 5, the two
diferent scenarios are, respectively, referred as Scenario R′

and Scenario A′. Te associated equilibrium decisions can
thus be achieved in a similar manner, which is shown in the
following proposition.

Proposition 5. With the reselling mode, the equilibrium
decisions are given by

w
R′ ∗

�
(1 + r) 2k[a + c(1 + r)] − cλ2􏽮 􏽯

4k(1 + r) − λ2
,

e
R′ ∗

�
[a − c(1 + r)]λ
4k(1 + r) − λ2

,

p
R′ ∗

�
(1 + r) 3ak + c k(1 + r) − λ2􏽨 􏽩􏽮 􏽯

4k(1 + r) − λ2
,

(11)

and the associated equilibrium profts for the manufacturer
and the e-platform are

πR′ ∗
M �

k(1 + r)[a − c(1 + r)]
2

8k(1 + r) − 2λ2
+ Kr,

πR′ ∗
E �

k
2
(1 + r)

2
[a − c(1 + r)]

2

4k(1 + r) − λ2􏽨 􏽩
2 .

(12)

Clearly, when the manufacturer acts as the Stackelberg
leader with the online agency mode, the equilibrium deci-
sions and the profts are the same as those given in Section 4.
To focus on the online channel mode selection for two
parties, the following continues to investigate the optimal
online channel mode for the manufacturer and the platform,
which is shown in Proposition 6 and Proposition 7,
respectively.

Proposition 6. With a diferent supply chain leadership, the
manufacturer will choose the agency mode under the fol-
lowing circumstance and will choose the reselling mode
otherwise, such that

(a − c(1 + r/1 − θ))
2

2k(1 + r/1 − θ) − λ2
−

2F

k(1 + r)
>

[a − c(1 + r)]
2

4k(1 + r) − λ2
. (13)

Parallel to the associated channel mode selections, when
the platform acts a leader, Propositions 6 and 7 reveal how to
select the optimal online channel mode when the manu-
facturer serves as a leader. Tat is, the slotting fee and the
commission induce a similar pattern on the efects of the
optimal online channel mode for the two parties, which is
not elaborated here. Similarly, the following applies the
numerical experiments to focus on the other key factors
behind to derive this selection.
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Figure 1: Optimal online channel mode selection (c � 0.5 and r � 0.08). (a)Manufacturer’s selection. (b) Platform’s selection. (c) Integrated
selection.
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Figure 2: Optimal online channel mode selection (c � 0.5 and r � 0.04). (a)Manufacturer’s selection. (b) Platform’s selection. (c) Integrated
selection.
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Figure 3: Optimal online channel mode selection (c � 0.8 and r � 0.08). (a)Manufacturer’s selection. (b) Platform’s selection. (c) Integrated
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Proposition 7. With a diferent supply chain leadership, the
platform will choose the agency mode under the following

circumstance and will choose the reselling mode otherwise,
such that

(a − c(1 + r/1 − θ))θ k(a + c(1 + r/1 − θ)) − cλ2􏽨 􏽩

2k(1 + r) − (1 − θ)λ2􏽨 􏽩
2 +

F

k(1 + r)
2 >

k[a − c(1 + r)]
2

4k(1 + r) − λ2􏽨 􏽩
2 . (14)

It is seen from Figure 4 that both the slotting fee and the
commission induce a similar efect on the optimal online
channel mode for the two parties when the manufacturer
acts as a leader. To be specifc, an increase in the slotting fee
and/or the commission will shift the manufacturer to choose
the reselling mode yet shift the platform to choose the
agency mode. Additionally, a mild commission with an
appropriate slotting fee will pose an advantage selection for
two parties, where both the manufacturer and the platform
select the agency mode.

Furthermore, from Figures 5 and 6, we know that a low
interest rate set by bank is likely to derive a win-win situation
for the two parties, and a higher product cost will exacerbate
the diferences between manufacturer and platform on the
online channel mode selection.

Combining with Section 6, we know that both the
slotting fee and the commission will move the manufacturer
and the platform toward diferent directions on the online
channel selection, regardless of the diferent supply chain
leaderships. No matter who leads the supply chain, the
platform and the manufacturer will reach a win-win situ-
ation when the commission becomes moderate along with
an appropriate slotting fee. In the case of the win-win sit-
uation, the platform and the manufacturer are willing to
choose the agency mode.

7.2. Discussion to the Consumer Surplus and the Social
Welfare. Consumer surplus refects the amount of utility or
gain that customers receive when they buy products and
services. By designing and developing a green product,
consumer surplus is very important for the frms to consider,

because consumers that derive a large beneft from buying
products are more likely to purchase the green products
again in the future. In practice, when the frms make such
type of operational decisions, they not only care about their
own profts but also take their shareholders’ proft into
account. As a main stakeholder in the supply chain, con-
sumers have become a key focus of frms in making deci-
sions. Tis subsection shall next consider how the consumer
surplus and the social welfare afect the individual’s optimal
online channel mode selection in this platform supply chain.
By following the literature [52, 53], we measure the con-
sumer surplus as given by

CS � 􏽚
pmax

p
D(p, e)dp

� 􏽚
a+λe

p
(a − p + λe)dp

�
(a − p + λe)

2

2
.

(15)

Herein, the social welfare for the supply chain is obtained
as follows:

SW � πE + πM + CS. (16)

Based on the associated equilibrium decisions and in-
dividual proft, it is easy to compute the consumer surplus
and the social welfare, respectively. Furthermore, we com-
pare the consumer surplus and the social welfare across two
diferent supply chain leaderships.
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Figure 4: Optimal online channel mode selection (c � 0.5 and r � 0.08). (a)Manufacturer’s selection. (b) Platform’s selection. (c) Integrated
selection.
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It is seen from Figure 7 that the relative consumer surplus
across the two online channel modes relies largely on the
commission. To be specifc, when the commission is relatively
low, the agency mode will beneft the consumers and thus the
consumers will obtain more surpluses. Otherwise, the reselling
mode is meaningful to boost the consumer surplus when the
commission is sufciently high. Tis is understandable that
when the commission is very low, the manufacturer will nat-
urally pay less revenue to the platform and thus determine a
relatively low retail price, thereby stimulating the consume
surplus. In addition, we fnd that the slotting fee exerts no
efect on the relative consumer surplus with the two dif-
ferent supply chains with diferent channel leaderships.Te
reason behind is that the slotting fee is a fxed revenue that
distributes between the platform and the manufacturer,
which does not afect the retail prices.

Figure 8 clearly reveals the relative social welfare across
the two online channel modes with the two supply chains
with diferent channel leaderships. Similarly, we fnd that the
slotting fee has no efects on the relative social welfare, and
the relative social welfare is highly relied on the commission.
In particular, the agency mode with a lower commission will
beneft the social welfare, mostly compared with the reselling
mode. Tis indicates that when the supply chain concerns
more about the social welfare, the platform will pay a rel-
atively low commission to the manufacturers.

Next, we investigate how the interest rate afects the
relative consumer surplus and social welfare across diferent
online channel modes and supply chain leaderships. It is
seen from Figures 9 and 10 that an increase in the interest
rate signifes that the supply chain will enjoy a higher social
welfare with more consumer surpluses with the reselling
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mode. Tis indicates that when the capital-constrained
manufacturer sufers a relatively high interest rate set by
bank, it is optimal for the platform supply chain to choose
the reselling mode to achieve a better performance in both
consumer surplus and the social welfare.

8. Conclusions

Tis paper develops an e-commerce platform supply chain
that consists of one platform company and one capital-
constrained manufacturer. By borrowing the loans from
bank, the capital-constrained manufacturer can raise
sufcient capital to produce and sell the products through
the platform’s online marketplace with either the online
agency channel mode or the online reselling channel
mode. Te focal point of this paper is to, respectively,
investigate the optimal online channel mode for the
manufacturer and the platform. Te current work also
extends to a diferent supply chain with a diferent
leadership, based on which we explore the impacts of
supply chain leaderships on the consumer surplus as well
as the social welfare.

8.1. Key Findings. With the analytical study, the key fndings
of this paper are collected as follows:

Firstly, we fnd that the initial capital level has no efect
on the equilibrium decisions of the two supply chain
members but largely afect the manufacturer’s proft with
two diferent online channel modes. It is the interest rate that
plays a critical role in determining the respective equilibrium
decisions.

Secondly, the optimal online channel mode selections for
the manufacturer and the platform are, respectively, in-
vestigated and the factors behind deriving these strategic
selections are also revealed. It clearly exhibits that an in-
crease in either commission or the slotting fee will make the
manufacturer and platform act diferently in selecting the

optimal online channel mode, that is, the manufacturer will
choose the online reselling mode, while the platform will
select the online agency mode. Interestingly, we fnd that the
manufacturer and the platform will reach a consensus and
choose the online agency mode to achieve a win-win situ-
ation under certain market conditions.

Finally, this paper compares the supply chain perfor-
mances from diferent perspectives. Te impacts of diferent
online channel modes on the consumer surplus and social
welfare are explored with diferent supply chain leaderships.
It is found that the commission plays a key role in the relative
consumer surplus and social welfare whereas the slotting fee
has no such efects on them. Te supply chain performs
better in both the consumer surplus and social welfare with
the reselling mode when bank sets a relatively high interest
rate.

8.2. Managerial Implications. Based on the key fndings
derived in this paper, herein, the contributions to the in-
dustrial practice are collected in the following:

Firstly, considering a situation that the green product
manufacturer may sufer the capital shortage, this paper
incorporates two diferent online channel modes to an
e-commerce platform supply chain with the capital-con-
strained manufacturer selecting bank loan fnancing. We
explicitly reveal the impacts of the fnancing on the equi-
librium decisions and individual profts. Managerial im-
plications for frms on selecting the optimal online channel
mode are obtained, based on which we fnd a win-win
situation benefting the two parties when choosing the
online agency mode under certain market conditions. Tis
results compliment the existing studies on the online
channel mode selection [6, 7, 54].

Secondly, this paper then reveals how the diferent
supply chain leaderships afect the individual profts and
consumer surplus as well as social welfare. It is well noticed
that the commission set by the platform plays a crucial role
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Figure 10: Social welfare. (a) Platform leads the supply chain. (b) Manufacturer leads the supply chain.
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in determining the relative consumer surplus and social
welfare, whereas the slotting fee has no such efects on them
across the two diferent online channel modes. Te supply
chain will perform better in both consumer surplus and
social welfare when applying the online reselling mode along
with facing a relatively high interest rate set by bank. Tis
provides managerial insights for industrial practicer on how
to efectively make such decision-making in platform
economy.

8.3. Limitations and Further Research. Te following sum-
marizes the limitations and the researching opportunities of
the current paper: Firstly, this paper purely considers the
bank loan fnancing for the capital-constrained manufac-
turer. In practice, the capital-constrained manufacturer may
have several diferent fnancing resources, such as fnancing
from an e-commerce platform or trade credit fnancing.
Herein, it would be interesting to investigate other fnancing
strategies in such a platform supply chain and compare the
impacts of diferent fnancing resources on the supply chain
performances. Secondly, this paper develops an e-commerce
platform supply chain in which themanufacturer can choose
either the agency mode or the reselling mode in an online
marketplace. Recently, it poses an uptrend that the manu-
facturer can distribute its products simultaneously through
both the online agency mode and the online reselling mode.
A promising extension of this paper is to incorporate these
two online channel modes simultaneously for a capital-
constrained manufacturer in this platform supply chain.
Tirdly, in practice, the government often provides some
subsidies of the green investments to the manufacturer.
Hence, it is valuable to investigate the optimal subsidy policy
for the government. Lastly, this paper considers the demand
of the green product to be deterministic. Another promising
and challenging extension of this paper is to explore the case
with a stochastic demand of the green product in such an
e-commerce platform supply chain.

Appendix

A. Proof of Proposition 1

With the reselling mode, the platform moves frst and sets
the markup t for the product, then the manufacturer de-
termines the wholesale price w and the green efort e, where
t � p − w. According to equation (3), we can compute the
Hessian matrix of πM as

HπM
�

z
2πM

zw
2

z
2πM

zwze

z
2πM

zezw

z
2πM

ze
2

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

�
− 2 λ

λ − k(1 + r)

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
.

(A.1)

Clearly, HπM
is negatively defned when 2k(1 + r)> λ2.

Hence, we can obtain the optimal wholesale price and the
green efort for the manufacturer as w � ((1 + r)[ak − kt +

c(k + kr − λ2)])/(2k(1 + r) − λ2) and e � ([a − c(1 + r) −

t]λ)/(2k(1 + r) − λ2) by simultaneously solving (zπM/zw) �

0 and (zπM/ze) � 0. By substituting w and e, we have
(z2πE/zt2) � − (2k(1 + r))/(2k(1 + r) − λ2)< 0. Tus, πE is
strictly concave on t, and the optimal markup for the
platform is t � (a − c(1 + r)/2) by solving (zπE/zt) � 0. Te
equilibrium decisions and the individual profts can thus be
easily obtained in Proposition 1.

B. Proof of Corollary 1

(i) Based on Proposition 1, it always has
(zeR∗/zr) � − (λ(2ak − cλ2))/(2[2k(1 + r) − λ2]2)
< 0 and (zeR∗/zr) � − (k[aλ2 + 2c(1 + r) (k + kr −

λ2)])/ (2[2k(1 + r) − λ2]2)< 0.
(ii) (zwR∗/zr) � (− akλ2 + 2c[3k2(1 + r)2 − 3k(1 +

r)λ2 + λ4])/(2[2k(1 + r) − λ2]2). Let (zwR∗/zr) � 0,
then we have r1 � (− 3c(2k − λ2) +

�
3

√
λ

�����������

c(2ak − cλ2)
􏽱

)/(6ck), so as to if 0< r< r1 then
(zwR∗/zr)< 0; if r> r1, then (zwR∗/zr)> 0 holds.
(iii) (zpR∗/zr) � (− akλ2 + c[2k2(1 + r)2 − 2k(1 + r)λ2

+λ4])/(2[2k(1 + r) − λ2]2). Let (zpR∗/zr) � 0, then

we have r2 � (− c(2k − λ2)+ λ
�����������

c(2ak − cλ2)
􏽱

)/(2ck),
so as to if 0< r< r2 then (zpR∗/zr)< 0; if r> r2, then
(zpR∗/zr)> 0 holds.

(iv) (zπR∗
E /zr) � (a − c(1 + r)/2)(zDR∗/zr) − (c/2)DR∗

< 0 and (zπR∗
M /zr) � K − (k(a − c(1 + r))

(aλ2 + c(1 + r)(4k(1 + r) − 3λ2)))/(8(2k(1 + r)

− λ2)2) and K< cDR ∗ + (keR∗2 /2), it holds
(zπR∗

S /zr)< 0.

Corollary 1 is thus completed.
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C. Proof of Proposition 2

With the the agency mode, the manufacturer sets the retail
price and the green efort simultaneously. Similarly, the
Hessian matrix of πM can be computed as

HπA
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Clearly, the HπM
is negatively defned when 2k(1 +

r)> λ2(1 − θ). Hence, we can compute the optimal decisions
for the manufacturer as p � ((1 + r) ak(1 − θ) + c[k(1 + r){

− (1 − θ)λ2]})/((1 − θ)[2k(1 + r) − (1 − θ)λ2]) and e �

(λ[a(1 − θ) − c(1 + r)])/(2k(1 + r) − (1 − θ)λ2).
Proposition 2 is thus completed.

D. Proof of Corollary 2

Based on Proposition 2, it always has

ze
A∗

zθ
� −

(1 + r)λ 2ak − cλ2􏼐 􏼑

2k(1 + r) − (1 − θ)λ2􏽨 􏽩
2 < 0,
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zθ
�
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2
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2
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(1 − θ)
2 2k(1 + r) − (1 − θ)λ2􏽨 􏽩

2 > 0,

zD
A∗

zθ
� −

k(1 + r) a(1 − θ)
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(1 − θ)
2 2k(1 + r) − (1 − θ)λ2􏽨 􏽩

2 < 0.

(D.1)

Proposition 2 is thus completed.

E. Proofs of Propositions 3 and 4

Based on Propositions 1 and 2, we have πR∗
M � (k(1+

r)[a − c(1+ r)]2)/(8[2k(1 + r) − λ2]) + Kr, and πA∗
M � k(1 +

r)(c2(1 + r)2 − 2ac(1 + r) (1 − θ) + a2(1 − θ)2)/(2(1 −

θ)[2k(1 + r) − (1 − θ)λ2]) + Kr− F.Tus, it can be computed
that πA∗

M − πR∗
M � k(1 + r)(([a − (c(1 + r))/(1 − θ)]2/

(2k(1+ r))/ (1 − θ) − λ2) − (2F)/(k(1 + r)) − ([a − c(1 +

r)]2/4[2k(1 + r) − λ2])). Similarly, for the platform, we have
πR∗

E � (k(1 + r)[a − c(1 + r)]2)/(4[2k(1 + r) − λ2]), and
πA∗

E � (k(1 + r)2[a(1 − θ) − c(1 + r)]θ ak(1 − θ) + c{ [k(1+

r) − (1 − θ)λ2]})/ ((1 − θ)2[2k(1 + r)− (1 − θ)λ2]2) + F.
Tus, it is easy to compute that πA∗

E − πR∗
E � k(1 + r)(((1 +

r)[a − (c(1 + r))/(1 − θ)]θ ak + c[k(1 + r)/{ (1 − θ) − λ2]}/
[2k(1 + r) − (1 − θ)λ2]2) + (F/k(1 + r))− ([a − c(1 + r)]2/
4[2k(1 + r) − λ2])).

Propositions 3 and 4 can thus be easily obtained.
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Synergistic industrial agglomeration has an impact on green economy. In this research, the evaluation index system of urban green
economic efciency (GEE) is constructed; the superefciency SBM model, Malmquist index method, location entropy method,
and Tobit regression analysis are used to analyse the static and dynamic GEE, the industrial agglomeration level of manufacturing
and logistics industries, the synergistic agglomeration level of the two, and the infuencing factors of GEE of 41 cities and four
provinces in the Yangtze River Delta (YRD) region from 2010 to 2019. Te results show that the urban GEE in the YRD region is
generally not high, and the annual change trend of efciency is U-shaped. In the YRD region as a whole and in each province, the
relationship between the synergistic agglomeration level of the two industries and the GEE presents regional heterogeneity and
GEE is infuenced by various factors. Synergistic alignment and integrated development of the two industries are good ways to
optimize and upgrade industrial structure transformation. Te government can improve urban GEE by adjusting the horizontal
and vertical intergovernmental relations as well as adjusting the talent support mechanism to promote integration of technologies
with industry and optimizing the upgrading and transformation of industrial structure to achieve sustainable
industry development.

1. Introduction

1.1. Research Background. Te concept of green economic
efciency (GEE) was frst proposed by environmental
economist Pearce in 1989 [1]. It mainly refers to the eco-
nomic development efciency including the input factor of
energy consumption and the output factor of environmental
pollution, and it clearly demonstrates the importance of
ecological and environmental factors in economic devel-
opment and transformation. Te efciency of green econ-
omy includes two aspects: green efciency and economic
efciency. By taking environmental pollution factors into
account in the undesirable output, the efciency of sus-
tainable development of economy can be more accurately
measured.

In 2019, the State Council of China approved the overall
plan for the Yangtze River Delta (YRD) Eco-Green Inte-
grated Development Demonstration Zone, which empha-
sized the urgency of industrial green transformation in the
YRD region. In 2021, the Ofce for the Steering Group of the
YRD region Integrated Development promulgated the YRD
Regional Integrated Development Programme for the
implementation of the 14th National 5-Year Plan, in which
prospects and plans are put forward to strengthen regional
coordinated development, promote interprovincial coop-
eration in linkage agglomeration areas, promote ecological
environment construction, and build a green YRD region.
Figure 1 shows the overall map of the YRD region. As a
region with relatively rapid economic development, better
innovation capability, and more mature institutional system
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compared to the national average, the YRD region attracts a
large number of inward investment enterprises, and in-
dustrial agglomeration becomes one of the core factors to
promote regional economic progress. However, industrial
aggregation promotes resource and information sharing,
reduces production, innovation, and environmental pro-
tection costs, but at the same time, it may lead to envi-
ronmental pollution and hinder sustainable development.
With the deepening of the concept of green growth and
sustainability to meet the “Double Carbon” (in 2020, the
Chinese president pledged at the United Nations General
Assembly that China would peak its carbon emissions by
2030 and become carbon neutral by 2060) goal set by Jinping
Xi, the President of China, how to adapt such agglomeration
in the YRD region to improve GEE has become a concern.

Te coordinated development and collaborative pro-
duction mode of the manufacturing and producer services
industries can optimize resource allocation, push the
transformation of the manufacturing industry from the
traditional extensive development mode to that of green and
knowledge-technology intensive growth, and promote the
green transformation of the industry and the green eco-
nomic development of regions [2]. Logistics is an important
part of the producer services industry which is closely
connected with the manufacturing industry [3]. Since the
State Council listed the interactive development of the
manufacturing and logistics industries as one of the “Nine
Major Projects” in 2009, the two industries have gradually
presented a pattern of integrated development, and their
synergistic agglomeration has become an important stage in
the evolution of future industrial integration and green
transformation and upgrading and has become a potential
factor that may infuence the increase of regional green
economic efciency.

Researching on the status quo of the synergistic ag-
glomeration level of the manufacturing and logistics in-
dustries and GEE in the region, exploring the infuencing
factors of GEE, analyzing the infuencing mechanism of

the two industries’ synergistic agglomeration on GEE, and
investigating regional heterogeneity can provide a clear
image of the direction of optimizing and upgrading in-
dustrial structure transformation by synergistic agglom-
eration and contribute to the green upgrading of the two
industries as well as the sustainable development of the
region.

1.2. Literature Review

1.2.1. Studies on the Synergistic Agglomeration of
Manufacturing and Logistics Industries. Synergistic indus-
trial agglomeration plays a signifcant role in promoting
industrial integration as well as regional economic devel-
opment. Collaborative development of the manufacturing
and logistics industries is required in order to improve the
competitiveness of the manufacturing industry [4], and the
synergistic agglomeration of the two industries is the main
manifestation of coordinated linkage and integrated de-
velopment of the two industries [5].

In terms of synergistic agglomeration status, the research
fndings on the synergistic agglomeration status of the two
industries can be summarized from three dimensions:
synergistic agglomeration mechanism dimension, time di-
mension, and space dimension. Specifcally, we have (1)
studies on the mechanism of collaborative agglomeration
between the two industries. Zhan et al. [6], Zhao and Chen
[7], and Lu [8] believe that manufacturing and producer
services can spur each other, and the agglomeration of
manufacturing afects the synergistic amalgamation of the
two. Qi [9], Zhou [10], and Yan [3] all demonstrate that the
logistics industry is a spin-of from the manufacturing in-
dustry, and the coordinated development of the two can save
costs, add value, and improve efciency for the latter. Some
scholars also discussed that the degree of agglomeration of
diferent industries within the two industries is diferent; for
example, Zhu et al. studied the agglomeration patterns of the
manufacturing and logistics industries and found that the
agglomeration level of resource-intensive industries in-
creased signifcantly [11]. In many of these studies, logistics
is regarded as a subindustry of producer services or an
industry separate frommanufacturing, but studies taking the
logistics industry as an independent industry and analysing
the mechanism of synergistic agglomeration between lo-
gistics and manufacturing industries are limited. (2) Te
degree of collaborative agglomeration changes with time.
For example, Tang et al. studied the collaborative agglom-
eration level of the two industries in the new land-sea
corridor in western China and found that its level declined
frst and then rebounded, and the collaborative agglomer-
ation level was afected by government intervention, city
scale, human capital, economic development, and other
factors [12]. (3) Te level of collaborative agglomeration in
diferent regions is diferent; for example, Jin made regional
comparisons of the degree of agglomeration of two indus-
tries, i.e., manufacturing and producer services, and found
that the synergistic level is higher in large and medium-sized
cities and economically developed regions [13]. Zhang and
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Figure 1: Overall map of the research region.
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Wu, through empirical analysis, found that the collaborative
agglomeration level of the logistics industry and the
manufacturing industry in China’s provinces showed a
spatial evolution pattern of decreasing gradient from east to
west [14].

Scholars generally agree that modern industrial inte-
gration is not only the amalgamation of labour and geo-
graphical location but also the integration of knowledge,
resources, technology, and information. Te agglomeration
status of the two industries presents regional heterogeneity
and changes with time, but there is no uniform conclusion
on the manifestation form of regional heterogeneity in
academia.

In terms of the research method, quantitative analysis is
more frequently used. By constructing an input-output
index system, researchers use models such as grey corre-
lation, data envelopment, and the location entropy method
[15–18] to measure and analyze the correlation between the
manufacturing and producer services industries. Most
scholars believe that the manufacturing industry plays a
strong driving role in the collaborative integration of the two
industries, and logistics, now recategorized to be a part of the
producer services industry, plays an obvious role in en-
hancing the value chain.

1.2.2. Studies on GEE. Te key point of green economy is
that economic development should be coordinated with
green development. Economic growth should not be at the
cost of the environment, and environmental protection
should not be at the cost of economic slowdown. Te
analysis of GEE in academia is mainly based on empirical
research, and the research content can be mainly divided
into two aspects:

(1) Te construction of the GEE measurement index.
Methods used by researchers mainly include entropy
weight, factor analysis, and principal component
analysis. [19]. Te input index analyzed by scholars
mainly includes the input of capital, manpower, and
energy, and the output index mainly includes the
expected economic benefts and unexpected envi-
ronmental pollution. Table 1 gives an overview of
indexes selected by scholars for measuring GEE of
regional levels in recent years.
Table 1 shows that scholars are very unifed in using
regional GDP as the indicator for expected output.
For unexpected output, the common indicator is the
industrial emissions of “three wastes” or the com-
prehensive pollution index calculated by the entropy
method based on the discharge of industrial wastes.
It is a popular practice to integrate multiple inputs
including capital, labor, and energy in the process of
economic production into the evaluation of GEE. Its
advantage is that it can take into account the sub-
stitution efect between various factors.
However, most literature focuses on the measure-
ment of GEE at the provincial or industry level in
China instead of the city level [27]. Taking the

provinces as decision-making units is too macro,
thus it is not conducive to capturing micro infor-
mation. Moreover, as the implementation of the
“double carbon” target is accelerated, it is necessary
to promote the formation of a new mode of green
and low-carbon development, but in existing studies,
carbon dioxide emissions are not often included in
the unexpected output to measure the GEE from the
perspective of cities.

(2) Efciency measurement method and analysis. As a
common method to measure efciency, the data
envelopment analysis method is widely used in the
measurement of GEE [29–32]. Te DEA method is
extensively used to measure the efciency of tech-
nological progress by quantifying the relevant ele-
ments of environmental pollution and incorporating
them into input indicators.With the improvement of
the DEA method, methods to measure the efciency
of green economy have also been developed. Re-
searchers often use the SBM model to measure the
GEE by incorporating energy input, capital, and
labour input into the input index and adding
quantitative indicators related to pollution into the
unexpected output index to construct an input-
output model [33–37]. Most of the research studies
conclude that GEE still needs to be improved and
there are regional diferences. GEE is infuenced by
various factors, which mainly include government
intervention, human capital, environmental regula-
tion, and technological innovation.

(3) Infuencing factors of GEE. Research on the infu-
encing factors of GEE is abundant. Scholars mainly
explore the infuencing factors from two perspec-
tives.Te frst is the core infuencing factor related to
their research studies. For example, Jiang and Jiang
[38], Zeng and Xiao [39], and Guan et al. [40] fo-
cused on the impact of digital economy on GEE;
Zhang et al. [26], Zhou and Gu [22], Li et al. [25], and
Roumei and Deng [41] studied the infuence of factor
resources such as labor force, land, and infrastruc-
ture on GEE; Zhang and Tu [24], Zhang and Guo
[42], and Ren et al. [43] focused on the infuence of
industrial agglomeration such as manufacturing and
service industries’ agglomeration on GEE. Te sec-
ond is the environmental factors. Te main content
of PEST analysis is that the external environment is
mainly composed of four parts: political, economic,
social, and technological. Scholars generally select
government intervention, economic environment,
social development, talent level, and foreign in-
vestment environment as macro environmental
factors infuencing GEE, which is also consistent
with PEST theory.

1.2.3. Studies on the Impact of Synergistic Industrial Ag-
glomeration on GEE. Research studies on the relationship
between synergistic industry agglomeration and GEE can be
divided into three main aspects: frst, the agglomeration
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provides opportunity for the sharing of all kinds of re-
sources, promotes the formation of scale economies, reduces
costs, and improves efciency of productivity, so it is
conducive to economic growth and sustainable utilization of
resources. For example, Wu and Yang believe that the
synergistic agglomeration of manufacturing and producer
services industries can promote the high-quality develop-
ment of regions and cities [44]. Zhang et al. analyzed the
same phenomenon in eastern coastal areas and found that it
has a continuous role in driving the regional green economy
development [45]. Second, the coordinated industrial ag-
glomeration leads to intensive market transactions, which

not only brings pressure to the construction and use of
infrastructure but also creates a burden for the environment.
For example, Wu argued that in the eastern part of China,
the synergistic agglomeration of services and strategic in-
dustries inhibited economic growth [46]. Tird, there are
diferences in natural resources and economic development
in diferent regions, so the impact of industrial agglomer-
ation patterns on the environment is diferent. Also, the
relationship between them may be nonlinear. For example,
Zhao et al. believe that the aggregation of scientifc and
technological talents in certain regions has a threshold efect
on the impact of industrial synergistic agglomeration on

Table 1: Selected input and output indexes in the existing articles.

Input indexes Expected output Unexpected output Author and year
Total energy consumption

Regional GDP Total industrial pollution (calculated from the discharge of
three industrial wastes using the entropy method)

Wang et al. 2022
[19]

Capital stock
Number of employed
population
Number of employed
population

Regional GDP Total industrial pollution (calculated from the discharge of
three industrial wastes using the entropy method)

Cai and Xu, 2022
[20]Capital stock

Electricity consumption of the
whole society
Number of employed
population Regional GDP Industrial emissions of “three wastes” Cai et al.

2022 [21]Capital stock
Power consumption
Construction land area

Regional GDP Industrial emissions of “three wastes” Zhou and Gu,
2022 [22]

Electricity consumption of the
whole society
Number of employed
population
Capital stock
Total energy consumption

Regional
nonagricultural GDP Industrial emissions of “three wastes” CO2 emission Lin, 2021 [23]Capital stock

Number of nonagricultural
employed population
Number of employed
population

Regional GDP Industrial emissions of “three wastes” Zhang and Tu,
2021 [24]Capital stock

Electricity consumption of the
whole society
Number of employed
population Regional GDP Industrial emissions of “three wastes” Li et al. 2021 [25]Capital stock
Power consumption
Number of employed
population Regional GDP

Chemical oxygen deemand Zhang et al.
2020 [26]Capital stock SO2 emission

Total energy consumption Production of industrial solids
Capital stock

Regional GDP Industrial emissions of “three wastes” Lin and Tan,
2019 [27]Quantity of labour force

Total energy consumption
Investment in fxed assets

Regional GDP Concentration index of PM2.5 & PM10 industrial emissions
of “three wastes”

Zhu et al.
2018 [28]

Number of employed
population
Electricity consumption of the
whole society
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high-quality economic development [47]. Fang et al. believe
that such agglomeration needs technological innovation as
an intermediary variable to promote sustainable economic
development [48]. Ma et al. believe that the agglomeration
will inhibit high-quality economic development in the initial
stage and that its impact will turn from negative to positive
when it reaches a certain threshold [49]. Feng et al. inves-
tigated the industrial agglomeration and green development
of 285 cities in China and found that the impact of such
consolidation on green development was nonlinear and the
spillover efect was greater than the direct efect [50]. Te
academic consensus is that synergistic industrial agglom-
erations have an impact on green development, and it is
vitally important to study the impact in order to promote
sustainable development, but there is no unifed conclusion
on the impact mechanism.

1.2.4. Studies on the Impact of Synergistic Agglomeration of
Manufacturing and Logistics Industries on Green Economy
Efciency. Tere are limited studies on the relationship of
the synergistic industrial agglomeration of the two sectoral
groups, i.e., manufacturing and logistics, on GEE. Liu
studied the impact of the collaborative agglomeration of the
two on high-quality economic development [51]. Relevant
statements about green and sustainable development are
included in his description of high-quality economic de-
velopment, but he did not explore them in depth. Yan and
Wang studied the impact of professional and collaborative
agglomeration of the two on regional economic growth and
demonstrated that the agglomeration development of the
two industries is not only an important means to promote
the deep integration of the two, but it is also an important
measure to promote economic growth and supply-side
structural reform [52]. Te synergistic agglomeration of the
two industries has a relatively large impact on regional
economic growth and a signifcant positive spillover efect
on other regions. However, this research did not discuss the
infuence of the agglomeration of the two industries on green
development either.

Te existing studies have laid a solid foundation for
improving awareness of the impact of industrial collabo-
rative agglomeration on GEE, building the synergistic re-
lationship between the two industries, constructing the
evaluation index system for GEE, and have also provided an
important reference for exploring the infuencing factors of
GEE, as well as selecting the method to calculate GEE.
However, there are still problems:

(1) Tere are many studies on the collaborative ag-
glomeration of manufacturing and producer ser-
vices, but few studies are on the collaborative
agglomeration of logistics and manufacturing. As an
important separate component of the manufacturing
industry, the logistics industry can return value and
embed a new value chain for the former through
agglomeration. Terefore, it is necessary to explore
the synergistic agglomeration level between the lo-
gistics industry and the manufacturing industry and
the infuence mechanism of this level on sustainable

economic efciency. Also, with the rapid develop-
ment of the economy, the level of professional and
collaborative agglomeration of industries changes
rapidly. Putting the research period in recent years is
also conducive to observing the spatial and temporal
evolution of the collaborative agglomeration level of
the two industries.

(2) Te decision-making units of the existing studies are
mostly provinces in China, and the research results
are relatively macroscopic. Te spatial diferences of
economic development in China are remarkable,
which are not only refected in the provinces, but
they are also refected in the regions and cities.
Paying attention to the GEE of economic develop-
ment hotspots (such as the YRD region) is conducive
to seeking sustainable development strategies and
improving GEE according to local conditions.

(3) With the acceleration of the implementation of the
“double carbon” target, green and low-carbon de-
velopment transition is imminent. However, in the
existing studies, carbon dioxide emissions are not
often included in the unexpected output to measure
urban GEE.

(4) Te sharing of resources, information, knowledge,
technology, and other elements formed in the col-
laborative agglomeration of industries may bring
agglomeration advantages and promote the green
and high-quality development of the economy.
However, the collaborative agglomeration of in-
dustries may also lead to the waste of resources and
the aggravation of pollution, which is not conducive
to the improvement of the GEE. At present, there is
no unifed conclusion on the infuence mechanism of
industrial collaborative agglomeration on GEE; thus,
further research is needed. Also, since the synergistic
agglomeration of the logistics and manufacturing
industries has a relatively large impact on regional
economic growth and since green and sustainable
development are important components of high-
quality economic growth, it is necessary to explore
the relationship between synergistic agglomeration
of the manufacturing and logistics industries and
green economy efciency.

In this research, under the guidance of the “double
carbon” target, carbon dioxide emissions are included in the
unexpected output, and the superefciency SBM model and
Malmquist index model are used to calculate the GEE of 41
cities in the YRD region. Ten, the location entropy method
is used to calculate the agglomeration level of the
manufacturing and logistics industries and the synergistic
agglomeration level of the two in 41 cities. Moreover, with
the GEE calculated by super-SBM used as the dependent
variable, the professional and synergistic agglomeration level
of themanufacturing and logistics industries used as the core
independent variable, and other environmental factors used
as control variables, the Tobit model is used to calculate the
infuencing factors of urban GEE of the region. Finally,
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based on the empirical analysis, corresponding policy sug-
gestions are put forward. Te research framework is shown
in Figure 2. Te contribution of this research is mainly in
three aspects:

(1) Teoretically, taking the collaborative agglomeration
of manufacturing and logistics industries as the
breakthrough point, this research jumps out of the
discussion paradigm of “collaborative agglomeration
of producer services and manufacturing industries”
as the independent variables in the existing research.
Te research object is more focused, which enriches
the perspective and content of the research on in-
dustrial collaborative agglomeration to promote
GEE. Also, responding to the call of energy saving
and carbon reduction policies, CO2 emission is in-
cluded in the unexpected output index used to
evaluate urban GEE, and by doing this, the evalu-
ation index model of urban GEE can be enriched.

(2) Methodologically, on the one hand, the static and
dynamic GEE and its infuencing factors of 41 cities
are calculated through the consistent use of the
SBM–Malmquist–Tobit model methods. It is of in-
novative and practical signifcance since the pro-
fessional agglomeration of the manufacturing and
logistics industries and the collaborative agglomer-
ation of the two industries measured by the location
entropy method are taken as explanatory variables so
as to discuss their infuences on the GEE. On the
other hand, ArcGIS geographic information system
software is used to draw a colored map of the in-
dustrial agglomeration level of 41 cities in the YRD
region, which directly refects the industrial ag-
glomeration level, and lays a foundation for de-
ducing the infuence of the industrial collaborative
agglomeration level on GEE.

(3) Practically, the discussion of this research is of
practical value for optimizing the green transfor-
mation of industrial structure and agglomeration
and is of practical signifcance to local governments
in the YRD region and the central government of
China to formulate corresponding policies to guide
the route of industry transformation, technology
progress, and thus the development of green
economy.

2. Materials and Methods

2.1. Model Construction

2.1.1. Superefciency SBM Model. Te radial data envelop-
ment analysis method (DEA), frst proposed by Charnes
et al. [53], has been widely used in the academic feld. Tis
method is suitable for measuring the efciency of multiple
DMUs (decision-making units) with the same input and
output indexes. However, this method cannot consider the
possible efects of undesired output and slack variables. Tone
[54] proposed the SBM model that can avoid the above-
mentioned problems when calculating, but it is easy to have

multiple DMUs with efective measurement results, which is
not conducive to the efciency comparison. Terefore, he
improved the model and proposed the superefciency SBM
model. In this research, the nonoriented superefciency
SBM model is selected, and its basic expression is as follows:
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(1)

In equation (1), ρ∗ represents the GEE value of 41 cities
in the YRD region, n represents the number of DMUs, i.e., 41
cities, m represents the number of input indicators, r and p
represent the number of expected and unexpected output
indicators, x is the element of the corresponding input
matrix, yd and yu represent the elements of the corre-
sponding expected and unexpected output matrices, and λ is
the weight vector. When ρ∗ ≥ 1, it means that the GEE of the
city or region is efective and when ρ∗ < 1, it means that the
green economy input of the city or region does not bring the
expected output.

2.1.2. Malmquist Index Model. In order to explore the dy-
namic efciency changes of GEE of cities in the YRD region,
this research uses the Malmquist index model to calculate
the annual and regional changes. Tis index is mainly
composed of technical efciency (efch) and technological
progress efciency (techch), among which technical ef-
ciency can be decomposed into pure technical efciency
(pech) and scale efciency (sech). Using this index, the total
factor productivity of green economy (tfpch) of cities in the
YRD region can be measured. Te following formulas give
the mathematical expression of the Malmquist index model:

tfpch � effch × techch � (pech × sech) × techch. (2)

Total factor productivity values greater than 1, equal to 1,
and less than 1 indicate the GEE improvement, unchanged,
and decline, respectively.
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2.1.3. Location Entropy Method. Methods that are fre-
quently used to measure the level of industrial agglomera-
tion mainly include the location entropy method,
Herfndahl–Hirschman index, DO index, EG index, and
space Gini coefcient. Tis research draws on the practice of
Chen and Chen [55] and uses the location entropy method
to, respectively, measure the agglomeration level of the
manufacturing and logistics industries, as well as the syn-
ergistic agglomeration level of the two industries. Te
specifc model is

AGGL1 �
eiM/EM

ei/E
,

AGGL2 �
eiL/ei

EL/E
.

(3)

AGGL1 and AGGL2 represent the agglomeration level
of manufacturing industry and logistics industry, re-
spectively. eiM and eiL represent the number of employees
of the two industries of each city in each year, respectively,
and EM and EL represent the number of corresponding
employees in China in each year, respectively. ei repre-
sents the number of employees in all industries of each
city in each year. E represents the number of employees in
all industries of China in each year. With reference to
Meng et al. [2], a calculation model for synergistic ag-
glomeration of the two industries is constructed as fol-
lows, in which AGGLCO represents the synergistic
agglomeration level of the two industries, and AGGL1 and
AGGL2 are the professional agglomeration levels calcu-
lated in equation (3).

Data Driven Method Flow

Agglomeration Level of
Manufacturing Industry

Agglomeration Level
of Logistics Industry

Synergistic Agglomeration
Level of the Two Industries

Other factors

Data
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Data
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Factors

Discussions
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Figure 2: Research process.
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AGGLCO � 1 −
|AGGL1 − AGGL2|

AGGL1 + AGGL2
􏼢 􏼣 +(AGGL1 + AGGL2).

(4)

2.1.4. Tobit Regression. Te Tobit model was proposed by
Tobin in 1958 [56], which is mainly applied to regression
analysis where the value of explained variables is restricted
or truncated. In order to avoid the possible estimation bias
caused by the ordinary least squares method, this research
adopts the random efects panel Tobit model to measure the
infuencing factors of the GEE of cities in the YRD region.
Te expression of the Tobit regression model is

Yit � α + βXit + μit,

Yit �
0, Yit ≤ 0,

Yit, Yit > 0.
􏼨

(5)

In equation (5), i represents city, t represents year, Yit is
the GEE value of the ith city in the year t calculated using the
superefciency SBM model, Xit represents each explanatory
variable, α is the constant term, β is the regression coefcient
vector, and μ is the random interference term.

2.2. Index Selection and Data Sources

2.2.1. Evaluation Index of GEE. Te choice of input and
output indicators should take into account not only the
availability of data but also the objective needs of evaluation.
According to Douglas production function, labour and
capital inputs are the basic elements of input factors.
Terefore, capital input is expressed by fxed capital stock of
each city, and labour input is expressed by employees at the
end of each year. Among them, the fxed capital stock cannot
be directly obtained from the statistical data; thus, the
perpetual inventory method is used to estimate the fxed
capital stock over the past years. Te calculation formula of
capital stock is

Kt � It +(1 − δ)Kt−1, (6)

where Kt represents the capital stock in year t, Kt− 1 rep-
resents the capital stock in year t− 1, It represents the in-
vestment in year t, and δ represents the depreciation rate in
year t. We refer to the research of Zhang et al. [57], δ � 9.6%
and It � I0/(δ + g). I0 represents the investment in fxed
assets in 2010, and g is the aggregate average growth rate of
new fxed assets in the whole society. In addition, consid-
ering the availability of data and with reference to Wu and
Wu [58], the industrial electricity consumption of each city
is used to represent the energy input.Te GDP of each city is
selected as the expected output to refect the development
level. Te comprehensive pollution index and CO2 emission
of each city are selected as the undesirable output to refect
the environmental pollution status. Among them, industrial
wastewater discharge, industrial sulfur dioxide emission,
and general industrial solid waste production are selected as
the basic indicators, and the entropy value method is used to

calculate the comprehensive pollution index of three main
industrial wastes in each city. Te relevant data mentioned
previously are collected from China Urban Statistical
Yearbook. Te calculation of CO2 emission includes three
aspects: combustion consumption of various energy sources,
average low calorifc value of various energy sources, and
carbon dioxide emission factors of various energy sources.
Te calculation method is as follows:

CO2 � 􏽘
8

i�1
CO2,i � 􏽘

8

i�1
Ei × NCVi × CEFi. (7)

In equation (6), Ei represents the consumption of each
energy (“Each energy” includes coal, coke, crude oil, gas-
oline, kerosene, diesel oil, fuel oil, and natural gas. Teir
NCV values (kJ /kg) are 20908, 28435, 41816, 43070, 43070,
42652, 41816, and 38931, respectively. Teir CEF values (kg/
TJ) are 95977, 105966, 73333, 71500, 74067, 77367, and
56100, respectively. Data are obtained from IPCC (United
Nations Intergovernmental Panel on Climate Change)
(2016)), NCVi represents the average low calorifc value of
each energy, and CEFi represents the CO2 emission factor of
each energy. Relevant data are collected from China Energy
Statistical Yearbook, China Industrial Statistical Yearbook,
and China Environment Statistical Yearbook, the method
can be used to calculate the overall CO2 emissions of
provinces in China, and then referring to the estimation
method used by Ding et al. [59], the ratio of urban GDP to
provincial GDP is used to estimate CO2 emissions for each
city. Te evaluation index of GEE is shown in Table 2.

2.2.2. Infuencing Factor Index Selection. Te efciency value
of urban green economy measured by the superefciency
SBM model is used as the dependent variable, and the ag-
glomeration levels of the manufacturing industry (AGGL1)
and the logistics industry (AGGL2), as well as the synergistic
agglomeration levels of the two industries calculated by the
location entropy method, are taken as the core independent
variables (AGGLCO). Combined with political, economic,
and social factors, the control variables of external infu-
encing factors are selected as follows:

(1) Government Intervention (GOV). Government inter-
vention is an important means for the government to carry
out macrocontrol, aiming to promote the efective operation
of the economy and the positive development of the in-
dustry. Te typical method of regulation and control is fscal
expenditure, which is represented by the general public
budget expenditure of each city; (2) social development level
(SOCIAL): the urbanization rate is one of the important
indicators of Chinese urban social development, which is
represented by the ratio of the permanent urban resident
population to the total urban resident population including
nonpermanent city dwellers such as people living in rural
places and migrant workers at the end of the year; (3) in-
dustrial structure (INSTRU): represented by the ratio of the
output value of the secondary industry to the local GDP to
refect the industrial structure relationship of the city; (4)
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human resource level (EDU): the professional and com-
prehensive ability of human resources may have a crucial
impact on industrial upgrading and transformation and
urban green development, and this is represented by the
number of university students per 10,000 people; (5)
opening to the outside world (FOREIGN): the opening to
the outside world can refect the overall development level of
a city, and this is represented by the actual amount of foreign
investment in each year (Table 3). Te missing data have
been interpolated by using the equivalent mean imputation
method. Te construction model is as follows:

GEEit � C + α1AGGL1it + α2AGGL2it + α3AGGLCOit

+ α4InGOVit + α5SOCIALit + α6INSTRUit

+ α7InEDUit + α8InFOREIGNit + εit.

(8)

Of which, GEEit represents the urban green economy
efciency value of the ith city in the t year measured by the
superefciency SBM model, C is the intercept term,α1–α8
are regression coefcients of explanatory variables, and εit is
the random error term. Te units of general public budget
expenditure of each city have been converted to US dollars at
the latest exchange rate. To avoid heteroscedasticity, loga-
rithms of the general public budget expenditure of each city,
the actual amount of foreign investment, and the number of
university students per 10,000 people were taken.

3. Results

3.1. Static Analysis. Data are imported into MATLAB
software, and the superefciency SBM model containing
undesired output is used to calculate the GEE of 41 cities in
the YRD region. Te research period is from 2010 to 2019.
Te results are as follows.

3.1.1. Current Status of GEE. In order to compare the GEE of
41 cities (with Shanghai municipality taken as a city) and
four provinces (with Shanghai municipality taken as a
province) in the YRD region, the efciency values of 41 cities
and four provinces are calculated, respectively (Table 4).

From the perspective of 41 cities, from 2010 to 2019, the
average GEEs of Shanghai, Suzhou, and Wuxi in Jiangsu
Province and Huangshan, Chizhou, and Bozhou in Anhui
Province are greater than 1, indicating that the GEE of these
six cities has been efective and the ecological environment
and economy have developed in harmony. Among them,
during 2016–2019, Suzhou’s carbon emissions per ten
thousand yuan GDP decreased by 23.3%; since Wuxi City

took the lead in establishing an international ecological
urban agglomeration in 2013, it has been adhering to the
green economic development path of ecological priority and
also to the green development concept and therefore has
become one of the frst demonstration cities of ecological
civilization construction in China; Huangshan City is lo-
cated at the foot of Huangshan Mountain, a world cultural
and natural heritage, and Chizhou City has the national 5A
Jiuhua Mountain scenic spot, thus thanks to the advantaged
natural resources and tourism city development strategy,
these two cities have better green economic development
ability; Bozhou City has greatly increased forestation since
2013, and the forest coverage rate has repeatedly set new
highs.

However, the average GEEs of other cities are lower than
1, among which 22 cities have an efciency value lower than
0.8, and 5 cities are between 0.3 and 0.6, indicating that the
overall GEE of the YRD region is less than satisfactory. From
the perspective of the four provinces, the average GEE of
Jiangsu, Zhejiang, and Anhui is lower than 1, and the
ranking in this respect is
Shanghai> Jiangsu>Zhejiang>Anhui. Shanghai’s eco-
nomic development level is higher, the technological in-
novation ability is good, and the traditional extensive
production pattern is gradually transforming to an intensive
pattern. Owing to its high-end talent pool and more ad-
vanced industrial base, Shanghai has increased digital em-
powerment in industry transformation and has gradually
built a modern industrial system and infrastructure, pro-
viding a more favourable condition for promoting green
development. Te average efciency of Anhui Province
however is lagging behind. Te frst reason may be that the
dependence on traditional manufacturing leads to a long
transformation cycle; the second reason perhaps is that
resource-based cities such as Huainan are facing the di-
lemma of resource exhaustion, and the past economic
growth is at the cost of the environment resulting in resource
depletion, which is difcult to make up in a short term.

3.1.2. Time Evolution of GEE. Figure 3 shows the time
evolution of the GEE of the four provinces from 2010 to
2019. Overall, the GEE shows a U-shaped change, and the
efciency values between Shanghai and the other three
provinces show obvious diferences. From 2010 to 2016, the
overall GEE did not fuctuate much. In 2016–2017, the ef-
fciency of Shanghai achieved a signifcant increase, but all
the other provinces saw a decline, and the overall GEE of the
four provinces and the YRD region was on a downward

Table 2: Evaluation index of GEE.

Types Measure dimension Measure index Symbol

Input
Financial capital Fixed capital stock X1
Labour capital Employees at the end of the year X2

Energy Industrial electricity consumption of each city X3

Output
Expected output GDP of each city Y1

Unexpected output Comprehensive pollution index of three main industrial wastes Z1
CO2 emission Z2
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Table 3: Infuencing factors of the index system.

Types Measure dimensions Measure indexes Symbols

Core explanatory
variable

Industrial agglomeration
level

Agglomeration level of the manufacturing industry AGGL1
Agglomeration level of the logistics industry AGGL2

Synergistic agglomeration level of manufacturing and logistics
industries AGGLCO

Other explanatory
variable

Government intervention General public budget expenditure of each city InGOV
Social development level Urbanization rate SOCIAL

Industrial structure Ratio of the output value of the secondary industry to local GDP INSTRU
Opening to the outside

world Actual amount of foreign investment InFOREIGN

Human resource level Number of university students per 10,000 people InEDU

Table 4: Annual mean value and ranking of GEE of 41 cities in the YRD region in 2010–2019.

City (year) 2010 2019 Annual mean Rank
Shanghai 1.8600 1.9836 1.8633 1
Nanjing 0.6423 1.0762 0.8009 19
Wuxi 1.0046 1.2195 1.0611 5
Xuzhou 0.7387 1.0655 0.7287 24
Changzhou 1.0610 1.0460 0.9689 10
Suzhou 1.4385 0.8170 1.0849 4
Nantong 0.9320 0.7776 0.8591 15
Lianyungang 0.6701 0.7333 0.6254 34
Huaian 0.5499 1.0361 0.6808 31
Yancheng 1.0688 1.0000 0.9722 9
Yangzhou 1.0000 0.9564 0.8704 14
Zhenjiang 0.8384 1.0325 0.8893 13
Taizhou 1.0533 0.6806 0.8523 16
Suqian 0.9413 0.7145 0.6892 29
Hangzhou 0.6424 0.7473 0.7282 25
Ningbo 0.7928 1.0998 0.8325 18
Wenzhou 1.0000 0.7716 0.9066 11
Jiaxing 0.5750 0.6416 0.6049 36
Huzhou 0.5662 0.6202 0.5790 37
Shaoxing 1.0258 0.6134 0.7289 23
Jinhua 1.0260 0.7092 0.9051 12
Quzhou 0.6504 0.6011 0.5513 38
Zhoushan 0.6449 1.0081 0.9981 7
Taizhou 1.0000 0.7251 0.8428 17
Lishui 1.0000 1.0258 0.9833 8
Hefei 0.7944 1.0267 0.7668 21
Wuhu 0.6643 0.6659 0.6126 35
Bengbu 0.5902 1.0481 0.7037 28
Huainan 0.4041 0.5514 0.4490 41
Ma’anshan 0.6896 0.4983 0.5094 40
Huaibei 0.5364 0.6178 0.5327 39
Tongling 1.0909 0.4725 0.7159 27
Anqing 1.0000 0.7329 0.7163 26
Huangshan 1.1771 1.2830 1.2179 2
Chuzhou 0.9381 0.8067 0.7513 22
Fuyang 0.6434 0.7232 0.7955 20
Suzhou 0.5913 0.7537 0.6552 32
Lu’an 1.0003 0.4815 0.6854 30
Bozhou 1.5088 1.0639 1.0460 6
Chizhou 1.0624 1.0766 1.1064 3
Xuancheng 1.1085 0.5962 0.6322 33
Mean of Shanghai — — 1.8633 —
Mean of Jiangsu — — 0.8526 —
Mean of Zhejiang — — 0.7874 —
Mean of Anhui — — 0.7435 —
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trajectory. From 2017 to 2018, the green economic efciency
of Jiangsu, Zhejiang, and Anhui provinces and the YRD
region as a whole saw an upward trend, but that of Shanghai
showed a pullback.Ten in 2018–2019, slight increase can be
seen for Shanghai, Jiangsu, Anhui, and the whole YRD
region.

3.1.3. Spatial Evolution of GEE. In 2010, the number of cities
with efective green economy in the YRD region was 19, and
the number reduced to 16 in 2019. During the research
period, the GEE of cities changed signifcantly. From the
perspective of the mean value during 2010–2019, efective
cities are mainly located in Shanghai, Jiangsu, and Anhui; in
2010, the efective cities generally showed an average dis-
tribution in four provinces, while in 2019, the efective cities
were mainly concentrated in Shanghai and in cities of
Jiangsu Province (Figure 4). In 2010, 7 cities had an ef-
ciency value below 0.6, while in 2019, the number decreased
to 5. It can be seen that the number of cities in the medium
and the low efciency level in 2019 decreased compared with
that of 2010.

3.2. Dynamic Analysis

3.2.1. On the Yearly Basis. In order to measure the change of
urban GEE in the YRD region, this research uses DEAP 2.1
software to measure the Malmquist index of 41 cities and its
decomposition. Te results are shown in Table 5. From 2010
to 2019, except for the mean value of technological progress
efciency, all the average values of the index were less than 1,

indicating that the GEE of cities in the YRD region showed
an overall downward trend, and the average annual total
factor productivity declined by 1.5%, which was not a sig-
nifcant drop.Te average value of the index of technological
progress efciency was 1.005. From 2010 to 2017, it showed
an overall upward trend except for a slight decline from 2013
to 2014. Driven by the improvement of technological
progress efciency, the value of GEE from 2010 to 2017 was
also mostly greater than 1. From 2017 to 2019, the efciency
of technological progress fell sharply, leading to a syn-
chronous decline in the GEE. It can be seen that techno-
logical progress is the most important factor afecting the
urban GEE in the YRD region. Both scale efciency and pure
technical efciency underwent fuctuating changes but
showed no signifcant impact on the overall efciency.

3.2.2. Based on Location. From 2010 to 2019, the average
Malmquist index of GEE in Shanghai, Jiangsu, Zhejiang, and
Anhui was 1.083, 0.982, 0.982, and 0.992, respectively. Among
the four provinces, only Shanghai achieved an efciency im-
provement of 8.3%. In terms of index decomposition, the
technological progress indexes of Shanghai, Jiangsu, and
Zhejiang were all greater than or equal to 1. Among them, the
technological progress efciency of Shanghai increased by
15.1%, which greatly promoted the improvement of regional
GEE. Tis further indicates that technological progress is the
biggest factor infuencing the improvement of urban GEE in
the YRD region. Te scale efciency of four provinces was less
than 1, indicating that the efciency of resource utilization
needs to be improved (Table 6).
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Figure 3: Average GEE of four provinces and the whole YRD region in 2010–2019.
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3.3. Industrial Agglomeration Level and Level of Industrial
Synergy Agglomeration

3.3.1. Agglomeration Level of theManufacturing Industry and
the Logistics Industry. Te location entropy method is used
to calculate the industrial agglomeration level. Te larger the
resulting value, the higher the agglomeration level. It can be
seen from Figure 5 that, on the whole, the manufacturing
agglomeration level in Jiangsu Province is the highest, fol-
lowed by Zhejiang, Shanghai, and Anhui.Te agglomeration
level of logistics industry in Shanghai is the highest, followed
by Anhui and Jiangsu Provinces, and Zhejiang Province is
the lowest in general. In terms of agglomeration trend, the
manufacturing industry showed an initial trend of decline
before rising slowly, while the improvement of the logistics
industry was of a more volatile nature. At the city level,
Wuxi, Suzhou, and Jiaxing have the highest level of
manufacturing agglomeration, while Huainan, Huaibei,
Huangshan, and Suzhou have the lowest. Shanghai,
Zhoushan, and Lu’an have the highest agglomeration level of
the logistics industry, while Nantong, Suqian, Shaoxing, and
Taizhou have the lowest. Cities with a high level of
manufacturing agglomeration are mainly located in Jiangsu
and Zhejiang, while cities with a low level are mainly in

Anhui. Te agglomeration level of the logistics industry in
each city is not uniform (Figure 6).

3.3.2. Synergistic Agglomeration Level of the Manufacturing
and Logistics Industries. In general, Shanghai has the highest
level of synergistic agglomeration, followed by Jiangsu and
Zhejiang, and Anhui has the lowest level (Figure 7). In terms
of city scope, in addition to Shanghai, cities with a high level
of synergistic agglomeration also include Suzhou, Jiaxing,
Zhoushan, Wuhu, and Lu’an. Tese cities, especially
Shanghai, Suzhou, Jiaxing, and Wuhu, have played a very
positive role in driving the level of synergistic agglomeration
of their surrounding cities. However, it can be seen from the
analysis that the agglomeration level of a single industry is
not necessarily high in cities with a high level of industrial
synergistic agglomeration (ISA level).

3.4. Infuencing Factors. Using EViews 8 software, the Tobit
regression analysis method is used to calculate the rela-
tionship between the ISA level, other environmental factors,
and GEE in the YRD region and its four provinces. Te
results can be seen in Table 7.

3.4.1. Infuence of Industry Agglomeration and Synergistic
Agglomeration. From the perspective of the whole YRD
region, the coefcients of manufacturing industry agglom-
eration and logistics industry agglomeration and the ISA
level of the two are all positive, and among them, the P value
of collaborative agglomeration is signifcant at the 1% level
(P< 0.01). Tis indicates that with the increase of the ISA
level of the manufacturing and logistics industries in the
YRD region, the GEE increased signifcantly.

From the perspective of four provinces, frstly, the sit-
uation of Anhui is consistent with that of the whole YRD
region. Both the agglomeration levels of the two industries in
Shanghai have a signifcant positive efect on GEE, whereas
the synergistic agglomeration of the two industries has a
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Figure 4: (a) Te color map of the mean efciency; (b) the color map of efciency in 2010; (c) the color map of efciency in 2019.

Table 5: Annual change of green economic efciency in the YRD
region in 2010–2019.

Years efch techch pech sech tfpch
2010-2011 0.852 1.104 0.961 0.886 0.941
2011-2012 1.007 1.017 1.011 0.996 1.024
2012-2013 1.018 1.018 1.004 1.014 1.036
2013-2014 1.127 0.918 1.041 1.083 1.034
2014-2015 0.915 1.150 0.973 0.94 1.052
2015-2016 0.979 1.125 0.984 0.995 1.102
2016-2017 0.917 1.272 0.983 0.933 1.166
2017-2018 1.063 0.608 1.018 1.044 0.646
2018-2019 0.972 0.996 1.003 0.969 0.968
Mean 0.98 1.005 0.997 0.983 0.985
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Table 6: Regional change of green economic efciency in the YRD region in 2010–2019.

Cities efch techch pech sech tfpch
Shanghai 0.941 1.151 1 0.941 1.083
Nanjing 0.971 1.014 0.997 0.974 0.985
Wuxi 0.981 0.977 0.982 0.999 0.958
Xuzhou 1.004 0.983 1.022 0.983 0.987
Changzhou 0.986 1.003 0.99 0.996 0.989
Suzhou 0.989 0.984 0.993 0.997 0.973
Nantong 0.997 0.996 1.016 0.981 0.993
Lianyungang 0.973 0.968 0.997 0.975 0.941
Huaian 0.979 0.997 0.997 0.983 0.977
Yancheng 0.959 0.977 0.997 0.962 0.937
Yangzhou 1.013 1.003 1.025 0.989 1.017
Zhenjiang 0.995 0.98 1.024 0.972 0.975
Taizhou 0.992 0.99 1.013 0.979 0.981
Suqian 0.98 0.974 1.001 0.979 0.955
Hangzhou 0.925 1.091 1 0.925 1.009
Ningbo 0.943 1.044 0.987 0.955 0.984
Wenzhou 0.953 1.087 1 0.953 1.035
Jiaxing 0.951 0.98 0.981 0.969 0.933
Huzhou 0.966 0.976 0.986 0.98 0.943
Shaoxing 0.944 1.027 0.98 0.963 0.97
Jinhua 0.938 0.967 0.967 0.97 0.907
Quzhou 0.996 0.972 1.001 0.995 0.968
Zhoushan 1.037 1.099 1.037 1 1.14
Taizhou 0.934 1.057 0.973 0.96 0.987
Lishui 0.952 0.972 0.955 0.996 0.925
Hefei 0.994 0.978 1 0.994 0.972
Wuhu 1.004 0.986 1.021 0.983 0.99
Bengbu 1.032 0.989 1.035 0.997 1.021
Huainan 0.968 1.032 0.97 0.998 0.999
Ma’anshan 1.054 0.986 1.044 1.009 1.039
Huaibei 1 1.014 0.993 1.006 1.014
Tongling 1.051 1.016 1.045 1.006 1.067
Anqing 0.969 0.99 0.981 0.988 0.96
Huangshan 0.991 1.025 1 0.991 1.016
Chuzhou 0.951 0.967 0.97 0.98 0.919
Fuyang 0.932 1.02 0.946 0.985 0.951
Suzhou 0.983 1.051 0.981 1.002 1.034
Lu’an 1.029 1.042 1.021 1.008 1.072
Bozhou 0.959 0.987 0.959 0.999 0.946
Chizhou 1 0.963 1.011 0.989 0.963
Xuancheng 0.989 0.923 0.997 0.992 0.914
Mean of Shanghai 0.941 1.151 1 0.941 1.083
Mean of Jiangsu 0.983 1.000 1.004 0.979 0.982
Mean of Zhejiang 0.958 1.025 0.988 0.970 0.982
Mean of Anhui 0.994 0.998 0.998 0.995 0.992
Mean 0.980 1.005 0.997 0.983 0.985
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Figure 5: (a) Te average agglomeration level of the manufacturing industry in 2010–2019 and (b) average agglomeration level of the
logistics industry in 2010–2019.
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negative but not signifcant efect on GEE. By comparing the
calculation of the level of ISA in Figure 4, it can be found that
the ISA level in Shanghai is relatively high, which is very
likely to indicate that the level of synergistic agglomeration
of the two industries in Shanghai has brought about
“congestion efect.” For Jiangsu and Zhejiang, the agglom-
eration of the manufacturing industry has a negative efect

on GEE, while the agglomeration of the logistics industry
and the synergistic agglomeration of the two industries have
a positive efect on GEE, but these efects are not signifcant.

Overall, the impact of the synergistic agglomeration level
of manufacturing and logistics industries on the four
provinces and in the YRD region shows obvious regional
heterogeneity. In a less developed province such as Anhui,
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Figure 6: (a) Te agglomeration level of the manufacturing industry and (b) agglomeration level of the logistics industry.
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the improvement of the synergistic agglomeration level can
still lead to green economy, whereas in a more developed
region such as Shanghai, “congestion efect” is showing.

3.4.2. Infuence of Other Infuencing Factors. In the YRD
region as a whole, the government’s intervention in
Shanghai and Zhejiang has not played the role of promoting
the efciency of green economy. Too much fscal investment
may lead to low efciency of capital utilization, resulting in
diminishing marginal returns and consequently restricting
the development of green economy. In the YRD region in
general and Jiangsu Province in particular, the fscal support
provided by the government has promoted the GEE, but the
promotion efect is not obvious. In Anhui, government
intervention is signifcantly related to GEE positively.
Terefore, it can be inferred that the more developed the
region, the less dependent it is on fnancial support and the
higher the requirement for the rationality of fnancial input;
on the contrary, for less developed regions, fnancial support
is still one of the powerful means to promote green
development.

Te higher the level of urbanization, the higher the
requirements for infrastructure construction, which may
provide more facilitation to regional development. In
general, the level of urbanization promotes the GEE in
Zhejiang, but the promoting efect is not signifcant.
However, in the whole YRD region and the other three
provinces, the larger the urban population, the more pol-
lution and waste discharge from production and household
activities, which restrict the improvement of the GEE. In
Shanghai and Jiangsu, this situation is more serious.

In Jiangsu, the increase in the proportion of the sec-
ondary industry promotes the improvement of regional
GEE; however, in the whole YRD region and other three
provinces, the higher the proportion of the output value of
the secondary industry in the total output value, the greater
the environmental pressure it will bring in the production
process, and this situation is particularly serious in the whole
YRD region, Shanghai, and Anhui but less serious in
Zhejiang. Tis is most likely because the majority compo-
nents of the secondary industry have not entered the stage of
high-quality and high-tech development, and the increase of
output value is accompanied by environmental pollution

inhibiting GEE improvement; thus, adjustment of the in-
dustrial structure is imperative.

Te education level of human resources has a facilitating
efect on GEE in the YRD region and most of its provinces.
Te higher the level of education, the greater the potential of
technological innovation and the possibility of promoting
high-quality and green development of the industry. Te
boost is particularly evident in Shanghai, where high-end
talents are gathered, and a stronger sense of green devel-
opment is rooted in people’s minds. Tis is also consistent
with the reason why Shanghai has the highest GEE as stated
in the previous analysis of the GEE result.

Te infuence of the level of opening to the outside world
on the GEE shows regional heterogeneity. Among them, the
level of opening to the outside world of Shanghai greatly
promotes the improvement of the efciency of green
economy. As a city with the highest level of opening-up in
China, Shanghai’s dependence on foreign investment not
only promotes its development but also promotes its green
development. But in inland areas such as Anhui, the
deepening of the degree of opening to the outside world
increases the demand of domestic enterprises for export,
which to a certain extent intensifes the consumption of
resources and environmental pollution.

4. Conclusion and Discussion

4.1. Conclusion. Based on the panel data of 41 cities of the
YRD region, the efciency of urban green economy is
measured using the superefciency SBM model, the ag-
glomeration level of the manufacturing and the logistics
industries, as well as the synergistic agglomeration level of
the two industries, is calculated using the location entropy
method, and the Tobit regression model is used to analyse
the infuencing factors and infuence mechanism of factors
on the GEE. Te conclusions of the research study can be
given as follows.

First is static efciency. Te overall GEE of the YRD
region is not ideal, and the ranking of the efciency value is
Shanghai> Jiangsu>Zhejiang>Anhui; the level of eco-
nomic development and the ability of technological inno-
vation promote the improvement of green efciency; cities
with beautiful natural environmental resources and ad-
hering to the concept of green development have higher

Table 7: Tobit regression results of the main infuencing factors of GEE.

Terms
YRD region Shanghai Jiangsu Zhejiang Anhui
Co Prob. Co Prob. Co Prob. Co Prob. Co Prob.

C 0.784 0.024 99.850 0.003 0.149 0.860 1.547 0.035 0.181 0.789
InGOV 0.045 0.127 −6.072 0.000 0.052 0.410 −0.046 0.417 0.107 0.067
SOCIAL −0.001 0.507 −0.710 0.007 −0.011 0.023 0.002 0.759 −0.001 0.761
INSTRU −0.008 0.006 −0.347 0.000 0.003 0.768 −0.004 0.642 −0.011 0.007
InEDU 0.005 0.812 1.867 0.000 0.009 0.853 −0.071 0.205 0.083 0.024
InFOREIGN −0.032 0.087 3.743 0.000 0.034 0.576 0.013 0.718 −0.092 0.018
AGGL1 0.010 0.188 0.734 0.000 −0.005 0.674 −0.009 0.636 0.018 0.362
AGGL2 0.005 0.499 0.536 0.000 0.016 0.337 0.017 0.287 0.014 0.242
AGGLCO 0.016 0.002 −0.010 0.832 0.012 0.199 0.018 0.116 0.031 0.001
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GEE; resource-based cities are faced with the dilemma of
resource depletion and the challenge on improving the GEE.

Second is dynamic efciency. Te GEE of the YRD re-
gion shows a U-shaped change, and technological progress is
the most important factor afecting the regional GEE. Both
scale efciency and pure technological efciency show
fuctuating changes, which have no signifcant impact on the
overall efciency.

Tird is the level of agglomeration and synergistic ag-
glomeration. Cities with a high level of manufacturing ag-
glomeration are mainly located in Jiangsu and Zhejiang,
while those with a low level are mainly in Anhui. Te ag-
glomeration level of the logistics industry among cities is not
uniform. In general, Shanghai has the highest ISA level of the
two industries, followed by Jiangsu and Zhejiang, and Anhui
has the lowest level. Many cities with a high level of syn-
ergistic agglomeration can play a good role in driving the
synergistic agglomeration of their satellite towns and cities
around them.

Finally, with the improvement of the synergistic ag-
glomeration level of the manufacturing and logistics in-
dustries in the YRD region, the GEE tends to improve
signifcantly. Te efect of the ISA level of the two industries
within the four provinces shows regional heterogeneity. Te
more developed the region, the less signifcant the efect of
government fnancial support on GEE; the population
gathering in cities may bring pollution, which is not con-
ducive to the improvement of GEE; simply increasing the
proportion of the secondary industry may not promote
green development, and industrial structure transformation
is imminent; high-quality talents can promote the im-
provement of GEE on the whole; developed coastal prov-
inces with convenient transportation can strengthen the
level of opening to the outside world, while less developed
inland provinces may not pay toomuch attention to opening
to the outside world to avoid waste of resources and too
much development burden that may lead to low GEE.

By taking the collaborative agglomeration of the
manufacturing and logistics industries as the starting point,
this research enriches the perspective and content of the
theoretical research on industrial collaborative agglomera-
tion to promote the GEE. Also, this research takes the data of
41 cities in the YRD region as the sample to carry out the
analysis and investigates the impact of the collaborative
agglomeration of “two industries” on improving GEE from
the level of Chinese prefecture-level cities, which is an ef-
fective supplement to the current relevant studies which
mainly take provincial-level data as the empirical sample. By
researching on the status quo of the synergistic agglomer-
ation level of the manufacturing and logistics industries and
GEE in the YRD region, exploring the infuencing factors of
GEE, analyzing the infuencing mechanism of the two in-
dustries’ synergistic agglomeration on GEE, and investi-
gating regional heterogeneity, this research provides a clear
image of the synergistic agglomeration status of the two
industries in the region, as well as the static and dynamic
GEE and its infuencing factors, which is of practical sig-
nifcance in fnding the problems in the process of industry
transformation and regional green development.

4.2. Discussion. Based on the conclusions mentioned pre-
viously, there are two parts worth thinking about. First is the
way of optimizing the green transformation of industrial
structure. Second is the improvement and direction setting
of the government policy.

4.2.1. Te Way of Optimizing the Green Transformation of
Industrial Structure. Optimizing the green transformation
of industrial structure is necessary. A reasonable industrial
structure can promote the green development of the YRD
region. However, in the whole YRD region and three of its
provinces, the higher the proportion of the secondary in-
dustry, the more restricted the green development, and for
the other provinces, the facilitation efect is not obvious. In
view of the situation, modern upgrading is not only relevant
to the traditional strengthening of the secondary and tertiary
industries but also imperative to the cultivation of the
emerging industries. On the one hand, it is undeniable that
the rapid development of the YRD region in the past was
inseparable from the dependence on the secondary industry.
Although manufacturing has brought about environmental
troubles, it has also accumulated resources and laid a
foundation for the development of the region; on the other
hand, it can be found from the empirical analysis that it is
not advisable to increase the proportion of the secondary
industry at the expense of the environment. In the face of the
gradual depletion of resources, priority should be given to
the development of advanced and technology-intensive
industries, and industrial transition and transformation
should follow the criteria of environmental friendliness,
ecological green, and high quality. Resource and factor
advantages created by the industrial synergistic agglomer-
ation should be fully utilized to leverage the role of syner-
gistic industrial agglomeration in urban green development.
From the perspective of the synergistic agglomeration of
manufacturing and logistics industries, the synergistic
alignment and integrated development of the two are good
ways to optimize and upgrade industrial structure trans-
formation. Logistics, as a separate component of the tra-
ditional manufacturing industry, can fully create the value
spillover efect through provincial cooperation and regional
cooperation of the industry in setting up a scientifc, sys-
tematic, advanced logistics network and value chain.

4.2.2. Policy Suggestions. Local governments should not
only strengthen the indoctrination of the green development
concept in society and among enterprises and use natural
resources sustainably, but they should also realize horizontal
and vertical coordination of intergovernmental cooperation
in policy and build a guarantee mechanism for the inter-
action of industry, technology, and talent. Specifc policy
recommendations are as follows:

(1) We strengthen horizontal intergovernmental coop-
eration, adjust the degree of industrial collaboration,
avoid congestion efect, and optimize resource al-
location. In Shanghai, empirical results show that the
synergistic agglomeration of the two industries may

16 Mathematical Problems in Engineering



have evidenced the trend of “congestion efect;” thus,
it is important to grasp the degree and orientation of
industry synergistic agglomeration. In the whole
YRD region and three other provinces, synergistic
agglomeration of the two industries gradually play a
great role in promoting the green development of
cities. Terefore, the geographical advantages of the
YRD region can be used to strengthen cooperation
among provinces and cities. To be more specifc, on
the one hand, provinces with “congestion efect” can
appropriately transfer the manufacturing and lo-
gistics enterprises to the industrial parks in neigh-
bouring cities. On the other hand, the awareness of
cooperation among provinces and cities should also
be raised. High-quality development also requires
high-quality synergistic agglomeration, which is not
only the traditional agglomeration of labour and
geographical location but also includes the ag-
glomeration of technology, innovation, resources,
advanced equipment, and high-end talents. Prov-
inces and cities that develop faster can share high-
end talents, technology, and information resources
with those that develop slower and should leverage
their leading role, focusing on the present situation
of the surrounding cities, to make full use of po-
tential cooperation space and resources so that more
proper allocation of resources in the whole YRD
region can be achieved, and in this way, bottlenecks
can be alleviated in areas impacted by the “con-
gestion efect,” and at the same time, the utilization
efciency of resources can be improved, resource
waste can be reduced, cost saving can be realized, and
green development can be promoted.

(2) We adjust the vertical intergovernmental relation-
ship at all levels, realign government support, and
realize the balance between competition and coop-
eration among local governments. It can be found
from the empirical research that the synergistic
agglomeration levels of manufacturing and logistics
industries are diferent, and the infuence mecha-
nism of each infuencing factor also has regional
heterogeneity. In deciding how to optimize the al-
location of local resources, how to reform the eco-
nomic system, and how to upgrade the industrial
structure, local governments play the “key actors”
role [60]. With the deepening of the reform process
of China, resources such as land, labour, energy, and
natural resources are increasingly scarce, the gov-
ernment tends to use more fscal resources that are
more controllable to serve the local people and the
market. Fiscal support is one of the good instruments
for promoting development, but in the absence of
competitive pressure and a clearer orientation of
funding, pure fscal support can lead to a weak sense
of efciency and is therefore detrimental to green
and high-quality development. Specifcally, the
vertical allocation of fscal revenue may lead to the
lack of efciency and competition awareness of local

governments, resulting in low efciency in the use of
funds. Terefore, optimizing the fscal relationship
between vertical governments and maximizing the
role of fscal funding can stimulate local govern-
ments to increase investment in transformation.
Adjusting vertical intergovernmental relations,
urging local governments to improve their fnancial
self-sufciency rate, and enhancing their awareness
of efciency are conducive to governments when
seeking a balance between competition and coop-
eration and when exploring more favorable models
for high-quality and green development.

(3) We build a comprehensive mechanism for personnel
training to promote technological progress and
green development. Te accumulation of talent re-
sources usually includes introduction, cultivation,
and safeguarding a talent pool. Te establishment of
a comprehensive talent management mechanism is
conducive to providing an all-round good devel-
opment environment for talent training, service,
incentivization, and secure provision.

4.2.3. Further Discussion. In this research, GEE and its
infuencing factors, especially the infuence of the
manufacturing and logistics industries synergistic agglom-
eration in it on the city scale, are studied, which has great
reference signifcance for adjusting industrial structure and
government regulation. But attention should also be paid to
the following defciencies and new discussions can be raised:
frst, as time goes by, data sources will become richer, and the
efciency measurement indicators and infuencing factor
indicators selected in this research can be updated ac-
cordingly. Secondly, this research explores the infuencing
factors of urban GEE, but the infuence may be nonlinear or
there may be mediating variables, which can be further
discussed in future research.
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Consumer interest in renting brand-new electronic products has increased recently. Some retailers started to lease them, but they
remarkably depreciate shortly after leasing. If their rental income cannot bring in enough pro�t, should a retailer lease them?�is
paper uses consumer preferences for leasing to describe their rental utility. It develops an analytical framework to study how the
retailer selects operational modes. In a supply chain consisting of a manufacturer and a retailer, three di�erent operational modes
are analyzed: pure selling (S), pure leasing (L), and hybrid selling-leasing (SL). Results mainly show that when consumer
preferences for leasing exceed a certain threshold, both the manufacturer’s and the retailer’s pro�ts can be increased if the retailer
transforms the business operational mode from S to SL/L. When consumer preferences for leasing are within a certain range, the
retailer’s pro�ts can be increased if the operational mode is transformed from S/L to SL.�is happens as both consumers’ lease and
purchase requirements for electronic products are met after the transformation. �e wholesale price, leasing price, selling price,
and the manufacturer’s pro�t all rise in the SL mode as consumer preference for leasing rises, but the retailer’s pro�t falls. Only if
the retailer cooperates with the manufacturer can the operational mode be transformed from S/L to SL when consumer
preferences for leasing are lower, and the coordination contract can achieve Pareto improvement in the pro�ts of both the
manufacturer and the retailer.

1. Introduction

�e enormous market for electronic products accelerated
the growth of the retail sector. In 2020, the size of the
consumer electronics market exceeded 1 trillion USD, and
8% annual growth is anticipated from 2021 to 2027 (https://
www.gminsights.com/industry-analysis/consumer-
electronics-market, retrieved on 27 May 2022). Ceconomy,
as a retailer specializing in selling electronic products to
downstream consumers, ranks ninth among German family
businesses with sales of 22.1 billion euros (https://www.163.
com/dy/article/F5VB842V0518WSO6.html, retrieved on 27
May 2022). Additionally, retail sales of electronic products
make up a sizable portion of those of the world-renowned
online retailers Amazon and JD.com. Electronic-related
sales account for more than half of JD.com platform’s
revenue and 44% of Amazon’s revenue (https://www.
chinairn.com/hyzx/20200605/140556382.shtml, retrieved

on 27 May 2022). Retailers must be responsive to market
changes due to the enormous volume of sales of electronic
products in order to maintain their competitive advantage
and boost pro�ts.

In recent years, leasing has gained popularity as a cir-
cular business model. Numerous rental platforms have
appeared; for instance, “Renrenzu” and Alibaba’s “Zhima
Credit” both introduced product leasing services that de-
creased the use cost and purchase risk for consumers. With
the rapid replacement of electronic products, the im-
provement of network credit mechanisms, the application of
digital technology, and the implementation of intelligent
logistics systems, consumers have shown a greater interest in
renting electronic products. �e lease of electronic products
is becoming more and more popular, and conventional
electronics retailers are facing tremendous challenges.

Conventional electronics retailers can meet market
challenges by undergoing rapid transformation. In addition
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to selling electronic products, Dixintong, electronics retailer
in China, has started to provide leasing services, offering
hybrid selling and leasing of electronic products on its
platform (https://www.thepaper.cn/newsDetail_forward_
1720419, retrieved on 27 May 2022). JD has also launched
various product leasing websites for individuals and busi-
nesses (https://www.ce.cn/cysc/tech/gd2012/201909/17/
t20190917_33166817.shtml, retrieved on 27 May 2022).
Retailers can also turn into pure renters. However, com-
pletely giving up the selling option of electronic goods and
offering only leasing services requires a significant adjust-
ment on the part of the retailer.

In the real world, electronic products are updated very
quickly. When retailers provide leasing service, consumers
who prefer using the newest electronic products can choose
to rent and only use them for the duration of the leasing
period. Electronic products, in contrast to other goods, have
a short lifespan [1]. For instance, 80% of consumers use their
phones for less than two years [2].)ey have a relatively long
leasing period. For example, most retailers offer new phone
leases for up to a year and beyond (https://shop.ee.co.uk/,
retrieved on 8 Aug. 2022). Due to its lengthy lease time, they
significantly depreciate after leasing, and the renters are the
ones who gain the most from their value.

)erefore, this paper mainly considers the following
situation: a retailer who purchases electronic products from
a manufacturer only leases new electronic products for a
certain leasing term. Products are returned to the retailer
who receives their residual value when the lease expires.
Consumer leasing preferences are used to describe their
rental utility during a certain leasing period. In view of the
above-mentioned practical challenges faced by retailers of
electronic products, the following questions are explored:

(1) How do electronics retailers transform their oper-
ational modes considering consumer preferences for
leasing? Will they transform to pure leasing or hy-
brid selling-leasing?

(2) How do consumer preferences for leasing impact the
retailer’s transformation of operational modes, pri-
ces, demand, profit, and consumer surplus of elec-
tronic products supply chains?

(3) How do retailers cooperate with upstream manu-
facturers when they implement the operational
modes transformation?What are the impacts of their
cooperation on retailers’ transformation and supply
chains’ efficiency?

To address the aforementioned questions, this study uses
a Stackelberg game model framework that includes a
manufacturer, a retailer, and consumers who have the same
preferences for leasing electronic products in a given leasing
period. )e manufacturer provides its electronic products to
the retailer, who then decides the operational mode: pure
selling (S), pure leasing (L), or hybrid selling-leasing (SL).
After obtaining the equilibrium solutions, the impact of
consumer preferences for leasing and the residual value of
the electronic product on these solutions are investigated.
)e retailer’s optimal choices under the three modes are then

discussed, followed by a numerical analysis. Moreover, the
retailer’s hybrid selling-leasing mode transformation under
cooperation with the manufacturer is analyzed, and a
“wholesale price discounts and revenue sharing” coordi-
nation contract is also investigated.

It was found that leasing can increase the demand for
electronic products whether it is a pure leasing mode or a
hybrid selling-leasing mode. )erefore, when consumer
preferences for leasing exceed a certain threshold, both the
manufacturer’s and the retailer’s profits can be increased if
the retailer transforms its operational mode from S to SL/L.
When consumer preferences for leasing are within a certain
range, the retailer’s profits can be increased if the operational
mode is transformed from S/L to SL. Adding a leasing/selling
channel to a strictly selling/leasing mode gives consumers
more options and gives retailers a new revenue stream. As
consumer preference for leasing increases, selling and
leasing prices as well as the manufacturer’s profits all rise in
the SL mode, while the retailer’s profits fall. On the other
hand, leasing prices and the manufacturer’s and the retailer’s
profits all rise in the L mode. When consumer preferences
for leasing are lower, only if the retailer cooperates with the
manufacturer can the operational mode be transformed
from S/L to SL. Using a “wholesale price discounts and
revenue sharing” contract might attract the manufacturer to
cooperate and achieve Pareto improvement in the profits of
both the manufacturer and the retailer.

)e remainder of this article is organized as follows.
Section 2 reviews the related literature. Section 3 details
about the assumptions and the three modes that the retailer
may consider when selling the electronic products provided.
In Section 4, equilibrium results of the three models are
compared, and the product price, market demand, and
corporate profits are analyzed. A numerical analysis is
presented in Section 5. In Section 6, an integration model
and a coordination contract as an extension are outlined.
Section 7 concludes this article. All proofs are provided in
the Appendix.

2. Literature Review

)e related literature to this article includes the following
three streams: (i) selling versus leasing, (ii) the product
leasing channel, and (iii) consumer preferences for leasing.

2.1. Selling Versus Leasing. When consumers buy products,
they pay for the right to own them, but when they rent, they
only pay for the right to use them. Pure selling, pure leasing,
or hybrid selling-leasing mode selection of a monopoly
manufacturer are discussed in numerous academic works.
Yu et al. [3] compared per-use rentals with sales from a
durable goods manufacturer, where there is a vertical dif-
ferentiation between leased and brand-new products. )ey
found that the degree of vertical difference between products
significantly affects the choice of selling, leasing, or hybrid
selling-leasing mode. Consumers may have financial limi-
tations and are sensitive to products’ prices. )e model
established by Li et al. discussed this issue and found that
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manufacturers offer products to consumers at low prices
through leasing, which expands the market coverage and
creates price discrimination [4]. Gilbert et al. [5] analyzed
how per-use rentals and sales differentiate consumers within
the framework of a hybrid selling-leasing model. )ey found
that sales allow a firm to discriminate according to con-
sumers’ usage frequencies, and rentals allow it to discrim-
inate according to their realized valuation. Bhaskaran and
Gilbert [6] study how complementary products influence
manufacturers’ choice to lease or sell their products. An-
other popular area of research is the sale of digital goods via
subscription (leasing) or perpetual (selling) [7–9]. Liu et al.
[10] considered green product design in the comparison of
manufacturers’ various lease modes. In a hybrid selling-
leasing mode, manufacturers combined selling and leasing
to create discriminatory pricing, which attracts potential
price-sensitive customers. In contrast to the above-men-
tioned articles on the choice of selling or leasingmodesmade
by manufacturers, this paper shifts the research perspective
to explore how retailers directly facing consumers in the
downstream supply chain make selling or leasing choices.

)e choices of selling or leasing modes are different in a
duopoly market structure. Tang and Deo [11] analyzed the
leasing price and duration competition between two retailers
that only offer lease services. )e model of Chau and Schulz
[12] depicts two manufacturers supplying goods to the
market through their own intermediaries. Manufacturers
can decide whether to sell or lease their products to
intermediaries, and intermediaries can also decide whether
to lease or sell their goods to consumers. Desai and Purohit
[13] are the first to analyze the durable goods market in
which both manufacturers adopt the hybrid leasing and
selling strategy. Wang et al. [14] extends this issue by ex-
ploring six scenarios in which the two manufacturers adopt
pure selling, pure leasing, or hybrid selling-leasing modes. In
contrast to previous studies, our analysis focuses on the
increasingly popular retailer’s choice to sell or lease products
and analyzes the leader-follower game relationship between
a manufacturer and a retailer considering consumer pref-
erences for leasing.

2.2. Product Leasing Channel. Direct product leasing is not
only available from professional renters but also from
retailers and manufacturers. Manufacturers may encounter
numerous rental channel structures. Bhaskaran and Gilbert
[15] studied whether producers offer goods to consumers
through intermediaries and compared whether products
are offered through selling or leasing. )ey find that
manufacturers are more willing to invest in product du-
rability when offering leasing services. Xiong et al. [16]
studied the implementation of product leasing and sales in
both manufacturers’ direct selling and distribution chan-
nels and found that leasing products provided by manu-
facturers through direct selling channels may lead to the
late withdrawal of product dealer. Bhaskaran and Gilbert
[17] studied the competition between dealers when a
manufacturer leases and sells its goods through multiple
dealers, and one of their interesting findings is that the

manufacturer prefers to use leasing-brokering arrange-
ment. Kalantari et al. [18] discussed pricing policies by a
manufacturer that sells its products online and whether
these policies motivate a retailer as an independent part to
enter the market to provide selling and leasing options
through a brick store. Additionally, numerous studies
investigated the channel problem of leased used products in
the secondary market [19–23]. In contrast to previous
studies, this paper analyzes the reality of retailers’ leasing
products while considering consumer preferences for
leasing in order to analyze the selling or leasing mode
selection through the model and offer recommendations
for retailers to better make their decisions.

2.3. Consumers’ Preferences for Leasing. )e difference be-
tween a leasing mode and a selling mode is not only the form
of ownership of the product but also the extent to which
consumers accept the leasing. Depicting consumers’ reac-
tions to product leasing is an important part of the research
on product leasing. Yu et al. [3] analyzed the pricing of
products and rental services in a market where consumers
can buy products or pay for per-use rental services. )ey
found that leasing has three effects on consumers as com-
pared to purchase. First, unlike a one-time payment for a
purchase, a consumer is required to pay for per-use rental
services. Second, the consumer obtains the consumer-side
benefits from ownership (CBO) under the purchase mode
and loses the negative utility of finding the lease item under
the lease model. In addition, the repeated use of leased
products results in vertical differences in the quality of sold
products. Li et al. [4] distinguished between sold products
and leased products by describing that the product for
leasing is devalued compared to the unused one and the
degree of condition differentiation between products for
leasing and unused products for selling occurring as an
exogenous variable. )ey held that consumers without
capital constraint can freely choose between the selling or
leasing channel, while those with capital constraint can only
lease the product. )ey also mentioned two interactions
between consumers and leases: the decrease in the lease
product value and the restrictions on the choice of leasing
and selling under capital constraint. Gilbert et al. [5] used a
similar model to describe the relationship between con-
sumer utility and usage rate. For electronic products, there
are differences in consumer acceptance of product leases.
)e leased products are older, and the short-term lease needs
to change the consumption habits of consumers. )ere are
also troubles in data preservation. )erefore, despite the fact
that some consumers prefer product leasing, this preference
is less common than consumers’ directly purchasing goods.
Hence, similar to the two above-mentioned studies, we
describe the low utility caused by product rental as consumer
preference for leasing and analyze the impact of leasing
preference degree on consumer leasing behavior. Li et al.
[24] believed that due to the low service level of the platform
and the psychological gap caused by nonownership of
products, the perceived value of lease products will un-
doubtedly be lower than that of retail products. )is value
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perception factor and owners’ maintenance costs can in-
fluence the operating mode of original equipment manu-
facturers. Jalili and Pangburn [25] also agreed that a rental
only offers a fraction of the utility that full ownership would.
When consumers face significant value uncertainty, rentals
also provide a mechanism for consumers to discover
whether they like a product.

Existing studies on the choice of enterprise leasing and
selling modes all focus the mode selection of manufacturers
who directly deal with consumers [3–5, 24, 25], or they focus
on the retailers mode selection without considering different
leasing preferences of consumers [11–14]. In the electronic
products industry, the rise in consumer acceptance of leasing
has brought new opportunities for retailers to transform to
leasing modes. )ere is no literature examining the effects of
retailers’ pure leasing, pure selling, and hybrid selling-
leasing mode in light of customers’ various leasing prefer-
ences. )erefore, we model and analyze the important
challenges faced by retailers in their transition to leasing,
which will provide theoretical reference for retailers’ leasing
transition.

3. Problem Description and Modeling

3.1. Problem Description. Consider an electronic product
supply chain consisting of a manufacturer, a retailer, and
consumers with the same leasing preferences [25]. In this
supply chain, the manufacturer (M) wholesales electronic
products to the retailer (R), and only the retailer sells or
leases new electronic products to consumers. )e retailer
has three alternative operational modes as shown in
Figure 1: pure selling (S), pure leasing (L), and hybrid
selling-leasing (SL) [16]. In the S mode, electronic
products are sold to consumers directly. In the L mode,
electronic products are leased to consumers directly. In
the SL mode, electronic products are sold and leased to
consumers who choose how to obtain the products based
on their utility.

)ere is a Stackelberg game between the manufacturer
and the retailer. )e manufacturer produces the electronic
products and provides them to the retailer. Assume that the
unit manufacturing cost of the electronic product is c. )e
manufacturer, as the leader, decides the wholesale price of
the electronic product as w[26, 27]. Assume that the
manufacturer will be able to immediately respond to the
entire product demand in the market, and there will be no
shortage or overproduction of the electronic product [12].
)e retailer has three options for delivering electronic goods
to customers after receiving them from the manufacturer. In
the mode S, the selling price of the electronic product is pS.
In the L mode, the leasing price of the electronic product is
rL. In the SL mode, the selling price of the electronic product
is pSL, and the leasing price of the electronic product is rSL.
Assume that when the retailer offers a lease service, the item
is only leased for a certain leasing period [28]. When the
lease expires, all the leased goods are returned, and their
residual value is obtained [29]. )is paper denotes the re-
sidual value as re for a product that has been leased and
returned.

Assume that the total market size is 1, and consumers
value the purchased product as v, uniformly distributed
over the range [0,1] [25]. It is also assumed that the leasing
period of the product is less its lifespan. When consumers
rent products, they cannot enjoy their full value and must
return them on time, but they can take advantage of some
additional rental services, such as repair and maintenance
services. )erefore, there may be a discount or a raise on
the value of the leased product as compared to the pur-
chased product. Consumers value the leased product as αv,
and α(α≥ 0) is used to denote consumer preferences for
leasing. A similar assumption can be seen in recent studies
of product leasing [3–5]. )e value of α is affected by
numerous factors, such as manufacturer’s product re-
placement speed, retailer’s rental service level, consumers’
acceptance of leasing, and others [2, 8, 24]. α � 0 represents
the situation where consumers consider the value of the
leased product is zero. )erefore, according to consumer
utility theory [30], the utility that a consumer obtains by
purchasing a product at price pi is Us � v − pi, and the
utility that a consumer obtains by leasing a product at price
ri is Ul � αv − ri, i ∈ [S, L, SL]. Consumers choose to pur-
chase or lease products according to the principle of utility
maximization. Assume that vl � v|Ul(v) � 0􏼈 􏼉,
vs � v|Us(v) � 0􏼈 􏼉, and vsl � v|Us(v) � Ul(v)􏼈 􏼉, which im-
plies that both vl, vs, and vsl are functions of p and r. In the S
mode, consumers can only choose to purchase goods or
not, consumers in v ∈ [vs, 1] are buyers who purchase the
product, and consumers in v ∈ [0, vs) do not purchase the
product. In the Lmode, consumers can only choose to lease
or not to lease the product, consumers in v ∈ [vl, 1] are
renters who lease, and consumers in v ∈ [0, vl) do not lease
the products. In the SL mode, a consumer can decide
whether to buy, lease, or do neither; consumers in v ∈ [0, vl)

do not buy or lease products, consumers in v ∈ [vl, vsl)

choose to lease the product, and consumers in v ∈ [vsl, 1]

choose to purchase the product. According to Refs. [31, 32],
in the S mode, the consumers’ purchasing demand for the
electronic product is DS

s � 1 − pS, and the retailer’s
wholesale demand for the electronic product is DS � DS

s ; in
the L mode, the consumers’ leasing demand for the elec-
tronic product is DL

l � 1 − (rL/α), and the retailer’s
wholesale demand for the electronic product is DL � DL

l ; in
the SL mode, if α> 1, consumers will only choose to rent,
and the retailer will only choose to lease.)is scenario is the
same as the Lmode. In the SL mode, if 0≤ α≤ 1, consumers’
purchasing demand for the electronic product is
DSL

s � 1 − (pSL − rSL/1 − α), consumers’ leasing demand
DSL

l � ((pSL − rSL/1 − α) − (rSL/α)), and the retailer’s
wholesale demand is DSL � DSL

s + DSL
l . Figure 2 illustrates

the market segmentation. )e profits of the manufacturer
and the retailer are πi

M, πi
R, i ∈ [S, L, SL].

3.2. Pure SellingMode (S). In the S mode, the manufacturer
first determines the wholesale price of the electronic
product, and then the retailer determines the selling price
accordingly. )e Stackelberg game model can be estab-
lished as
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max
wS

πS
M � w

S
− c􏼐 􏼑D

S
s ,

s.t.max
pS

πS
R � p

S
− w

S
􏼐 􏼑D

S
s .

(1)

Backward induction is adopted to solve this problem,
and the equilibrium results are presented in Lemma 1.

Lemma 1. In the S mode, the equilibrium wholesale and sales
prices of the electronic product are wS∗ � (1 + c/2) and
pS∗ � (3 + c/4). 2e equilibrium wholesale and purchasing
demand for the electronic product are DS∗ � DS∗

s � (1 − c/4).
2e equilibrium profit of the manufacturer and the retailer are
πS∗

M � ((1 − c)2/8) and πS∗
R � ((1 − c)2/16).

3.3. Pure LeasingMode (L). In the Lmode, the manufacturer
first determines the wholesale price of the electronic
product, and the retailer then determines the leasing

price accordingly. )e Stackelberg game model can be
established as

max
wL

πL
M � w

L
− c􏼐 􏼑D

L
l ,

s.t.max
rL

πL
R � r

L
+ re − w

L
􏼐 􏼑D

L
l .

(2)

Backward induction is adopted to solve this problem,
and the equilibrium results are presented in Lemma 2.

Lemma 2. In the L mode, the equilibrium wholesale and
leasing prices of the electronic product are wL∗ � (α + c +

re/2) and rL∗ � (3α + c − re/4). 2e equilibrium wholesale
and leasing demand of the electronic product are
DL∗ � DL∗

l � (α + re − c/4α). 2e equilibrium profit of the
manufacturer and the retailer are πL∗

M � ((α + re − c)2/8α)

and πL∗
R � ((α + re − c)2/16α).

In order to guarantee the existence of non-negative
demand and equilibrium solution, the condition α≥ c − re

needs to be satisfied. )is means that when consumer
preferences for leasing are large enough, the retailer’s
products can be leased.

Observation 1. In the L mode (i) as α increases, DL∗
l , rL∗,

wL∗, πL∗
M , and πL∗

R also increase and (ii) as re increases, DL∗
l ,

wL∗, πL∗
M , and πL∗

R increase, but rL∗ decreases.
Results in Observation 1 state that in the L mode, the

leasing demand, wholesale price, leasing price, and profits of
both the manufacturer and the retailer, all rise as the con-
sumer preferences for leasing increase. )e leasing demand,
wholesale price, and profits of both the manufacturer and
the retailer, all decrease as the residual value of a leased-
returned product decreases, but the leasing price increases;
that is, the residual value of the electronic products sig-
nificantly depreciates after leasing; in order to reduce the
operating risk for the leasing business, the retailer should
raise the lease pricing, and the leasing demand will be
reduced.

Manufacturer (M)

Mode s Mode L Mode SL

Retailer (R)

Consumers

Manufacturer (M)

Retailer (R)

Manufacturer (M)

Retailer (R)
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Consumers Consumers

rSL re pSL

: Consumers choose whether
to buy or not
:Consumers choose whether
to lease or not

Figure 1: Retailer’s three alternative operational modes.
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3.4. Hybrid Selling-Leasing Mode (SL). In the SL mode, the
retailer provides consumers with electronic products by both
selling and leasing. )e manufacturer first determines the
wholesale price of the goods, and the retailer then deter-
mines the leasing and selling prices. )e Stackelberg game
model can be established as

max
wSL

πSL
M � w

SL
− c􏼐 􏼑 D

SL
l + D

SL
s􏼐 􏼑,

s.t. max
pSL ,rSL

πSL
R � p

SL
− w

SL
􏼐 􏼑D

SL
s + r

SL
+ re − w

SL
􏼐 􏼑D

SL
l .

(3)

)e equilibria result is derived by backward induction,
which is summarized in Lemma 3.

Lemma 3. In the SL mode, the equilibrium wholesale price is
wSL∗ � (α + c + re/2), selling and leasing prices are rSL∗ �

(3α + c − re/4) and pSL∗ � (2 + α + c + re/4), respectively.
2e equilibrium wholesale, leasing demand, and purchasing
demand are DSL∗ � (α + re − c/4α), DSL∗

l � (α2 − (1−

c − re)α − (c − re)/4α(1 − α)), and DSL∗
s � (1 − α − re/

2(1 − α)), respectively. 2e profits of the manufacturers and
the retailer are πSL∗

M � ((α + re − c)2/8α) and πSL∗
R � (3α3 +

(2c +6re − 7)α2 + (3r2e +2rec − 6re − c2 − 2c +4)α+ (c − re)
2/

16α(1 − α)), respectively.
To guarantee the existence of non-negative demand,

the condition α0 ≤ α≤ α1(α0 � (1 − c − re+�����������������������
c2 + 2cre + r2e + 2c − 6re + 1

􏽰
/2), α1 � 1 − re) needs to be

satisfied. In other words, there is a range of consumer
preferences for leasing. Within this range, retailers are able
to attract customers to both lease and make purchases (we
ignore the corner solutions of SL mode and only analyze the
interior solution in detail because the corner solution of SL
mode will degenerate into S mode and L mode, which we
have modeled in the previous two sections).

Observation 2. In the SL mode, as α increases, (i) DSL∗,
DSL∗

l , wSL∗, rSL∗, πSL∗
M , and pSL∗ increase, (ii) DSL∗

s and πSL∗R

decrease.
Observation 2 shows that in the SL mode, when

consumer preferences for leasing increase, the leasing
demand increases but the purchasing demand decreases.
Additionally, the total wholesale demand, the wholesale
price, the leasing price, and the manufacturer’s profits all
rise, while the retailer’s profits fall. )is can be taken to
mean that retailers cannot directly benefit from the rise in
consumer preferences for leasing once their operational
mode is changed from S to SL. )erefore, they generally
lack the motivation to promote the leasing business. For
example, after “Jingxiaozu” and “Guomei zuzu” launched
the mobile phone leasing business (https://prom.gome.
com.cn/html/prodhtml/topics/201709/30/2461678680.
html, retrieved on 27 May 2022), they did not carry out
leasing publicity on their platform websites and APP
clients to guide customers to change their consumption
concepts. Unlike retailers, manufacturers are always able
to benefit from the increase in consumer preferences for
leasing and are therefore more willing to promote leasing
business.

Observation 3. In the SL mode, as re increases, (i) DSL∗,
DSL∗

l , wSL∗, pSL∗, and πSL∗
M increase, (ii) DSL∗

s and rSL∗

decrease, and (iii) πSL∗
R first decreases and then increases.

As shown in Observation 3, in the SL mode, the leasing
demand for leased-returned electronic products increases as
their residual value increases, while the purchasing demand
decreases. However, as the total wholesale demand increases,
wholesale and sales prices increase, the lease price decreases,
and the manufacturer’s profits increase. If the residual value
of the leased-returned electronic product is larger than a
certain threshold, the retailer’s profits monotonously in-
crease with the residual value. It is generally believed that
retailers who offer mobile phones to customers through both
selling and leasing will earn more profits if they lease or sell
phones with higher residual values. However, since a higher
wholesale price is typically associated with a larger residual
value of the leased-returned electronic product, retailers who
offer mobile phones to consumers through both selling and
leasing may experience a decline in profits if they advise
customers to lease mobile phones with higher residual value
unless the residual value is greater than a certain threshold.

4. Comparisons of Equilibrium Results

)is section compares the equilibrium results of the retailer’s
three alternative operational modes. Some analytical results
are first derived by comparing the equilibrium price, de-
mand, and profit. )e equilibrium consumer surpluses are
calculated and compared afterwards. )e related conclu-
sions are then analyzed and explained ()ese conclusions are
only meaningful when α0 ≤ α≤ α1. Because in order to
guarantee that the coexistence of leasing and purchasing
demand for the electronic product and the retailer’s hybrid
selling-leasing business transformation make sense, condi-
tion α0 ≤ α≤ α1 needs to be satisfied).

Proposition 1. 2e equilibrium price has the following
properties: (i) wS∗ ≥wSL∗ � wL∗, (ii) pS∗ ≥pSL∗ ≥ rSL∗ � rL∗,
and (iii) in the SL mode, define the portion of the selling price
that exceeds the leasing price as Δ0 � pSL∗ − rSL∗, which
decreases as α increases, and increases as re increases.

Proposition 1 (i) shows that in L and SL modes,
wholesale prices of the electronic product are the same,
which are lower than the wholesale prices in the Smode. For
retailers only selling the electronic product, manufacturers
should set relatively high wholesale prices. Proposition 1 (ii)
shows that compared with the S mode, in the SL mode, the
selling price is lower, which can be understood as that re-
tailers should lower the selling price once their operational
mode transforms from S to SL in order to prevent the leasing
business from having a greater impact on the selling busi-
ness. In S and SL modes, leasing prices are the same, and the
retailer’s leasing pricing is only related to the production
cost, the residual value of leased-returned electronic prod-
uct, and consumer preferences for leasing but has nothing to
do with the operational modes. Proposition 1 (iii) shows that
the larger the consumer preferences for leasing, the smaller
the differences between leasing and selling prices, and the
price difference increases with the rise of the residual value.
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Brands such as Huawei, Apple, and other new 5G high-end
smartphones have a large residual value and a significant price
difference between leasing and selling prices. )erefore, these
smartphones attract more customers to lease them.

Proposition 2. 2e equilibrium demand has the following
properties: (i) DS∗ ≤DSL∗ � DL∗, (ii) DSL∗

s >DS∗
s when

α< α2, and DSL∗
s ≤DS∗

s when α2 ≤ α, and (iii) DSL∗
l ≤DL∗

l

.(α2 � (1 + c − 2re/1 + c)).
Proposition 2 (i) shows that in SL and L modes, the

wholesale demand for electronic products is relatively larger.
)e expansion of leasing business by retailers can boost the
market’s wholesale demand for electronic products. Propo-
sition 2 (ii) shows that when consumer preferences for leasing
are higher than α2, the purchasing demand for the electronic
product will increase after the retailer’s operational mode is
transformed from S to SL. )is shows that leasing has a
certain promotion and erosion effect on selling. When
consumer preferences for leasing are lower than a certain
threshold, the promotion effect is greater than the erosion

effect. Otherwise, the erosion effect will be greater than the
promotion effect, and the purchasing demand for the elec-
tronic product will decrease. Proposition 2 (iii) shows that in
the L mode, the leasing demand for the electronic product is
larger.

Proposition 3. 2e equilibrium profits have the following
properties:

(i) Comparing manufacturer profits of different modes,
there are conditions such as

(i) πS∗
M > πSL∗

M � πL∗
M when α0 ≤ α< α3,

(ii) πS∗
M � πSL∗M � πL∗

M when α � α3,
(iii) πS∗

M < πSL∗
M � πL∗

M when α3 < α≤ α1.

(ii) Comparing retailer profits of different modes, there
are conditions such as

(i) πSL∗
R > πS∗

R > πL∗
R when α0 ≤ α< α3,

(ii) πSL∗
R > πL∗

R � πS∗
R when α � α3,

(iii) πSL∗
R > πL∗

R > πS∗
R when α3 < α≤ α1.

α3 �
c
2

− 2re + 1 +

��������������������������

c
4

− 4c
2
re − 2c

2
+ 8rec − 4re + 1

􏽱

2
⎛⎜⎜⎝ ⎞⎟⎟⎠. (4)

Comparison results of the manufacturer’s profits under
different modes are shown in Proposition 3 (i). In S and SL
modes, the manufacturer’s profits are the same. When
consumer preferences for leasing are higher than α3, the
manufacturer’s profit is larger in S and SLmodes. Otherwise,
the manufacturer’s profit is larger in the S mode. Com-
parison results of the retailer’s profits under different modes
are shown in Proposition 3 (ii). In the SL mode, the dual
needs of consumers for leasing or purchasing the electronic
product are met, and the retailer has the highest profit; when
consumer preferences for leasing are less than α3, the re-
tailer’s profit is the smallest in the L mode; otherwise, the
retailer’s profit is the smallest in the S mode. Results
demonstrate that when consumer preferences for leasing are
within a certain range, after electronic products retailers’
operational mode transforms from S/L to SL, retailer’s
profits increase. However, the manufacturer’s profits also
increase only when consumer preferences for leasing exceed
a certain threshold within a certain range.

The equilibrium consumer surpluses in S, L, and SL
modes are CSS∗ � 􏽒

1
pS∗(v − pS∗)dv � ((1 − c)2/32), CSL∗ �

􏽒
1
(rL∗/α)

(αv − rL∗)dv � ((α + re − c)2/32α), and

CSSL∗ � 􏽒
(pSL∗ −

(rSL∗/α)

rSL∗/1 − α)(αv − rSL∗)dv + 􏽒
1
(pSL∗ − rSL∗/1− α)

(v − pSL∗)dv �

(3α3+ (2c + 6re − 7)α2 + (3r2e + 2rec − 6re − c2− 2c + 4)α+

(c − re)
2/16α(1 − α)), respectively.

Proposition 4. 2e equilibrium consumer surpluses have the
following properties:

(i) CSSL∗ >CSS∗ >CSL∗whenα0 ≤ α< α3,
(ii) CSSL∗ >CSL∗ � CSS∗whenα � α3,
(iii) CSSL∗ >CSL∗ >CSS∗whenα3 < α≤ α1.

Proposition 4 shows that in the SL mode, the dual
consumer demand for leasing or purchasing the electronic
products are met, and the equilibrium consumer surplus is
the largest. When consumer preferences for leasing are less
than α3, the equilibrium consumer surplus is the smallest in
the L mode. Otherwise, it is the smallest in the S mode.
)erefore, after electronic products retailers’ operational
mode transforms from S/L to SL, consumers can also benefit
from having the choice of leasing or purchasing.

5. Numerical Analysis

To further understand the influence of the different pa-
rameters, the following numerical experiments that compare
the equilibrium results of the above three alternative op-
eration modes are designed.

5.1. Impact of Consumers’ Preferences for Leasing.
Without loss of generality, we set the production cost
c � 0.3, and the residual value of leased-returned electronic
product re � 0.2[33]. According to Lemma 3 in Section 3.4,
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α is defined to be in the range [0.65, 0.8] (In the SL mode,
when α< 0.65, no customers will choose to rent the prod-
ucts. When α> 0.8, no customers will choose to purchase the
products. Only when 0.65≤ α≤ 0.8, some customers will
choose to rent the products while other customers will
choose to purchase the products.). )e results are shown in
Figures 3–7.

Figure 3 illustrates the selling, leasing, and wholesale
prices of the electronic product under the three alternative
operation modes. In the S mode, the wholesale price of the
electronic product is higher. In SL and L modes, the
wholesale and leasing prices of the electronic product are the
same and increase with consumer preferences for leasing.
After a retailer’s operational mode transforms from S to SL/
L, the manufacturer reduces the wholesale price of the
electronic product, and the retailer reduces the selling price.
In the S mode, while consumer preference for leasing in-
creases, leasing and selling prices of the electronic product
increase, but the leasing and selling price gap narrows.

Figures 4 and 5 illustrate the wholesale demand, pur-
chasing and leasing demands under the three alternative
operation modes. In SL and Lmodes, the wholesale demand
for the electronic product is relatively larger, consumer
preferences for leasing increases, and the wholesale and
leasing demands for the electronic product increase. When
consumer preference for leasing is in the range (0.65, 0.69],
the purchasing demand for electronic product increases after
the retailer’s operational mode transforms from S to SL/L.

Figure 6 shows that in SL and L modes, the manufac-
turer’s profits are the same. In the S mode, it is more
profitable for the manufacturer when consumer preference
for leasing is in the range [0.65, 0.67). In SL and Lmodes, it is
more profitable for the manufacturer when consumer
preference for leasing is in the range (0.67, 0.8]. Figure 7
illustrates that in the SL mode, it is more profitable for the
retailer when consumer preferences for leasing is in the
range (0.67, 0.8]. )e retailer can make maximum profits
when consumer preference for leasing is 0.65. In the Lmode,
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the retailer’s profit is the smallest when consumer preference
for leasing is in the range [0.65, 0.67). In the S mode, the
retailer’s profit is the smallest when consumer preference for
leasing is in the range (0.67, 0.8]. When consumer prefer-
ences for leasing increase, retailer profits decrease in the SL
mode and increase in the L mode.

5.2. Impact of the Residual Value. )e residual value of the
leased-returned electronic product has a significant impact on
the retailer’s leasing decision, which is analyzed using nu-
merical examples in this section. Let c � 0.3 and α � 0.7
[25, 33]. In order to ensure the analysis is meaningful,
according to Lemma 3, the condition that electronic products
selling and purchasing demand exist simultaneously is
re ∈ [0.18, 0.3] (In the SLmode, when re < 0.18, no customers
will choose to rent the products. When re > 0.3, no customers
will choose to purchase the products. Only when
0.18≤ re ≤ 0.3, some customers will choose to rent the
products while other customers will choose to purchase the
products.), then the equilibrium results under the three al-
ternative operation modes are shown in Figures 8–13.

Figure 8 shows the relationship between the equilibrium
wholesale, leasing, and selling prices with the residual value
of the leased-returned electronic product. As the residual
value increases, the wholesale price in the SL/L mode is also
appropriately increased, but the wholesale price in the S
mode is not affected. As the residual value increases, the
leasing price gradually decreases, the selling prices in the S
mode gradually increase, and the gap between leasing and
selling prices gradually increases.

Figures 9 and 10 show the relationship between the
manufacturer’s equilibrium wholesale demand and the re-
tailer’s equilibrium leasing and purchasing demands with
the residual value of leased-returned electronic product,
respectively. As the residual value increases, the wholesale
demand in the SL/L mode also gradually increases, but the
wholesale demand in the mode S is not affected by the
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residual value. As the residual value increases, the leasing
demand gradually increases, and the purchasing demand in
the SL mode gradually decreases.

Figures 11 and 12 show the relationship between the
manufacturer’s and retailer’s equilibrium profits with the
residual value of the leased-returned electronic product,
respectively. As the residual value increases, the manufac-
turer’s equilibrium profits in the SL/L mode gradually in-
crease. )erefore, if manufacturers increase the residual
value by modular design of electronic products, their
equilibrium profits increase in the SL/L mode. As the re-
sidual value increases, the retailer’s equilibrium profit first
increases and then decreases in the SL mode, while the
retailer’s equilibrium profit increases in the L mode.

5.3. Consumer Surplus. In this section, the impact of leasing
preferences and residual value on consumer surplus is ex-
amined. )e same parameter settings are used as in the two
previous sections. )e results are shown in Figure 13.

As shown in Figure 13, there is a similar change trend
between the consumer surplus and the retailer’s profits, and
the calculation shows that the consumer surplus is always
half the retailer’s profits. )erefore, the retailer’s three
leasing models cannot increase the acquisition of consumer
surplus, and the retailer’s increased profits after the oper-
ation model transformation depends entirely on the change
of market size.

6. Extensions

)e previous sections have discussed three alternative op-
erational modes of electronic product retailers when the
manufacturer and retailer make the decentralized decision.
Results show that it is profitable for the retailer to transform
the operational mode from S/L to SL when consumer
preferences for leasing are within a certain range because
both the consumer lease and purchase requirements are met
after the transformation. If the retailer cooperates with the
manufacturer and they make a centralized decision, the
double marginal effect of the supply chain can be eliminated,
the leasing and selling prices can be reduced, the conflicts in
the leasing and selling market can be alleviated, and the
overall profits of the supply chain can be improved. Samsung
has partnered with “Xianghuanji” to launch a mobile phone
leasing service in China. In Germany, Samsung and Grover
conducted a mobile phone leasing pilot. )e following
constructs a cooperative selling-leasing model and designs a
combined contract coordination pricing mechanism of
“wholesale price discounts and revenue sharing” in order to
achieve the cooperation between the manufacturer and
retailer.

6.1.CooperativeSelling-LeasingMode (C). In theCmode, the
leasing and selling prices are determined with the objective
of maximizing the profit in the supply chain. Let the total
profit function of the supply chain be πC; thus, the following
optimal decision model can be established:

max
pC,rC

πC
� p

C
− c􏼐 􏼑 1 −

p
C

− r
C

1 − α
􏼠 􏼡

+ r
C

+ re − c􏼐 􏼑
p

C
− r

C

1 − α
−

r
C

α
􏼠 􏼡.

(5)

Lemma 4. In the C mode, when α4 ≤ α≤ α1, the leasing and
purchasing markets of the electronic product coexist. 2e
equilibrium leasing and selling prices of the electronic product
are rC∗ � (α + c − re/2) and pC∗ � (1 + c/2). 2e equilib-
rium profit of the supply chain is πC∗ � (2α2c − αc2 + 2αcre −

α2− 2αc + c2 − 2cre + r2e + α/4(1 − α)α) · (α4 � 1 − (re/c)).

Proposition 5. In the C mode, there are (i) α4 < α0, (ii)
pS∗ >pC∗ and πS∗ < πC∗ when α4 ≤ α< α0, and (iii)
pSL∗ >pC∗, rSL∗ > rC∗, πSL∗ < πC∗ when α0 ≤ α≤ α1.

Proposition 5 states that the range of consumer pref-
erences for leasing in the coexistence of selling-leasing
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markets is larger in the C mode than it is in the S mode,
which is advantageous for the transformation of the selling-
leasing business in the supply chain of electronic products.
When α4 ≤ α< α0, the leasing market does not exist in the SL
mode, while the leasing and selling markets coexist in the C
mode.When α0 ≤ α≤ α1, the leasing and sellingmarkets coexist
in the SL/C mode, the leasing and selling prices of electronic
products are lower, and the supply chain’s profits are larger.

6.2. Coordination Contract. In order to make the profits of
the supply chain operating in the mode SL equal to the

profits when operating in the Cmode, a coordinated pricing
mechanism of “wholesale price discounts and revenue
sharing” combination contract is designed. Let this com-
bination contract signed by electronic products manufac-
turer and retailer be (f, ϕ, wSC, pSC, rC), f is the
manufacturer’s wholesale price discount, ϕ is the retailer’s
revenue sharing ratio, wSC is the wholesale price, pSC and rSC

are the selling and leasing prices under the contract, and the
revised decision model becomes as follows:

max
wSC

πSC
M � w

SC
f − c􏼐 􏼑 1 −

r
SC

α
􏼠 􏼡 + p

SC
− w

SC
􏼐 􏼑 1 −

p
SC

− r
SC

1 − α
􏼠 􏼡 + r

SC
+ re − w

C
􏼐 􏼑

p
SC

− r
SC

1 − α
−

r
SC

α
􏼠 􏼡􏼠 􏼡ϕ,

s.t. max
pSC, rSC

πSC
R � p

SC
− w

SC
f􏼐 􏼑 1 −

p
SC

− r
SC

1 − α
􏼠 􏼡 + r

SC
+ re − w

SC
f􏼐 􏼑

p
SC

− r
SC

1 − α
−

r
SC

α
􏼠 􏼡􏼠 􏼡(1 − ϕ).

(6)

Backward induction is adopted to solve the equilibrium.
)e optimal response function of the retailer is pSC∗ � (1 +

wSCf/2) and rSC∗ � (α − re + wSCf/2). Let pSC∗ � pC∗ and
rSC∗ � rC∗, then we obtain that wSC∗ � (α + c + re/2) and
f∗ � (2c/α + c + re), and the coordination of supply chain is
realized.

Lemma 5. Under the coordination contract, when
α4 ≤ α≤ α1, the leasing and purchasing markets of the

electronic product coexist. 2e equilibrium wholesale, leasing
and selling prices are wSC∗ � (α + c + re/2),
rSC∗ � (α + c − re/2), and pSC∗ � (1 + c/2), respectively.

Proposition 6. When α4 ≤ α< α0 and ϕ0 <ϕ∗ < ϕ1, or
α0 ≤ α≤ α1 and ϕ2 < ϕ∗ < ϕ3, in the coordinated pricing
mechanism of portfolio contract (f∗,ϕ∗, wSC∗, pSC∗, rSC∗),
the profits of manufacturers and distributors can obtain
Pareto improvement:
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Figure 13: Impact of preferences and the residual value on consumer surplus.
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ϕ0 �
α(1 − α)(1 − c)

2

2 2α2c − αc
2

+ 2αcre − α2 − 2αc + c
2

− 2cre + r
2
e + α􏼐 􏼑

ϕ1 �
α2c2 + 6α2c − 5αc

2
+ 8αcre − 3α2 − 6αc + 4c

2
− 8cre + 4r

2
e + 3α

4 2α2c − αc
2

+ 2αcre − α2 − 2αc + c
2

− 2cre + r
2
e + α􏼐 􏼑

ϕ2 �
(1 − α) c − re − α( 􏼁

2

2 2α2c − αc
2

+ 2αcre − α2 − 2αc + c
2

− 2cre + r
2
e + α􏼐 􏼑

ϕ3 �
3(1 − α) c − re − α( 􏼁

2

4 2α2c − αc
2

+ 2αcre − α2 − 2αc + c
2

− 2cre + r
2
e + α􏼐 􏼑

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (7)

Proposition 6 shows that the design of the “wholesale
price discounts and revenue sharing” combination contract
increases the range of consumer leasing preferences that the
leasing and selling markets coexist, promotes the transfor-
mation of the retailer’s rental and sale business, and realizes
the Pareto improvement of manufacturer’s and retailer’s
profits.

The coordination contracts between the electronic
product manufacturer and retailer are analyzed. The co-
ordination contract is further analyzed through numerical
simulation. The production cost is set to c � 0.3, and the
residual value re � 0.2 [33]. According to Proposition 6, let
the consumer preferences for leasing α be in the range of
[0.34, 0.8]. Under the coordination contracts, the changes of
wholesale price discount and selling-leasing revenue sharing
ratio are shown in Figures 14 and 15, respectively.

Figure 14 shows that the wholesale price discount pa-
rameter of the combination contract decreases as consumer
preferences for leasing increase. )e areas marked in grey in
Figure 15 are the areas where both the manufacturer and the
retailer can obtain Pareto improvement through revenue
sharing, and the upper bound and interval range of revenue
sharing ratio parameters increase with the increase of
consumer preferences for leasing. )erefore, under this set
of parameters, the coordination contract between the

manufacturer and the retailer can achieve Pareto im-
provement when the revenue sharing ratio is roughly 0.6.

Observation 4. (i) As re increases, α0, α1, α2, α3, and α4
decrease; (ii) Define Δ1 � α1− α0, and Δ2 � α1− α4. As re in-
creases, Δ1 and Δ2 increase.

Observation 4 shows that when re increases, preference
thresholds (α0, α1) of retailer’s SL mode transformation de-
crease, preference threshold (α2) of a drop in purchasing
demand decreases, threshold (α3) of an increase in the
manufacturer’s profit decreases, and preference thresholds
(α4, α1) of retailer’s Cmode transformation decrease, and [α0,
α1] and [α4, α1] are preference spaces of retailer’s SL and C
mode selection. When re increases, preference spaces of re-
tailer’s SL and C mode selection (Δ1,Δ2) increase. In order to
make more profit, Proposition 3 shows that when α0≤ α≤ α1,
the retailer should choose the SL mode, whereas when α>α1,
the retailer should choose the L mode. Combined with
Proposition 3, Observation 4 can be deeply interpreted as
when re increases, retailers are more likely to lease electronic
products in order to make more profit. )is explains why
retailers prefer to offer rental service for Apple’s new phones
(because their residual value is higher). If retailers lease
electronic products with higher residual value, their pur-
chasing demand is more likely to be negatively affected. If the
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12 Mathematical Problems in Engineering



electronic products’ residual value is higher, manufacturers’
profit is more likely to be positively affected.

)e production cost is also set to c� 0.3 [33]. According
to Observation 4, preference thresholds (α0, α1, α2, α3, α4) are
shown in Figure 16.

Figure 16 shows that when re increases, α0, α1, α2, α3, and
α4 decrease, and Δ1 and Δ2 increase. As re increases, the
range of consumer leasing preferences that the leasing and
selling markets coexist becomes larger, and if the retailer
cooperates with the manufacturer, the range of consumer
leasing preferences that the leasing and selling markets
coexist becomes larger. In a word, the increase of residual
value, as well as supply chain cooperation, can promote the
retailer’s hybrid selling-leasing business transformation.

7. Conclusion

Electronics retailers can turn into purely rental businesses;
they can stop selling their goods and limit their services to

renting them out to customers. )ey can also open up the
leasing option to consumers while maintaining their original
sales business. In this study, considering consumer prefer-
ences for leasing, electronics retailer’s three alternative
operational modes were compared: pure selling, pure leas-
ing, and hybrid selling-leasing. Our study primarily focused
on how consumer preferences for leasing affect retailers’
operational selection. Additionally, the consumer surplus
and upstream manufacturer profits were analyzed. Fur-
thermore, a cooperative hybrid selling-leasing mode was
examined and a “wholesale price discounts and revenue
sharing” coordination contract based on the hybrid selling-
leasing mode was designed.

)e retailer’s selection was analyzed using a mathe-
matical model and numerical examples.)e key findings can
be summarized as follows: (1) For the retailer, the pure
leasing mode is better than the pure selling mode as long as
the consumer preferences for leasing are not very low, but
the hybrid selling-leasing mode is always the best when the
consumer’s leasing preferences are within a certain range;
(2) for the manufacturer, the hybrid selling-leasing mode is
always the same as the pure leasing mode, and the leasing
mode is always better than the selling mode, as long as the
consumer preference for leasing is not too low; (3) the
hybrid selling-leasing mode is always beneficial to both
retailers and consumers when consumer preferences for
leasing are within a certain range because it offers numerous
choices to customers.)erefore, when the leasing preference
and residual value are not small, the manufacturer has no
incentive to prevent the retailer from transforming its op-
erational mode; (4) in the hybrid selling-leasing mode, the
wholesale, selling, and leasing prices increase, the manu-
facturer’s profits increase, but the retailer’s profits decrease,
as the consumer preferences for leasing increase; (5) the use
of “wholesale price discounts and revenue sharing” contracts
can promote the retailer’s hybrid selling-leasing business
transformation and achieve Pareto improvement in both the
retailer’s and the manufacturer’s profits; (6) the increase of
residual value, as well as supply chain cooperation, can
promote the retailer’s hybrid selling-leasing business
transformation.

On the other hand, it is noteworthy to mention that this
study has some limitations. First, a monopoly market with
only one manufacturer and one retailer was considered.)is
setting is in line with the practice that JD controls the
majority of online market share of Apple’s iPhones. How-
ever, it may be interesting to incorporate the competition
between multiple manufacturers and retailers. Second, a
retailer that only leases new electronic products in a certain
leasing period was considered. )is setting is in line with the
practice that Dixintong leases only new mobile phones for
one year, but other retailers also lease second-hand elec-
tronic products and offer leasing services with varying lease
terms, so future research can incorporate these factors as
well. )ird, this study focuses on retailer’s operational mode
transformation considering consumer preferences for leas-
ing and residual value of the leased-returned electronic
product. Considering how retailers get the residual value is
also an interesting problem to investigate through releasing,
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through resale, or simply through recycling. Finally, faced
with the risk-averse behavior of consumers and retailers, the
optimal pricing strategy for retailers is also worth studying.

Appendix

Proof of Lemma 1. Backward induction is used to derive the
equilibrium outcomes. In the S mode, the retailer’s profit
is πS

R � (pS − wS)DS
s � (pS − wS)(1 − pS). (z2πS

R/z
2pS) �

− 1< 0, so the retailer’s profit is concave in pS. According to
the first-order conditions, we have pS∗ � (1 + wS/2).
Substituting pS∗ to the manufacturer’s profit function, we
have πS

M � (1 − wS)(wS − c) and (z2πS
M/z2wS) � − 1< 0, so

the manufacturer’s profit is concave in wS. According to the
first-order conditions, we have wS∗ � (1 + c/2). )en the
equilibrium outcomes in the S mode can be derived
immediately. □

Proof of Lemma 2. Backward induction is used to derive
the equilibrium outcomes. In the Lmode, the retailer’s profit
is πL

R � (rL + re − wL)DL
l � (rL + re − wL)(1 − (rL/α)).

(z2πL
R/z

2rL) � − 1< 0, so the retailer’s profit is concave in rL.
According to the first-order conditions, we have
rL∗ � (α − re + wL/2). Substituting rL∗ to the manufacturer’s
profit function, we have πL

M � ((α + re − wL)(wL − c)/2α),
(z2πL

M/z2wL) � − 1< 0, so the manufacturer’s profit is
concave in wL. According to the first-order conditions, we
have wL∗ � (α + c + re/2).)en the equilibrium outcomes in
the L mode can be derived immediately. □

Proof of Lemma 3. Backward induction is used to derive the
equilibrium outcomes. In the SL mode, the retailer’s profit
is πSL

R � (pSL − wSL)DSL
s + (rSL + re− wSL)DSL

l � (pSL − wSL)

(1 − (pSL − rSL/1 − α)) + (rSL+ re − wSL)((pSL − rSL/1 − α)−

(rSL/α)). )e πSLR Hessian matrix about rSL and pSL is H,
and H � (z

2πSLR /z2rSL) (z
2πSL

R /􏼐 zr
SL

zp
SL

)(z
2πSLR /zp

SL
zr

SL
)

(z
2πSLR / z

2
p
SL

)).(z2πSL
R /z2rSL) � (− 2/α(1 − α))<0 and |H| �

(− 2/α(1 − α)) (2/1 − α)

(2/1 − α) (− 2/1 − α)

􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌
>0. So the retailer’s profit is

concave in rSL and pSL. According to the first-order con-
ditions, we have rSL∗ � (α − re + wL/2) and pSL∗ �

(1+ wSL/2). Substituting rSL∗ and pSL∗ to the manufacturer’s
profit function, manufacturer’s profit is concave in wSL.
According to the first-order conditions, we have wSL∗ �

(α+ c + re/2).)en the equilibrium outcomes in the SLmode
can be derived immediately. □

Proof of Observation 1
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zD
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�
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4
> 0,
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M

zα
�

α + re − c( 􏼁 α − re + c( 􏼁

8α2
> 0,

zπL∗
R

zre

�
α + re − c( 􏼁 α − re + c( 􏼁

16α2
> 0.

(A.1)

□

Proof of Observation 2. When α0 ≤ α≤ α1, (zDSL∗/zα) �

(c − re/4α2)> 0, (zDSL∗
l /zα) � ((c + re)α2 + (− 2c + 2re)α +

c − re/ 4α2(1 − α)2)> 0, (zDSL∗
s /zα) � (− re/2(1 − α)2)< 0,

(zwSL∗/zα) � (1/2)> 0, (zpSL∗/zα) � (1/4)> 0, and (zrSL∗/
zα) � (3/4)> 0, thenπSL∗M � (wSL∗ − c)DSL∗, then wSL∗ and
DSL∗ increase with α, so πSL∗M increases with α because
(zπSL∗

R /zα) � (∇/16α2(1 − α)2), where ∇ � − 3α4 + 6α3+
(− c2 + 2rec + 3r2e − 3)α2+ 2(c − re)

2α − (c − re)
2, so

(z∇/zc) � − 2(1 − α)2(c − re)< 0, ∇ decreases as c increases.
∇ � − 3α4 + 6α3 − 3α2 is maximum when c � 0, and
− 3α4 + 6α3 − 3α2 < 0, (zπSL∗

R /zα)< 0, so πSL∗R decreases as α
increases. □

Proof of Observation 3
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when re < −
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R

zre

< 0,
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zre

> 0.

(A.2)

□

Proof of Proposition 1

(i) wSL∗ � wL∗ � (α + re + c/2),wSL∗ − wS∗ � (α + re +

c/2) − (1 + c/ 2) � (α + re − 1/2), and because α≤
α1 � 1 − re, we have α + re − 1≤ 0, so wS∗ ≥
wSL∗ � wL∗.

(ii) rSL∗ � rL∗ � (3α + c − re/4), pSL∗ − pS∗ � (2 + α+

c + re/4)− (3 + c/4) � (α + re − 1/4)≤ 0, so pS∗ ≥
pSL∗ ≥ rSL∗ � rL∗.

(iii) Δ0 � pSL∗ − rSL∗ � (1 − α+ re/2), (zΔ0/zα) � − (1/
2)< 0, and (zΔ0/zre) � (1/2)>0. □

Proof of Proposition 2

(i) As shown in Lemma 1 and Proposition 1, (rSL∗/
α)≤pSL∗ ≤pS∗, i.e., 1 − pS∗ ≤ 1 − pSL∗ ≤ 1 − (rSL∗/
α), and because DS∗ � 1 − pS∗, DSL∗ � DL∗ �

1 − (rSL∗/α), so DS∗ ≤DSL∗ � DL∗.

(ii) DSL∗
s − DS∗

s � (1+ c − 2re − (1+ c)α/4(1 − α)), and
let 1+ c − 2re − (1+ c)α� 0, so α2 � (1+ c − 2re/1+ c),
α0<α2<α1 can be obtained by comparison; if
α0≤α<α2, then DSL∗

s >DS∗
s ; if α� α2, then

DSL∗
s � DS∗

s ; if α2≤α≤α1, then DSL∗
s <DS∗

s .
(iii) DL∗

l − DSL∗
l � (α + re − c/ 4α) − (α2 − (1 − c−

re)α − (c − re)/ 4α(1 − α)) � (1 − α − re/2(1−

α))≥ 0, so DSL∗
l ≤DL∗

l . □

Proof of Proposition 3

(i) πSL∗M � πL∗
M , πSL∗

M − πS∗
M � (α2+ (− c2 + 2re − 1)α+

(c − re)
2/8α), and define α2 + (− c2 + 2re − 1)α+

(c − re)
2 � 0, so α3 � (c2 − 2re + 1+��������������

c4 − 4c2re − 2c2+
􏽰

8rec − 4re + 1 /2), so if
α0 ≤ α< α3, then πS∗

M > πSL∗
M � πL∗

M ; if α � α3,
thenπS∗

M � πSL∗M � πL∗
M ; and if α3 < α≤ α1, then

πS∗
M < πSL∗M � πL∗

M .
(ii) πSL∗R − πS∗

R � (3α3+ (c2 + 6re − 6)α2 + (3r2e + 2rec−

6re − 2c2+ 3)α + (c − re)
2/16α(1 − α))≥ 0, and πSL∗

R

decreases as α increases; when α � 1 − re, πSL∗
R takes

the minimum value, and when α � 1 − re,
πSL∗R − πS∗

R � (r2e(1 − c)2/16α(1 − α))≥ 0, so πSL∗R ≥
πS∗

R ; πSL∗R − πL∗
R � ((α + re − 1)2/4(1 − α))≥ 0, so

πSL∗R ≥ πL∗
R ; if πL∗

R − πS∗
R � ((α + re − c)2/ 16α)−

((1 − c)2/16) � (α2 + (− c2 + 2re − 1)α+ (c − re)
2/

16α), define α2 + (− c2 + 2re − 1)α + (c − re)
2 � 0, so

α3 �(c2 − 2re +1+
�����������������������
c4 − 4c2re − 2c2+8rec − 4re +1

􏽰
/2);

so when α0≤α<α3, then πSL∗
R >πS∗

R >πL∗
R ; when

α�α3, then πSL∗
R >πL∗

R �πS∗
R ; when α3<α≤α1, then

πSL∗R >πL∗
R >πS∗

R . □

Proof of Proposition 4. )e proof of Proposition 4 is the
same as the proof of Proposition 3. □

Proof of Proposition 5

(i) α0 − α4 � (1 − c − re +
����������������������
c2 + 2cre + r2e + 2c − 6re + 1

􏽰
/

2) − (1 − (re/c)) � (c
����������������������
c2 + 2cre + r2e + 2c − 6re + 1

􏽰
−

c2 − cre − c + 2re/2c)>0.
(ii) When α4 ≤ α< α0, pS∗ − pC∗ � (1 − c/4)> 0, then

πC∗ − πS∗ � ((− 3c2 − 2c + 1)α2+ (− 1 + 7c2 − 8rec +

2c)α − 4(c − re)
2/ 16(− 1 + α)α)> 0.

(iii) When α0 ≤ α≤ α1, then pSL∗ − pC∗ � (α + re−

c/4)> 0, rSL∗ − rC∗ � (α + re − c/4)> 0, and πC∗−

πSL∗ � ((α + re − c)2/16α). □

Proof of Proposition 6. Under the coordination mechanism
(f∗, ϕ∗, wSC∗, pC∗, rC∗), the profit of the electronic product
supply chain reaches the level of centralized decision-
making. When α4 ≤ α< α0, leasing markets that do not exist
at the time of decentralized decision-making arise at the time
of centralized decision-making. )erefore, in order to fa-
cilitate the selling-leasing cooperation between the retailer
and the manufacturer, the combination contract shall
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guarantee πSC∗
M > πS∗

M and πSC∗
R > πS∗

R . From this calcula-
tion, the value range of available ϕ is ϕ0 <ϕ∗ < ϕ1. When
α0 ≤ α≤ α1, the portfolio contract is approximately guar-
anteed to πSC∗

M > πSL∗M and πSC∗
R > πSL∗

R . From this calcu-
lation, the value range of available ϕ is ϕ2 <ϕ

∗ <ϕ3.
ϕ0 � (πS∗

M /πSC∗
M ) � (α(1 − α)(1 − c)2/2(2α2c − αc2+ 2αcre−

α2 − 2αc + c2 − 2cre + r2e + α)), ϕ1 � 1 − (πS∗
R /πSC∗

R ) �

(α2c2 + 6α2c − 5αc2 + 8αcre − 3α2− 6αc + 4c2 − 8cre + 4r2e +

3α/4(2α2c − αc2 + 2αcre − α2− 2αc + c2 − 2cre + r2e + α)),
ϕ2 � (πSL∗

M /πSC∗
M ) � ((1 − α)(c − re − α)2/2(2α2c − αc2+

2αcre− α2 − 2αc + c2 − 2cre + r2e + α)), and ϕ3 � 1− (πSL∗
S /

πSC∗
R ) � (3(1 − α)(c − re − α)2/ 4(2α2c − αc2 + 2αcre − α2−

2αc + c2 − 2cre + r2e + α)). □

Proof of Observation 4

(i) (zα0/zre) � (−
�������������
r2e + (2c − 6)re+

􏽰
(c + 1)2 + re + c −

3/2
�������������
r2e + (2c − 6)re+

􏽰
(c + 1)2 )< 0,(zα1/zre) �

− 1< 0,(zα2/zr e) � (− 2/1 + c)> 0,(zα3/zre) �

− 1 − ((c − 1)2/
����������������������

(c − 1)2(c2 + 2c − 4re + 1)

􏽱

)< 0,
and (zα4/zre) � − 1.

(ii) Δ1 � α1 − α0,Δ2 � α1 − α4(zΔ1/ zre) �

(−

���������������������

r2e + (2c − 6)re + (c + 1)2
􏽱

− re − c + 3/2
���������������������

r2e + (2c − 6)re + (c + 1)2
􏽱

)> 0, and (zΔ2/zre) �

(1 − c/c)> 0. □

Data Availability

)e simulation data used to support the findings of this
study are included within the article.

Conflicts of Interest

)e authors declare that they have no conflicts of interest.

Acknowledgments

)is research was funded by the National Social Science
Foundation of China (Grant no. 18BJY009).

References

[1] Q. Tan, X. Zeng, W. L. Ijomah, L. Zheng, and J. Li, “Status of
end-of-life electronic product remanufacturing in China,”
Journal of Industrial Ecology, vol. 18, no. 4, pp. 577–587, 2014.

[2] A. Raihanian Mashhadi, A. Vedantam, and S. Behdad, “In-
vestigation of consumer’s acceptance of product-service-
systems: a case study of cell phone leasing,” Resources,
Conservation and Recycling, vol. 143, no. 4, pp. 36–44, 2019.

[3] Y. Yu, Y. Dong, and X. Guo, “Pricing for sales and per-use
rental services with vertical differentiation,” European Journal
of Operational Research, vol. 270, no. 2, pp. 586–598, 2018.

[4] J. Li, H. Wang, Z. Deng, W. Zhang, and G. Zhang, “Leasing or
selling? )e channel choice of durable goods manufacturer
considering consumers’ capital constraint,” Flexible Services
and Manufacturing Journal, vol. 34, no. 2, pp. 317–350, 2021.

[5] S. M. Gilbert, R. S. Randhawa, and H. Sun, “Optimal per-use
rentals and sales of durable products and their distinct roles in

price discrimination,” Production and Operations Manage-
ment, vol. 23, no. 3, pp. 393–404, 2014.

[6] S. R. Bhaskaran and S. M. Gilbert, “Selling and leasing
strategies for durable goods with complementary products,”
Management Science, vol. 51, no. 8, pp. 1278–1290, 2005.

[7] Y. Dou, Y. J. Hu, and D. J. Wu, “Selling or leasing? Pricing
information goods with depreciation of consumer valuation,”
Information Systems Research, vol. 28, no. 3, pp. 585–602,
2017.

[8] K. Jia, X. Liao, and J. Feng, “Selling or leasing? Dynamic
pricing of software with upgrades,” European Journal of
Operational Research, vol. 266, no. 3, pp. 1044–1061, 2018.

[9] J. Zhang and A. Seidmann, “Perpetual versus subscription
licensing under quality uncertainty and network externality
effects,” Journal of Management Information Systems, vol. 27,
no. 1, pp. 39–68, 2010.

[10] J. Liu, M. Wan, W. Jiang, and J. Zhang, “How does leasing
affect green product design?” Mathematical Problems in
Engineering, vol. 2019, no. 8, Article ID 5780342, 16 pages,
2019.

[11] C. S. Tang and S. Deo, “Rental price and rental duration under
retail competition,” European Journal of Operational Re-
search, vol. 187, no. 3, pp. 806–828, 2008.

[12] N. N. Chau and S. A. Schulz, “Selling versus leasing of durable
goods: the impact on marketing channels,” Journal of Mar-
keting Channels, vol. 21, no. 1, pp. 4–17, 2014.

[13] P. S. Desai and D. Purohit, “Competition in durable goods
markets: the strategic consequences of leasing and selling,”
Marketing Science, vol. 18, no. 1, pp. 42–58, 1999.

[14] X. H. Wang, L. F. Xie, Q. Dong, H. L. Liu, Y. P. Huang, and
Z. S. Liu, “A game-theory analysis of optimal leasing and
selling strategies of durable goods in duopoly markets,” Ca-
nadian Social Science, vol. 11, no. 4, pp. 127–135, 2015.

[15] S. R. Bhaskaran and S. M. Gilbert, “Implications of channel
structure and operational mode upon a manu-facturer’s
durability choice,” Production and Operations Management,
vol. 24, no. 7, pp. 1071–1085, 2015.

[16] Y. Xiong, W. Yan, K. Fernandes, Z. K. Xiong, and N. Guo,
““Bricks vs. Clicks”: the impact of manufacturer encroach-
ment with a dealer leasing and selling of durable goods,”
European Journal of Operational Research, vol. 217, no. 1,
pp. 75–83, 2012.

[17] S. R. Bhaskaran and S. M. Gilbert, “Implications of channel
structure for leasing or selling durable goods,” Marketing
Science, vol. 28, no. 5, pp. 918–934, 2009.

[18] S. S. Kalantari, M. Esmaeili, and A. A. Taleizadeh, “Selling by
clicks or leasing by bricks? A dynamic game for pricing
durable products in a dual-channel supply chain,” Journal of
Industrial and Management Optimization, no. 1, pp. 1–32,
2021.

[19] V. V. Agrawal, M. Ferguson, L. B. Toktay, and V. M. )omas,
“Is leasing greener than selling?”Management Science, vol. 58,
no. 3, pp. 523–533, 2012.

[20] V. Agrawal, A. Atasu, and S. Ülkü, “Leasing, modularity, and
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Green development is an important connotation of high-quality development and is one of the goals of scienti�c and tech-
nological innovation.­is study constructs a data-driven measurement model of the green development e�ciency of regional sci-
tech �nance, measures the green development e�ciency of sci-tech �nance by using the super-slack-based measure model, and
deeply analyses and evaluates the changes in green development e�ciency of regional sci-tech �nance by calculating Malmquist
index. ­is study calculates the green development e�ciency of sci-tech �nance in the Yangtze River Delta. Results show that the
green development e�ciency of sci-tech �nance in the Yangtze River Delta is on the rise as a whole andmaintains an e�cient state,
but di�erences are observed between provinces and cities. ­is study provides theoretical and methodological support for the
evaluation of the green development e�ciency of regional sci-tech �nance and serves as reference for policy makers and re-
searchers of sci-tech �nance.

1. Introduction

1.1. Background. Under the background of the increasing
pressure on global resources and the deterioration of the
ecological environment, the United Nations Conference on
environment and development proposed the “concept of
sustainable development.” ­en, major economies around
the world vigorously implement the “Green Deal” to de-
termine a new economic development model with the
“green” relationship between long-term stable growth,
resource consumption, and environmental protection. ­e
European Commission issued the European Green
agreement in December 2019, aiming to build a modern
economic system in which economic growth is decoupled
from resource consumption. In March 2020, the European
Commission issued the action plan for the new circular
economy. ­e core content is applying the concept of the
circular economy throughout the product life cycle to
reduce resource consumption. ­e US federal government
headed by Obama adopted the “Green Deal” to promote the

circular economy, encourage relevant technological in-
novation, and rely on science and technology to promote
the coordinated development of the environment and
economy. Since 2017, with the high-quality transformation
of China’s economic growth momentum from factor in-
vestment driven to innovation driven, China’s economy
has developed from high-speed to high-quality develop-
ment. ­e implementation of green development strategy
through technological innovation has become a key
measure to achieve the goal of sustainable development [1].
Green development needs scienti�c and technological
support in a wide range of �elds, and innovation has be-
come the leading force for countries to accelerate green
transformation and improve resource e�ciency. ­e
adoption and dissemination of innovation by enterprises
are the key pillar of the national resource e�ciency strategy
and the development of circular economy [2].

Scienti�c and technological innovation begins with
technology, and success depends on capital. Sci-tech �nance
cooperates the two elements of scienti�c and technological

Hindawi
Mathematical Problems in Engineering
Volume 2022, Article ID 3408342, 13 pages
https://doi.org/10.1155/2022/3408342

mailto:sxylhj@ahszu.edu.cn
https://orcid.org/0000-0003-2014-9331
https://orcid.org/0000-0001-5861-2630
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/3408342


innovation and modern finance, serves scientific and
technological innovation through modern finance, and then
promotes scientific and technological progress. Sci-tech fi-
nance promotes innovative development, combines with
green development, and brings economic and environ-
mental returns at the same time. Comprehensively and
effectively improving the green development efficiency of
sci-tech finance is an important means of sustainable eco-
nomic development and is the guarantee of high-quality
economic development.

1.2. Literature Review. Green development is a green con-
cept and connotation. It is a mode of economic growth and
social development aimed at efficiency, harmony, and sus-
tainability. Its essence is the coordination and unity of
economy, population, resources, and environment [3].
-erefore, measuring the efficiency level of green develop-
ment and exploring the influencing factors of green de-
velopment have become the focus of scholars. Green
development efficiency is the key index to measure green
development. It can comprehensively evaluate the resource
utilisation efficiency and resource and environmental con-
sumption in economic development. Scholars mainly
measure the efficiency of green development through data
envelopment analysis (DEA)model [4], slack-basedmeasure
(SBM) model [5], super-SBM model [6], and SBM-DEA
model [7]. However, the traditional DEA model ignores
relaxation variables and cannot sort and distinguish the
efficiency values of effective decision-making units at the
same frontier. -e super-SBM model and undesirable SBM
model are widely used because they can effectively solve
these limitations [8]. Scholars have explored the effects on
green development from the aspects of environmental
regulation [9], scientific and technological innovation, re-
search and development (R&D) investment [10], industrial
structure [11], urbanisation and marketisation [12], energy
[13], foreign investment [14], financial development [15],
manufacturing [16], and machine processes [17].

Green development needs the support of technological
innovation. Yin et al. pointed out that technological inno-
vation plays important strategic roles in green growth [18].
Zhang and Liu believed that advancing ahead in both
technical conversion and scientific innovation efficiency
should be the best path of green development [19]. Feng et al.
proposed that financial development is an important driving
force for promoting green technology innovation [20]. Fang
and Shao [21] and Wang [22] reached the same conclusion
in their research. Ye et al. research showed that the positive
effect of the finance on green development by supporting
green technology innovation is significant in eastern China
[6]. However, Wang and Wang pointed out that insufficient
investment in scientific and technological innovation is an
important bottleneck factor limiting green development
[23].

Sci-tech finance is the key to solve the investment in
scientific and technological innovation. Sci-tech finance can
optimise the allocation of resources, promote more capital
flow to science and technology innovation enterprises or

R&D institutions, and provide financial guarantee for green
innovation [24], so as to alleviate their financing constraints
[25] and improve the efficiency of green innovation by
shortening the innovation cycle, dispersing or reducing
innovation risks [26]. Large financing capacity can promote
the formation of capital, make capital large-scale, and then
promote the improvement of regional green innovation
efficiency. As two systems [27], the combination effect of sci-
tech finance affects the level of scientific and technological
innovation [28]. Chen et al. studied the integration efficiency
of sci-tech finance in Heilongjiang Province and found that
financial structure and scientific and technological inno-
vation affect and restrict each other, and a win-win rela-
tionship is observed between scientific and technological
innovation and financial capital [29]. Research on the effi-
ciency of sci-tech finance has become the focus to further
promote the high-quality integration of financial industry
and science and technology industry. Scholars mainly es-
tablish different evaluation index systems to measure the
efficiency of sci-tech finance through DEA model [30, 31]
and cat-o-c and cat-o-v models [32]. Li and Wen estimated
the allocation efficiency of scientific and technological fi-
nancial resources in 27 provinces and regions in China and
considered that the overall allocation efficiency does not
reach the effective state of resource allocation [33]. Qi et al.
measured the allocation efficiency of scientific and tech-
nological financial resources in Hubei Province and found
that the problem of low allocation efficiency of scientific and
technological financial resources in Hubei Province is the
low value of pure technical efficiency and small effect on
scale efficiency [34]. Empirical research shows that the ef-
ficiency level of sci-tech finance is affected by the govern-
ment and its policies, venture capital companies [35], human
capital [36], infrastructure environment, education funds
[37], the proportion of direct financing, and the incubation
capacity of science and technology business incubators [38].
Da Fonseca, RS pointed out that the governments continue
to play a critical and determining role in science, technology,
and innovation financing whether through financial in-
centives, fiscal incentives, or a mix of both.

1.3. Study Limitations. On the basis of the analysis of the
above research results, domestic and foreign scholars have
made great progress in the research of sci-tech finance and
green innovation efficiency. However, some limitations are
still observed as follows: (1) Sci-tech finance investment
improves the production efficiency of enterprises, forms
industrialised economic achievements, and plays a positive
role in reducing energy consumption and pollution emission
in the production process and improving the ecological
environment. -erefore, the evaluation index of sci-tech
financial efficiency must be further improved, so as to ob-
jectively evaluate the efficiency of sci-tech finance. (2) -e
traditional DEA model ignores the relaxation variable,
cannot sort and distinguish the efficiency value of the same
frontier effective decision-making unit, and ignores the key
variable of undesirable output, leading to the distortion of
the efficiency measurement results of sci-tech finance, and
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cannot reflect the green innovation effect of sci-tech finance.
-erefore, a data-driven efficiency evaluation model with
undesirable output must be built. (3) Correctly evaluating
the efficiency level of regional sci-tech finance, showing the
effect of sci-tech finance in promoting green economic
development, revealing the influencing factors of green
development of sci-tech finance, and providing targeted
opinions are of great practical importance for improving the
use efficiency of sci-tech financial resources and realising
green economic development.

1.4. )eoretical Value and Practical Importance. -is study
establishes a new evaluationmodel of the green development
efficiency of regional sci-tech finance and takes the Yangtze
River Delta (YRD) as an example. -is research has theo-
retical and practical importance. -eoretical significance
includes measuring the green development efficiency of sci-
tech finance from the perspective of data-driven and further
improving the theoretical research content of sci-tech fi-
nance. -e efficiency index system of sci-tech finance
established in this study includes economic output and
knowledge output and considers the output of ecological
environment. Amore comprehensive index system is helpful
to measure the efficiency of sci-tech finance more objec-
tively.-e data-driven evaluation method is helpful to reveal
the influencing factors of the efficiency of sci-tech finance
more scientifically and accurately. It expands the research
scope of sci-tech finance. Practical significance includes
analysing the main factors affecting the green development
efficiency of sci-tech finance and providing a feasible path
for the green transformation and upgrading of science and
technology enterprises through data-driven evaluation.
-ese processes can provide policy suggestions for national
policy makers to optimise the external environment of sci-
tech finance and realise the coordinated development of
economy and ecology under the green development back-
ground of regional economy.-ey also provide direction for
financial institutions to further optimise the allocation of sci-
tech financial resources, reform financial services, and
provide research reference for relevant researchers.

1.5. Overview. -e framework of this study to achieve the
above research objectives is as follows: the first part is the
introduction. -e second part is the method, which mainly
includes data-driven data collection, data model, data
analysis, and application. -e third part is the case analysis.
Taking the YRD as an example, this study calculates the
green development efficiency of sci-tech finance in three
provinces and one city in the YRD and decomposes the total
factor productivity (TFP). -e fourth part is the conclusion.

2. Methods

-is part introduces the data-driven green development
efficiency measurement of regional sci-tech finance, in-
cluding method process, data collection, data model, data
analysis, and application.

2.1. Method and Process. As the initiative of scientific and
technological innovation, sci-tech finance is the key factor to
accelerate the green development of economy. Measuring
the green development efficiency of sci-tech finance is of
great importance to regional sustainable development. How
to effectively and objectively measure the efficiency of green
development is the focus of evaluating the effectiveness of
the allocation of sci-tech financial resources. -is study uses
the super-SBM model and Malmquist index to investigate
the current situation of the green development efficiency of
regional sci-tech finance and proposes policy suggestions to
improve the green development efficiency of sci-tech finance
and implement the concept of green development as shown
in Figure1.

2.2. Evaluation Index. -e selection of input and output
indicators determines the scientificity and accuracy of ef-
ficiency evaluation to measure the green development effi-
ciency of sci-tech finance. Following the principle of
representativeness and availability, this study draws lessons
from Li (2019) and Zhao (2020) by focusing on the input and
output of sci-tech finance. Twelve important indicators with
high interpretation of input and output are selected to es-
tablish the evaluation system of the green development
efficiency of sci-tech finance. -e details are shown in
Table 1.

In accordance with the factors, the investment resources
of sci-tech finance can be divided into three aspects: policy
input, personnel input, and capital input. -is study selects
personnel input and capital input as the primary indicators
of sci-tech finance input because the policy input is difficult
to quantify. -e input indexes of sci-tech finance are based
on the views of Zhao et al. [39, 40], R&D personnel
equivalent to full-time equivalent are selected for personnel
input, and R&D internal expenditure, financial sci-tech
expenditure, and financial market support are selected for
capital input. Financial market capital support includes bank
credit, venture capital, science and technology insurance,
and other capital market capital sources. -e financial
market supports scientific and technological innovation
through scientific and technological loans of financial in-
stitutions, securities markets, venture capital, scientific and
technological insurance, and others. -e support of the fi-
nancial market in science and technology innovation is
mainly the science and technology loans of financial insti-
tutions. -erefore, this study selects the proportion of re-
gional loans in deposits to reflect the support of funds in the
financial market for science and technology innovation.

Sci-tech finance aims to promote scientific and tech-
nological development, promote the transfer and transfor-
mation of scientific and technological achievements, and
accelerate the formation of industrialisation. -erefore, the
direct output of sci-tech finance includes economic benefits
and intellectual property rights. According to Qi et al.
[34, 41], the economic output indicators are the turnover of
technology market, the sales revenue of new high-tech
products, and the operating revenue of high-tech industry.
-e three indicators are the direct expression of the
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transformation of scientific research achievements into
money and reflect the economic benefits of sci-tech finance
to a certain extent. -e main retrieval tools for knowledge
output include scientific papers and invention patent
authorisation as secondary indicators. Sci-tech financial
input is bound to be accompanied by undesirable output,
such as effectively reducing energy consumption and pol-
lution emissions in the production process.-is study selects
waste water, waste gas, and waste residue as the undesirable
output index.

On the basis of the reliability and availability of data, this
study collects and arranges the panel data of sci-tech finance
input and output in Anhui Province, Zhejiang Province,

Jiangsu Province, and Shanghai from 2010 to 2018. All data
are derived from China Statistical Yearbook [42] and the
statistical yearbook of three provinces and one city in the
YRD [43–46]. -e data of 2016 and 2018 are obtained
through the arithmetic average method due to the lack of the
operating income data of high-tech industry in 2017.

2.3. Data Modelling

2.3.1. Super-SBM Model with Undesirable Output. DEA is a
nonparametric efficiency analysis method proposed by fa-
mous American operational research scientists Charnes,

Data driven

Data collection

Data modeling

Data analysis
and method
application

Evaluation/
analysis

Innovative
practice

Research contents

Personnel input and capital input
Economic output, knowledge output and
ecological output

Super-SBM model
Formula:

Efficiency level
Comparative analysis

Malmquist index

Method flow

Scope and data

Analyze the
level of

efficiency

Analyze the
current situation
of development

Measurement
structure and
change trend

Positioning and
policy Recom-

mendations

MI EC TC PEC SEC
Anhui Province 
Jiangsu Province 
Zhejiang Province 
Shanghai City 
Mean 

1.0619
1.0100
1.0489
1.0186
1.0346

1.1241
1.0012
1.0013
0.9694
1.0223

0.9447
1.0088
1.0476
1.0508
1.0120

1.0000
1.0069
1.0083
1.0000
1.0038

1.1241
0.9943
0.9931
0.9694
1.0185

Figure 1: Method flow.

Table 1: Input-output indicators of the green development efficiency of regional sci-tech finance.

Primary index Secondary index Tertiary index

Input in sci-tech finance Input index

Personnel input Full-time
equivalent of R&D personnel (x1)

Capital input
R&D internal expenditure (x2)

Financial sci-tech expenditure (x3)
Financial market support (x4)

Output in sci-tech
finance

Expected output index

Economic output
Technology market turnover (y1)

Sales revenue of high-tech new products (y2)
Operating income of high-tech industry (y3)

Knowledge
output

Number of invention patents authorised (y4)
-e main retrieval tools include scientific and technological

papers (y5)

Undesirable output
index Ecological output

Waste water (y6)
Waste gas (y7)

Waste residue (y8)
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Cooper, and Rhodes. It can be used to evaluate the relative
efficiency of multiple decision-making units (DMUs) with
multiple inputs and outputs. DEA can decompose the
original complex system into submodules, so as to explore
the low efficiency of submodules. Combined with the in-
sufficient output, the key crux of the low efficiency of the
total system can be found. However, the traditional DEA
model ignores the relaxation variables, radial deviation, and
the influence of external environment, thereby making the
measured efficiency deviate from the actual efficiency. Tone
put the relaxation variable into the objective function and
proposed a nonradial SBM model with undesirable output
based on the relaxation variable [47]. However, the tradi-
tional SBM model cannot distinguish and sort multiple
equally effective units. -us, Tone proposed the super-SBM
model [48] in 2002 to solve this problem. Compared with
other DEA models, super-SBM model has obvious advan-
tages. Firstly, super-SBM model solves the problem of
nonzero relaxation of input or output that cannot be solved
by the traditional DEA model and considers the relaxation
variable as much as possible when calculating efficiency.
Secondly, the super-SBM model allows the efficiency value
to be greater than or equal to 1. When there are multiple

effective DUMs, they can be sorted. -erefore, the super-
SBMmodel can achieve the complete evaluation and sorting
of DUMs. Referring to this method, this study selects the
super-SBM model to measure the green development effi-
ciency of regional sci-tech finance.

-e basic principle is as follows: suppose that n DMUs
are found, and m inputs, s expected outputs, and k unde-
sirable outputs are obtained for each DMU. Assuming that
the input, expected output, and undesirable output vectors
of each DMU are expressed as x ∈ Rm, yg ∈ Rs, and yb ∈ Rk,
respectively, the matrix can be defined as follows:

X � x1, . . . , xn( 􏼁 ∈ R
m×n

Y
g

� y
g
1 , . . . , y

g
n( 􏼁 ∈ R

s×n

Y
b

� y
b
1, . . . , y

b
n􏼐 􏼑 ∈ R

k×n

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (1)

Suppose x> 0, yg > 0 , and yb > 0; the production pos-
sibility set is defined as follows: p � (x，yg，yb)|x≥Xλ,􏼈

yg ≤Ygλ, yb ≥Ybλ, λ≥ 0}.
-e super-SBM model with undesirable output can be

obtained as follows:

min ρ �
1/m 􏽐

m
I�1 x/Xij􏼐 􏼑
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s.t.
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xijλj
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0 , Y
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0, λj ≥ 0,

i � 1, 2, . . . , m; j � 1, 2, . . . , n; t � 1, 2, . . . , s; r � 1, 2, . . . , k.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

ρ is the calculated green development efficiency value of sci-
tech finance. When 0< ρ< 1, the green development effi-
ciency of regional sci-tech finance is in an invalid state.
When ρ≥ 1, the green development efficiency of regional sci-
tech finance is in an effective state, and the greater the ρ
value, the greater the green development efficiency of sci-
tech finance, and the higher the green development level of
sci-tech finance.

2.3.2. Malmquist Index. -e green development efficiency of
sci-tech finance calculated by the super-SBM model is a
static description, and Malmquist model can dynamically
analyse the changes in the green development of sci-tech
finance.-erefore, this study selects Malmquist index model

to supplement and improve the analysis of the efficiency of
sci-tech finance.

Malmquist productivity index was proposed by Malm-
quist, a Swedish scholar. Subsequently, some scholars ap-
plied it to measure productivity change. -e construction of
Malmquist index is based on the distance function. -e
change in technical efficiency is analysed from a dynamic
point of view through the comparison of distance functions.
-erefore, the Malmquist productivity index from period t
to period t+ 1 is as follows:

MI � Mi x
t
, y

t
, x

t+1
, y

t+1
􏼐 􏼑 � M

t
× M

t+1
􏼐 􏼑

1/2

�
Dt

i xt+1, yt+1( 􏼁

Dt
i xt, yt( 􏼁

×
Dt+1

i xt+1, yt+1( 􏼁

Dt+1
i xt, yt( 􏼁

􏼠 􏼡

1/2

.

(4)
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MI reflects the changes in total factor productivity in the
green development of sci-tech finance. MI> 1 indicates that
the green development efficiency of sci-tech finance is im-
proved. MI< 1 indicates that the green development effi-
ciency of sci-tech finance decreases. MI� 1 indicates that the
green development efficiency of sci-tech finance remains
unchanged.

-e use of Malmquist index to analyse the green de-
velopment efficiency of regional sci-tech finance can also

decompose the total factor productivity, so as to further
observe whether the investment decision of sci-tech finance
is correct or not and explore the reasons for the differences
in resource allocation efficiency. Total factor productivity
(TFP) is decomposed into technical progress change index
(TC) and technical efficiency change index (EC), and EC is
further decomposed into the product of pure technical ef-
ficiency index (PEC) and scale efficiency index (SEC).

Total Factor Productivity(TFP) � Technical Efficiency(EC) × Technical Progress(TC), (5)

Technical Efficiency(EC) � Pure Technical Efficiency(PEC) × Scale Efficiency(SEC). (6)

EC is used to measure the efficiency change in a DMU.
EC> 1 indicates that the efficiency of DMU is improved,
whereas EC< 1 indicates that the efficiency of DMU is re-
duced. TC is used to measure the technical change in a DMU
from t period to t+ 1 period.

2.4.DataAnalysis andApplication. -is research is based on
the measurement of the green development efficiency of
regional sci-tech finance driven by data. -e specific data
analysis and application are as follows:

Firstly, we construct the input-output index of the
green development of regional sci-tech finance, calculate
the green development efficiency of regional sci-tech fi-
nance by using the super-SBM model, and analyse its
change trend.

Secondly, we use the super-SBM model to calculate the
efficiency of regional sci-tech finance (excluding undesirable
output) and compare it with the green development effi-
ciency of regional sci-tech finance.

-irdly, we use the Malmquist index to analyse the
dynamic changes in green total factor productivity of re-
gional sci-tech finance and identify themain factors affecting
the improvement of green development efficiency of re-
gional sci-tech finance in accordance with the decomposi-
tion of the green total factor productivity of regional sci-tech
finance.

Finally, we propose policy suggestions to improve the
green development efficiency of regional sci-tech finance in
accordance with the above analysis.

-e steps are shown in Figure 2.

3. Case Study

-is study takes the YRD as an example, collects and sorts
out the data in accordance with the input-output indicators
of the green development of regional sci-tech finance, and
measures and evaluates the green development efficiency of
sci-tech finance in the YRD by using the super-SBM model
and Malmquist index to prove the effectiveness of the
proposed method.

3.1. Case Study Background. -e YRD includes Shanghai,
Jiangsu Province, Zhejiang Province, and Anhui Province.
-e YRD is one of the regions with the most active economic
development, the highest degree of openness, and the
strongest innovation ability in China. It is also a major
strategic growth pole of China’s economic development. In
2020, the gross domestic product (GDP) of the YRD ranked
fifth in the world. In 2021, the GDP of the YRD reached 27.6
trillion Yuan, accounting for 24% of China’s total economy.
-e high-speed economic growth and high-quality devel-
opment of the YRD promote the construction of China’s
modern economic system and help the YRD become the
growth pole of the global economy, which is of great im-
portance to the high-quality development of the world
economy.

Under the integrated development strategy of the YRD,
scientific and technological innovation, as one of the driving
forces of economic development, is extremely important.
Strengthening the integration of regional innovation in the
YRD and building a science and technology innovation
community in the YRD have a strong demand for sci-tech
finance. However, the development of the YRD is restricted
by resources and environment, so the green development of
sci-tech finance in the YRD has high research value.

3.2. Results

3.2.1. Measurement of Sci-Tech Financial Efficiency in the
YRD. -is study uses Maxdea Ultra 7.0 software to calculate
the green development efficiency of sci-tech finance in the
YRD from 2010 to 2018 without considering the output lag.
In the follow-up research, this study chooses to measure the
green development efficiency of regional sci-tech finance
under the condition of constant return to scale. Some of the
results are shown below.

In accordance with the green development efficiency
value, the green development level can be defined, and the
green development efficiency level can be analysed vertically.
Green development efficiency value greater than or equal to
1 indicates extremely high efficiency. Green development
efficiency value greater than 0.6 indicates high efficiency.
Green development efficiency value less than 0.6 indicates
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low efficiency. As shown in Figure 3, from 2010 to 2018, the
average green development efficiency of sci-tech finance in
three provinces and one city in the YRD reached high ef-
ficiency. -e green development efficiency of sci-tech fi-
nance in Zhejiang, Jiangsu, and Shanghai fluctuated and is
greater than 1.-e efficiency value of the green development
of sci-tech finance in Anhui Province is in a rapid rising
stage from 2010 to 2016, whereas it is in a volatile rise from
2016 to 2018. On the whole, the overall green development
level of sci-tech finance in Anhui Province improved
significantly.

In comparison, Anhui Province has the highest degree of
improvement in the green development efficiency of sci-tech
finance, from 0.4031 in 2010 to 1.0278 in 2018, an increase of
0.6247. Jiangsu Province and Zhejiang Province are rela-
tively stable and have been in a state of high efficiency.
Shanghai showed a slow downward trend in the green de-
velopment efficiency of sci-tech finance, which decreased by
0.5575 from 2.0075 in 2010 to 1.45 in 2015 and reached the
lowest level in 2015. -is finding indicated that although the
utilisation efficiency of sci-tech financial resources remained
efficient, the utilisation capacity of resources decreased.
From 2015 to 2018, the green development efficiency value of
sci-tech finance in Shanghai increased slightly but did not
reach the previous level.

On the whole, significant differences are observed in the
green development efficiency of sci-tech finance among the
three provinces and one city in the YRD. Shanghai has the
highest green development efficiency of sci-tech finance,
followed by Jiangsu Province, Zhejiang Province, and Anhui
Province. As the largest economic centre in China, Shanghai
has a high level of economic development. Its industries are
mainly modern manufacturing and high-tech industries.
-erefore, the green development efficiency of sci-tech fi-
nance is extremely high. -e investment in sci-tech finance

in Jiangsu Province ranks first in the YRD. However, the
ability of scientific and technological innovation is weaker
than that in Shanghai because the secondary industry is the
leading industry in Jiangsu Province. Anhui Province is
relatively late in development than Jiangsu and Zhejiang,
and its scientific and technological innovation ability is
weak, resulting in the low efficiency of the green develop-
ment of sci-tech finance. However, in recent years, the
economy of Anhui Province has developed rapidly, resulting
in the rapid improvement of the green development effi-
ciency of sci-tech finance.

3.2.2. Comparative Analysis. To deeply understand the
green development efficiency level of regional sci-tech fi-
nance, this study performs a comparative analysis between
the green development efficiency of sci-tech finance con-
sidering ecological output and the traditional sci-tech fi-
nance efficiency without considering undesirable output, as
shown in the figure below.

From Figure 4, we can see that in general, the green
development efficiency of sci-tech finance considering en-
vironmental pollution in Anhui Province, Jiangsu Province,
and Zhejiang Province is lower than that without envi-
ronmental pollution. -is shows that the emission of en-
vironmental pollutants, such as “three wastes,” is one of the
reasons affecting the efficiency level of regional sci-tech fi-
nance. -is condition indicates that distortion occurs in the
evaluation of sci-tech finance efficiency without considering
environmental pollution. By contrast, significant differences
are observed in the effects of environmental factors on the
efficiency of sci-tech finance in three provinces and one city
in the YRD. Jiangsu Province is the most affected, followed
by Zhejiang Province and Anhui Province, and Shanghai is
unaffected. -e main reason is that the tertiary industry in

Research on
data-driven

green
development

efficiency
evaluation of
regional sci-
tech finance

Construction of
input-output

evaluation index
system

Super-sbm and
Malmquist

analysis

Policy
suggestion

Input and
output

indicators

Super-SBM
model

Malmquist
index

Technical
efficiency

Technical
progress
efficiency

Pure
technical
efficiency

Scale
efficiency

Idenitify the
main

influencing
factors of sci-
tech finance

Measure the green
development

efficiency
level of sci-
tech finance

Measure
efficiency

level

Comparative
analysis

Figure 2: Data analysis and application.
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Shanghai accounts for about 80% of the industrial structure,
and the industry is also dominated by modern
manufacturing and high-tech industries. Shanghai has a
high technology transformation effect and is relatively
leading in promoting environmental improvement through
technological innovation. -e secondary industry is the
leading industry in Jiangsu Province, and its environmental
protection ability is weaker than that of Shanghai. -erefore,
the efficiency of sci-tech finance is obviously affected by
environmental factors.

3.2.3. Dynamic Evolution of the Green Development Effi-
ciency of Sci-Tech Finance in the YRD. -is study uses the
panel data of three provinces and one city from 2010 to 2018
and applies the Malmquist index model to further explore
the change in the green development efficiency of sci-tech
finance over time. -ese processes are performed to more
comprehensively analyse the development trend of sci-tech
finance in the YRD. -e Malmquist index and its decom-
position value of three provinces and one city in the YRD are
calculated on Maxdea Ultra 7.0 software. -e calculation
results are as follows.

As shown in Figure 5, on the whole, the average value of
MI in the YRD fluctuates around 1, indicating that the
overall efficiency of the green development of sci-tech fi-
nance in the YRD is unstable. Specifically, from 2010 to 2015,
the green development efficiency of sci-tech finance in the
YRDwas in an upward trend, peaked in 2015, decreased, and
exhibited an inflection point in 2017.-e technical efficiency
of sci-tech finance in the YRD during the study period is
greater than 1, and the technical progress index is less than 1
in 2011, 2013, and 2017 by further decomposing MI. -is
finding shows that the convergence between the progress of
technical efficiency and the change in MI is higher.

As shown in Figure 6, from the perspective of three
provinces and one city, from 2010 to 2018, the dynamic
efficiency of science and technology finance in Anhui
Province improved the fastest, with an average increase of
6.19%, followed by Zhejiang Province, with an average
growth rate of 4.89%, and Jiangsu Province and Shanghai
have an average growth rate of less than 2%. -is finding
shows that Jiangsu Province and Shanghai have been
growing slowly due to the high efficiency of the green de-
velopment of sci-tech finance and the less room for progress
than Anhui Province and Zhejiang Province. Anhui Prov-
ince and Zhejiang Province have lagged behind Jiangsu
Province and Shanghai in economy and technology. In
recent years, the national YRD regional strategy has greatly
improved their economic development level, industrial
structure, and resource allocation. -erefore, the green
development efficiency of sci-tech finance has been im-
proved rapidly.

-e further decomposition of the index of three prov-
inces and one city shows that the reasons for the rapid
growth of the green development efficiency of sci-tech fi-
nance in Anhui Province and Zhejiang Province are dif-
ferent. -e driving force for the rapid growth of the green
development efficiency of sci-tech finance in Anhui Province

is the technical efficiency (EC� 1.1241), contributing a
growth rate of 12.41%, and the driving force of Zhejiang
Province is the technical progress (TC� 1.0476), contrib-
uting a growth rate of 4.76% compared with the technical
efficiency (EC� 1.0013).

To sum up, this study uses the super-SBM model with
undesirable output and Malmquist index to explore the
characteristics of the green development efficiency of sci-
tech finance in three provinces and one city in the YRD from
2010 to 2018 from the two dimensions of time series dy-
namic evolution and influencing factors and draws the
following conclusions: (1) -e green development efficiency
of sci-tech finance in the YRD shows an upward trend as a
whole, but the efficiency of sci-tech finance in three prov-
inces and one city is different. Shanghai, Jiangsu Province,
and Zhejiang Province have maintained high efficiency,
whereas Anhui Province has developed rapidly from low
efficiency to high efficiency. (2) -e emission of environ-
mental pollutants is one of the reasons affecting the effi-
ciency of regional sci-tech finance. (3) On the whole, except
for 2010–2011 and 2016–2017, the Malmquist index is
greater than 1. -e changes in technological progress and
technological and financial efficiency are the same, but the
speed of the technological progress of three provinces and
one city is different. Anhui Province has made rapid
progress and gradually narrowed the efficiency gap in sci-
tech finance with other provinces and cities.

3.3. Policy Suggestions. On the basis of the above research
conclusions, the policy suggestions to optimise the efficiency
of financial resource allocation and further improve the
green development efficiency of sci-tech finance in the YRD
are proposed as follows.

3.3.1. Further Improve Scientific and Technological
Innovation. In accordance with Table 2, the average green
development efficiency of sci-tech finance in Shanghai is
1.5695, and the average green development efficiency of sci-
tech finance in Anhui Province is 0.7656. -e main reason
for such a large difference is that Shanghai’s scientific and
technological innovation ability exceeds that of Anhui
Province and is in the centre of the YRD.-erefore, we must
improve the ability of regional science and technology in-
novation to improve the green development efficiency of
regional sci-tech finance. On the one hand, scientific and
technological innovation promotes the adjustment of in-
dustrial structure, so as to promote the development of high-
tech industries, especially low-carbon industries, and help
further control the emission of pollutants. On the other
hand, technological progress brings sustainable and rapid
economic development, which helps to promote the effi-
ciency of sci-tech finance. -e government should support
enterprises to further improve scientific and technological
innovation and technology and abandon or upgrade en-
terprises with high pollution and high investment whilst
increasing the support of scientific and technological in-
novation investment. -e investment of sci-tech finance
must focus on the rational allocation of energy and the
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protection of ecological environment, so as to truly realise
the high-quality development of economy.

3.3.2. Promote the Construction of a Regional Ecological
Integrated Governance System. In accordance with Figure 7,
undesirable outputs reduce the green development efficiency
of regional sci-tech finance. -erefore, to improve the green
development efficiency of regional sci-tech finance and
achieve a win-win situation in regional economic devel-
opment and ecological environment, we must improve the
expected output and reduce the total amount of undesirable
output. Ecological problems have the characteristics of
diffusion and externality, and it is inevitable to promote the
construction of a regional ecological integrated governance
system. Based on firmly establishing the concept of green
development, we should establish a unified and authoritative
regional ecological supervision organization, formulate
unified environmental testing standards and environmental
law enforcement, and fully mobilize the enthusiasm of the
public, social organizations, and enterprises to participate in
ecological construction (see Figures 3–6).

3.3.3. Seek Common Ground Whilst Reserving Differences in
Regional Management. From the above analysis, the reasons
for promoting the efficiency growth of the green develop-
ment of sci-tech finance in regional provinces and cities are
different. -e driving force for the rapid growth of the green
development efficiency of sci-tech finance in Anhui Province

depends on the technical efficiency (EC� 1.1241), the
driving force of Zhejiang Province and Shanghai is the
technological progress (TC is 1.0476 and 1.0508, respec-
tively), and a small gap is observed between the technical
efficiency and the contribution of technological progress in
Jiangsu Province. Based on the different resource endow-
ments and scientific and technological innovation capabil-
ities of provinces and cities, we should emphasize the
scientific and technological level and scientific and tech-
nological innovation capability and pay attention to the
differentiation of regional sci-tech financial management at
the current stage to achieve regional green development. For
example, Anhui provincial government should focus on
accelerating technological efficiency, whilst Zhejiang Prov-
ince and Shanghai should focus on improving the level of
technological progress.

3.4. Discussion and Management Enlightenment.
Compared with the existing literature [34, 35], this study has
the following advantages. Firstly, this study further improves
the evaluation index of regional sci-tech financial efficiency.
On the basis of the traditional sci-tech financial efficiency
evaluation index, this study adds ecological output as un-
desirable output, which can more objectively evaluate the
effects of regional sci-tech financial investment on scientific
and technological innovation and ecological environment.
Secondly, the super-SBM model and Malmquist index are
used tomeasure the green development efficiency of regional
sci-tech finance and analyse the level and timing changes in

Table 2: Average Malmquist index and its decomposition in three provinces and one city.

MI EC TC PEC SEC
Anhui Province 1.0619 1.1241 0.9447 1.0000 1.1241
Jiangsu Province 1.0100 1.0012 1.0088 1.0069 0.9943
Zhejiang Province 1.0489 1.0013 1.0476 1.0083 0.9931
Shanghai City 1.0186 0.9694 1.0508 1.0000 0.9694
Mean 1.0346 1.0223 1.0120 1.0038 1.0185

2010 2011 2012 2013 2014 2015 2016 2017 2018 Mean
Anhui Province 0.4031 0.5314 0.5648 0.5909 0.6829 1.0266 1.0456 1.0171 1.0278 0.7656
Jiangsu Province 1.2873 1.2486 1.2825 1.2856 1.2926 1.2808 1.3418 1.3351 1.2996 1.2949
Zhejiang Province 1.0285 1.0332 1.0245 1.0201 1.0213 1.0193 1.0228 1.0272 1.0396 1.0263
Shanghai City 2.0075 1.5902 1.4992 1.4755 1.4845 1.4500 1.5041 1.5490 1.5653 1.5695
Mean 1.1816 1.1008 1.0927 1.0930 1.1203 1.1942 1.2286 1.2321 1.2331 1.1641
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0.900
1.100
1.300
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Figure 3: Efficiency value of the green development of sci-tech finance in the YRD, 2010–2018.
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Figure 5: Malmquist index and its efficiency decomposition in the YRD, 2010–2018.
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the green development efficiency of sci-tech finance. -e
evaluation of sci-tech finance efficiency is more objective
and comprehensive, which is helpful to provide scientific
decision-making basis. Finally, this study proposes some
suggestions to improve science and technology innova-
tion technology and improve the regional green devel-
opment governance system to realise the sustainable
development of economy and environment from the
perspective of sci-tech finance, so as to make the decision
more targeted.

On the basis of the above research and conclusions, we
obtain the following management enlightenment.

(1) Under the background of green economic devel-
opment, regional differences require a set of sci-
entific and reasonable measurement and
evaluation index system of regional scientific,
technological, and financial efficiency. It is con-
ducive to grasp the situation of sci-tech finance
promoting scientific and technological innovation
and to understand the effects of scientific and
technological financial resource investment on the
ecological environment.

(2) -e measurement and evaluation of the green de-
velopment efficiency of regional sci-tech finance
must start from the dynamic and static aspects, so as
to better grasp and understand the current situation
and development trend of regional sci-tech finance
and provide a scientific basis for the formulation of
sci-tech finance policies in the future.

(3) In the context of big data, we can diagnose and find
problems through the establishment of models for
data analysis, thereby helping to drive the scienti-
ficity of decision-making. -erefore, research of
regional sci-tech finance should fully utilise big data
and analyse the innovation effect and ecological
effect of sci-tech finance more scientifically through
data driving.

4. Conclusion

Sci-tech finance is the key driving force to promote the high-
quality integrated development of regional economy and an
important factor to realise the sustainable development of
economy and environment.-erefore, the efficiency of sci-tech
finance and the efficiency of financial capital allocationmust be
further improved, and the deep integration of finance and
science and technology industry must be promoted.-is study
proposes a data-drivenmeasurement and evaluationmethod of
the green development efficiency of regional sci-tech finance,
which is calculated by the super-SBM model, is analysed by
Malmquist index, and provides targeted suggestions.

-e main innovations of this study are as follows: (1)
this study constructs the measurement index of the green
development efficiency of regional sci-tech finance. -e
input index of the index system consists of four input
indexes: R&D personnel converted into full-time equiva-
lent, internal expenditure of R&D funds, government
science and technology expenditure, and financial market
fund support, which cover the main sources of sci-tech
finance. -e output index consists of direct output and
undesirable output, where the direct output consists of
economic benefits and intellectual property rights, and the
three waste indexes are selected for the undesirable output.
-e input-output evaluation index system of the green
development efficiency of sci-tech finance is more com-
prehensive, and the evaluation of the efficiency of sci-tech
finance is more reliable. (2) -is study constructs a data-
driven evaluation of the green development efficiency of
regional sci-tech finance. -e evaluation process is more
objective, and the evaluation results are more credible. (3)
-e time series measurement and influencing factor
analysis of the green development efficiency of regional sci-
tech finance can comprehensively analyse the changes in
the green development efficiency of regional sci-tech fi-
nance, so as to provide a scientific decision-making basis
for the formulation of sci-tech finance policies.

Zhejiang
Province

Shanghai
City

Jiangsu
Province

Anhui
Province

Figure 7: Yangtze river delta.
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However, this study has some deficiencies: the selection
of indicators of the green development efficiency of sci-tech
finance needs to be further improved. -e effects of sci-tech
financial input on the ecological environment depend on the
existence of undesirable output and environmental input
factors, such as energy consumption and water resource
consumption.

-e evaluation of the green development efficiency of
regional sci-tech finance is a complex study. In the future
research, we will more comprehensively evaluate the dy-
namic changes in the green development efficiency of sci-
tech finance from the perspective of time sequence and
space, further improve the input-output index system of sci-
tech finance, and build a complete sci-tech finance system, so
as to explore the path for promoting the deep integration of
finance and scientific and technological innovation from a
more diversified perspective to promote high-quality inte-
grated development of regional economy.
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Appropriate sensor deployment is the key to the e�cient diagnosis of product variation. Yet, optimizing sensor placement in
complex manufacturing systems remains challenging. We propose a variation propagation analysis (VPA)-based sensor de-
ployment strategy for variation diagnosis in multistation assembly processes. A state-space model is employed to analyze the
in�uences of �xture faults and workpiece dimensional deviations on assembly variation. Based on matrix transformation,
the assembly variation propagation characteristics are quanti�ed and a VPN-based causal graph is constructed to represent the
causality between assembly variation and sensor measurement. To ensure the diagnosability of over-tolerance of assembly
variation (OAV) and the economics of the sensor system, an optimal sensor deployment scheme is presented. It uses the enhanced
shu�ed frog-leaping algorithm to minimize the OAV unobservability per unit cost and the sensor cost under the constraint of
detectability. Finally, the e�ectiveness of the proposed approach is illustrated by a case study of sensor deployment for variation
diagnosis in a multistation automobile di�erential assembly process.

1. Introduction

In the multistation assembly processes used in current
manufacturing industries, variation diagnosis is an impor-
tant issue that remains to be solved. In product assembly
processes, condition monitoring based on distributed sensor
networks (DSNs) is an e�ective and reliable way to ensure
the assembly quality of product parts. In multistation as-
sembly processes, �xture failure is the main source of di-
mensional variation in assembled parts [1], especially in the
automotive and aerospace industries, where about 70% of
product assembly variations are caused by �xture failure [2].
­erefore, in multistation assembly processes, an e�ective,
real-time strategy is needed to monitor the sources of
variation that cause product assembly quality defects, so as
to e�ectively diagnose and control product variation.

In complex multistation assembly processes, product
variation diagnosability depends on the ability of sensors to
determine abnormal states in the system [3]. However, this is
constrained by many aspects, such as the assembly process,

the sensor characteristics and arrangement, and the char-
acteristics of the variation sources. Improper sensor place-
mentmay fail to provide su�cient and accurate data, thereby
reducing the diagnostic capabilities of the system. Although a
saturated sensor arrangement can e�ectively overcome this, it
may produce a large amount of irrelevant or con�icting data,
increasing the di�culty of data processing [1] and reducing
system diagnosability. For this reason, there has been much
research on optimizing sensor arrangements for condition
monitoring during assembly processes.

Initial sensor placement strategies for variation diagnosis
mainly focused on single-station placement. Khan et al. [4]
proposed an optimized sensor arrangement for fault iden-
ti�cation in automobile body assembly �xtures. ­e �xture
design speci�cation was incorporated into the sensor �eld
plan to optimize the sensor arrangement for single-�xture
fault diagnosis and reduce the variation in automobile body
assembly. ­ey also proposed a multilayer, two-step, and
hierarchical optimized sensor arrangement based on Com-
puter Aided Design (CAD) assembly data for multi�xture
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fault diagnosis during stamped part assembly processes,
which improved the multifixture fault diagnosability by
maximizing the minimum single-fixture diagnosis vector
norm [5]. Liu et al. [6] proposed a causal network approach to
characterize the causal relationship between assembly vari-
ation sources and measurement features. Based on a causal
network, they used information entropy to evaluate the
sensitivity of measurement features to the source of assembly
variation.-en, a sensor optimization algorithm was used to
obtain the minimum number of features and optimal sensor
arrangement for fully identifying the sources of assembly
variation. Li et al. [7] proposed a grey relational analysis
(GRA)-based quantitative causal diagram (QCD) sensor al-
location strategy, which considers the influence of the
propagation of fault risks. Fault-to-sensor and fault-to-fault
causal relationships are expressed by the QCD and the
propagation coefficients of fault risk, which are calculated by
GRA.However, they only considered sensors of a single type.
He et al. [8, 9] proposed a quantitative fuzzy bipartite graph
model to characterize the causal relationship between sensors
and fault/assembly variation sources. -e sensor layout is
optimized for condition monitoring of a single-station and
multistep manufacturing process by efficiently integrating
sensor and fault/variation source features into cause-and-
effect diagrams. However, this approach is limited by the
single-station sensor layout and a lack of systematic analysis
of the inherent causal relationships between various fault/
variation sources.

Compared with local single-station sensor arrange-
ments, multistation arrangements based on distributed
sensing at the system level have received increasing atten-
tion. Based on matrix transformation of a state-space model,
Ding et al. [1] analyzed the transmissibility of variation
between stations and the variation diagnosability of single
stations. -ey then derived a corresponding performance
measurement index for variation diagnosis in multistation
assembly processes. However, the characteristic differences
between sensors were ignored. Yu et al. proposed a novel
approach that integrates statistical analysis with domain
knowledge. -e relationships between key control and
product characteristics are revealed by a variation propa-
gation model. -e fault diagnosis problem is transformed
into a search for a sparse solution to abnormal variance
changes in process faults. Based on the non-negative
property of a covariance matrix, a Bayesian hierarchical
model was developed to allow sparse estimation of the
variance in underdetermined multistage assembly processes
[10]. Shukla et al. [11] presented a novel method of sensor
allocation for multistation assembly processes. It minimizes
the effect of noise on sensor placement by maximizing the
determinant of a Fischer informationmatrix.-e state-space
method is used to simulate the variation propagation per-
taining to the transfer of parts within a multistation as-
sembly process. -e influence of sensor coupling noise was
added to an optimization objective function, and a chaotic
embedded fast simulated annealing algorithm (CEFSA) was
proposed to optimize the objective function. An optimal
sensor arrangement with minimal noise impact was ob-
tained. Ren and Ding [12] proposed a distributed sensor

placement strategy to maximize assembly variation diag-
nosability in multistation assembly processes.-ey defined a
sensitivity index to characterize the diagnostic capability of
sensor networks and employed a data-mining-guided evo-
lutionary approach for the nonlinear optimization of sensor
layouts. However, only sensors of the same type were
considered. Bastani et al. [13] proposed an optimal sensor
layout method based on compressive sensing for fault di-
agnosis in multistation assembly processes. It is based on the
ability of compressed sensing theory to deal with indeter-
minate equations by seeking the minimum average cross-
correlation coefficient to maximize the system fault diag-
nosability. Liu and Shi [14] proposed a sensor arrangement
method for real-time system fault diagnosis based on dis-
tributed sensor networks. -ey used a Bayesian network to
determine the causal relationships between system faults and
sensor measurements. -e sensor placement problem was
transformed into a sensor set coverage problem to minimize
the system cost and meet the diagnosability constraints.
Finally, the optimal sensor arrangement was obtained via an
intelligent searching algorithm of minimum placement
subsets. Using a discrete-time nonlinear state-space model,
Qu et al. [15] developed a more accurate multistation as-
sembly process variation propagationmodel, which provides
a mathematical representation for process-oriented posi-
tioning reference system design. -ey proposed a design
parameter model that includes a positioning reference
system and established the quantitative relationship between
key control characteristics and key product characteristics.
Shukla et al. [16] proposed an optimal sensor placement
method based on key product features for product quality
variation diagnosis in multistation assembly processes.
Firstly, a genetic algorithm is used to maximize the number
of key feature points, and then a search method is used to
further optimize the sensor network to obtain its optimal
arrangement. Although, the concept of key quality char-
acteristics was proposed, there was no analysis of the internal
correlations between them.

It can be seen from the above literature that whether a
single- or multistation sensor arrangement strategy is used,
variation diagnosis in assembly variation transmission,
causal model construction, and multiobjective optimization
still have the following problems that the present study
aimed to solve the following:

(1) Although many studies have considered variation
transfer characteristics in multistation assembly pro-
cesses, the inherent correlations between the variation
source characteristics and the assemblyprocess, aswell
as the influences of sensor and variation source
characteristics on multistation sensor arrangements,
still require further analysis and improvement.

(2) In multistation assembly processes, the status in-
formation provided by different types of sensors and
variation source features influences the network
diagnosis accuracy. Effectively integrating such in-
formation into causal models has received little at-
tention in research on multistation sensor optimal
arrangement.
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(3) -e optimization of sensor arrangements for mul-
tistation assembly variation diagnosis is currently
limited to single-objective optimization approaches.
-e introduction of an effective intelligent optimi-
zation algorithm into a multiobjective optimization
approach warrants further research.

2. Sensor Layout Methodology

2.1. Multistation Assembly Variation Propagation Analysis
(VPA). Multistation assembly refers to a process where
products/parts are assembled at multiple stations. For ex-
ample, the assembly of automobile main reducers, bodies in
white, and engines are completed at multiple stations. In the
assembly process, positioning pins and NC positioning
blocks are widely used for precise positioning during
workpiece assembly. -e 3-2-1 fixture and rigid part as-
sumptions aremade in the derivation. For rigid parts, the 3-2-
1 principle is themost common layoutmethod [17]. Itmainly
includes locating pinsP1 limited to four degrees of freedom, a
locating pin P2 restricted to two degrees of freedom, and an
NC block restricted in a single direction. At each assembly
station, a fixture failure can directly cause assembly mis-
alignment, producinganerrordeclinationΔαP2,1

. If thefixture
is excessively worn, the positioning point ismoved fromP2 to
P2,2, resulting in adeviationangleΔαP2,2

. In somespecial cases,
if the workpiece itself has a dimensional deviation, such as in
the size of a positioning hole, the resulting deviation angle
ΔαP2,1

is equivalent to the deviation angle ΔβP2
, as shown in

Figure 1.
To effectively describe the evolution of the variation

information in the multistation assembly process and reveal
the causal relationship between this information and sensor
measurements, a state-space model is used to characterize
the multivariate input and output relationship of the as-
sembly variation information flow [17], as shown in Figure 2.
-e model is as follows:

Xk � Ak−1Xk−1 + BkUk + ek,

Uk � Fk,i + Pk,j,

Yk � CkXk + wk,

i, j, k ∈ 1, 2, . . . , N{ },

(1)

where k is the station index and N is the number of stations.
-e product dimensional state, which describes random
dimensional deviations, is denoted as Xk ∈ R

ηk×1 (k� 1, 2,
. . ., N). Uk ∈ R

]k×1 (k� 1, 2, . . ., N) represents the variation
information introduced at station k. Fk,i ∈ R

]k×1 and
Pk,i ∈ R

]k×1 describe the variation information introduced
by the ith fixture failure and jth workpiece dimensional
deviation, respectively. Product measurements at the station
are included in Yk ∈ R

ck×1. However, if Yk is not specifically
measured, then Ck � 0. ]k, μk, ck respectively represent the
dimensions of its vector. Additional process variation, in-
cluding unmodeled higher-order terms, is represented by ek.
Sensor noise, denoted by wk, is a vector of uncorrelated
random variables with zeromeans.Ak is known as a dynamic
matrix that characterizes assembly reorientation during part

transfer between stations. Bk is an input matrix that de-
termines how fixture failure and workpiece dimensional
deviation affect the product assembly variation state at
station k. Ck is an observation matrix that includes sensor
deployment information [17]. A detailed analysis of a
multistation systemmodeled by equation (1) was reported in
[1]. -e recursive expression in equation (1) can be for-
mulated into an input-output relation as

Xk �Ak−1Xk−1+BkUk +ek
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Figure 1: Assembly deviation due to locating pin P2.
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where a state transition matrix for a state-space approach
may be defined as Gi⟶k � 􏽑

i
j�k−1 Aj,when i≤ k − 1;􏽮

I,when i � k}. -e linear input-output relations between the
observation vector Yk and variation sources Uk is illustrated
based on the SOVA model, as shown in (1) [17]. -e input-
output model is

Si⟶ Y1⟶k � Ζ1⟶kU1⟶k +Θ1⟶k, (3)

where Si indicates that the ith sensor is installed at the kth
station. Δ 1⟶k indicates the accumulated error information
at the kth station (Δ � Y, U). Θ1⟶ k represents the inde-
pendent noise source accumulated at the kth station,
Θ1⟶ k � 􏽐

k
i�1 CkGj⟶kei + wk. -e coefficient of the first

term in equation (2), Ζ1⟶ k, can be defined as
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. (4)

According to equations (2) and (3), whether the sensor Si
should be arranged at station k or not is closely related to the
matrix Gi⟶kBi. After π(•) matrix transformation [1],
π(Gi⟶kBi) can be obtained, whose rank Ri⟶k � Rank
π(Gi⟶kBi)􏼈 􏼉 represents the number of assembly variation
sources transmitted from station i to station k. Assuming
that there are υi workpiece/part assemblies at station i, the
assembly variation transfer rate from station i to station k is
Ri⟶k/3υi. When the number of workpieces/parts is joined at
station i and the coordinates of the positioning pins are
known, it is easy to obtain the assembly variation transfer
coefficient [18]. If υi independent workpieces/parts are as-
sembled at the ith station, the variation transfer coefficient
from station i to station k, ςi⟶k, can be expressed as

ςi⟶k �

0.667 υi � 2, Rk−1⟶k � 4,

0.833 υi � 2, Rk−1⟶k � 5,

1 υi ≥ 3, or i � k.

⎧⎪⎪⎨

⎪⎪⎩
(5)

To objectively evaluate the system diagnostic capability,
it is crucial to effectively integrate the assembly variation and
sensor characteristics (especially of heterogeneous sensors)
into the sensor layout optimization process [3]. Here, the
failure mode effect analysis (FMEA) of 6Sigma is used to
effectively quantify the characteristics of the sensor and
assembly variation source itself, such as the occurrence rate
(f ) of over-tolerance of assembly variation (OAV). -e
causal analysis tool of 6 Sigma is used based on VPA to build
a causal model of sensor measurement and multistation
assembly variation.

2.2. Optimal Sensor-Distribution Strategy. -e reliability of
the diagnostic network is not only restricted by the assembly
process, but also by the characteristics of the sensor and the

source of assembly variation itself. To match the assembly
variation source node with the sensor node, it is necessary to
minimize the unobservability of the OAV of the entire
system; that is, to minimize the probability that sensor
failure and OAV occur at the same time [3]. -is also
minimizes the sensor layout cost [7]. -e detectability of
assembly variation is taken as the constraint condition.
Mathematically, this can be expressed as

Min: U �
􏽐

N
k�1􏽐

M
i�1 log fk,i􏼐 􏼑+􏽐

m
j�1 di,j × log Prk,j􏼐 􏼑×xj􏼐 􏼑􏽨 􏽩

􏽐
N
k�1􏽐

m
j�1 ck,jxj

,

Min: C � 􏽘
k

􏽘
j

ck,jxj,

Subjectto:

􏽘
j∈S

di,jxj
⎛⎝ ⎞⎠|∀i∈X>0.

(6)

-ese equations mean that an OAV is only unable to be
observed when it occurs at the moment of sensor failure.
Here, U is the OAV unobservability index per unit cost, C is
the system layout cost, fk,i is the OAV occurrence proba-
bility, Prk,j is the sensor failure probability, di,j is the entry of
a binary bipartite matrix (di,j � 1 if the OAV affects sensor Sj
or is zero otherwise), and xj and ck,j are decision variables
related to how many jth sensors need to be used, and their
price, respectively. We notice that the primary objective is
the OAV unobservability index per unit cost (U).-e system
layout cost (C) is the secondary objective function that needs
to be minimized under the constraints of detectability. -e
proposed approach to direct sensor deployment is shown in
Figure 3.

3. Results and Discussion

To illustrate the proposed sensor deployment approach for
multistation assembly system diagnosis, a case study of an
automobile differential assembly process is presented below.

An automobile differential assembly line (Figure 4)
owned by the project team was used to demonstrate the
proposed sensor deployment approach. Optimization of the
sensor arrangement was carried out for this multistation
assembly process. Figure 5 shows the assembly process. Four
stations are analyzed, of which three parts are joined at
Station 1, which has an assembly variation transfer coeffi-
cient ς1⟶k � 1, 1< k≤ 4. At Station 2, two parts are joined,
and their 4-DOF positioning pins have the same Z-coor-
dinate, which means Rk−1⟶k � 4. -erefore, its assembly
variation transfer coefficient is ς2⟶k � 0.667, 2< k≤ 4.
Similarly, at Station 3, the assembly variation transfer co-
efficient is ς3⟶k � 0.883, 3< k≤ 4. Station 4 is the end in-
spection station. Based on variation propagation analysis of
the above assembly process, a VPA-based causal diagram
was constructed (Figure 6). Among them, Xk(k � 1, 2,
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. . . , 4) denotes the accumulated assembly variation infor-
mation at the kth station, Fi,j is the fixture fault information
introduced when the jth part is joined at the ith station, and

Pi,j is the workpiece dimensional deviation information
introduced, when the jth workpiece is joined at the ith station.
Table 1 shows the sensor features and assembly variation
characteristics based on FMEA.

-e final design of an optimized sensor arrangement
must be based on a systematic analysis of operability and
economy [19]. To this end, the enhanced shuffled frog-
leaping algorithm (ESFLA) is adopted to minimize the OAV
unobservability per unit cost, thereby improving the diag-
nosability and economy of the sensor network system. Here,
the “sensor layout position” refers to the position of the
assembly variation feature to be detected, rather than the
physical position of the sensor actually installed [1]. For the
convenience of comparison, a backward propagation (BP)-
based sensor layout strategy [1, 11, 12, 18], end-of-line
(EOL) sensing, and saturated sensing are also discussed. -e
optimization variables are exactly the same for all four
compared optimization schemes and were derived from the
sensor and assembly variation characteristics (Table 1) and
their causal relationship based on VPA (Figure 6). In ad-
dition, the basic parameters of the ESFLA were as follows.
Number of memeplexes mg � 50, number of frogs in each
memeplex ng � 60, number of frogs in a submemeplex
qg � 50, iteration number within each submemeplex
Lmax � 30, and maximum step size Smax � 1.-e convergence
criteria are met if at least one frog carries the “best memetic
pattern so far” for fifteen consecutive shuffles.-e results are
shown in Table 2.

It can be seen from Table 2 that compared with the other
three sensor placement strategies, the proposed VPA-based
causal graph achieves a lower OAV unobservability index
per unit cost (U) and a lower network placement cost (C),
demonstrating better system diagnosability and economy.

-e BP-based sensor deployment for multistation as-
sembly variation diagnosis takes into account the transfer
characteristics of assembly variations between different sta-
tions but ignores the influences of the sensor and assembly
variation characteristics on the optimization of the sensor
distribution. -erefore, BP-based sensing has a higher OAV
unobservability index per unit cost (UBP � −0.0017>UVPA �

−0.0021) and a higher network placement cost (CBP� 2700>
CVPA � 2000).

-e traditional EOL sensor deployment approach ig-
nores the assembly variation propagation characteristics
between different stations during the assembly process. -is

Figure 4: Automobile differential assembly stations.

START

Building a VPA Cause-and-
Effect Diagram

Determine the sensing station in the 
multi-station assembly system

Variation propagation
analysis.

System constraint
analysis

FMEA Cause Effect
Analysis

Determine optimization goals and constraints

Goals
OAV unobservable
index per unit cost (U)
Sensor cost (C)

Constraints
Variation detectability

Optimize sensor layout based on intelligent
algorithm

Enhanced shuffled frog-
leaping algorithm (ESFLA)

Evaluate optimization results

The optimal meme carried by one
frog remains unchanged for fifteen

consecutive mixing iterations

Ok?
N

Y

Determine the optimal
layout scheme

Sensor measurement stations
Number of sensors
Sensor type

END

Figure 3: VPA-based approach to optimizing sensor layout in
multistation assembly processes.
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is because the assembly variations generated at Stations 2
and 3 cannot be propagated to the end station (Station 4),
while Stations 2 and 3 lack sensor arrangements (S1∼ S4).
-erefore, the assembly variations generated at Stations 2

and 3 cannot be detected by the system, so system diag-
nosability cannot be ensured. In addition, the traditional
EOL sensor deployment has a high unit OAV unobserv-
ability index per unit cost (UEOL � −0.0005>UVPA �

Right differential cage

Stud

Active4-waylocator
Active2-waylocator

Inactive4-waylocator
Inactive2-waylocator
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Figure 5: Automobile differential assembly sequence.
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Figure 6: VPA-based causal diagram.

Table 1: Assembly variations and sensors used in the differential assembly process.

Sensor candidates Sensor failure rate
(Pr, %)

Sensor cost
(C, $) Part candidate Possible variations OAV occurrence rate

(f, %)
Displacement sensor
S1

0.1 200 Fixture F2,1 Excessive wear 0.2

-ickness sensor S2 0.4 400 -rust washer P2,2
-ickness
deviation 0.6

Displacement sensor
S3

0.2 300 Left diff. cage F3,1/F3,2 Fixture failure 0.2

Displacement sensor
S4

0.2 300 Left diff. cage F3,1/F3,2 Fixture failure 0.2

Displacement sensor
S5

0.2 300 Right diff. cage F1,1 Fixture failure 0.4

Displacement sensor
S6

0.2 300 Stud F1,2 Fixture failure 0.4

Displacement sensor
S7

0.2 300 Half-shaft gear F1,3 Fixture failure 0.4

-ickness sensor S8 0.4 400 -rust washer P2,2
-ickness
deviation 0.6

Displacement sensor
S9

0.1 200 Left diff.cage/fixture
F4,1

Excessive wear 0.2
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−0.0021), so it cannot ensure the economy of the sensor
system.

In industrial applications, to maximize OAV diagnos-
ability, the corresponding sensors are usually arranged at
each potential source of assembly variation, resulting in
sensor saturation. Here, considering the actual system,
saturation deployment refers to installing three sensors at
each station, which can effectively reduce information loss.
However, due to its high OAV unobservability index per
unit cost (USaturate � −0.0012>UVPA � −0.0021), high sensor
deployment cost (CSaturate � 8100>CVPA � 2000), and the
difficulty of processing massive sensor datasets in the later
stage, the diagnosis efficiency and economy of multistation
assembly variation are further weakened. -is is also the
fundamental reason why the sensor network needs to be
optimally deployed.

4. Conclusions

Optimal sensor deployment is an important issue in
detecting multistation assembly variation. -e accurate and
efficient collection of sensor signals is also a new challenge.
-e contributions of this paper are three-fold:

(1) Based on a state-space model, the influences of
fixture faults and workpiece dimensional deviations
onmultistation assembly variation were analyzed. By
matrix transformation of the state-space model, the
inherent characteristics of variation propagation
between stations were quantified.

(2) Based on the analysis of the multistation assembly
variation process, a VPA-based causal graph was
proposed to characterize the causal relationship
between sensor measurements and multistation as-
sembly variations. -e key characteristics of the
sensors and assembly variations were quantified
using the 6Sigma tool and effectively fused into a
causal graph.

(3) A multiobjective optimization model was proposed
that (1) minimizes the OAV unobservability index
per unit cost (U) and sensor layout cost (C) as its
optimization objective, (2) takes detectability as the
constraint condition, and (3) is optimized by the
ESFLA. A case study of sensor deployment for
variation diagnosis in an automobile differential
multistation assembly process was conducted. It
shows that compared with BP-based, traditional
EOL, and saturation sensor layout strategies, the

proposed VPA-based causal graph strategy can (1)
obtain a lower OAV unobservability index per unit
cost and (2) a lower sensor layout cost, and (3)
ensure multistation assembly variation diagnos-
ability and sensor deployment economy.
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­is study presented a numerical model for the quantitative assessment of the heat transfer behavior of grinding media inside a
ball mill. E�ects of various mill speeds, grinding media �lling, and the number of lifters on heat transfer were studied and veri�ed
by comparing the experimental results and the numerical simulations calculated by DEM (Discrete Element Method). ­e results
show that the heat transfer of grinding media has a strong sensitivity to the variation of the mill speed, grinding media �lling, and
the number of lifters. ­e optimum grinding conditions for heat transfer behavior can be determined in terms of the temperature
�eld of the grinding media.­emaximum temperature rise of grinding media occurs at a range from 70% to 80% of critical speed.
­e maximum average temperature of grinding media up to 295.057K appears at the grinding media �lling 25% and the number
of lifters 12. Subsequently, validation experiments are carried out to validate the numerical simulation results. ­e experimental
results are closer to the simulation results, indicating the reasonability of the heat transfer model.

1. Introduction

Ballmills arewidely used inmany industrial �elds for grinding
and crushing granular materials, such as the mineral,
chemical, andpharmaceutical industries [1–4]. It is dependent
on the lifters to lift the grinding media to a speci�c level of
energy and the balls then cataract and cascade, and in con-
sequence, collide with each other, resulting in particles
breakage. As a very complicated system, ballmills are typically
high-energy and ine�cient equipment because of the envi-
ronment itself. To this end, it isworth attempting to reduce the
energy consumption of the ball mill by any means [5].

­e charge motion, liner wear, and particle breakage
behavior in ball mills have been attracted considerably further
attention [6–8]. ­ese outstanding results provide a sound
foundation for optimizing mill performance and reducing
energy consumption. In the grinding process, bulk ore
particles in the grinding process lead to elevated temperatures
of the milling environment. ­is in turn will in¡uence the
particle breakage behavior and the energy consumption of the

ball mills, such as tantalum ore particles. However, there are
comparatively few studies on heat transfer in conjunction
with particle collisions in ball mills. One of the challenges
involved in understanding the heat transfer is the approach to
determining the temperature distribution of the grinding
media in ball mills.

Heat transfer in granular materials is a common phe-
nomenon, and it a�ects a wide variety of applications ranging
from food products to building materials. ­e phenomenon
of heat transfer inside a rotating drum is widely encountered
in areas ranging from food products to buildingmaterials. In
recent years, alternative methodologies have been used to
study the heat transfer phenomena, including kinetic theory
[9], continuum approaches [10–13], and DEM simulation
[14–17]. Chaudhuri et al. [18] used the method of experi-
mentation andDEM simulation to examine the ¡ow,mixing,
andmass and heat transport in rotary calciners. Alumina and
copper were used to understand the e�ect of particle ¡ow and
heat transfer on the calcination performance. ­e results
showed that the material with higher thermal conductivity
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warmed up faster in experiments and DEM simulations. Xie
et al. [19] investigated theheat transfer inside adrummixerby
coupling theDEM simulationwith a conductive heat transfer
model. +e DEM simulation showed that the specific heat
transfer coefficient of the particle flow increased with the
increasing rotating speedbut decreasedwith the amounts and
heights of the lifters. Komossa et al. [20] investigated the heat
transfer in an indirectly heated tumbling drum. +e particle
movement and heat transfer showed a good agreement be-
tween the DEM simulation and the experiment. Gui and Fan
[21] used the DEM simulation with a thermal conduction
model to investigate the effects of the rotation speed and the
wave number on the heat transfer.+ewavy drums raised the
heat transfer process higher than a circular drum for a lower
rotation speed. Figueroa et al. [22] applied various evaluation
methods to examine the interactionbetweenheat transfer and
particle load behavior. A continuummodel was used to study
the relationship between temperature contours and mixing
patterns. Oschmann et al. [23] derived a novel particle-wall
heat transfer coupling algorithm from resolving the heat
transfer due to particle-wall contact and inner wall heat
conduction. Li et al. [24] studied the heat transfer of granular
material in a rotary drum.+e results showed that increasing
rotational speed can intensify heat transfer to a certaindegree,
and the average temperature of granular materials increases
with the number of flights and decreases the fill level. +ese
above-mentioned studies have provided an understanding of
the heat transfer phenomena of granular materials. +e
drums and granular materials are preheated before grinding
and mixing, which is completely different from the grinding
process of ball mills. In addition, the heat generated by the
granular particle collision is not taken into account.

+is paper provides a novelty DEM heat transfer model
to investigate the multibody collision in the ball mills. +e
effects of the mill speed, grinding media filling, and the
number of lifters on the temperature field of grinding media
are further studied. A laboratory-scale ball mill is employed
to perform measurements and validate numerical results.

2. Heat Transfer Model

+e heat transfer involved within the particles includes
thermal convection, thermal radiation, and thermal con-
duction, as shown in Figure 1. To quantitatively describe the
discrete heat transfer behavior of the grinding media in ball
mills, the thermal conduction, and collisional heat of the
heat transfer model are considered while the convection and
the radiation are being ignored [19]. In this model, the
following assumptions are considered:

(1) +e ball mill temperature remains unchanged, and
there is no thermal exchange between the particles
and the geometry

(2) +e heat generated due to friction can be neglected
(3) Only the heat transfer in the particle flow due to the

contact conduction and collision effect is considered,
and the interstitial gas is neglected

(4) +e thermal-physical properties of the grinding
media and the iron ore are constant

In the DEM simulation software, the granular materials
are considered as a collection of frictional inelastic spherical
particles. A nonlinear Hertz–Mindlin no-slip model is
employed to solve the contact force between colliding
particles. In DEM simulations, the forces and torques acting
on a particle i can be expressed as follows:

miai � 􏽘 F,

Iiθi � 􏽘 M,
(1)

wheremi, Ii, ai, and θi are, respectively, the mass, moment of
inertia, acceleration, and angular acceleration of particle i;
􏽐F and 􏽐M are the total force and torque applied on particle
i, respectively.

+e normal contact and tangential contact forces be-
tween particles i and j can be described as follows:

Fn � −KnΔx + Cnvn

Ft � min uFn, Kt 􏽚 vtdt + Ctvt􏼚 􏼛.
(2)

where Kn and Kt are the normal and tangential stiffness,
respectively; △x is the amount of overlap; vn and vt are the
normal and tangential relative velocity, respectively; Cn and
Ct are the normal and tangential damping coefficient, re-
spectively; u is the friction coefficient.

+e Cn depends on the coefficient of restitution ε, which
is given by the following equation:

Cn � −2 ln(ε)

�����
mijKn

􏽱

����������

π2
+ ln2(ε)

􏽱 , (3)

where mij � mimj/mi + mj.
+e total heat dissipation of the particle I can be written

as follows:

Qi � miCi

dTi

dt
� 􏽘

N

j�1
H

ij
c Ti − Tj􏼐 􏼑 + Q

ij
c􏼐 􏼑. (4)

+e Hc
ij is a function of the compression force, which

refers to the ability of two materials in contact to transfer
heat through their mutual interface, which can be expressed
as follows [25]:

H
ij
c � 2kpλ �

4kp1kp2

kp1 + kp2

3Fna∗

4E∗
􏼢 􏼣

1/3

, (5)

where Ci is the specific heat capacity of particle i, Ti, and Tj
are the temperatures of particle i and j, respectively, H

ij
c is

convection

radiation

conduction

collision
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Figure 1: Schematic of heat transfer.
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the heat transfer coefficient between particles i and j with j
varying from 1 to the contact number N, kp is the thermal
conductivity of the granular media, λ represents the contact
radius, Fn is the normal force, a∗ is the equivalent radius, and
E∗ is the effective Young’s modulus.

+e Q
ij
c is the heat dissipation by particle collision, which

can be expressed as follows:

Q
ij
c � kβEij, (6)

where k refers to the proportional coefficient of collision loss
energy converted into internal energy, k� 0.97 [26, 27], β is
the heat flux distribution coefficient, and Eij is the collision
loss energy.

3. Materials and Methods

In this paper, the laboratory-scale ball mill of 520mm di-
ameter and 260mm length is employed to investigate the
effects of mill speed, grinding media filling, and the number
of lifters on the temperature field of the grinding media. +e
ball mill parameters and its DEM simulation parameters are
listed in Tables 1 and 2 [27].

4. DEM Simulation Results and Discussions

4.1. Effect of Mill Speed. Mill speed is one of the vital pa-
rameters in ball mills, and it is normally specified as a fraction
of critical speed. It determines whether the load behavior is
predominantly the cascading regime, the cataracting regime,
or the centrifuging regime. Figure 2 shows the effect of mill
speed on the temperature field of the grinding media. As
shown in Figure 2, significant differences in the temperature
field of the grinding media can be observed at different mill
speeds. +e difference in the colors refers to the temperature
of the grinding media, red for the highest temperature and
blue for the lowest. As themill speed is increased from 50% to
100%, a larger amount of grinding media are lifted, and the
load behavior has changed from the cataracting regime to the
centrifuging regime.+is result indicates a dependency of the
temperature field of the grinding medium on the loading
behavior.

In addition, the load behavior remains nearly unchanged
at themill speed of 50% to 60%,whereby the grindingmedia is
being increasingly lifted to a higher position at mill speeds of
70% to 80%. +e temperature field is accordingly altered. As
the mill speed reaches 90%–100%, the outermost layer of the
grinding media undergoes centrifugation, while the inner
layer moves with a cascading regime, exhibiting a significant
temperature difference. +is is due to a larger amount of
grindingmediabeing lifted, reducingheat transfer andcontact
behavior. In summary, mill speed has a significant effect on

heat transfer, and the change in the temperature field of
grinding media indicates the intensity of charge motion.

To quantify the effect of mill speed on the temperature
field of the grinding media, the particle numbers at different
temperatures are performed, as shown in Figure 3. +e
results show that the maximum particle number corre-
sponds to the grinding media temperatures for various mill
speeds are 298.043K, 298.048K, 298.055K, 298.057K,
298.049K, and 298.021K, respectively. In addition, the
average temperature of grinding media increases first and
then decreases with mill speed. With a mill speed of 50% of
the critical speed, the range of grinding media temperatures
is relatively more minor due to the lower mill speed, which
leads to the grinding media in cascading motion. With a mill
speed of 60% of critical speed, the range of grinding media
temperatures is much greater than that at ψ � 50%. +e
grinding media temperature distribution of the grinding
media is dispersed, and the grinding media temperature
increases. +is changes because the grinding media is lifted
and mixed. With a mill speed of 70% of the critical speed,
most grinding media is concentrated at a higher tempera-
ture. +e range of temperatures is minimal compared with
the other condition of the mill speeds.+is indicates that the
mill speed significantly affects the grinding media temper-
ature rise. With a mill speed of 80% of critical speed, there is
a similar tendency to at ψ � 70%, but the main change is that
the grinding media temperature is marginally lower.
However, at a higher speed of ψ � 90%–100%, the grinding
media is trapped between lifters and progressively deviates
to the centrifugal motion, resulting in the wide distribution
of grinding media temperature. +e above-given cases in-
dicate that the mill speed affects the load behavior and the
temperature rise, and the maximum grinding media tem-
perature rise is between ψ � 70%–80%.

4.2. Effect of Grinding Media Filling. +e particle breakage
process is performed by falling grinding media in ball mills.
+e crushing and the grinding intensity of the ore particles
are dependent on the grinding media amount and velocity.
+e grinding media filling is a significant operating factor
affecting particle breakage and load behavior [28]. +e
amount of grinding media in the ball mill affects the load
behavior and the heat transfer. +e current research mainly
involves observing the heat transfer phenomenon of the
particles by heating the rotating body. However, there has
been no reporting on the variation of the temperature field of
grinding media with different grinding media fillings. To
understand the interrelation between the grinding media
filling and the temperature field of grinding media, for the
ball mill, grinding media fillings for six levels between
J� 10% and J� 35% are selected, as shown in Figure 4. All the

Table 1: Ball mill parameters.

Parameters Test 1 Test 2 Test 3
Mill speed ψ (of critical speed) 50%, 60%, 70%, 80%, 90%, 100% 75% 75%
Grinding media filling J 25% 10%, 15%, 20%, 25%, 30%, 35% 25%
Number of lifters n 12 12 0, 8, 12, 16
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load behavior shows that the toe and shoulder angles of the
grinding media remain almost unchanged, but the signifi-
cant difference is the cascading free surface. +e grinding
media distribution presents obviously two parts of cata-
racting and cascading. More grinding media is lifted, and the
amount of grinding media cascading down from the bulk of
grinding media increases with the grinding media filling. At
J� 10%–15%, the grinding media mainly have a green color.
As the grinding media filling increases from 20% to 35%, it is
clearly displayed that the red grinding media are more than
that of the lower grinding media filling. However, the
temperature field of grinding media only changes slightly.

Figure 5 shows the average grinding media temperature
variation for different grinding media fillings, which

corresponds to the temperature field of grinding media in
Figure 4. As the ball mill motion tends toward a steady state,
the average grinding media temperature increases to a
maximum value at J� 25%, decreasing from J� 30% to
J� 35%. +e average temperatures of grinding media are
298.051K, 298.053K, 298.056K, 298.057K, 298.057K, and
298.055K. +e temperature field of grinding media under
higher grinding media filling is more inhomogeneous than
that of a lower grinding media filling. +e reason for this is
that the collision frequency and the contact number increase
with the grinding media filling, so the grinding media
temperature rises increases. As the grinding media filling
continues to increase, the bulk of the grinding media is very
close to the center of the mill and contributes little to the
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Figure 2: Effect of mill speed on the temperature field of grinding media. (a) ψ � 50%. (b) ψ � 60%. (c) ψ � 70%. (d) ψ � 80%. (e) ψ � 90%.
(f ) ψ � 100%.

Table 2: DEM simulation parameters.

Parameters Value

Grinding media

Size (mm) 30
Initial temperature (K) 298

Poisson’s ratio 0.30
Specific heat capacity (J/kg∗K) 598.60
+ermal conductivity (W/m∗K) 55.90

+ermal diffusion coefficient (cm2/s) 0.12
Shear modulus (Pa) 7e+10
Density (kg/m3) 7850

Coefficient of restitution Grinding media—grinding media 0.75
Grinding media—wall 0.45

Coefficient of rolling friction Grinding media—grinding media 0.01
Grinding media—wall 0.01
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grinding media being off-center. +erefore, the grinding
media contributes little to the temperature rise. +is result
indicates that the grinding media temperature varies slightly
with the increase of the grinding media filling.

4.3. Effect of Number of Lifters. Lifters are generally used to
raise grinding media to transfer the energy from a mill to a
load. +e distribution of the lifters around a mill shell is an
essential factor that affects the grinding and crushing
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Figure 3: +e distributions of grinding media temperatures for different mill speeds. (a) ψ � 50%. (b) ψ � 60%. (c) ψ � 70%. (d) ψ � 80%.
(e) ψ � 90%. (f ) ψ � 100%.
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efficiency. To understand the interrelation between the
number of lifters and the temperature field of grinding media,
for the ball mill, the number of lifters for four levels is selected
to be between n� 0 and n� 16, as shown in Figure 6. +e
results showed that the shoulder angle of grinding media
increases with the number of lifters. However, the temperature
field of grindingmedia revealed that the heat transfer increases
first and then decreases. With the number of lifters n� 0, all
the grinding media is located in the cascading regime, and the

grinding media is piled together to grind each other. +e
temperature field of grindingmedia is more uniform.With the
number of lifters n� 8, a fraction of grinding media is lifted,
but the distribution of the grinding media temperature field
changes relatively minor compared with n� 0. With the
number of lifters n� 12, increasing the number of lifters cause
more grinding media to be lifted, and the temperature field of
grinding media shows the highest temperature rise. +is is
because the lifter hinders the sliding motion of the grinding
media and promotes the cataracting movement. With the
number of lifters n� 16, the excessive number of lifters in-
creases the slippage between grinding media. +is indicates
that the distance between two lifters restricts the sliding
motion and accelerates the cataracting movement.

Figure 7 shows the distribution of the grinding media
temperature field for the different number of lifters, which
corresponds to Figure 6. It can be seen that the maximum
particle number corresponding to the temperatures of
grinding media are 298.048K, 298.051K, 298.057K, and
298.056K, respectively. +e average temperature of grinding
media reaches a maximum value of 295.057K at n� 12.
However, the average temperature of grindingmedia reaches a
minimum value of 298.047K at n� 0. +ese results indicated
that increasing the number of lifters can improve heat transfer.

5. Comparison with DEM Simulation
and Experiment

+e laboratory-scale ball mill with two detachable acrylic
plates is employed to validate the established heat transfer
model. As shown in Figure 8, the experimental setup consists
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Figure 4: Effect of grinding media filling on the grinding media temperature field. (a) J� 10%. (b) J� 15%. (c) J� 20%. (d) J� 25%. (e)
J� 30%. (f ) J� 35%.
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Figure 6: Effect of the number of lifters on grinding media temperature field. (a) n� 0. (b) n� 8. (c) n� 12. (d) n� 16.
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Figure 7: +e distributions of grinding media temperature for different numbers of lifters. (a) n� 0. (b) n� 8. (c) n� 12. (d) n� 16.
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of a wireless thermal device and a thermal infrared imager. A
high-precision wireless thermal acquisition device is used to
measure the mill shell temperature. +e measuring accuracy

is 0.2% and can realize the online temperature measurement.
+e mill shell temperature was measured by the thermo-
couple and the installation method of the thermocouple on
the mill shell as shown in Figure 9. A combination of contact
and noncontact methods is used to determine the emissivity
of the steel ball. +e results show an emissivity of 0.96 for the
steel balls. +e thermal infrared imager is used to measure
the temperature of the steel ball, with a measuring accuracy
of 2%. In the experiments, the ball mill is stopped at pre-
determined intervals to open the mill shell quickly and then
photograph the steel ball using a thermal infrared imager.
+e grinding durations are t� 0min, t� 10min, t� 20min,
and t� 30min.

One set of validation tests is used to validate the nu-
merical simulations. +e experiments are carried out with a
mill speed of 75% of the critical speed, a grinding media
filling of 25%, and a steel ball size of 30mm. Figure 10
shows the average temperature rise of the steel ball for the
DEM simulations and the experimental results. Since the
DEM simulation time is limited, the results are calculated
proportionally. As shown in Figure 10, the DEM simulation
results agree with the experimental results, despite the
former being slightly higher. +e primary reason for this
discrepancy is that the temperature dissipation produced
by mill shutdown is ignored. In addition, only the tem-
perature on the surface of the grinding media is measured
by the thermal infrared imager, which makes this error
acceptable. In summary, the rationality of the numerical
model of heat transfer is well validated by the experimental
results.

6. Conclusions

+is study mainly investigates the effect of the mill speed,
grinding media filling, and the number of lifters on the
discrete heat transfer behavior of grinding media in ball
mills. In DEM simulations, the temperature field of
grinding media and the load behavior is susceptible to the
mill speed, grinding media filling, and the number of lifters.
+e average temperature of the grinding media firstly in-
creases and then decreases with the increased mill speed,
grinding media filling, and the number of lifters. Conse-
quently, the developed heat transfer model is well-vali-
dated, and the temperature field of the grinding media is in
good agreement with the experimental results, indicating
the reasonableness and reliability of the model. +e nu-
merical models of heat transfer provide an opportunity to
optimize the movement and mixing of granular materials
sensitive to temperature.
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In the preparation process of composites, the implementation of green manufacturing technology has an important impact on
improving material properties and preparation e�ciency. �e adopting of green manufacturing technology not only greatly
reduces the energy consumption but also e�ectively avoids the environmental pollution. Compared with the traditional material
preparation process, the material preparation process for green manufacturing is a new concept and idea. Microwave sintering is
such an e�cient, clean, and pollution-free preparation process, so it is widely used in the �eld of material preparation. By
microwave sintering, the mullite reinforced SiC/Al2O3 composites with di�erent SiC particle size were prepared from the
composite powders composed of SiC particles coated with SiO2, by a sol-gel method and Al2O3 particles. �e e�ect of SiC particle
size on the microstructure, bulk density, fracture toughness, �exural strength, and thermal shock resistance of SiC/Al2O3
composites was studied. �e bulk density, fracture toughness, and �exural strength were evaluated by the Archimedes method,
single-side notched beam method, and three-point bending method, respectively. �e thermal shock resistance of samples was
investigated through the combination of water quenching and three-point bending methods. �e results showed that with the
increase of SiC particle size, the bulk density, fracture toughness, and �exural strength of samples all increased �rst and then
decreased. �e bulk density, fracture toughness, �exural strength, and �exural strength retention of SiC(5 μm)/Al2O3 composites
were better than those of other samples, which were 2.06 g/cm3, 1.98MPa·m1/2, 63MPa, and 60%, respectively. �e better
mechanical properties and thermal shock resistance of SiC(5 μm)/Al2O3 composites are due to the formation of bridging mullite
whiskers between SiC and Al2O3 particles with large length diameter ratio. �erefore, the unique sintering mechanisms of size
coupling e�ect and local thermal aggregation e�ect in microwave sintering were discussed. �e research results can not only
provide reference for the preparation process of mullite reinforced SiC/Al2O3 composites but also for the wide application of
microwave sintering technology.

1. Introduction

With the rapid development of science and technology, the
manufacturing industry has also received more development
opportunities, which not only creates greater economic
value for the society, but also brings more economic bene�ts
to the development of the society [1]. However, with the
rapid development of traditional manufacturing industry,
problems such as high energy consumption and high pol-
lution gradually appear. �e environment-friendly
manufacturing process based on green manufacturing has

become the development direction in the future. �e green
manufacturing of composites is an important innovation
and development in the research �eld of composite prep-
aration technology. Green manufacturing is also known as
environmental conscious manufacturing for environment
[2, 3]. Low energy consumption green preparation process is
also called energy-saving process in general [4]. Compared
with traditional material preparation, material preparation
based on green manufacturing is a new concept and idea [5].
Microwave sintering is a new method of material sintering
process. It has the characteristics of fast heating speed, high
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energy utilization rate, high heating efficiency, safety, san-
itation, and no pollution. Because the time of microwave
sintering is greatly shortened, the energy utilization effi-
ciency is greatly improved. Compared with traditional
sintering methods, microwave sintering can achieve high
efficiency and energy saving. *e rapid sintering charac-
teristics of microwave sintering greatly reduce the use of gas
as sintering atmosphere in the sintering process, which not
only reduces the cost but also reduces the emission of waste
gas and waste heat in the sintering process. As one of the
green manufacturing processes, microwave sintering is
worthy of its name. At the same time, microwave sintering
can improve the microstructure and properties of sintered
materials, which has become a new research hotspot in the
field of material sintering.

Microwave sintering is a method to realize densification,
by coupling the special band of microwave with the basic fine
structure of materials to generate heat, and the dielectric loss
of materials makes the whole material heated to the sintering
temperature. In the 1960s, some researchers proposed to use
microwave sintering technology to prepare ceramic mate-
rials. After the mid-1980s, there was a climax of microwave
sintering ceramics all over the world [6]. So far, researchers
have done a lot of research on the preparation of carbide
ceramics and oxide ceramics by microwave sintering tech-
nology [7, 8]. Because of the excellent high temperature
mechanical strength, superior refractoriness, low electrical
conductivity, good chemical stability, and good thermal
shock resistance, the SiC/Al2O3 composites have become a
promising candidate for high-temperature applications in
the fields of refractory materials, machinery, chemical in-
dustry, metallurgy, electronics, and ceramics [9, 10].
However, in the fields of several thermal shocks or appli-
cations requiring high toughness, the SiC/Al2O3 composites
are unsuitable for their brittleness [11, 12]. In order to make
the SiC/Al2O3 composites tougher, some reinforcing phase
is introduced into the composites to overcome their inherent
brittleness. Not only the morphology of the reinforcing
phase but also the chemical compatibility and thermal ex-
pansion match of the reinforcing phase and matrix could
influence the preparation process and final properties of SiC/
Al2O3 composites. *e recent research showed that particles
and whiskers can greatly improve the strength and tough-
ness of the ceramic matrix composites [13–16]. For whisker
reinforced composites, the improvement is due to the
changes of the microstructure, interface strengthening, and
fracture mechanisms. Mullite whiskers are widely used to
enhance the properties of alumina-based composites. *e in
situ mullite whiskers can be synthetized by coating SiO2 on
SiC particles, which facilitates the reaction between SiO2 and
Al2O3 to form mullite whiskers at high temperature. *e
connections of mullite whiskers improve the interfacial
bonding between SiC and Al2O3 particles. In addition, the
oxidation problem of SiC particles in the sintering process is
also solved through the coating of SiO2 in SiC particles. For
SiC/Al2O3 composites, many reports indicated that mullite
whiskers show attractive bending strength at high temper-
ature, good thermal shock resistance, and excellent chemical
compatibility with SiC [17–19]. *us, due to their excellent

thermal shock resistance, mullite whisker reinforced SiC/
Al2O3 composites have broad application prospects, espe-
cially in refractories.

Using various processing techniques such as pressureless
sintering, hot pressing, and microwave sintering, the mullite
reinforced SiC/Al2O3 composites can be prepared. As an
internal and faster technique, microwave sintering has re-
ceived more attention compared with traditional sintering
methods [20–22]. Besides being a green manufacturing
process, microwave sintering also has two advantages. One is
the volumetric energy absorption without temperature
gradient over the entire sample. And the other is some
special properties induced by the electromagnetic field [23].
Furthermore, besides the improvement of quality of the
composites, the microwave sintering can also bring time and
energy savings for its unique heating behavior [24, 25]. In
addition to increasing the heating rate, uniform heating, and
energy saving, microwave sintering also makes the com-
posites have higher density and mechanical properties
[26, 27]. Bodhak studied the sintering of pure mullite and
mullite-zirconia composites and the results show that
compared with the conventional sintering, the microwave
sintering leads to better densification and better mechanical
[28].

Nevertheless, so far, there were few reports about the
preparation of in situ mullite whisker reinforced SiC/Al2O3
composites, especially on themicrostructure, properties, and
microwave sintering mechanism of the composites. In the
present investigation, the SiC/Al2O3 composites reinforced
by in situ mullite were prepared. In the previous research,
the optimum sintering temperature, holding time, volume
fraction of SiC particles, and volume fraction of Al2O3
particles about the mullite reinforced SiC/Al2O3 composites
were 1500°C, 30min, 50%, and 50%, respectively [14].
*erefore, the above sintering parameters were also used
here.*e effect of SiC particle size on the microstructure and
properties of mullite reinforced SiC/Al2O3 composites were
studied in details. Furthermore, the mechanism of micro-
wave sintered SiC/Al2O3 composites were discussed, com-
pared with the conventional sintering.

2. Experimental Method

2.1. Microwave Sintering Equipment. Microwave sintering
furnace is the key equipment of microwave sintering. *e
microwave sintering furnace used in this study was shown in
Figure 1. Its model is WXD20S-07 (Nanjing Sanle Micro-
wave equipment) multimode microwave sintering furnace,
with a maximum input power of 10 kw, frequency of
2.45GHz, and resonant cavity mode of TE666. *e micro-
wave furnace is mainly composed of microwave emission
source, microwave conduction system, multimode resona-
tor, microwave detection, feedback system, and infrared
temperature measurement system.

In order to quickly complete the sintering and reduce the
heat loss of samples in microwave sintering, a thermal
insulation structure based on a hybrid heating mode was
used to isolate the samples from the external environment
[29]. *e thermal insulation structure, which was mainly
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composed of insulation layer, aided heaters, and sample bin
was shown in Figure 2. *e aided heaters and insulation
layers were SiC rods placed around and porous mullite plate
and mullite fibers, respectively. *e porous mullite plates
possessed excellent thermal shock resistance and thermal
insulation effect. Mullite fibers enhanced the thermal
insulation effect, which not only ensured the stability of the
temperature change of the samples in heating and cooling
stage but also improved the heating uniformity of samples.
And at the same time, the disadvantages that the temper-
ature of samples close to the SiC rods in the insulation
structure were high and the temperature away from the SiC
rods, which was low, was avoided.

2.2. Preparation of SiC/Al2O3 Composite Samples. In mullite
reinforced SiC/Al2O3 composites, the composition of SiC/
Al2O3 composite powders were 50 vol.% Al2O3 and 50 vol.%
SiC. *e SiC/Al2O3 composite powders are composed of
Al2O3 powders and SiC particles coated on SiO2. *e
morphologies of raw powders were characterized by SEM
(Czech FEI Company Quanta 250). *e Al2O3 powders with
a mean particle size less than 300 nm were commercially

purchased (Beijing Deke Daojun Technology Co., Ltd),
which was shown in Figure 3. In the previous research, it was
found that the SiC/Al2O3 composites with the SiC particle
size of 5 μm had good mechanical properties. *erefore, the
SiC particle size of 5 μmwas taken as the center, through the
increase and decrease of SiC particle size, the influence of
SiC particle size changes on the mechanical properties of
SiC/Al2O3 composites were studied. *e SiC raw particles
(Henan Haixu Abrasive Co., Ltd.) were commercially
purchased and were available in four sizes, which were 1 μm,
5 μm, 50 μm, and 125 μm (Figure 4).

In order to coat SiO2 on SiC particles, a sol-gel method
was used [30]. *rough the hydrolyzation of tetraethyl
orthosilicate (TEOS), the coating process was carried out.
For the sake of solving the agglomeration problem, the SiC
particles were suspended in distilled water and treated with
the ultrasonic for 30min.*en, the SiC particles were evenly
distributed in distilled water. By controlling the mixing ratio
of TEOS and ethanol the SiO2 with a volume fraction of 10%
was coated on SiC particles. During the coating process, a
certain amount of TEOS and ethanol were added to the
suspension of SiC particles. *e mixture was evenly stirred
on a magnetic stirrer for 4 h. By citric acid, the pH value of

(a)

(b)

Figure 1: *e resonant cavity and control panel of microwave sintering equipment uniformity of samples. And at the same time the
disadvantages that the temperature of samples close to the SiC rods in the insulation structure was high, and the temperature away from the
SiC rods, which was low, was avoided. (a) Resonant cavity (b) Control panel.
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the suspension was firstly adjusted at about 3.*en, after the
TEOS was fully hydrolyzed, the pH value of the suspension
was controlled at 9 by dropping ammonia water. A few
minutes later, the gel of SiC particles coated on SiO2 was
formed. In a blast drying oven, the gel of coated particles was
dried 10 h at 80°C. Later, the coated particles were mixed
with Al2O3 particles. Figure 5 shows the SEM image of the
SiC/Al2O3 composite powders, which indicates that the
Al2O3 particles uniformly mix with the SiC particles coated
on SiO2. In the end, through sol-gel method, the SiC/Al2O3
composite powders were prepared. By the reaction between
Al2O3 and SiO2, the mullite was formed during microwave
sintering.

Next, in a special mould (Figure 6(a)), the SiC/Al2O3
composite powders were cold pressed at 3MPa for 1min
into green compacts (Figure 6(b)).*en, the green compacts
were placed in the thermal insulation structure, and sintered
in the microwave furnace. By adjusting the input power, the
heating rate was controlled. At the same time, the changes
between the reflected power and temperature were also
detected. With an approximately heating rate of 10°C/min,
the green compacts were sintered at 1500°C for 30min. After
that, the samples of SiC/Al2O3 composites were slowly

cooled down to room temperature in the furnace at about
15°C/min.

3. Experimental Process

3.1. Bulk Density Test. A high-precision solid-liquid elec-
tronic hydrometer (DE-120T, Shenzhen Dahong Meituo
density measuring instrument Co., Ltd.) was used to mea-
sure the bulk density of SiC/Al2O3 composite samples,
according to the Archimedes method, with distilled water as
immersion medium. *e bulk density of SiC/Al2O3 com-
posite samples is calculated from the following formula:

ρ �
m1

m3 − m2
ρ0, (1)

where ρ is the bulk density of sample, g/cm3. m1, m2, and m3
are the dry weight, suspended weight, and wet weight of
sample, respectively. ρ0 is the density of distilled water, g/
cm3.

3.2. Fracture Toughness Test. Fracture toughness refers to
the ability of a material to prevent the unstable propagation
of macro cracks. It is also a toughness parameter for a
material to resist brittle failure. *e fracture toughness was
measured by single side notched beammethod (SENB), with
a span of 16mm[31, 32]. *e size of the fracture toughness
specimen is 2mm× 4mm× 22mm, and the cross-head
speed of universal material testing machine is 0.5mm/min.
*e fracture toughness of SiC/Al2O3 composite samples is
calculated from the following formula:

KIC � Y
3PL
2BW2

��
a

√
, (2)

where P is the breaking load of sample, N. L is the span
between lower supports, 16mm. B and W are the width and
thickness of sample, 2mm, 4mm, respectively. a is the notch
depth of sample, 0.8–1.2mm. Y is a constant [33]. When the
ratio of L/W is equal to 4 [34], the value of Y can be cal-
culated by the following formula:

Figure 3: SEM image of Al2O3 powders.

Mullite platePosition of SiC rods

(a)

Smple bin

(b)

Figure 2: *e thermal insulation based on hybrid heating mode. (a) Exploded figuer (b) Combination figuer.
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Y � 1.93 − 3.07
a

W
+ 14.53

a

W
􏼒 􏼓

2
− 25.11

a

W
􏼒 􏼓

3
+ 25.8

a

W
􏼒 􏼓

4
.

(3)

3.3.2ermal Shock Resistance Test. *ermal shock resistance
refers to the ability of a material to resist damage under rapid
temperature changes. *e thermal shock resistance is not
only one of the important properties of refractories but also

the comprehensive embodiment of mechanical and thermal
properties of materials under rapid temperature changes.
*e thermal shock resistance of mullite reinforced SiC/
Al2O3 composites was studied by measuring the flexural
strength retention of multiple water quenching cycles at
1000°C [35, 36]. For this purpose, the temperature of the
heating furnace was raised to 1000°C. After holding for
20min, the samples with the size of 3mm× 4mm× 35mm
were quickly put into the furnace. *e thermal cycle process
of samples was composed of heat preservation process and
quench process. *e heat preservation process was that the
samples were put into the furnace with a temperature of
1000°C for 15min. And the quench process was that after the
heat preservation process, the samples were immediately
water quenched for 5min. *is thermal cycle of heat
preservation and quenching was repeated and the selected
thermal shock cycles were 0, 5, 10, and 15 times, respectively.
*ere were two main reasons for this choice. One was that
according to references, the number of thermal shock cycles
given in many references was 0, 5, 10, and 15 times. *e
other was based on the previous research. In the previous
research, the thermal shock resistance cycles were 0, 5, 10,
and 15 times. After the thermal shock cycle was completed,
the flexural strength was tested on samples by three-point
bending method (Figure 7). *e three-point bending
method was performed using universal testing machines

Figure 5: SEM image of SiC/Al2O3 composite powders.

(a) (b)

(c) (d)

Figure 4: SEM images of SiC particles with different particle size. (a) SiC particles of 1 μm. (b) SiC particles of 5 μm. (c) SiC particles of
50 μm. (d) SiC particles of 125 μm.
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(WD-P4504, Jinan Test Machine Co., Ltd.). *e span and
cross-heat speed were 30mm and 0.5mm/min, respectively.

Based on the test values of flexural strength, the flexural
strength retention of samples after several thermal cycles was
calculated. *e flexural strength retention of SiC/Al2O3
composites was expressed as R. Under the condition of the
same sample composition, R was defined as the ratio of the
flexural strength of samples after n times of thermal shock
cycles to the flexural strength of samples without thermal
shock cycles. *e flexural strength retention of samples can
be calculated bythe following formula:

Rn �
σn

σ0
× 100%, (4)

where R is the flexural strength retention. n is the number of
thermal cycles. R0, R5, R10, and R15 are the flexural strength
retention of samples after 0, 5, 10, and 15 times of thermal
cycles, respectively. σ0 is the flexural strength of samples
without thermal shock cycles, and σn is the flexural strength
of samples after n times of thermal shock cycles.

4. Experimental Results and Analysis

4.1. Experimental Results. *e properties of mullite rein-
forced SiC/Al2O3 composites with different SiC particle sizes
are listed as Table 1.

*e flexural strength of mullite reinforced SiC/Al2O3
composites with different SiC particle sizes under different
thermal shock cycles are listed as Table 2.

*e flexural strength retention of mullite reinforced SiC/
Al2O3 composites with different SiC particle sizes under
different thermal shock cycles are listed as Table 3.

4.2. Analysis of Experimental Results. As we all know, the
mechanical properties of ceramic matrix composites are
closely related to its microstructure. *e SEM images of
mullite reinforced SiC/Al2O3 composites with different SiC
particle sizes after microwave sintering were shown in
Figure 8.

It can be clearly seen from Figure 8(a) that there were
many pores in the samples of SiC (1 μm)/Al2O3 composites.
*e SiO2 coated on SiC particles melted, but did not form a
good interface with the surrounding Al2O3 particles. *e
reason was that the selected SiC particle size (1 μm) was too
small to achieve good aggregation. *e samples were mainly
heated by the aided heaters of SiC rods and the self-heating
cannot be well realized. *erefore, the particles grew slowly
and the interface between Al2O3 and SiO2 was not good.
With the increase of SiC particle size (5 μm), there were few
pores in the composites as shown in Figure 8(b). *rough
the reaction of SiO2 and Al2O3 particles, the mullite whiskers
with large length diameter ratio had been formed and
presented a bridge structure through the pores. As a result,
the bridging mullite whiskers improve the interface between
SiC and Al2O3 particles. As can be seen from Figure 8(c),
with the continuous increase of SiC particle size (50 μm) in
samples, although the mullite whiskers still existed after
microwave sintering, its length diameter ration was small.
And there were many pores in SiC (50 μm)/Al2O3 com-
posites. Due to the large size (50 μm) of SiC particles, the
samples can quickly achieve thermal aggregation during
microwave sintering, while the rapid outward diffusion of
heat cannot be realized, resulting in the formation of many
pores. With the further increase of SiC particle size (125 μm),
the mullite whiskers with large length diameter ratio did not
form after microwave sintering, as shown in Figure 8(d).*e
morphology of mullite phase in samples is short rod-like.

Figure 7: Measurement of flexural strength by three-point bending
method.

(a) (b)

Figure 6: Pressing mould and green compacts of samples. (a) *e special mould (b) Green compacts of SiC/Al2O3 composites.
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*ere were also many pores in SiC (125 μm)/Al2O3 com-
posites. Due to the large SiC particle size (125 μm) and rapid
temperature rise of samples, the Al2O3 particles and SiO2
cannot react fully, so, the mullite grains formed had no time
to grow. Under the condition of gas-solid two-phase co-
existence, the anisotropic growth of mullite grains was
limited to a certain extent [37], and the growth rate in all
directions was relatively fast, making the mullite phase
formed in a short rod-like shape.

*e curve of bulk density of mullite reinforced SiC/
Al2O3 composites with SiC particle size was shown in
Figure 9.

It can be observed from Figure 9 that the density of SiC
(1 μm)/Al2O3 composites after microwave sintering was
relatively small. With the increase of SiC particle size in
samples, the bulk density of SiC/Al2O3 composites also
increased. *e bulk density of SiC (5 μm)/Al2O3 composites
reached the maximum.*e reason was that with the increase
of SiC particle size, the better thermal aggregation on the
particle surface can be realized. *e SiO2 in samples was
melted at high temperature to form a flowing glass phase and
fill the pores, so that the porosity of samples was reduced and
the density was improved. With the continuous increase of
SiC particle size in samples, the bulk density of samples after
sintering decreased (Figure 9). *e bulk density of SiC
(50 μm)/Al2O3 composites was lower than that of SiC
(5 μm)/Al2O3 composites after microwave sintering, and the
bulk density of SiC (125 μm)/Al2O3 composites decreased
further after microwave sintering. Combined with the
analysis results of SEM images in Figure 8, the reason for this
phenomenon was that the SiC particle size in samples was

too large, the heating rate was too fast, and large amounts of
heat accumulated on the particle surface. As a result, the
rapid outward diffusion of heat cannot be realized, and the
pores formed during the sintering process. *erefore, the
porosity of samples was increased, the structure was loose
and the bulk density was low. For the bulk density of
samples, the reason was the thermal aggregation on the SiC
particles. If the thermal aggregation was poor or the thermal
aggregation cannot be released in time, the bulk density of
SiC/Al2O3 composite was relatively low. Overall, with the
increase of SiC particle size, the bulk density of SiC/Al2O3
composites increased first and then, decreased.

*e curve of fracture toughness of mullite reinforced
SiC/Al2O3 composites with SiC particle size shown in
Figure 10.

From Figure 10, it can be seen that the fracture toughness
of SiC (1 μm)/Al2O3 composites was relatively low. With the
increase of SiC particle size dispersed in samples, the fracture
toughness increased. When the SiC particle size increased to
about 5 μm, the fracture toughness of SiC (5 μm)/Al2O3
composites reached the maximum 1.98MPa·m1/2. *is is
because the content of mullite whiskers was relatively high,
and the mullite whisker connecting phase was formed be-
tween the particles, which improved the fracture toughness
of the samples. However, when the SiC particle size dis-
persed in the samples continued to increase, the fracture
toughness of SiC (50 μm)/Al2O3 composites and SiC
(125 μm)/Al2O3 composites both decreased. *e main rea-
son for this phenomenon was that although the mullite was
also formed in SiC (50 μm)/Al2O3 composites at high
temperature, the growth power of mullite was not enough,

Table. 1: Properties of samples with different SiC particle sizes.

Composites Bulk density, ρ (g/cm3) Fracture toughness, KIC (MPa·m1/2) Flexural strength, σ0 (MPa)

SiC (1 μm)/Al2O3 1.76 1.04 30
SiC (5 μm)/Al2O3 2.06 1.98 63
SiC (50 μm)/Al2O3 1.94 1.12 34
SiC (125 μm)/Al2O3 1.88 0.93 29

Table. 2: Flexural strength of samples under different thermal shock cycles.

Composites Flexural strength,
σ0/MPa 0 times

Flexural strength,
σ5/MPa 5 times

Flexural strength,
σ10/MPa 10 times

Flexural strength,
σ15/MPa 15 times

SiC (1 μm)/Al2O3 30 16 7 6
SiC (5 μm)/Al2O3 63 38 19 17
SiC (50 μm)/Al2O3 34 19 10 9
SiC (125 μm)/Al2O3 29 14 8 7

Table. 3: Flexural strength retention of samples under different thermal shock cycles.

Composites Flexural strength
retention, R0/%

Flexural strength
retention, R5/%

Flexural strength
retention, R10/%

Flexural strength
retention, R15/%

SiC (1 μm)/Al2O3 100 53 23 20
SiC (5 μm)/Al2O3 100 60 30 27
SiC (50 μm)/Al2O3 100 56 29 26
SiC (125 μm)/Al2O3 100 48 28 24
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(a) (b)

(c) (d)

Figure 8: SEM images of mullite reinforced SiC/Al2O3 composites with different SiC particle sizes. (a) Samples of SiC(1 μm)/Al2O3
composites. (b) Samples of SiC(5 μm)/Al2O3 composites. (c) Samples of SiC(50 μm)/Al2O3 composites. (d) Samples of SiC(125 μm)/Al2O3
composites.
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Figure 9: Curve of bulk density of samples with SiC particle size.
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so the mullite whiskers with large length diameter ratio did
not form, while the morphology of mullite in SiC (125 μm)/
Al2O3 composites after microwave sintering was short rod-
like and the short rod-like mullite was basically no aspect
ratio. *erefore, the mullite whiskers bridging between
particles were not formed in SiC (50 μm)/Al2O3 composites
and SiC (125 μm)/Al2O3 composites, so the fracture
toughness of these samples was not high. For the fracture
toughness, the reason was the formation of mullite whiskers.
If there were mullite whiskers with large length diameter
ratio, the flexural strength and fracture toughness of samples
were high. With the increase of SiC particle size, the fracture
toughness of SiC/Al2O3 composites also increased first and
then decreased.

*e curves of flexural strength of mullite reinforced SiC/
Al2O3 composites with different SiC particle size after 0, 5,
10, and 15 times of thermal cycles were shown in Figure 11.
Figure 11 shows the thermal shock resistance of SiC/Al2O3
composites.

According to Figure 11, when the four groups of samples
were not subjected to thermal shock, the flexural strength of
SiC/Al2O3 composites increased with the increase of SiC
particle size dispersed in the samples.*e flexural strength of
SiC (5 μm)/Al2O3 composites reached the maximum value
of 63MPa. *is is mainly due to the synthesis amount of
mullite whiskers increased with the increase of SiC particle
size, which enhanced the flexural strength of the samples.
When the SiC particle size in SiC/Al2O3 composites further
increased, the flexural strength of samples decreased. *e
main reason is that when the added SiC particle size was too
large (50 μm and 150 μm), the temperature rise of samples
was too fast, Al2O3 and SiO2 cannot fully react, and the
mullite grains had no time to grow, which reduced the
flexural strength of SiC/Al2O3 composites. In short, with the
increase of SiC particle size, the flexural strength of SiC/
Al2O3 composites also increased first and then decreased.
After 5 times of thermal shock cycles, the flexural strength
retention of SiC (125 μm)/Al2O3 composites was only 48%,
and the flexural strength retentions of SiC (1 μm)/Al2O3
composites, SiC (5 μm)/Al2O3 composites and SiC (50 μm)/
Al2O3 composites were 53%, 60%, and 56%, respectively.
After 15 times of thermal shock cycles, the flexural strength
retention of SiC (1 μm)/Al2O3 composites was 20% and the
flexural strength retention of SiC (125 μm)/Al2O3 compos-
ites was 26%. While, the flexural strength retention of SiC
(5 μm)/Al2O3 composites was 27%. Although, the flexural
strength retention of SiC (50 μm)/Al2O3 composites was
very similar to that of the SiC (5 μm)/Al2O3 composites
(Table 3), their flexural strength was greatly different.
*erefore, the thermal shock resistance of SiC (50 μm)/
Al2O3 composites was not very good. With the increase of
thermal shock cycles, the flexural strength of four groups of
SiC/Al2O3 composites all decreased. After 5 thermal cycles,
the flexural strength of four groups of SiC/Al2O3 composites
decreased sharply. As the continued increase of thermal
shock cycles, the flexural strength of four groups of SiC/
Al2O3 composites decreased gently. Comparing the above
four groups of samples, the SiC (5 μm)/Al2O3 composites
had good thermal shock resistance. Better thermal shock

resistance of mullite reinforced SiC/Al2O3 composites ob-
tained by microwave sintering can be applied to the re-
fractory and heat insulation materials.

Based on the above analysis of microstructure, bulk
density, and thermal shock resistance, among the four
groups of SiC/Al2O3 composites (SiC particle size of 1 μm,
5 μm, 50 μm, and 125 μm), the SiC (5 μm)/Al2O3 composites
possessed the best comprehensive mechanical properties.

5. Mechanism Analysis of Microwave Sintering

*rough analyzing the microstructure and mechanical
properties of SiC/Al2O3 composites, it can be seen that the
morphology of mullite phase was different in different group
of samples. *e mullite phase was mullite whisker with large
length diameter ratio in SiC (5 μm)/Al2O3 composites.
While, the mullite phase was short rod-like in SiC (1 μm)/
Al2O3 composites, SiC (50 μm)/Al2O3 composites, and SiC
(125 μm)/Al2O3 composites. It is the morphology of mullite
phase that affected the mechanical properties of SiC/Al2O3
composites. *rough the whisker pullout and whisker
bridging, the mullite whiskers toughen the SiC/Al2O3
composites. During the fracture process, the whiskers were
pulled out and made bridging cracks, so the cracks can be
deflected and energy can be absorbed, resulting in the im-
provement of mechanical properties for SiC/Al2O3 com-
posites [38]. In addition to in situ mullite whiskers, the
mullite whiskers can also be added externally. But there were
some problems with the external mullite whiskers, such as
uneven distribution, poor dispersion, difficult sintering, and
poor compatibility, with interface and harmful to human
body. Compared with the external whisker addition, the situ
synthesized mullite whiskers in SiC/Al2O3 composites can
more effectively toughen the samples because of low cost,
better dispersion, and without pollution[39]. For the
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Figure 11: Curve of flexural strength of samples with different SiC
particle size after several thermal cycles.
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formation of mullite whiskers, there existed two mecha-
nisms during the microwave sintering.

One of the reasons for the different morphology of
mullite phase was the size coupling effect in microwave
sintering. In the initial stage of microwave heating, the
temperature rise of SiC/Al2O3 composites mainly
depended on the local thermal aggregation generated by
the coupling of SiC particles and microwave field. When
the size of SiC particles dispersed in samples was too
small, such as 1 μm, the ability of SiC particles absorbing
microwave loss was lower than the ability of particle
surface heat diffusion. *e good thermal aggregation on
the surface of SiC particles cannot be achieved, resulting
in slow temperature rise of samples, so the synthesis
ability of mullite was limited. When the size of SiC
particles dispersed in samples was too large, such as 50 μm
and 125 μm, the ability of SiC particles absorbing mi-
crowave loss was higher than the ability of particle surface
heat diffusion. Although the thermal aggregation on the
surface of SiC particles was more, the heat cannot be
diffused rapidly, resulting in the slow temperature rise of
samples. *e more thermal aggregation can promote the
reaction of SiO2 coated on SiC particles and Al2O3 to
synthesize mullite, but the anisotropic growth of mullite
was not obvious [40], and the length and diameter of
mullite whiskers were small. In the process of microwave
sintering, the ability of SiC particles absorbing microwave
loss and the ability of SiC particle surface heat diffusion
needed to be balanced so that the mullite grains can grow
rapidly along the one-dimensional direction into whiskers
with large length diameter ratio. *erefore, there was a
critical size (about 5 μm) of SiC particles. When the size of
SiC particles dispersed in samples was within the critical
size range, the size coupling effect was the most obvious.
So, the ability of SiC particles absorbing microwave loss
was basically consistent with the ability of particle surface
heat diffusion, which made the samples heat up rapidly at
low temperature and obtained the mullite whiskers with
large length and diameter and bridging between particles.

Another reason for the formation of mullite whiskers
during microwave sintering was the local thermal aggre-
gation effect. Because microwave sintering is an integral
heating method, this sintering mechanism is a unique fea-
ture of microwave sintering. In the conventional sintering
method, materials absorbed energy and heated up by means
of conduction, convection, and thermal radiation. *e
sintering mechanism of microwave sintering was completely
different from that of conventional sintering. So, in the
conventional sintering process, there were no size coupling
effect and local thermal aggregation effect. *e schematic of
mullite growth during microwave sintering and conven-
tional sintering was shown in Figure 12. It can be seen that
the mullite growth is different during the two sintering
methods [7].

Figure 12(a) shows the growth process of mullite
crystal in microwave field. When the SiC/Al2O3 com-
posites were prepared by microwave sintering, due to the
high SiC dielectric loss, the SiC rods (aided heaters) in
the thermal insulation structure absorbed the microwave

energy to generate heat and transfer the heat from
outside to inside. At the same time, the SiC particles in
samples also preferentially absorbed the microwave
energy to make the local instantaneous temperature rise
on the SiC particle surface, causing local thermal ag-
gregation effect, and the generated local heat diffused
from inside to outside. *e local thermal aggregation
heated the SiO2 coated on SiC particles to form a molten
of glass phase, which reacted with Al2O3 to form mullite.
During sintering process, the microwave hybrid heating
produced two forms of heat. With the continuous in-
crease of microwave input power, the local thermal
aggregation effect was strengthened, which promoted the
anisotropic growth of mullite grains, made the mullite
grains grew rapidly along one-dimensional direction,
and formed the mullite whiskers with large length di-
ameter ratio.

Figure 12(b) shows the growth process of mullite crystal
in conventional sintering process. In conventional sin-
tering of SiC/Al2O3 composites, the samples are mainly
heated by thermal radiation and heat conduction of con-
ventional furnace. *e heat was transferred from outside to
inside and cannot form the local thermal aggregation effect
to make the surface of SiC particles temperature rise in-
stantaneously. *is heating method raises the temperature
slowly, and the energy dissipates greatly from outside to
inside, which causes the less energy use for the synthesis of
mullite. *erefore, the growth rate of mullite grains is slow
and the anisotropic growth of mullite is not obvious,
resulting in the formation of mullite phase with small
length diameter ratio.

*e SEM images of SiC/Al2O3 composites sintered by
microwave sintering and conventional sintering were shown
in Figure 13.

It can be obviously seen that the morphology of mullite
phase in Figure 13(a) is different from Figure 13(b).
Compared with the conventional sintering, the greatest
advantage of microwave sintering is the local thermal ag-
gregation effect. Because of the thermal aggregation effect,
the mullite whiskers formed around the SiC particles. *e
bridging mullite whiskers with large length diameter ratio
only existed in samples prepared by microwave sintering. As
shown in Figure 13(b), the SiO2 coated on SiC particles only
melted and reacted with Al2O3 to form mullite, but the
morphology of mullite was not whiskered. *e reason is that
the anisotropic growth of mullite is not promoted during
conventional sintering. *erefore, the mullite whiskers with
large length diameter ratio were not formed.

Due to the different sintering mechanism, the mor-
phologies of mullite phase are different in different sintering
methods, resulting in different mechanical properties. *e
main reasons are the size coupling effect and thermal ag-
gregation effect analyzed above. In addition, compared with
the conventional sintering, the microwave sintering can
reduce the synthesis temperature of mullite, resulting in
energy savings. Moreover, microwave sintering is also a
relatively clean, pollution-free, and waste gas free sintering
method [41]. *erefore, microwave sintering is a kind of
green manufacturing with great potential.
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6. Conclusion

(1) *roughmicrowave sintering, the in situ synthesized
mullite reinforced SiC/Al2O3 composites with dif-
ferent SiC particle size were prepared.*e composite
powders of samples were composed of SiC particles,
coated with SiO2 by a sol-gel method and Al2O3
particles. During microwave sintering, the bridging

mullite whiskers with large length diameter ratio
were found in the SiC (5 μm)/Al2O3 composites.

(2) With the increase of SiC particle size in samples, the bulk
density of SiC/Al2O3 composites first increased and then
decreased. *e bulk density of SiC (5μm)/Al2O3 com-
posites was higher than that of other SiC/Al2O3 com-
posites, which reached the maximum value 2.06 g/cm3.

SiC SiC SiC SiC

SiO2
Al3O2

Arrow outward: heat flow of SiC particles;Arrow inward: heat flow of SiC aided heaters
Mullite

(a)

SiC SiC SiC

SiO2
Al3O2

Arrow inward: heat flow of Heat radiation and heat conduction

Mullite

SiC

(b)

Figure 12: Schematic of mullite growth during microwave sintering and conventional sintering. (a) Microwave sintering. (b) Conventional
sintering.

(a) (b)

Figure 13: SEM images of SiC/Al2O3 composites sintered by microwave sintering and conventional sintering (a) Samples of microwave
sintering (b) Samples of conventional sintering.
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(3) With the increase of SiC particle size in samples, the
fracture toughness and flexural strength of SiC/
Al2O3 composites also first increased and then de-
creased. *e fracture toughness and flexural strength
of SiC (5 μm)/Al2O3 composites were higher than
those of other SiC/Al2O3 composites, which reached
the maximum value 1.98MPa·m1/2 and 63MPa,
respectively.

(4) With the increase of thermal shock cycles, the
flexural strength retention of SiC/Al2O3 composites
with different SiC particle size also decreased.
Among the four groups of SiC/Al2O3 composites, the
flexural strength retention of SiC (5 μm)/Al2O3
composites was also higher than those of other SiC/
Al2O3 composites. After 5, 10, and 15 times of
thermal shock cycles, the flexural strength retention
of SiC (5 μm)/Al2O3 composites were 38%, 19%, and
17%, respectively, which indicated the better thermal
shock resistance.

(5) *e morphology of mullite phase were mullite
whiskers in SiC (5 μm)/Al2O3 composites, which was
due to the size coupling effect and thermal aggre-
gation effect in microwave sintering. Based on the
size coupling effect and thermal aggregation effect,
the anisotropic growth of mullite grains in SiC
(5 μm)/Al2O3 composites was promoted and the
mullite grains grew rapidly along one-dimensional
direction during microwave sintering, while the
sintering mechanism was heat radiation and heat
transfer during conventional sintering, resulting in
mullite phase with weak anisotropic growth.

Due to the unique sintering mechanism, the microwave
sintering preserves the characteristics of fast speed, clean,
and pollution-free, which brings the results of energy savings
and environment-friendly. *erefore, microwave sintering
is a kind of advanced material preparation process based on
green manufacturing.
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 e pushing pose of underground mobile supporting robot (MSR), i.e., hydraulic support, is a key factor to measure the
straightness of the working face.  erefore, in order to independently complete the pushing process and ensure the straightness
requirements of the pushing pose, by considering the pushing displacement of MSR and the pose of the middle groove of the
scraper conveyor, this study proposes a fusion evaluation model combined with the least square straightness based on the pushing
displacement and the straightness based on the pose of the middle groove.  e pose sensing approach is established by estimating
the pose of the middle groove and the displacement of MSR, analyzing, and extracting the data characteristics of acceleration
signal; the OVR (one-versus-rest) method is used to realize the displacement state pattern recognition of hydraulic support based
on SVM (support vector machine).  e e�ectiveness of this approach is veri�ed by building an experimental platform.

1. Introduction

As an important intelligent equipment for fully mechanized
mining, mobile supporting robot (MSR, also known as
hydraulic support) uses high-pressure emulsion to realize
the cyclic actions and provides support and protection for
the fully mechanized mining face [1].  e pushing pose of
MSR refers to the pose state formed by the middle groove of
the scraper conveyor when MSR pushes forward with the
working face, pushed and moved periodically [2]. In the
process of coal mining, MSR, scraper conveyor, and coal wall
need to maintain a certain straightness to ensure the smooth
operation of coal mining equipment [3–6]. However, the
pushing pose of MSR is the essential factor for the
straightness of the working face.  erefore, in order to
ensure the good straightness of the working face, it is
necessary to study the sensing approach of the pushing pose
of MSR and realize the straightness evaluation of the pose of
MSR.

At present, the pose sensing approach of MSR mainly
depends on the displacement sensor installed in MSR
pushing jack. However, approach has large systematic error.
At the same time, it is complicated to replace the damaged

sensors because of the poor working conditions and heavy
equipment.  us, it is very necessary to study a new ap-
proach to senseMSR pose. Based on the sensing ofMSR pose
and considering the in�uencing factors of the change of the
middle groove pose, this study established the pushing pose
straightness evaluation model based on the pushing dis-
placement and the middle groove pose of the scraper
conveyor, which provided the model basis and constraint
target for the independent pushing of MSR.

2. Related Work

At present, the sensing approach for pose and straightness of
hydraulic support mainly focus on simple on-site pull wire
and infrared beam measurement. With the deep integration
of intelligent detection technology into coal mine produc-
tion, the inertial navigation technology [6, 7], Unity3D
technology [8–11], and visual technology [12, 13] have been
used gradually. Zhang et al. and Chen et al. [3, 14] proposed
a pose monitoring method of hydraulic support based on
multisensor fusion technology. Yang et al. [15] and Liang
et al. [16] used the lidar and inclination sensors to measure
the pose of hydraulic support, respectively. Wang et al. [17]
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proposed a method for measuring the height and strai-
ghtness of the hydraulic support group based on point cloud;
analyzing the geometric posture of single hydraulic support
point cloud, the feature points are selected on each hydraulic
support to solve the straightness, which effectively reduce
the matching error. Wang et al. [18] realized the continu-
ously adjusted for alignment without the interrupt of
longwall face based on the reference target line with absolute
direction. In addition, multisoftware cosimulation [19],
information fusion [20, 21], and algorithm fusion [22, 23]
are used in straightness detection of hydraulic support.

Although the above approaches have been verified by
theory and experiment, the environment in the coal mine
has lots of dust and the oil circuit on the hydraulic support is
complex, resulting in the obstruction of sight and the limited
use of indirect measurement technology. Meanwhile, the
existing position sensor is installed inside the hydraulic jack
with high error. In order to solve these problems, in this
study, the IMU (inertial measurement unit) installed on the
middle groove of scraper conveyor is used to directly
measure the displacement acceleration, and the MS-KF
(multisegmental Kalman filter) approach is used to eliminate
the accumulation error. By considering the sensing of the
hydraulic support pose and the change of middle groove
pose, established the pushing pose straightness evaluation
model combined the pushing displacement and the middle
groove pose, which provided the model basis and constraint
target for the independent pushing of the hydraulic support.

3. Pose Sensing Based on Pushing
State Recognition

At present, the sensors used by the electrohydraulic control
system of MSR in collecting the displacement information
are built in the push jack, but this method has sensing error
and unfavorable for the installation and maintenance of the
sensor. In order to solve these problems, IMU installed on
the middle groove of the scraper conveyor is used to directly
measure the displacement. However, there is a large time
accumulation error in the method of using IMU to collect
the acceleration in the process of moving and calculating the
pushing displacement through integral processing. +ere-
fore, it is necessary to study more effective error elimination
methods to realize the accurate measurement of pushing
pose based on IMU.

In the pushing process of MSR, the jack will quickly enter
the uniformmotion state from the static state, which is called
the instantaneous acceleration state. After a period of time, it
will quickly enter the static state from the uniform state,
which is called the instantaneous deceleration state. +e
instantaneous acceleration and instantaneous deceleration
state are called variable velocity state (VVS). Uniformmotion
state is called constant velocity state (CVS). Other stages
remain at static state which is called zero velocity state (ZVS).

According to the above prior knowledge, the accelera-
tion data in different states are processed in sections: the
Kalman filtering method of the variable acceleration model
be used in VVS, the Kalman filtering method of the zero
acceleration model be used in CVS, and ZVS provides the

reference point of zero velocity update for the whole process
of displacement estimation. Compared with the traditional
method, it does not use all the data for Kalman filtering
calculation, but only uses the data in VVS and CVS periods,
so it can reduce the source of cumulative error. In addition, a
priori knowledge about velocity and acceleration is added in
VVS and CVS periods; the Kalman state space conversion
model in the two periods is refined, finally reducing the
measurement error.

3.1. Methods. +is method recognizes the pushing state with
the acceleration signal collected; different Kalman filter state
space conversion models are applied in different states;
meanwhile, the referencepoint ofZUPTisprovided in theZVS
period, which will reduce the measurement error. In essence,
the method is called the multiphased Kalman filter (MS-KF)
because of subsection handling a group of acceleration time
serieswith theKalmanfilter.+emethodarchitecture is shown
in Figure 1, and the key technical process is as follows.

3.1.1. Estimation of Middle Groove Pose. +e acceleration
signal collected by IMU is affected by gravity. In order to
remove the influence caused by gravity, we need to obtain
the direction of gravity component through pose estimation
with the help of gyroscope information output by IMU and
then remove the acceleration component caused by gravity.
+e pose of the middle groove can be estimated by the
following formula:

L
Gqw,t �

1
2

L
Gqt− 1 ⊗

Lωt,

L
Gqw,t �

L
Gqw,t− 1 +

L
Gqw,tΔt,

(1)

where Lωt is the angular rate relative to the sensing coor-
dinate system at time t, L

Gqt− 1 is the rotation quaternion of
the world coordinate system relative to the sensing coor-
dinate system at time t − 1, and L

Gqw,t is the rotation qua-
ternion of the world coordinate system relative to the
sensing coordinate system at t-time.

+rough the following formula, the acceleration signal in
the sensing coordinate system can be converted into the
acceleration signal in the world coordinate system.

G
g′ � R

L
Gqw,t􏼐 􏼑

Lαt. (2)

Among them, R(·) converts the pose represented by
quaternion into matrix form, and the conversion formula is

R(q) �

q
2
0 + q

2
1 − q

2
2 − q

2
3 2 q1q2 − q0q3( 􏼁 2 q1q3 + q0q2( 􏼁

2 q1q2 + q0q3( 􏼁 q
2
0 − q

2
1 + q

2
2 − q

2
3 2 q2q3 − q0q1( 􏼁

2 q1q3 − q0q2( 􏼁 2 q3q2 + q0q1( 􏼁 q
2
0 − q

2
1 − q

2
2 + q

2
3

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
.

(3)

+eoretically, the acceleration signal caused by gravity
meets the following equation after conversion:

R Δqacc( 􏼁
G

gr �
G

g′, (4)
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where Ggr is the true gravity vector, the theoretical value is
Ggr � [0, 0, g]T. In practice, deviation Δ􏽢qacc may exist. +e
final pose can be obtained by quaternion interpolation
through SLERP and other methods:

L
Gqt �

L
Gqw ⊗Δ􏽢qacc. (5)

+rough the above steps, it not only can calculate the
pose of the middle groove but also can pretreat the accel-
eration signal, removing the component generated by
gravity in the acceleration signal.

3.1.2. Displacement Estimation Based on MS-KF. After the
pose estimation of the middle groove, the collected accel-
eration signals are transformed into the acceleration time
series without the influence of gravity, the data character-
istics of the acceleration signals are analyzed and extracted,
and the SVM is used for training. Finally, the displacement
state of the acceleration time series can be recognized by
using the trained SVM model.

For acceleration time series under different transition
states, MS-KF will use different state space models to esti-
mate the transition displacement. Delimiting the displace-
ment and velocity variables xt and vt , respectively, the state
space model of VVS section is

xe,t

ve,t

Lae,t

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �

I ΔtI IΔt2/2

0 I R L
Gqt( 􏼁Δt

0 0 I

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

xe,t− 1

ve,t− 1
Lae,t− 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ +

0

− gΔt

0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ + υt. (6)

Among them, υt refers to the processing noise. For the
acceleration in the CVS period, theoretically, the accelera-
tion should be 0, so the state space model adopted by CVS is

xi,t+1

vi,t+1
Lai,t+1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �

I ΔtI 1/2IΔt2

0 I R L
Gqt( 􏼁Δt

0 0 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

xi,t

vi,t

Lai,t

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ +

0

− gΔt

0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ + υt. (7)

Second, different initial state values need to be set for
acceleration time series in different phases when Kalman
filtering estimation is carried out. +e initial value setting is
shown in the following formula:

Xt �

Xe,t| Xe,0 � 0, P0 � 0􏽮 􏽯,mean xi􏼈 􏼉( 􏼁> 0, xi ∈ VVS,

Xi,t, yi ∈ CVS,

Xe,t| Xe,0 � Xi,t, P0 � 0􏽮 􏽯,mean xi􏼈 􏼉( 􏼁< 0, xi ∈ VVS.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(8)

Amongthem,Xt is thestatevariable,Xt � [xi,t, vi,t,
Lai,t]

T,
and Xe,0 and P0 are the initial values of state variables and
estimation errors in Kalman filter estimation, respectively.
MS-KF can be realized with the above steps.

3.2. Feature Extraction and Selection. Before realizing MS-
KF, it is necessary to subsection the process of acceleration
time series. In order to study the data characteristics of
acceleration time series in the process of MSR pushing, the
pushing displacement signal and acceleration signal col-
lected in the laboratory environment are collected, as shown
in Figures 2(a) and 2(b), respectively, finally getting the
schematic diagram of their characteristics with denoising
and normalizing the signal, as shown in Figure 2(c). At the
beginning of sliding, the positive component of acceleration
is large and reaches the average speed of moving jack in a
very short time. At the end of sliding, there is a small ac-
celeration change. After the above actions, a sliding process
is completed. It is the opposite when moving the support;
first, at the beginning of support-moving, the negative
component of acceleration is large and then moving at a
uniform speed after reaching the average speed of support-
moving. At the end of the support-moving, there is a small
change, and then, it enters the static state.

MS-KF analysis is based on recognizing the acceleration
in VVS, ZVS, and CVS periods. However, when jack is
working in the VVS area, the time of accelerating and de-
celerating is very short, the feature discrimination corre-
sponding to each state is low, and the final recognition effect
will be affected.+erefore, it cannot improve the recognition
rate through recognizing the state of acceleration signal
directly. According to the above analysis of the pushing
process, MSR corresponds to the four states of sliding start
(S1), pushing end (S2), support-moving start (S3), and
support-moving end (S4) in a pushing cycle. VVS corre-
sponds to the area that state transition from one to another.
CVS corresponds to the area not only between S1 and S2 but
also between S3 and S4. ZVS corresponds to other areas.+is
method uses the prior knowledge of the transition system in
state pattern recognition, which is more efficient and reli-
able, and the accuracy of final recognition will be improved.

Wavelet threshold
denoising

Pose estimation of
middle groove

Pushing displacement

MS-KF

IMU

AccelerationAngular
acceleration

Pushing pose pattern Recognition

Acceleration signal (withot gravity effect)

Acceleration
time series OVR SVM

CVSVVS VVS ZUPT

Feature
extraction

L
Gqt

Lαt-1
 > 0

ve,t-1 ≠ 0
Lαt-1

 = 0
ve,t-1 ≠ 0

Lαt-1
 < 0

ve,t-1 ≠ 0
Lαt-1

 = 0
ve,t-1 = 0

Figure 1: Pushing displacement sensing architecture.
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Extracting and selecting effective data features is the
premise of pushing state pattern recognition. For the accel-
eration signal, the features that canbe extracted are as follows:

(1) Average power: describing the vibration intensity of
the signal, x(n) is the collected acceleration time
series, where n is the length of the time series,
n � 1, 2, 3...N. +e characteristic value can be cal-
culated according to the following formula:

f1 � 􏽘
N

n�1
(x(n))

2
. (9)

(2) Sample entropy: measuring the complexity of time
series, the specific definition and calculation for-
mula can be carried out according to the method
proposed by Richman et al. [24].

(3) Spectral entropy: quantitative processing the
smoothness of spectrum, which is positive corre-
lation with feature show, if the relative power
spectrum probability of x(n) is Pk, the spectral
entropy can be calculated as follows:

f3 � − 􏽘
N/2− 1

K�0
Pkln Pk( 􏼁. (10)

(4) Mean value: describing the average value of ampli-
tude changeof acceleration signal in eacharea,which
canbe calculated according to the following formula:

f4 �
1
N

􏽘

N

n�1
x(n). (11)

(5) Median frequency: a measure used to describe the
frequency change. First, calculating the power
spectrum corresponding to the acceleration signal
and then dividing the power spectrum probability
into two parts with equal energy, the detail calcu-
lation process as references [25].

(6) Standard deviation: describing the variation am-
plitude of acceleration signal, solving according to
the following formula:

f6 �

������������������

1
N − 1

􏽘

N

n�1
(x(n) − x)

2

􏽶
􏽴

. (12)

(7) Skewness: a asymmetry measure of the vertical
distribution near the mean, which is used to de-
scribe the asymmetry of acceleration signal when it
changes and judge its change direction; the calcu-
lation is as follows:

f7 �

���������
N(N − 1)

􏽰

N − 2
1/N 􏽐

N
n�1 (x(n) − x)

3

1/N 􏽐
N
n�1 (x(n) − x)2􏼐 􏼑

3. (13)

(8) Kurtosis: reflecting the kurtosis of the square dis-
tribution, which is used to describe the amplitude of
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Figure 2: Feature samples of acceleration and displacement.
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acceleration signal change, the calculation is as
follows:

f8 �
N − 1

(N − 2)(N − 3)
(N + 1)

1/N 􏽐
N
n�1 (x(n) − x)

4

1/N 􏽐
N
n�1 (x(n) − x)2􏼐 􏼑

2 − 3(N − 1)⎛⎜⎝ ⎞⎟⎠ + 3.

(14)

(9) Lempel-Ziv: a complex quantification method,
reflecting the rate at which new patterns emerge in
the time series and the detail calculation process as
references [16].

(10) Crest factor: describing the peak sharpness of the
signal, the calculation is as follows:

f10 �
max(x(n))

���������������

1/N 􏽐
N
n�1 (x(n))

2
􏽱 . (15)

Acceleration signals in 102 pushing periods are collected
in the laboratory environment; each period corresponds to
the acceleration time series xi(n) of 4 pushing states, i� 1, 2,
3, . . ., 408; the length of each time series is 2000, and finally,
the eigenvalues corresponding to each acceleration time
series are shown as f1–f10 in Figure 3. It can be seen from the
figure that all the eigenvalues have a good recognition for the
pushing states 1 and 2, but f4 is an exception. Between the
pushing states 1 and 4, f4 nearly unchanged, and the
boundaries are extremely blurred. Compared with f4, f9 has
a good recognition for pushing state 4. When the features f1,
f2, f3, and f10 are recognized in the pushing states 2–4, the
recognition is low.

+e other four eigenvalues, namely, f5–f8, have obvious
boundaries for the four pushing states, especially f7 and f8.
+e consistency of all sample eigenvalues in the same state is
very high, but the boundary of sample eigenvalues between
different states is very obvious. +erefore, f5–f8 is the best
choice among the above features used for pattern recog-
nition of the pushing state. In order to verify the above
assumption, first calculating the eigenvalues of all sample
data and then arranging and combining all the eigenvalues,
the total number of combinations is 􏽐

10
i�1c

i
10.+en, training

each combination with SVM, calculating the k-fold cross-
validation, and searching the optimal combination of each
eigenvalue through the accuracy of the final 10-fold cross-
validation, the final calculation results are obtained, as given
in Table 1.

It can be seen from the results that the inspection accuracy
of six combinations reached 99.8%, meanwhile f5–f8 exist in
the six eigenvalue combinations. Considering the complexity
of calculation and inspection accuracy, the eigenvalues f5–f8
are selected as the optimal combination, which verify the
judgment results of the above eigenvalue selection.

3.3. SVM-Based Pushing State Recognition. +rough the
extraction and selection of the above feature values, finally,
all the time series are converted into the training set (f5, f6,
f7, f8) and the corresponding target state set (S1, S2, S3, S4)

of pushing state pattern recognition; it can be trained and
predicated according to the training set and the target state
set.

SVM is a machine learning method based on statistical
theory proposed in the 1990s, which has a good application
effect on pattern recognition problems with small samples
and high dimensions. It can effectively avoid overfitting and
has excellent nonlinear processing ability. By converting it
into a convex quadratic programming problem, it can
achieve the global optimum. If the given training samples are
(x1, y1), (x2, y2), . . ., (xn, yn), in order to transform the input
vector from a low-dimensional space x to a high-dimen-
sional space z, first nonlinearly transform the input vector
z�H(x), solving weight vector w and offset B, and satisfy the
following equation:

yi w
T

· zi + b􏼐 􏼑≥ 1 i � 1, 2, . . . , l. (16)

+e unit vector of the weight vector is the normal di-
rection of the interface. +erefore, the distance between the
points close to the interface of the two categories is

d(w, b) � min
x|y�1{ }

z
T

· w

‖w‖
− max

x|y�− 1{ }

z
T

· w

‖w‖
. (17)

When the optimal boundary is reached, it should have
met wT

o · z + bo � 0, and the value of w0 meets the re-
quirements of the following formula:

d wo, bo( 􏼁 �
2

wo

����
����

−
2

w
T
o · wo

. (18)

So far, the problem of solving the optimal interface is
transformed into the following optimization problem:

minH(w) �
1
2

w
T

· w􏼐 􏼑 + V · 􏽘
l

i�1
ai,

s.tyi w
T

· zi + B􏼐 􏼑≥ 1.

(19)

Table 1: Combination result of the sample features.

f1 f2 f3 f4 f5 f6 f7 f8 f9 f10 CV
√ √ √ √ 0.998

√ √ √ √ √ √ √ 0.998
√ √ √ √ √ √ √ √ 0.998
√ √ √ √ √ 0.998

√ √ √ √ √ √ 0.998
√ √ √ √ √ √ 0.998
√ √ √ √ 0.997
√ √ √ √ √ 0.997

√ √ √ √ √ √ √ √ √ √ 0.995
√ √ √ √ √ √ 0.995
√ √ √ √ √ √ √ 0.995
√ √ √ √ √ 0.995
√ √ √ 0.995

√ √ √ √ √ √ √ √ 0.993
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

+e values in bold means the best combination considering the cross
validation results and the less features used in the algorithm.
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Converting the objective function with the Lagrange
multiplier algorithm,

L(w, b, λ) �
1
2

w
T

· w􏼐 􏼑 + V · 􏽘
l

i�1
al − 􏽘

l

i�1
λi yi w

T
zi + b􏼐 􏼑 − 1􏽨 􏽩,

f(z) � sgn w
T

· z􏼐 􏼑 + b􏽨 􏽩 � sgn 􏽘
l

i�1
λi · yi · z

T
zi􏼐 􏼑⎡⎣ ⎤⎦

� sgn 􏽘
SupportVector

λi · yi · z
T
zi􏼐 􏼑 + b⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦.

(20)

In essence, SVM transforms samples into high-dimen-
sional linear separable space through nonlinear transfor-
mation functionH and constructs hyperplane to classify and
recognize them. +is nonlinear transformation function is
also called kernel function, which satisfies the Mercer
condition, K(xi, yi)�H (xi)H(xj). Different kernel functions
have different effects on SVM performance. +e selection of
kernel functions includes the selection of type and param-
eters. +e commonly used kernel functions are given in
Table 2.

In addition to the above common kernel functions, we
can also customize the kernel functions. If K1(x, x′) and
K2(x, x′) are both kernel functions, we can customize the
kernel functions through the following methods:

K x, x′( 􏼁 � c · K1 x, x′( 􏼁

K x, x′( 􏼁 � f(x) · K1 x, x′( 􏼁 · f x′( 􏼁

K x, x′( 􏼁 � exp K1 x, x′( 􏼁􏼂 􏼃

K x, x′( 􏼁 � K1 x, x′( 􏼁 + K2 x, x′( 􏼁

K x, x′( 􏼁 � K1 x, x′( 􏼁 · K2 x, x′( 􏼁

K x, x′( 􏼁 � K1 φ(x),φ x′( 􏼁( 􏼁

K x, x′( 􏼁 � x
T

· A · x′.

(21)

In this section, the median frequency f5, standard de-
viation f6, skewness f7, and kurtosis f8 of the acceleration

Table 2: Commonly used kernel functions.

Name Expression Parameters
Linear kernel K(xi, xj) � xT

i xj None
Polynomial kernel K(xi, xj) � (xT

i xj)
d d≥ 1, polynomial degree

Gaussian kernel K(xi, xj) � exp(− ‖xi − xj‖
2/2σ2) σ > 0, bandwidth

Laplace kernel K(xi, xj) � exp(− ‖xi − xj‖/σ) σ > 0
Sigmoid kernel K(xi, xj) � tanh(βxT

i xj + θ) β> 0 and θ< 0

Table 3: Data samples after normalization.

f5 f6 f7 f8 State f5 f6 f7 f8 State
0.025 0.321 0.648 − 0.214 S1 0.302 0.563 0.339 − 0.480 S1
0.293 0.417 0.121 − 0.579 S1 0.499 0.694 0.302 − 0.511 S1
− 0.969 − 0.911 0.197 − 1.000 S1 0.148 0.447 0.422 − 0.570 S1
0.248 0.498 0.428 − 0.626 S1 0.583 0.751 0.341 − 0.566 S1
0.308 0.538 0.358 − 0.601 S1 0.411 0.663 0.447 − 0.348 S1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

− 0.996 − 0.992 0.142 − 0.885 S2 − 0.944 − 0.834 0.202 − 0.963 S2
− 0.980 − 0.937 0.175 − 0.945 S2 − 0.997 − 0.992 0.249 − 0.815 S2
− 0.953 − 0.864 0.246 − 0.828 S2 − 0.987 − 0.955 0.095 − 0.823 S2
− 0.987 − 0.960 0.176 − 0.928 S2 − 0.937 − 0.815 0.231 − 0.943 S2
− 0.990 − 0.970 0.335 − 0.739 S2 − 0.948 − 0.840 0.158 − 0.924 S2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

− 0.591 − 0.270 − 0.489 0.446 S3 − 0.627 − 0.294 − 0.687 0.175 S3
− 0.625 − 0.301 − 0.702 0.039 S3 − 0.719 − 0.415 − 0.592 0.163 S3
− 0.475 − 0.127 − 0.609 0.154 S3 − 0.715 − 0.409 − 0.045 − 0.537 S3
− 0.656 − 0.347 − 0.875 0.770 S3 − 0.675 − 0.354 − 0.272 − 0.371 S3
− 0.637 − 0.322 − 0.799 0.763 S3 − 0.765 − 0.486 − 0.459 0.070 S3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

− 0.469 − 0.109 0.400 − 0.708 S4 − 0.436 − 0.067 0.178 − 0.938 S4
− 0.525 − 0.173 0.250 − 0.867 S4 − 0.519 − 0.158 0.228 − 0.924 S4
− 0.205 0.155 0.264 − 0.804 S4 − 0.464 − 0.098 0.270 − 0.838 S4
− 0.124 0.236 0.046 − 0.841 S4 − 0.147 0.204 0.386 − 0.796 S4
− 0.440 − 0.069 0.144 − 0.809 S4 − 0.074 0.287 0.092 − 0.846 S4
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 4: SVM detection result using different kernel functions.

Kernel function k-fold Test accuracy
Linear kernel 0.9938 0.9919
Polynomial kernel 0.9875 1.0000
RBF kernel 0.9939 1.0000
Sigmoid kernel 0.2250 0.2279
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signal are used as the input vectors of SVM, and the OVR
method is used to realize the pushing state pattern recog-
nition of MSR based on SVM. After the normalized pro-
cessing of the acceleration signal collected on-site, the
training sample set data obtained are given in Table 3.

Taking 60% of the sample data as the training set and the
remaining 40% as the test set, the LibSVM library is used to
realize the pushing state pattern recognition program in the
MATLAB environment and calculating the k-fold cross test
accuracy (k� 10) of the training set and the SVM classifi-
cation results of the test set with different kernel functions.
+e results are given in Table 4.

It can be seen that RBF kernel function has better
recognition accuracy when recognizing the pushing state in
SVM, and the average recognition accuracy can reach
99.39%. +erefore, using RBF kernel function can achieve a
better SVM classification effect and then realize the pushing
state pattern recognition with high accuracy.

4. Experimental Research

4.1. Experimental Platform. Build the pose sensing experi-
mental system of MSR through adding an IMU sensor to the
original MSR sensing system. For the higher acquisition
frequency and detection accuracy, the ADIS16448 IMU
sensor is used for pushing pose sensing, as shown in
Figure 4(a). In order to realize the pushing pose sensing, the
whole experimental platform includes 4 MSRs, 1 shearer, 1
scraper conveyor, and other equipment. +e experimental
site is shown in Figure 4(b).

+e MSR controller designed in this study is shown in
Figure 5. +e upper computer is installed with the moni-
toring software based on openPOWERLINK, which is an
open-source industrial ethernet stack implementing the
POWERLINK protocol for managing node and controlled
node, designed to realize the remote operation of the
controller, and the following action of MSR is controlled
through POWERLINK. At the same time, the virtual
monitoring system of MSR based on Unity3D is designed in

C#.NET platform, which reproduces the pose of the real
MSR in real time through the action of the virtual model of
MSR with the pose data uploaded by Ethernet; the user
interface is shown in Figure 5.

4.2. Experiment and Analysis. +e pushing pose of MSR
includes the attitude angle and displacement of the middle
groove. +e attitude angle of the middle groove can be
calculated directly according to IMU, but the displacement
needs more in-depth research. In order to verify the ef-
fectiveness of the pushing sensing method based on pushing
state pattern recognition proposed in this study, the IMU
sensor is installed on the middle groove of the scraper
conveyor to obtain the inertia information in the moving
process.

+e denoising data samples of acceleration and angular
velocity are shown in Figure 6. It can be seen from the figure
that four state changes will occur in a cycle. When the state
changes, the acceleration and angular velocity will change.
According to the change characteristics of acceleration data,
the pattern recognition of pushing state can be realized, and
then, the acceleration data are processed in phases. +rough
the structural parameters of MSR, the theoretical sliding and
support-moving speeds can be calculated.While, according to
the measured displacement, the sliding and support-moving
speeds can be calculated as 14.53mm/s and 35.19mm/s,
respectively. Due to the influence of the current experimental
environment and sensor noise, there is a certain error be-
tween the measured value and the theoretical value, and the
error is given in Table 5.

Conduct the denoised IMU data with time interception,
calculate the eigenvalues f5, f6, f7, and f8 corresponding to
the IMU data in each time window, and identify the state in
the current time window with the trained SVMmodel. Each
state mode identified in a time window is shown in Figure 7
+ere is high accuracy in identifying the SVM state with
eigenvalues f5, f6, f7, and f8, but there are also abnormalities
in the case of large vibration. In Figure 7, the recognition

(a)

Raspberry pi 3

Infrared camera

Hydraulic support controller

(b)

Figure 4: IMU sensor installation position and experimental site. (a) IMU sensor installation position. (b) Experimental platform site.
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rates of the three states of sliding start, support-moving start,
and support-moving end are accurate and the corresponding
times are (12.53, 13.08), (66.41, 67.24), and (80.27, 81.46),
respectively. However, there is a large vibration before the
end of sliding, so the recognition rate in this area is low. In
order to eliminate the influence of vibration on the pattern
recognition of pushing state, it is clustered into the nearest
state pattern in the time domain, and the vibration area in
the figure is determined as the end of sliding.

According to the pattern recognition results of the
pushing state, different IMU data phases are obtained, as
shown in Figure 7; phase (1) is the sliding start phase, the
sliding speed increases from 0 to the theoretical speed,
corresponding to the first VVS phase (VVS1); phase (3) is the
sliding end phase, which is the deceleration phase, corre-
sponding to the second VVS phase (VVS2). Between VVS1
and VVS2 is the uniform speed phase, which is the first CVS
phase (CVS). For VVS and CVS phase, Kalman filter esti-
mation is performed according to their corresponding state
space models, and the results are shown in Figures 8(a)–8(c).

In the VVS1 phase, if the integral method is directly
adopted, a large cumulative error will occur in the accel-
eration phase of pushing jack. As shown in Figure 8(a), the
final speed obtained by the integral method is more than
30mm/s, while the theoretical value is only 15mm/s. +e
value estimated by IFOA-KF is more accurate, and the final
speed is maintained near the theoretical value. Similarly, for

Monitoring so�ware

Controller

Router

Switch

(a)

Monitoring

Device
browsing tree

Virtual
monitoring area

Operation area

(b)

Figure 5: Experimental platform for the AFM control system. (a) Autonomous follow-up controller. (b) Virtual monitoring system.
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Table 5: Pushing velocities.

Action Ground truth
(mm/s)

Measurement
(mm/s)

Error
(%)

Sliding 15.00 14.53 0.13
Support-
moving 35.00 35.19 0.54
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Figure 7: Recognition result of the pushing state.
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the estimation of displacement, the final result of IFOA-KF
is closer to the theoretical value, and its mean square error
MSE is 1.4615.

In the CVS1 phase, the initial displacement and velocity
are determined by VVS1, and its initial condition is
[y0, v0, a0]

T � [5.69, 15.02, 0]T. Due to the longtime of this
period, the possibility of time cumulative error is greater. As
shown in Figure 8(b), theoretically, this phase should move
at a uniform speed, and the speed should be maintained at
about 15mm/s; however, the direct integration method
produces a large error, resulting in a large displacement
error in the final integration. In the VVS2 phase, the initial
condition is the end condition of the CVS phase, that is,
[y0, v0, a0]

T � [397.80, 18.01, 0]T. +e results of integration
and estimation are shown in Figure 8(c). +e error of ve-
locity and displacement estimated by IFOA-KF is much
smaller than that obtained by the direct integration method,
and the error analysis results are given in Table 6.

5. Conclusion

By analyzing the composition and characteristics of pushing
pose of MSR and middle groove, a fusion evaluation model,
which combines the pushing displacement-based least
squares straightness and the pushing pose-based straightness
of the middle groove, is established for realizing pushing pose
alignment. To improve accuracy and reliability in the

straightness evaluation process, a segmented sensing ap-
proach based on pushing state pattern recognition is pro-
posed by selecting 4 difference features from typical IMU data
features. +e selected features are used for SVM training. +e
trained model can effectively recognize the pushing state
pattern of MSR. To test and analyze the feasibility of proposed
approach, a pose sensing experiment platform is built, and
different motion stages of MSR are verified by experiments.
Results show that estimation errors are significantly reduced
compared with the traditional algorithm.
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Robot manipulators are growing more widely employed in the retail market, mostly for warehousing, but automating them in-
store logistics processes is still a di�cult task. Supermarkets and large retail stores face many challenges: shortages, handling, and
placement of a single product on shelves. Various issues needed to be considered to develop a robot which can manipulate
products of di�erent sizes, shapes, and weight in limited spaces on shelves.�e aim of this article is to design and develop a system
to address the issues of shortage, identi�cation, moving, and placements of products in supermarkets by properly incorporating
database, camera vision, and line following mobile manipulator. A four-wheeled di�erential drive mobile robot was designed and
developed which has a 5 DOF robotic manipulator on it. �e line following technique is used to move it around the warehouse.
�e barcode recognition technique for the localization of product sections and object detection using SIFT is successfully and
e�ciently employed. �e demonstration of the usefulness of the method was shown by carrying out experiments in a relevant
environment which imitates a real supermarket.

1. Introduction

�e customer experience and comfort have been improved
by the implementation of automation techniques at retail
shops. A major example is the Amazon Go shops. On the
other hand, automated solutions are still limited in the
logistics processes of retail stores of the supermarket in-
dustry speci�cally, in Pakistan. �e supermarket industry is
widely expanding in Pakistan, while being the fact that it still
has not achieved the top-notch advancement. �ere are
many areas of advancement and improvement in it fol-
lowing the problems and complications exist in it. One of
those problems is the tracking of products on the shelves
which are short as well as to put them right in their place on
shelves. As the size of supermarkets and number of products
increases, it becomes di�cult for humans to manage.

Various commercial mobile robots can be used to
monitor shelves for inventory management automatically by
choosing diverse technologies, such as radio-frequency
identi�cation antennas in the Stockbot or the cameras in the
Bossa Nova 2020, Tally 3.0, and LoweBot [1]. Another
depalletizing-based automated process uses recent arti�cial
intelligence solutions like the Photoneo Depal [2]. Recently,
some control solutions based on arti�cial intelligence ap-
proaches have also been presented [3]. A new depalletizer
which was able to manage not only boxes but also varied
pallets has been proposed in [4].

�e inventory management and unloading solutions are
already in the market, whereas other in-store automated
processes, such as transporting items from the warehouse to
the retail store and shelf restocking, can still be taken as
emerging technologies. �is is a great demand from retailers
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due to the high costs of in-store logistics, up to 60% of the
entire functioning store costs [5]. Fierce market competition
has led to a decline in profits and high labor costs make it
difficult to ensure that there is enough staff to handle all the
work in a store [1].

)e shelf refill is the most time-taking task with 50% of
such of the time is committed in finding the proper slot on
the shelf. Very few research literature is available on this
particular automation issue such as in [6–8]. Most of the
research issues are relevant to the convenience store robotic
challenge which was launched by theWorld Robotic Summit
[9]. )e solutions are mainly based on the usage of vacuum
grippers; therefore, they are applicable only in those situ-
ations where pick-and-place and grasp poses are similar.
Whereas, the shelf refill objective in an actual environment
may require cultured skills of manipulation. )e REFILLS
(robotic enabling fully integrated logistics lines for super-
market) [10] presented a software architecture which im-
plements the shelf replenishment with a comparable speed of
human. It also incorporated the KnowRob [11] based task-
planning framework.

)e current article’s contribution is focused on the lower
hierarchical level. It comprises of a 7-DOF mobile manip-
ulator prototype that is integrated with a supermarket da-
tabase system.)e proposed system also features a graphical
user interface (GUI) for experimentation. A camera vision is
also included with the mobile manipulator. As a result of the
billing, the supermarket database will be updated. Whenever
a product is billed, the system will infer from the database
that the product is out of stock.)is data will be passed on to
the mobile manipulator. After receiving the information, the
mobile manipulator will grab the product from the super-
market’s warehouse and position it on the shelf where it
belongs.

Wireless connection between the database and the
mobile manipulator is not used at this time for the sake of
simplification. For the purposed system, a laptop will be kept
on the mobile manipulator. )is laptop will include a da-
tabase and a graphical user interface. After placing the
product in its proper location, the mobile manipulator will
also update the database. As a result, the database and the
mobile manipulator will be able to communicate in both
directions.

1.1. Literature Review. )e first steps of any pick-and-place
task are object detection and localization. DenseFusion [12]
and PoseCNN [13], two of the most current and advanced
localization approaches, are nevertheless insufficient for the
in-hand maneuvers detailed in this article. )e integration
of camera vision with a robotic manipulator is a key aspect
of our research. Camera vision may be used to identify and
regulate the motion of a robotic manipulator, and it can also
be used to improve the performance of a robotic manip-
ulator. )e proper operation and use of camera vision is
fully dependent on determining the point of application.
Because determining the point of application, which
functions as an input for the system, is required when
controlling a robotic manipulator based on its inverse

kinematics. However, it is just necessary to specify the
settings and specifications for a robot to automatically
classify and stow goods [14, 15].

Other than determining the point of application, another
component of camera vision is the scanning of barcodes.
)is domain also has a substantial amount of work [16].
Numerous strategies for barcode detection using camera
vision have been developed over the years [17, 18], and many
methods and techniques for improving the barcode detec-
tion process have been implemented [19].

A great deal of study has also been done in relation to
warehouse and inventory management systems and their
various components [20–29]. )e design of the mobile robot
and mobile manipulator is critical in this project because
proper and error-free design leads to the project’s error-free
operation. Many recent and old publications [15, 30, 31]
propose novel techniques to kinematic modelling and
comprehensive design of robot manipulators.

)e kinematic analysis of robot manipulators is a topic of
debate in a number of classic literature [32, 33]. Peter Corke
created a software programme and MATLAB library for
kinematic and dynamic design and calculations, which has
become the industry standard [34]. Koyuncu and Guzel
provided a software package called MSG that is used to test
the behavior of robot motion [35].)ey established a way for
solving the kinematics of the Lynx 6d of Robot and proposed
a method for solving the kinematics of the Lynx 6d of Robot.
To address the kinematics of the AL5B Robot arm, Qassem
et al. proposed a software package [36]. More analysis have
been achieved for modeling a 6DOF robotic manipulators
using the MATLAB software for the purpose of their design,
simulation, and analysis by Iqbal et al., Kumar et al., and
Singh et al. [37–39].

2. Methodology

To solve abovementioned problems, we developed a system
which incorporates the basic components of the system
which are mobile manipulator, microcontroller, database,
and GUI in a way to timely track down the shortage of
products on shelves. Database carries the information about
all the products, their barcodes, their optimum quantity, and
their actual quantity in warehouse as well as in supermar-
kets. )e database management system is connected to the
billing system in practice. However, for the purpose of
simplicity, we developed a GUI in place of billing system.
)e GUI will be used to reduce the number of products from
the database. )e reduction in the number of products from
GUI, then from database will result in the prompt tracking of
short products from shelves. It means the system will no
sooner have information of shortage of a product than the
billing of that product. However, this is a part of usual
supermarket management nowadays.

After the information of shortage, the next step is to
assess the availability of that product in the warehouse. It has
been mentioned above that database also includes infor-
mation of barcode all products and the quantity of that
product in warehouse. It should be kept in mind that, the
shortage here does not imply that the products are also
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unavailable in the warehouse. Database will check if the
product is available in the warehouse. If its checking results
are positive, the system will communicate to the mobile
manipulator. Mobile manipulator, which is included by a
microcontroller, will be informed by the information of
short products and their barcodes.

�e locations of di�erent products with di�erent barc-
odes are known in the warehouse as well as in supermarket
by microcontroller. Microcontroller will travel toward that
product in the warehouse by tracing down its location. 5
DOF robotic manipulator will pick up that product. �e
mobile robot will move toward the location of that product
in the supermarket. Robotic manipulator will then put that
product right on its place on the shelf.

Here, it must be clear that the line following, barcode
scanning, and camera vision techniques will be used for
mobile robot path planning, section allocation, and product
point determination, respectively.

�e mobile manipulator will also provide feedback to
the microcontroller in the form of feedback sensors.
Moreover, after the microcontroller has completed the task
of picking and placing the product in its actual place, it will
be required to give this information back to PC, i.e., da-
tabase. In this way microcontroller and mobile manipulator
will have mutual communication. Similarly, micro-
controller and PC will have mutual communication. Below,
Figure 1 represents the block diagram of proposed meth-
odology, and Figure 2 shows the complete 3D model of
robotic manipulator.

2.1. Design Calculations

2.1.1. CAD Model

2.1.2. Design of the Mobile Robot. A mobile robot is a four-
wheeled vehicle with di�erential drive. All considerations
are made in calculations according to di�erential drive
principles. Design calculations of mobile robot include the
velocity and torque calculations of motor, choice of drive
mechanism for mobile robot, and its calculations and choice
of motors according to above calculations.

2.1.3. Velocity Calculations. Velocity calculations are the
calculations of motor angular velocity in context of desired
velocity of mobile robot, which is as follows:

Desired velocity of mobile robot � v

� 0.2
m

s
,

Radius of Wheel � r

� 0.05m.

(1)

We know that,

v � rω, (2)

where, ω is the required angular velocity of motor

ω �
v

r

�
0.2
0.05

� 4Hz.

(3)

After unit conversion to RPM:

ω � 240RPM. (4)

It means that both motors of mobile robot should have
an angular velocity of 240 RPM or greater.

2.1.4. Torque Calculations for the Mobile Base. In this sec-
tion, torque requirement of motor will be calculated. For
that, we will use the techniques of statics. �e �rst step is to
draw a free body diagram.

It can be seen in the free body diagram Figure 3 that the
weight of whole mobile manipulator, camera, and laptop is
assumed at the center. Due to existence of two motors, these
forces are multiplied by 2. Now, we will apply conditions of
static systems to evaluate forces:

∑ FY � 0: 2NA + 2NB − mg � 0, (5)

∑ΜΒ � 0: − 2NA(133.56) +mg(66.78) � 0. (6)

From (16), we have the following:

NA �
mg

4
. (7)

Putting it in (15) results in the below:

NB �
mg

4
. (8)

IR Modules

Ultrasonic
Sensor

Camera

Raspberry
Pi

GUI

Robotic
Manipulator

Motor Driver

Sucker
Pump

Le� Motor

Right Motor

Figure 1: Block diagram of the proposed methodology.

Figure 2: Complete 3D model of the prototype.
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Which means that both normal forces are equal, i.e.,

N � NA

� NB

�
mg

4
.

(9)

We know the radius of wheel, so we can �nd the torque
of motor required as follows:

T � Nr

�
mgr

4

� 6 × 9.81 ×
0.05
4

� 0.735Nm.

(10)

It means that both motors must have a torque of at least
1.47Nm.

2.1.5. Selection of Motors. �e choice of motor of the mobile
robot is very important in design calculation due to the fact
that incorrect choice can lead a great loss in term of cost and
performance. We are using DC gear motors due to following
reasons:

(1) DC motors are available with required torque and
speed parameters.

(2) DC motors are preferred over encoded DC motors
due to the fact that we do not require high accuracy
because we are using line following technique.

(3) DC gear motors are good for high load and torque
applications.

2.1.6. Drive Mechanism. Drive mechanism allows for the
proper transmission of power from a powered wheel to a
powerless wheel. �ere are three types of drive mechanisms
commonly used:

(1) Belt drives
(2) Chain drives

(3) Gear drives

We are using chain mechanism due to following reasons:

(1) Chain drive o�ers zero slip unlike belt and gear
drives.

(2) Chain drives are more stable than belt and gear
drives.

(3) Chain drives are highly e�cient in power
transmission.

(4) Chain drives are compact in size and easy to install.

2.1.7. Design of a Robotic Manipulator. We are using a 5
DOF robotic arm in our project. All of its joints are revolute.
�erefore, it can be said that it is kind of an articulated
manipulator.

2.1.8. Torque Calculations. In the articulated manipulator,
the torques of the joints having rotations about x-axis are
important to �nd. Due to the downward act of gravitational
force (weight) of the links, the links with the rotation about
x-axis will have some natural torque. In order to resist the
downward force acting on the links plus to lift the payload,
the required torques for the motors will be calculated.

To calculate the torques of the motors, the worst con-
dition is considered, i.e., the robotic arm is considered to be
placed horizontal. Now, the torque required to lift the
corresponding link with load will be maximum as shown in
Figure 4.

From the �gure, we are only interested to �nd the
maximum torques about points S, E, and R, respectively.
Where W1,W2,W3,W4,W5,W6,and W7 are the masses of
the links at di�erent points.

MaximumPayload � A
� 0.15kg,

W1 � 0.04kg,

W3 � 0.08kg,

W4 � 0.02kg,

W6 � 0.16kg,

W7 � 0.12kg.

(11)

Using second condition of equilibrium, required torque
of motor about point ‘S’ is as follows:

τs �(39.8∗ 0.15) +(32.3∗ 0.12) +(24.8∗ 0.16)
+(17.8∗ 0.02) +(12.5∗ 0.08) +(5.25∗ 0.04)

� 15.38kg − cm.
(12)

Similarly, required torque of motor about point ‘E’ is as
follows:

τE �(29.3∗ 0.15) +(21.8∗ 0.12) +(14.3∗ 0.16)
+(7.3∗ 0.02) +(2∗ 0.08) � 9.605kg − cm.

(13)

For elbow, required torque of motor about point ‘R’ is as
follows:

66.78 mm 66.78 mm

40 mm

NB NA

FB FA

mg

Figure 3: FBD of a mobile manipulator.
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τR � (19.5∗ 0.15) +(12∗ 0.12) +(4.5∗ 0.16)

� 5.085kg − cm.
(14)

2.1.9. Forward Kinematics. )e labeled kinematic diagram
of robotic manipulator is shown in Figure 5. )e forward
kinematics calculations start with the labeling of kinematic
diagram according to DHmethod, basic rules of which are as
follows:

(i) Direction of z-axis is toward of the joint axis.
(ii) x-axis is parallel to the common normal.

As shown in Table 1, there are four DH-parameters
a, d α and θ. )ese parameters are designated according to
following rules:

(i) θi is the angle from xi-1 to xi along zi− 1; For revolute
joint θi is variable.

(ii) di is the distance from the intersection of zi− 1 with xi
to the origin of (i− 1) system of axes; For prismatic
joint di variable.

(iii) ai is the shortcut between zi− 1 and zi.
(iv) αi is the angle from zi− 1 to zi along xi.

)e general transformation matrix is as follows:

T
i
i− 1 �

ci − cái.si sái.si a.ci

si cái.ci − sái.ci ai.si

0 sái cái di

0 0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

T
1
0 �

c1 0 − s1 0

s1 0 c1 0

0 − 1 0 l1

0 0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

T12 �

c2 − s2 0 l2.c2

s2 c2 0 l2.c3

0 0 1 0

0 0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

T
2
3 �

c3 0 − s3 l3.cl

s3 0 c3 l3.c3

0 − 1 0 0

0 0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

T
4
3 �

c4 0 s4 0

s4 0 − c4 0

0 1 0 l4

0 0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

T
5
4 �

c5 − s5 0 0

s5 c5 0 0

0 0 1 0

0 0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

T
5
0 � T

1
0.T

2
1.T

3
2.T

4
3.T

5
4,

T
5
0 �

c5 c4 c1c2c3 − c1s2s3( 􏼁 + s1s4( 􏼁 − s5 c1c2s3 + c4s3( 􏼁 c5 c4 c1c2c3 − c1s2s3( 􏼁 + s1s4( 􏼁 − c5 c1c2s3 + c1s2c3( 􏼁 s4 c1c2c3 − c1s2s3( 􏼁 − s1c4 c1 l2c2 + l3.c23 − l4s23( 􏼁

c5 c4 s1c2c3 − s1s2s3( 􏼁 − c1s4( 􏼁 − s5 s1c2s3 + s1s2c3( 􏼁 cc5 c4 s1c2c3 − s1s2s3( 􏼁 − c1s4( 􏼁 − c5 s1c2s3 + s1s2c3( 􏼁 c1c4 + s4 s1c2c3 − s1s2s3( 􏼁 s1 l2c2 + l3.c23 − l4s23( 􏼁

− c23.s5( 􏼁 − s23.c4.c5( 􏼁 s23.c4.c5( 􏼁 − c23.c5( 􏼁 − s23.s4l1 − l2s2 − l3s23 − l4c23

0 0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(15)
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Gripper’s position is de�ned by the p5 vector while
orientation de�ned by x5, y5, z5 vectors provided by the
forward kinematics:

P5 �
c1 l2c2 + l3.c23 − l4s23( )

s1
l2c2 + l3.c23 − l4s23

l1 − l2s2 − l3s23 − l4c23
( )


, (16)

x5 �
c5 c4 c1c2c3 − c1s2s3( ) + s1s4( ) − s5 c1c2s3 + c4s3( )
c5 c4 s1c2c3 − s1s2s3( ) − c1s4( ) − s5 s1c2s3 + s1s2c3( )

− c23.s5( ) − s23.c4.c5( )


,

(17)

y5 �
c5 c4 c1c2c3 − c1s2s3( ) + s1s4( ) − c5 c1c2s3 + c1s2c3( )
c5 c4 s1c2c3 − s1s2s3( ) − c1s4( ) − c5 s1c2s3 + s1s2c3( )

s23.c4.c5( ) − c23.c5( )


,

(18)

z5 �
c1c2c3 − c1s2s3) − s1c4

s4 c1c4 + s4 s1c2c3 − s1s2s3( ) − s23s4( )
[ ]. (19)

2.1.10. Inverse Kinematics. Solution to the inverse kine-
matics problem is reduced to the calculation of the argu-
ments θ1, θ2, θ3, θ4, θ5 based on the gripper’s position and

orientation. �ese six equations in �ve unknowns may have
no solution, though it is possible to consider it for some
instances [40]. Equations (16)–(19) can be rewritten in the
following forms:

x5x � c5 c4 c1c2c3 − c1s2s3( ) + s1s4( ) − s5 c1c2s3 + c4s3( ),
(20)

x5y � c5 c4 s1c2c3 − s1s2s3( ) − c1s4( ) − s5 s1c2s3 + s1s2c3( ),
(21)

x5z − c23.s5( ) − s23.c4.c5( ), (22)

y5x � c5 c4 c1c2c3 − c1s2s3( ) + s1s4( ) − c5 c1c2s3 + c1s2c3( ),
(23)

y5y � c5 c4 s1c2c3 − s1s2s3( ) − c1s4( ) − c5 s1c2s3 + s1s2c3( ),
(24)

y5z � s23.c4.c5( ) − c23.c5( ), (25)

z5x � s4 c1c2c3 − c1s2s3( ) − s1c4, (26)

z5y � c1c4 + s4 s1c2c3 − s1s2s3( ), (27)

z5z � − s23.s4, (28)

P5x � c1 l2c2 + l3.c23− l4s23( ), (29)

P5y � s1 l2c2 + l3.c23 − l4s23( ), (30)

P5z � l1 − l2s2 − l3s23 − l4c23. (31)

θ1 can be evaluated using (29) and (30)
straightforwardly:

Table 1: DH table.

Link αi ai di θi
1 − 90 0 l1 θ1
2 0 l2 0 θ2
3 − 90 l3 0 θ3
4 90 0 l4 θ4
5 0 0 0 θ5

S

W1
W3

W4 W6 W7 A

E R

5.25 5.25 5.3 4.5 7.5 7.5
end effector

Forearm
link-5

Wrist
link-4

Elbow
link-3

Shoulder
link-2

2.52

Figure 4: FBD of robotic manipulator for torque calculations.

Figure 5: Labeled kinematic diagram of the robotic manipulator.
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θ1 � tan− 1
P5y

P5x
. (32)

To evaluate θ2 and θ3, we used the geometric method:

θ2 � 90 − (∅1 +∅2), (33)

where values of ∅1 and ∅2 can be evaluated as follows:

∅1 � cos− 1
l3
2 − l2

2 − r3
2

− 2l2r3
( ),

∅2 � tan− 1
r2
r1
( ),

r1 �
��������
Px

2 + Py
2

√
,

r2 � Pz − l1,

r3 �
�������
r1

2 + r2
2

√
,

θ3 � 180 − ∅3,

(34)

where

∅3 � cos− 1
r3

2 − l2
2 − l3

2

− 2l2l3
( ). (35)

From (28),

θ4 � −
z5z
s23
,

θ5 � cos− 1
y5z

s23c4 − c23
( ).

(36)

2.1.11. Work Flow Diagram. As mentioned in previous
sections, all important components and aspects of the
project were made functional. Line follower robot, 5 DOF

robotic manipulator, camera vision, GUI, and various pe-
ripheral components of these components were signi�cant
components of the project. Important portions and systems
of the project, such as barcode identi�cation, object de-
tection, and inverse kinematics, were combined with these
components. �e project was made to function according to
the ªow diagram illustrated in Figure 6, after all project
components and systems were integrated. �is ªow diagram
depicts the project’s whole operation after it has been
integrated.

3. Experiments and Results

3.1. Development Stages and Final Stage. �e development
stages and �nal stage of the proposed model are given in
Figures 7 and 8, respectively.

3.2. Implementation of the Barcode Recognition Technique.
For section tracking of warehouse and supermarket, we used
barcodes as a visual marker. �ese markers guided the robot
toward the location of items. Each section had its di�erent
barcode on its front. OpenCV library was used to access the
camera. Barcode and QRcode detection and decoding were
done by using the pyzbar library with OpenCV. It �rst reads
the image using cv2.imread(). After reading the image, it
decodes the image using pyzbar.decode() and extracts the
bounding box (x, y) coordinates from the barcode data,
enabling us to localize and determine where the barcode in
the input image is. It draws a rectangle around the barcode
with OpenCV rect function and also puts a decoded text on
the image or scene. Our mobile base robotic arm operates on
Raspberry Pi B3. We implemented this technique on
Raspberry Pi by using a Pi camera. �e ªowchart in Figure 9
shows the methodology of a barcode recognition technique
and results of barcode recognition are shown in Figure 10.

3.3. Object Detection Using SIFT. To overcome the shortage
challenges of products in supermarket, we used a vision
assisted robotic arm with mobile base. Vision is

Initial
Position

NO

NO

YES

YES

Reach to Rack

Is Robot In
Warehouse?

Put Product
in Rack

Update DatabaseTake Image
of Product

YES

NO

NO

NO

YES

YES

YES

NO

NO

NOHurdle

Stop For 2
Seconds

Barcode
Detect And
Take Image

Decode and Store
Information

Match Data
with

Database
END

Aquire
Product Placement
Information From

GUI

Are 3 Center
IRs Active?

Is Le�
IR Active?

Minor
Le� Turn

Move Straight to Limit Pick �e Product
And Place on Base

Move Towards
Initial Position

Minor
Right Turn

Move Straight
On Line

Data
Entered
In GUI?

YES

YES

Figure 6: Work ªow diagram.
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incorporated with a robotic arm to pick objects from the
warehouse and place them in their respective shelves in the
supermarket. To detect and recognize di�erent object de-
tection algorithm like SIFT, SURF, and ORB can be used.
Scale invariant feature transform (SIFT) is used in our
project because it is robust and invariant to scaling and
lightning conditions. �e ªowchart diagram of object de-
tection using SIFT is shown in Figure 11.

To implement the SIFTalgorithm in our project, we used
openCV version 3.4.2. It is a built in detector in openCV.
First, we have to construct a SIFT object using cv.xfeatur-
es2d.SIFT_create(). After this, SIFT will detect key points of
target object. OpenCV provides cv2.compute() which
computes the descriptors from the key points. We have key
points and descriptors of the target image.

We repeat the same process for the scene image. We got
the descriptor vectors of both scene image and target image.
Now, we match these two vectors. �e minimum Euclidean
distance between these two 128 dimensional descriptor
vectors will be the best match. For matching brute force and
fast library approximation nearest neighbor (FLANN) can
be used. �e object detection using SIFT before and after
center point calculations are given in Figures 12 and
13,respectively.

4. Conclusions

�e �xed manipulators on the industry ªoor have already
been developed and established decades ago with great ef-
�ciency. �e proposed project provided a mobile manipu-
lator which solve many problems faced by today’s
supermarket and inventory industry. In time placements of
products in supermarkets were handled by properly in-
corporating database, camera vision, mobile manipulator,
and Raspberry Pi (Controller). �e four-wheeled di�erential
drive mobile robot was designed with line following

Object Image

Scene
Image

Feature
Extraction

Feature
Matching

Localization of
Center Point

To Robotic
Arm

Feature
Extraction

(SIFT)

Object
Database

Figure 11: Flowchart of object detection using SIFT.

Figure 12: Object detection using SIFT before center point
calculation.

Figure 13: Object detection using SIFT after center point
calculation.

Start

Image Taken
From Camera Display Image End

Localize &
Decode
Barcode

Save Barcode
Data into Excel

File

Display
Barcode Data

and Type

Input to Pyzbar
Library YES

NO

Figure 9: Flowchart of methodology of barcode recognition.

Figure 10: Results of barcode recognition.

Figure 7: Development stages of the model.

Figure 8: Final stage of the model.
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capability covered the factory floor area by moving accu-
rately around the warehouse. A 5 DOF robotic manipulator
could pick the object effectively with the help of SIFTfeature
extraction and center point calculation of the object. )e
barcode recognition technique enabled the identification of
product to be placed at right sections in the warehouse. It
was done using PYZBAR.

In spite of its good results, many advanced features and
desired components could not be introduced due to financial
and time limitations.

)e future recommendations will likewise focus on
addressing the issues. To eliminate interaction with humans
on the ground, a line follower robot could be replaced by an
overhead transit system. It will significantly increase the
speed of the entire operation. )ere are a variety of addi-
tional ways that can be used in this situation. Redevelopment
of the product localization process can be done in the future.
We urge that additional tests be conducted by replacing the
line follower with a SLAM-based navigation system, as we
feel that using SLAM-based navigation on a mobile robot
can open up new possibilities for the project’s functionality.

RFID tags have proven their reliability in the super-
market and product handling applications [41], and they can
be used here instead of barcodes to greatly improve results.
To improve results, the model of a mobile robot and robotic
manipulator can be changed in terms of materials, shape,
joints, and actuators. Picking objects in a cluttered envi-
ronment will be easier with the learning of a robotic ma-
nipulator utilizing a neural network. It is the most essential
of all future recommendations because it influences the
project’s main goal.

Aside from these design changes, a significant step
forward would be to fully automate this semiautomated
system. For example, we used a GUI to perform billing
actions in this prototype, but the actual system should be
connected to a billing server or database and automatically
take inputs from the database. In the future, it is recom-
mended that mobile robots be entirely automated.

Data Availability

)ere are no explicit data used in the proposed research. All
the data are available in the paper.
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Gas drainage is of great signi�cance for the e�cient and safe mining in coal mine, in which the coal seam layer bedding has a great
in�uence on it. For obtaining gas permeability characteristics of coal body with the parallel and vertical bedding in fractured coal
under the action of stress loading and unloading, experimental research was carried out employing a three-stress-axis simulation
device. Experimental results showed that in the stress loading process, the permeability decreased with increasing e�ective stress;
the decrement was initially rapid albeit it slowed later. With the increase of e�ective stress, the coal sample underwent three stages,
namely, crack compaction, elastic deformation, and plastic deformation. In the stress unloading process, the permeability of coal
samples increased with decreasing of e�ective stress, and the increasing trend of permeability was consistent. �e degree of
fracture compaction of the parallel bedding coal samples after compression was much higher than that of vertical bedding. In the
stress-relieved coal seam, gas drainage boreholes should be arranged vertically to the bedding �ssure to maximise the gas drainage
e�ect. A group of parallel and vertical bedding gas drainage holes were arranged in the test mine to investigate the drainage e�ect.
Field engineering application also showed that the drilling direction should be perpendicular to the bedding direction as far as
possible, so as to improve the gas drainage e�ect. �e research results can provide a reference for the gas drainage borehole layout,
thus maximising the gas extraction e�ciency and ensuring the sustainability of mine safety production.

1. Introduction

�e bedding is widely distributed in the coal seam and
determines its stability, especially the gas �ow state [1]. �e
integrity of a coal body is destroyed by bedding �ssures;
meanwhile, the stress distribution state changes to a great
extent [2], and bedding �ssures are one of the main con-
trolling factors that determine the strength of a coal body, its
deformation, and gas permeability characteristics. Bedding
�ssures will develop, penetrate, and deform after mining;
this has a great in�uence on the gas seepage and di�usion,
directly determining the characteristics of gas migration and
accumulation and then greatly a�ecting the gas drainage of
each coal seam. As is known, gas drainage is the most basic
technical measure used to control coal mine gas disasters [3],
and coal seam permeability is the most important index used

to determine the gas drainage e�ect [4, 5]. Coal structure is
an important index used to determine coal seam perme-
ability. Consequently, gas drainage borehole design,
according to the characteristics of di�erent bedding �ssures,
is essential for improving the gas drainage e�ect and
achieving the best gas drainage.

Research into the in�uence of coal bedding �ssures on
permeability has been carried out at home and abroad.
Experimental studies of the e�ect of coal body structure on
gas permeability characteristics have been carried out by
Huang [6]; research results showed that the e�ect of coal
structure anisotropy on permeability was great and di�er-
ences in permeability of almost one order of magnitude
arose. Research on permeability characteristics of layered
natural coal under di�erent loading and unloading has been
conducted by Pan et al. [7], and a theoretical model between
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fractured coal bedding and the effective stress was estab-
lished. Using the fluid-solid coupling three-axis servo
seepage device with gas coal, a seepage test on two kinds of
raw coal samples (parallel and vertical to coal bedding di-
rection) under different stress conditions was carried out by
Deng et al. [8]. Results showed that the permeability dif-
ference between the two coal samples was mainly caused by
the difference of the extent of fracturing in the z-axis di-
rection. Axial effect of multistage loading and unloading on
gas seepage in coal body with lower fissure has been con-
ducted by Cen et al. [9], and the results showed that the coal
sample goes through three stages of compaction, elastic
deformation, and plastic deformation in the process of
multistage loading, and the two axial gas permeability de-
creases with the increase of stress. In the unloading process,
the gas permeability in two axial directions was partially
recovered. .e gas permeability along x-axis of parallel
bedding is always greater than that along y-axis of vertical
bedding under loading and unloading. A large number of
experimental studies on the permeability of coal samples
under different bedding conditions have been carried out by
Wang et al. [10], Wu et al. [11], and Li et al. [12]; all
conclusions showed that coal body bedding affected the
permeability characteristics.

All the research results analyse the influence of coal body
bedding on gas permeability; these have a certain guiding
significance to reasonable gas drainage borehole arrange-
ment. In the actual mining process, a coal body is in a
changing stress field [13]. .erefore, it is necessary to ex-
amine the gas seepage and failure-deformation character-
istics under parallel and vertical bedding directions. For this
purpose, large lump coal samples with bedding structures
are collected; two different kinds of raw coal samples with
parallel and vertical bedding are prepared; and the related
research work was carried out in the laboratory. Meanwhile,
in order to verify the experimental results, a group of parallel
and vertical bedding gas drainage holes were arranged in the
test mine to investigate the drainage effect.

2. Experimental Method

2.1. Simulation Experiment System. .e independently de-
veloped triaxial stress gas permeability simulation experi-
ment device was employed in the experiments, as shown in
Figure 1 [14].

2.2. Preparation of Experimental Coal Samples. .e coal
samples used in this experiment come from the 1,2031
working face in the Xindeng coal mine in Zhengzhou city..e
No. 2 coal seam in this coal mine has no obvious geological
structural damage in the process of coal forming. .is coal
seam is a primary structure and is a low-metamorphic rank
bituminous coal. .e coal seam is mainly horizontally bed-
ded; in addition, the bedding is clearly visible.

.e raw samples for the experiment are gained through
the following three steps, namely, collection of the large
lump coals, coal sample machining in the laboratory, and
grinding of the finished product. Collection of the large

lump coal underground involved coring with a rock coring
drill along the vertical and parallel to the bedding direction.
.e grinding of the two ends and the sides of the standard
cylindrical samples ensured an unevenness of less than
0.02mm. Finally, the standard coal sample measured V

50mm × 100mm. .e production process of the coal
sample was shown in Figure 2.

Two coal samples with parallel bedding were selected,
marked as P1 and P2. Meanwhile, the other two coal samples
with vertical bedding were selected, marked as V1 and V2.
.e two types of coal samples are shown in Figure 3.

3. Calculation Method

Initially, the coal body is under a state of static stress
(original stress zone). As mining advances, the coal body
experiences the process of loading (stress concentration) and
unloading (pressure relief belt) [15]. Corresponding to this,
the stress loading and unloading path is as follows: under a
certain gas pressure (according to the actual situation of the
Xindeng coal mine, here, the gas pressure is 0.6MPa), the
axial compression and confining pressure of the coal samples
are loaded to 12MPa; thereafter, confining pressures are
unloaded at a uniform rate under constant axial pressure
(12MPa); the rate of confining pressure and axial com-
pression loading and unloading is set to 0.01MPa/s; and at
the same time, the frequency of permeability datum ac-
quisition is set to 5 seconds. Under the same stress loading
unloading path, the permeability of parallel and vertical
bedding fracture coal samples will be discussed.

Gas flow through the coal samples is collected auto-
matically by the flow meter, and the permeability is calcu-
lated from the following formula [16, 17]:

k �
2Q0P0μL

P
2
1 − P

2
2􏼐 􏼑A

, (1)

where k is the coal sample permeability, mD; Q0 is the
seepage rate, cm3/s; P0 is the atmospheric pressure at the
measuring point, MPa; μ is the gas dynamic viscosity co-
efficient (10.8×10−6 Pa s); P1 is the inlet gas pressure
(0.6MPa); P2 is the outlet gas pressure (0.1MPa); A is the
cross-sectional area of coal samples, cm2; and L is the length
of each coal sample, cm. .e effective stress of the coal
sample is calculated according to the following formula:

σe �
σz + 2σw( 􏼁

3
−

P1 − P2( 􏼁

2
, (2)

where σe is the effective stress, σz is the axial pressure on the
coal sample, σw is the confining pressure on the coal samples,
P1 is the inlet gas pressure (0.6MPa), and P2 is the outlet gas
pressure (0.1MPa). .e specific experimental programme is
summarised in Table 1.

4. Experimental Results and Analysis

4.1. Experimental Results. Under the action of stress loading
and unloading, the permeability of coal samples with the
parallel and vertical bedding are listed in Tables 2 and 3.
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4.2. Analysis of Experimental Results. According to the
permeability datum, the permeability and effective stress
evolution characteristic curves of coal samples P1, P2, V1,
and V2 under the same loading and unloading path are
shown in Figure 4.

(1) In the stress loading process, the gas permeability change
trends of the coal samples are similar. .e permeability
decrease with increasing effective stress. .e permeability of

the P1 and P2 decrease by 84.95% and 84.92%, respectively,
when the effective stress reaches 7.75MPa; meanwhile, the
permeability of the V1 and V2 coal samples decrease by
57.30% and 57.25%, respectively. When the effective stress
reaches its maximum value of 11.75MPa, the permeability of
the four coal samples fall to 0.00156 mD, 0.00182mD,
0.00432mD, and 0.00494mD, respectively, falling by
98.34%, 98.32%, 75.83%, and 75.97%. P1 and P2 almost lose
their permeability capacity. .is shows that the four coal
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Figure 1: .e system and physical figure of triaxial stress gas permeability simulation experiment device: (a) system figure and (b) physical
figure. 1 – water tank, 2 – water flowmeter, 3 –metering pump, 4 – water pressure gauge, 5 – the valve, 6 – O-ring seal, 7 – pressure chamber,
8 – confining pressure booster aprons, 9 – coal test specimen, 10 – oil pressure gauge, 11 – confining pressure control valve, 12 – axial
pressure control valve, 13 – fuel tank, 14 – computer, 15 – pressure release valve, 16 – high pressure gas, 17 – gas pressure gauge, 18 – gas-
water separator, 19 – the gas flow meter, 20 – damper, and 21 – vacuum pump.
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samples had a significant response to the loading stress in the
initial stages of loading. .e main reason for this is that
cracks are prone to closure under compression, and the
permeability decrement is initially rapid albeit it slowed
later. .e phenomenon could be explained that with the
increase of effective stress, the coal sample undergoes three
stages [18], namely, crack compaction, elastic deformation,
and plastic deformation.When the effective stress is less than
9.75MPa, the permeability changes rapidly, which can be
judged as the coal sample experiencing the first two stages.
When the effective stress is greater than 9.75MPa, the coal

samples enter the plastic deformation stage. .e coal
samples are gradually compacted, and the permeability
become smaller and smaller, and the decrease of perme-
ability gradually become stable, until their permeability were
almost lost [19].

.e initial gas permeability values of samples P1, P2, V1,
and V2 are 0.09396mD, 0.10814mD, 0.01787mD, and
0.02056mD, respectively, and the ratios of the permeability
value of samples with parallel bedding and samples with
vertical bedding, namely, k0P1/k0V1 and k0P2/k0V2 were 5.258
and 5.260, respectively, which indicates that gas is more

(a) (b)

Figure 3: Samples with different bedding fracture directions: (a) parallel bedding and (b) vertical bedding.

(a)

(b)

Figure 2: Processing and forming of coal samples: (a) machining forming drilling of coal samples and (b) polishing and forming of coal
sample.
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likely to flow along the bedding direction [20]. As seen in
Figure 5, the permeability of coal samples P1 and P2 are
almost bigger than that of V1 and V2. When the effective
stress reaches 11.75MPa, the permeability of P1 and P2 coal
samples become smaller than that of V1 and V2. It can be
predicted that with the further increase of stress, the per-
meability of the parallel bedding coal sample would ap-
proach 0.

.e relations between permeability and effective stress
in the loading process of the four coal samples are ob-
tained through the exponential fitting of permeability
evolution characteristics. .e relationship between per-
meability and effective stress is k � yexσe (where k is the
permeability, σe is effective stress, x and y are the fitting
coefficients, and R2 is the correlation coefficient), and the
fitting results are shown in Table 4. .e fitting coefficients
x of coal samples P1 and P2 (−0.3745 and −0.3686) are
much smaller than that of V1 and V2 (−0.1353 and

−0.1364), which also fully indicate that the permeability
decrease amplitude of parallel bedding is larger than that
of vertical bedding.

(2) In the stress unloading process. the permeability of the
four coal samples increases with decreasing of effective
stress, and the increasing trend of permeability is consistent.
However, the increasing amplitude is somewhat different.
.e permeability of the four coal samples (P1, P2, V1, and
V2) recover to 168%, 173%, 131%, and 132% of the mini-
mum value, respectively, when the effective stress falls from
11.75 to 9.08MPa. .e permeability increments are 328%,
336%, 200%, and 201% when the effective stress is 5.08MPa.

In the unloading process, each coal sample has a per-
meability value corresponding to certain effective stress
(11.75MPa, 1.42MPa, 9.08MPa, 7.75MPa, 6.42MPa, and
5.08MPa). .e permeability under the same effective stress
in the loading process could be calculated through the fitting

Table 1: .e experimental scheme.

Inlet gas pressure, P1
(MPa)

Outlet gas pressure, P2
(MPa)

Axial compression, σz
(MPa)

Confining pressure, σw

(MPa)
Effective stress, σe

(MPa)

Loading process
Unloading
process

0.6 0.1 2 2 1.75
0.6 0.1 4 4 3.75
0.6 0.1 6 6 5.75
0.6 0.1 8 8 7.75
0.6 0.1 10 10 9.75
0.6 0.1 12 12 11.75
0.6 0.1 12 12 11.75
0.6 0.1 12 10 10.42
0.6 0.1 12 8 9.08
0.6 0.1 12 6 7.75
0.6 0.1 12 4 6.42
0.6 0.1 12 2 5.08

Table 2: Permeability of parallel bedding direction coal samples during the loading and unloading process.

Effective stress, σe
(MPa)

Permeability, k (mD) Effective stress,
σe

(MPa)

Permeability, k (mD)
Coal sample,

P1
Coal sample,

P2
Coal sample,

P1
Coal sample,

P2

Loading
process

1.75 0.09396 0.10814

Unloading
process

11.75 0.00156 0.00182
3.75 0.04329 0.04864 10.42 0.00192 0.00243
5.75 0.02491 0.03096 9.08 0.00262 0.00314
7.75 0.01414 0.01631 7.75 0.00363 0.00428
9.75 0.00784 0.01002 6.42 0.00463 0.00528
11.75 0.00156 0.00182 5.08 0.00511 0.00612

Table 3: Permeability of vertical bedding direction coal samples during the loading and unloading process.

Effective stress, σe
(MPa)

Permeability, k (mD) Effective
stress, σe
(MPa)

Permeability, k (mD)
Coal sample,

V1
Coal sample,

V2
Coal sample,

V1
Coal sample,

V2

Loading
process

1.75 0.01787 0.02056

Unloading
process

11.75 0.00432 0.00494
3.75 0.01226 0.01421 10.42 0.00514 0.00591
5.75 0.00932 0.01072 9.08 0.00565 0.00651
7.75 0.00763 0.00879 7.75 0.00635 0.00732
9.75 0.00594 0.00684 6.42 0.00737 0.00841
11.75 0.00432 0.00494 5.08 0.00866 0.00991
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formulas corresponding to the coal sample during the loading
process (the fitting formulas of the four coal samples were shown
in Table 4), and the calculation results are shown in Table 5.

In the unloading process, the permeability of coal
samples could not be fully restored to the value of the same

effective stress corresponding to the loading process. In
other words, under the same effective stress, there is a certain
difference in the permeability of coal samples during the
loading and unloading process. .is difference reflects the
loss of permeability. .e larger the loss, the lower the degree
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Figure 4: Permeability evolution characteristics of coal samples during the loading and unloading process. (a) parallel bedding and
(b) vertical bedding.
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Figure 5: Characteristic curve of permeability evolution with effective stress during the stress loading process.

Table 4: Fitting results about the relationship between permeability and effective stress during the loading process.

Coal samples y x R2

P1 0.2013 −0.3740 0.954
P2 0.2299 −0.3686 0.944
V1 0.0214 −0.1353 0.992
V2 0.0247 −0.1364 0.992
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of permeability recovery, and the higher the anti-sense
permeability recovery. .e ratio between permeability loss
and seepage rate in the loading process could be defined as
permeability loss damage rate [21, 22].

.e loss rate of coal sample permeability could be used to
evaluate the decreased range of coal sample permeability.
.e higher the damage rate of coal samples permeability, the
greater the decrease range of coal samples permeability. .e
damage rate of coal sample permeability could be calculated
according to the following formula [23, 24]:

D �
kc − ka( 􏼁

kc

× 100, (3)

where D is the damage rate of coal sample permeability, ka is
the actual permeability value in the unloading process, and
kc is the calculated permeability value in the loading process
by the relevant fitting formula. .e permeability loss rate of
coal sample under the same effective stress is shown in Table 6.
.e curve of permeability loss rate and effective stress can be
drawn according to Table 6, as shown in Figure 6.

As can be seen from Figure 6, the permeability loss rates
of the four coal samples increase with the decrease of the
effective stress. When the effective stress decrease to
5.08MPa, the loss rates of the coal sample P1 and P2 are as
high as 80%, while the loss rates of the coal sample V1 and
V2 are less than 20%. .ese indicate that the degree of
fracture compaction of the parallel bedding coal samples
after compression is much higher than that of the vertical
bedding coal samples. Even after stress unloading, the degree
of fracture recovery is low.

In the process of stress unloading, the change charac-
teristics of permeability with effective stress of the four coal
samples are shown in Figure 7. It can be seen that the
permeability of the parallel bedding coal samples are always
lower than that of the vertical bedding coal samples during
the whole unloading process.

(3) 5e unloading process of coal samples is not a simple
inverse process of the loading process, which can be explained
by the deformation of coal sample during stress loading and
unloading, as shown in Figure 8.

.e permeability continues to recover with the
unloading of effective stress, but the recovery degree of a
different coal sample is significantly different. When the
maximum loading stress of the coal sample is less than the
elastic limitation (A) in the loading stage, there is no plastic
damage in the sample, which belongs to the category of
elastic deformation. .e pores and cracks in the sample can
completely be restored after the stress is removed. On the

contrary, the stress-strain curve will deviate from the curve
of the loading process and are unable to return to the origin,
as the PC curve shown in Figure 8.

5. Engineering Verification

.e test mine is a coal and gas outburst mine. .e average
thickness of No. 3 coal seam is 6m; the bedding fissure is
developed along the dip direction coal seam; and the gas
content of the coal seam reaches 12m3/t on average, having the
characteristics of large outburst risk, low coal seam perme-
ability coefficient, and poor degas effect. According to the
“Rules for Prevention and Control of Coal and Gas Outbursts”
in China (revised in 2019), two ways of gas predrainage are
taken to protect the coal roadway tunneling, including drilling
boreholes through the floor rock roadway and along the coal
seam [25].

Table 5: Calculated permeability value and actual permeability value at the same effective stress.

Effective stress
Calculated permeability value in the loading process Actual permeability value in the unloading process

P1 P2 V1 V2 P1 P2 V1 V2
11.75 0.00249 0.00302 0.00436 0.00500 0.00156 0.00182 0.00432 0.00494
10.42 0.00409 0.00494 0.00523 0.00599 0.00192 0.00243 0.00514 0.00591
9.08 0.00675 0.00809 0.00626 0.00718 0.00262 0.00314 0.00565 0.00651
7.75 0.01109 0.01321 0.00750 0.00861 0.00363 0.00428 0.00635 0.00732
6.42 0.01824 0.02157 0.00898 0.01032 0.00463 0.00528 0.00737 0.00841
5.08 0.03011 0.03534 0.01076 0.01238 0.00511 0.00612 0.00866 0.00991

Table 6: Permeability loss rate of coal sample under the same
effective stress.

Effective stress DP1 (%) DP2 (%) DV1 (%) DV2 (%)
11.75 37.22 39.82 1.03 1.14
10.42 53.02 50.78 1.64 1.30
9.08 61.16 61.19 9.81 9.39
7.75 67.28 67.60 15.30 14.97
6.42 74.62 75.52 17.91 18.48
5.08 83.03 82.68 19.54 19.94

456789101112
0

20

40

60

80

Pe
rm

ea
bi

lit
y 

lo
ss

 ra
te

Effective stress

coal sample P1
coal sample P1

coal sample V1
coal sample V2

Figure 6: Curve of permeability loss rate and effective stress.
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.e return air roadway of 11,053 working face has been
tunneled through. Before heading into the intake airway of
11,053 working face, drilling boreholes along coal seams in
the direction of the intake airway are arranged in the return
air roadway; meanwhile, drilling boreholes through coal
seams are arranged in the floor rock roadway, as shown in
Figure 9.

Arrangement of the two types of drilling is approxi-
mately perpendicular and parallel to the direction of bed-
ding, respectively, being regarded as parallel bedding and
vertical bedding gas drainage boreholes. With the advance of
the driving working face, there will be three zones of stress in
front of the working face, namely, pressure relief zone, stress
concentration zone, and original stress zone [26]. A group of
parallel bedding and vertical bedding gas drainage boreholes
were selected to monitor the gas drainage concentration for
40 days. At this time, the gas drainage concentration of the

two groups reflects the permeability of gas along the di-
rection of coal bedding and vertical bedding during stress
loading and unloading. .e gas drainage concentration of
the two groups of boreholes is shown in Table 7. Curves
about gas drainage concentration with time of parallel and
vertical bedding drilling boreholes are drawn according to
the monitored datum, as shown in Figure 10.

According to Figure 10, it can be seen that in the early
stage of gas concentration monitoring, the gas drainage
concentration of the two groups of drainage holes did not
change much, mainly because the in situ stress conditions of
the drilling holes did not change, and they were both in the
original stress zone. However, the gas concentration of the
vertical bedding gas drainage boreholes was always greater
than that of the parallel bedding boreholes (sections Pa–Pb
and Va–Vb in Figure 10).

As the roadway moved forward, the stress concentration
zone also moved forward, and the stress at the location of the
gas drainage hole increased, which was equivalent to loading
the coal body [27]. With the increase of loading stress, the
permeability of the coal body at the drilling hole became
lower and lower, and the gas drainage concentration of the
drilling hole also decreased. When the stress was loaded to
the peak value, the permeability of the coal seam dropped to
the lowest value in the loading process, which reflected that
the gas drainage concentration was the lowest (sections
Pb–Pc and Vb–Vb in Figure 10). .is stage was equivalent to
the stress loading stage in the experimental process. It could
be seen that the permeability in the vertical bedding di-
rection of the coal body is always greater than that in the
parallel bedding direction during the whole loading process.

With the further advance of the tunneling roadway, the
stress concentration zone continued to advance, and the
stress on the coal body became smaller and smaller [28, 29].
.e permeability of coal increased with the stress unloading;
the reaction to the gas drainage holes was that the gas
drainage concentration was getting higher and higher
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Figure 7: Characteristic curve of permeability evolution with effective stress during the stress unloading process.
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Table 7: Gas concentration of parallel bedding and vertical bedding drilling boreholes.

Ged (d)
Gc (%)

Ged (d)
Gc (%)

Ged (d)
Gc (%)

Ged (d)
Gc (%)

Pd Vd Pd Vd Pd Vd Pd Vd
1 39.43 53.22 21 5.81 7.47 11 36.94 49.86 31 53.12 75.95
2 39.84 53.78 22 12.45 17.43 12 34.03 45.94 32 59.35 82.59
3 39.01 52.66 23 17.43 24.07 13 31.54 42.58 33 64.74 87.64
4 40.26 54.34 24 23.66 31.96 14 28.22 38.1 34 68.89 84.23
5 40.67 54.9 25 28.22 38.6 15 24.9 33.62 35 67.65 86.71
6 39.84 53.78 26 31.96 45.65 16 22.41 30.25 36 68.89 87.11
7 40.26 54.34 27 35.28 51.88 17 19.51 26.33 37 67.65 85.12
8 41.09 55.46 28 39.01 57.69 18 16.19 21.85 38 67.23 87.63
9 39.84 53.78 29 43.58 63.08 19 11.21 15.13 39 68.06 85.42
10 39.01 52.66 30 46.9 68.48 20 6.23 8.4 40 68.89 83.45
Notes. Ged – gas extraction days, Gc – gas concentration, Pd – parallel bedding drilling, and Vd – vertical bedding drilling.
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Figure 9: Gas drainage drillings layout along and through layers layout in 11,053 working face.
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(sections Pc–Pd and Vc–Vd in Figure 10). .is stage was
equivalent to the stress unloading stage in the experimental
process. In the whole unloading process, the permeability in
the vertical bedding direction of the coal body was also
always greater than that in the parallel bedding direction.

6. Conclusion

(1) In the stress loading process, the permeability of the
parallel bedding coal sample would approach 0.
.erefore, gas drainage boreholes should not be
arranged in a direction along the bedding in the
severely compressed seam.

(2) In the stress unloading process, it could be seen that
the permeability of the parallel bedding coal samples
are always lower than that of the vertical bedding
coal samples during the whole unloading process.
.erefore, in the stress-relieved coal seam, gas
drainage boreholes should be arranged vertically to
the bedding fissure to maximise the gas drainage
effect.

(3) Field engineering practice also proves that when gas
drainage is arranged in the coal seam containing
bedding cracks, the drilling direction should be
perpendicular to the bedding direction as far as
possible, so as to improve the gas drainage effect.

.e results of laboratory study and engineering practice
provide some guidance for the rational arrangement of gas
drainage boreholes and improvement of gas drainage
concentration in the coal mine. .is ensures the sustain-
ability of the gas drainage effect and is of great significance to
reduce the occurrence of mine gas accidents.
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