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As an important field for human activities, cities play a critical role in PM2.5 reductions. Among the determinants for PM2.5
concentration, technological progress is considered to exhibit significant inhibitory effects. Although most extant research has
focused on energy technologies or total factor productivity, due to limitations in data and methods, few scholars have focused on
emission reduction technological changes at a city-level scale. ,erefore, based on the combination of k-means clustering and the
log-mean Divisia index method, this study estimates and explores the impact of PM2.5 emission reduction technology (PME) on
the temporal changes and spatial differences of 262 Chinese cities’ PM2.5 concentration during 2003–2017.,e findings show the
following: (1) although the results based on econometric methods indicate that emission reduction technological changes de-
creased China’s city-level PM2.5 concentration, there were turning points in the yearly impacts, indicating that the improvements
to emission reduction efficiency were not stable; (2) compared with PME, energy intensity played a more stable role in PM2.5
emissions reductions, implying that the improvement of energy efficiency was still very important in controlling PM2.5 con-
centrations; (3) based on the classified groups after clustering, most cities’ PME contributed to negative differences, but the PME
of a small number of cities was very weak to largely lower the average level of their group; and (4) distributions of the spatial
decomposition of the three classified groups were stable in the period of 2003–2017, implying that the catch-up and transcendence
effects of PME within the group were limited. ,us, policymakers should focus on the impact of different policies on PME
differences between cities.

1. Introduction

In recent years, PM2.5 pollution has seriously concerned
countries around the world due to the threats it represents
to human survival and to the sustainable development of
society [1–3]. In light of previous studies, PM2.5 emis-
sions can not only lead to high haze reduction costs but
also indirectly cause health costs through medical ex-
penses and work-time loss. In particular, the emissions
control cost in Shanghai would be about 1.01%–2.26% of
the corresponding gross domestic product (DDP) values
in 2030 [4]. And the direct external cost of residential
health issues caused by PM2.5 pollution in Beijing and
Changsha was as high as 0.3%–2.69% of the GDP during
2012–2017 [5, 6].

As one of the world’s largest developing countries, China
is undergoing a process of accelerating urbanization and
industrialization, facing increasingly severe PM2.5 pollution
[7, 8]. ,us, the government has focused on formulating a
series of policy regulations, such as the Air Pollution Pre-
vention and Control Law, switching from coal consumption
to natural gas consumption, and setting emission reduction
targets for PM2.5 concentration in the 12th Five-Year Plan
(2011–2015) [9, 10]. At the same time, many actions have
also been taken to monitor PM2.5. For example, China has
established thousands of PM2.5 monitoring observatories,
which have been reporting hourly and daily air quality since
2012. Additionally, China’s grassroots government has in-
tensified supervision of straw burning in rural areas to curb
haze pollution.
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Concurrently, an increasing number of scholars have be-
gun to pay attention to the field of PM2.5 pollution and have
provided some corresponding policy implications with respect
to curbing it. Given that PM2.5 concentration has mainly been
driven by human activities, such as vehicle emissions, power
generation, and industrial production, many studies have paid
specific attention to the impacts of socioeconomic drivers on
PM2.5 pollution [11–14]. For example, Ma et al. [15] analyzed
the relationships among GDP per capita, the price of refined
oil, vehicle population, energy intensity, and PM2.5 concen-
tration in 152 Chinese cities based on spatial linkage and found
that the impacts of economic, social, and energy efficiency on
different cities varied significantly. Similarly, Zhang et al. [16]
used the log-mean Divisia index (LMDI) method to break
down changes in the PM2.5 concentration in these 152 cities.
,eir results showed that the decline of PM2.5 concentration
was mainly driven by energy intensity and emission intensity,
while GDP per capita and population were responsible for the
increasing PM2.5 concentration. Among the driving factors of
PM2.5 concentration, many socioeconomic factors have been
found to contribute to the increase in PM2.5 emissions and
concentration. ,ese factors, such as increasing urbanization,
economic growth, and population growth, are difficult to re-
duce in order to decrease PM2.5 pollution. ,erefore, several
studies have focused on factors that directly contribute to
reducing PM2.5 pollution.

Amongmany economic factors, technological progress has
been considered to play an important inhibitory role [17, 18].
In particular, Chen et al. [18] studied the effects of foreign
direction investment, export learning effects, research and
development, and import technology on the reduction of
PM2.5 concentrations in 48 Chinese cities during 2000–2015.
Likewise, Li et al. [19] used spatial econometric models to study
the potential relationship between environmental total factor
productivity and 283 Chinese cities during 2000–2013. Simi-
larly, Xu et al. [20] analyzed the impacts of total factor pro-
ductivity on 281 prefecture-level cities in China from 2007 to
2017 based on a spatial dynamic panel model, concluding that
technological progress has significant positive effects on alle-
viating PM2.5 concentration. In total, these studies have only
considered energy technologies or total factor productivity,
ignoring the effects of PM2.5 emission reduction technology
(PME). ,ere is no doubt that improvements to energy effi-
ciency can reduce energy input and decrease PM2.5 emissions;
however, there is a need to paymore attention to PME changes,
since these determine the PM2.5 pollution produced under the
same unit of energy consumption and economic output and
directly influence the level of cities’ sustainable development.

In the light of existing literature, although scholars have
studied the impacts of drivers on PM2.5 pollution in China’s
prefecture-level cities from a socioeconomic perspective, the
current literature on PM2.5 concentrations has several short-
comings. (1) Some scholars have analyzed the impacts of
technological progress on PM2.5 pollution, but few studies have
examined the impacts of PME changes on China’s city-level
PM2.5 pollution; (2) many studies have concluded that there is
significant spatial and temporal heterogeneity in the determi-
nants of PM2.5 pollution based on spatial econometrics, but

have not outlined detailed temporal changes; and (3) although
some scholars have used the LMDI method to analyze deter-
minants of temporal PM2.5 pollution changes, they have not
considered spatial differences, especially within classified groups.

Hence, this study explores the impacts of PME changes
on PM2.5 concentrations of 262 Chinese cities during
2003–2017. First, we applied three spatial econometric
models (SDM, SAR, and SEM) to identify the spatial au-
tocorrelation and potential relationship between PME
changes and PM2.5 concentrations. Next, we decomposed
the temporal and spatial changes in the PM2.5 concentra-
tions of the 262 cities based on the combination of LMDI
and k-means clustering methods. Our study makes the
following contributions and findings: (1) we estimate the
PM2.5 PME of 262 cities and analyze its impacts on China’s
city-level PM2.5 concentration; (2) the results show that
there have been turning points in the yearly impacts, in-
dicating that improvements to the emission reduction ef-
ficiency have been limited and unstable; and (3) based on the
combination of k-means clustering and spatial LMDI
methods, we find that the gaps among the spatial decom-
position in our classified three groups were stable in the
period 2003–2017, implying that the ranking of the emission
reduction technology development level of each prefecture-
level city in each group was relatively stable.

2. Materials and Methods

2.1. Spatial Impacts ofPMEonPM2.5Concentrations. In light
of the modified production-theoretical decomposition anal-
ysis method proposed by Wang et al. [21], we first estimated
the PME during 2001–2017. We selected three input factors,
one desirable output, and one undesirable output: fixed
capital stocks, employed population, energy consumption,
real GDP, and PM2.5 concentrations.,e calculation of PME
was based on the Shephard distance functions:
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where K represents fixed capital stocks, L represents labor
force, E represents energy consumption, PM represents
PM2.5 concentration, Y represents gross domestic output,
and θ represents PM2.5 reduction efficiency.

,us, the PME can be estimated using the following
equation:
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where PME denotes emission reduction technological
changes.

Based on previous studies [22], we further used spatial
econometric methods to explore the potential spatial im-
pacts of PME on PM2.5 concentration.,e spatial models of
Durbin (SDM), autoregression (SAR), and error (SEM) were
selected. ,e normal form of spatial econometric model is
given as

PM � λWPM + Xβ + θWX + ε, (3)

where PM represents PM2.5 concentration, X represents
explanatory variables, W is the spatial distance weight
matrix, and ε is the error term. We used the reciprocal of the
geographical distance of the city center to construct the
spatial econometric weight.

2.2. .e Temporal and Spatial LMDI Methods. Although
spatial regressionmethods have the ability to reveal potential

relationship between the expected values of PME and PM2.5
concentrations, they ignore temporal and spatial changes.
,us, we used the index decomposition analysis (IDA)
method to analyze the yearly and spatial impacts of PME on
PM2.5 concentration. In light of previous studies (e.g.,
[11, 16]), the IDA identity of PM2.5 concentrations can be
described as follows:
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where PMt
i denotes the ith city’s PM2.5 concentration in

period t, Et
i represents the ith city’s energy consumption in

period t, Yt
i is the ith city’s real gross domestic productivity

in period t, and Pt
i denotes the ith city’s population in period

t.
Based on a proposition by Zhou and Ang [23], we can

obtain the following equation:
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To simplify equation (5), it can be written as follows:

PM
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t
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where PPMEt
i denotes the ith city’s potential emission in-

tensity of PM2.5 concentration without technological
change’s impacts in period t; EIt

i represents the ith city’s
energy intensity in period t, which reflects energy efficiency;
PIt

i represents the ith city’s GDP per capita in period t; and
PMEt

i represents the ith city’s PM2.5 emissions efficiency in
period t, whose changes reflect the changes in PME.

Next, considering that there may be strong spatial
heterogeneity in the effects of PME, we adopted a spatial
clustering decomposition analysis method in this study. As
described by Cheng et al. [24], this method entails a com-
bination of spatial index decomposition analysis and clus-
tering methods. In particular, we adopted the LMDI method
to study the impacts of the five driving forces on PM2.5
concentrations because it is robust, easily understood, and

has clear economic meaning. Appendix A presents the
formula of the temporal and spatial LMDI method, which
can indicate the temporal and spatial impacts of the five
driving forces on PM2.5 concentration.

2.3..eClusterMethod. Regarding traditional spatial LMDI
method, it is necessary to select a reference for the spatial
index decomposition analysis. Normally, the average of total
samples’ may be used as a reference. However, it will ignore
heterogeneity between and within groups. ,us, the clus-
tering method was adopted in this study to combine with the
traditional spatial LMDI method, better capturing differ-
ences between and within groups.

With regard to the clustering method, hierarchical and
nonhierarchical cluster methods are the two main approaches
used. ,e algorithms of hierarchical cluster analysis are related
to the construction of the tree structure of clusters, while that of
nonhierarchical cluster analysis aims to classify objects into a
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predetermined number of disjointed clusters. ,us, we use a
nonhierarchical cluster to make classifications among the
observed cities. In particular, we selected k-means clustering
because the algorithm has exhibited high efficiency and em-
pirical success [25, 26] and has been widely adopted in many
fields of study, such as environmental analysis, image classi-
fication, and so on [24, 27]. However, the operations of k-
means clustering analysis need to assume the number of center
points in advance, leading to some uncertainty. To overcome
this disadvantage, we first used hierarchical cluster analysis
based on the shortest Euclidean distance to identify the den-
drogram and classifications [28] so as to provide a more in-
tuitive and reasonable reference for the number of center
points selected for k-means methods.

Additionally, with regard to the cluster indicators, the cities’
PM2.5 concentrations and GDP in 2017 were considered.
Given that the PM2.5 emission intensity (i.e., ratio of PM2.5
concentration to GDP), like carbon intensity, has often been
used to represent the level of PME [16], PM2.5 concentrations
and GDP would perform well in revealing the clustering and
classifications of PME. ,us, we selected cities’ PM2.5 con-
centrations and GDP in 2017 for this purpose.

,e resulting dendrogram based on hierarchical cluster
analysis is presented in Figure 1. From the dendrogram, we
can clearly observe the clustering process of each sample. In
total, 262 cities can be divided into 28 categories based on the
shortest Euclidean distance. From the right to left, the 18th
category can be regarded as a single big category, and the
17th category can also be regarded as a separate category. In
addition, the 23rd category and the remaining categories can
be combined into one big category. ,erefore, we speculated
that the cities may be classified into three categories. ,us,
we preset the number of center points as three. Next, based
on the main idea of the k-means clustering algorithm, we
continuously optimize the selection of the center points
according to the Euclidean distance between each point and
the center point, until the center points are stable.

2.4. Data. Using the equations above, city-level data were
derived for PM2.5 concentrations, energy consumption,
fixed capital stock, population, and real GDP. Given the
availability of PM2.5 concentration and fixed capital stock
data, this paper focused on 262 cities, and the research
period spanned from 2003 to 2017.

,e data for PM2.5 concentrations were obtained from
the real-time monitoring of the Ministry of Ecology and
Environment monitoring site (https://106.37.208.233:
20035). We estimated the data for city-level energy con-
sumption based on city-level CO2 emissions, as proposed
by Chen et al. [29], due to the significant relationship
between energy use and CO2 emissions. ,e economic
output was taken from the China Statistical Yearbook
(2003–2017). To avoid the influence of price, we used the
price in 2001 as the constant price and obtained the real
GDP, which is consistent with the approach used by Chen
et al. [30]. Additionally, we calculated the fixed capital stock
based on the perpetual inventory method, which is con-
sistent with Chen et al. [31].

3. Results and Discussion

3.1. .e Results of Spatial Regressions. Based on the spatial
econometric method outlined in Section 2.1, we used fixed
effects, spatial Durbin (SDM), autoregression (SAR), and
error (SEM) models to analyze the relationship between
PM2.5 concentrations and PME. In line with Hao et al. [32],
we selected GDP and population as the control variables.
Table 1 shows the results. Among them, P denotes pop-
ulation and Y denotes GDP.

Column (1) shows that there was a significant negative
relationship between PM2.5 concentrations and PME, in-
dicating that PME helpfully reduced PM2.5 concentrations.
Columns (2)–(4) imply that there should be spatial het-
erogeneity. At the same time, the SDM and SAR models
individually report the direct, indirect, and total effects of
PME progress, indicating that the impacts of PME on dif-
ferent regions’ PM2.5 concentrations may vary by regions.
In total, the regressions results indicate that China’s PME
has generally reduced the cities’ PM2.5 concentration.

3.2.Drivers of theTemporalChanges inPM2.5Concentrations.
Based on the temporal LMDI method outlined in Section
2.2, we categorized the city-level changes in PM2.5
concentrations into five main driving forces that pertain
to the influences of energy use. Given that there are no
official data about city-level energy use, some scholars
have used electronic power consumption to replace total
energy use. However, such replacement may cause sig-
nificant errors, since fluctuations in electronic power use
are inconsistent with total energy combustion. ,erefore,
we calculated the energy use of the 262 cities during
2003–2017 based on data on city-level CO2 emissions, as
proposed by Chen et al. [29].

Considering that the calculation of city-level CO2
emissions followed a top-down approach (i.e., provinces and
cities), the corresponding city-level energy use can be es-
timated according to city-level CO2 emissions and the re-
lationship between provincial CO2 emissions and energy
consumption. To capture the provincial differences in the
ratio of CO2 emission to energy use, we used the varied
coefficient model to conduct a regression between provincial
CO2 emissions and energy consumption during 1997–2017.
At the same time, to avoid the negative values of city-level
energy use, we used a no-constant model. Table 2 in Ap-
pendix A presents the results.

Evidently, the coefficient of determination was 0.986,
implying that the estimated city-level energy consumption
was highly accurate. Based on the city-level energy use, we
can obtain the impacts of driving forces on the PM2.5
concentrations of the 262 cities.

To capture more temporal fluctuations of PME impacts,
we divided the period of 2003–2016 into four parts:
2003–2006, 2006–2009, 2009–2012, and 2012–2017. ,ese
results are presented in Figure 2. ,ey show that not all
cities’ PME continuously decreased the PM2.5 concentra-
tions during 2003–2017, and detailed information thereon
cannot be found based on regressions. At the same time,
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there were many turning points in the impacts of PME
changes on PM2.5 concentrations, which again cannot be
captured by regressions.

Given that serious PM2.5 emissions always occurred in
large cities, we selected PME impacts in Beijing, Shanghai,
Guangzhou, and Shenzhen for analysis. In particular,
Beijing’s PME impacts changed by about −0.59, −14.84, and
−4.50 ug/m3 in the periods of 2003–2006, 2006–2009, and
2013–2017, respectively; however, it increased by about
4.49 ug/m3 during 2009–2013. PME changes reduced
Shanghai’s PM2.5 concentrations from 2003 to 2006
(−0.43 ug/m3), while they increased by about 0.30, 9.30, and
8.18 ug/m3 during 2006–2009, 2009–2013, and 2013–2017,
respectively. Guangzhou’s PME changes had a negative
impact during 2009–2013 (−6.29 ug/m3), while it stimu-
lated PM2.5 concentrations in the other periods (+4.34,

+0.56, and +7.81 ug/m3). Shenzhen decreased its PM2.5
concentrations in 2003–2006 and 2009–2013 (−0.82 and
−5.66 ug/m3), but increased them in the periods 2006–2009
and 2013–2017 (+2.68 and + 2.91 ug/m3, resp.). Evidently,
Beijing fared better than the other three cities in developing
PME, especially after 2013; this is consistent with Yang et al.
[14] and Zı́ková et al.’s [33] findings. ,e reasons for this
may derive from the issuance and implementation of more
stringent policies related to smog control in the Bei-
jing–Tianjin–Hebei region in 2012, such as “Bei-
jing–Tianjin–Hebei regional environmental protection
takes the lead in breaking through the cooperation
framework agreement,” switching from coal consumption
to natural gas consumption, and implementation of the
Atmospheric Pollution Prevention and Control Action
Plan [11, 34].
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Figure 1: Hierarchical cluster results.

Table 1: Spatial econometric results of the four models.

Fe SDM SAR SEM
(1) (2) (3) (4)

P 0.000000519∗∗∗(1.26E − 07) 1.40E – 07 (0.000000102) −0.000000161∗(9.63E − 08) −1.54E – 07 (1.01E − 07)
PME −0.24∗∗∗(0.06) −0.19∗∗∗(0.05) −0.211∗∗∗(0.04) −0.20∗∗∗(0.05)
Y 0.0003103∗∗∗(0.0000927) 0.0000706(0.0000447) 0.0000781∗∗(0.0000371) 0.0000741∗(0.0000447)
Wx
P −3.31E − 07 (6.25E − 07)
PME −0.17 (0.16)
Y 0.0000593 (0.0001256)
Rho 1.04∗∗∗(0.0070891)
Lambda 1.04∗∗∗(0.0071271)
LR_direct
P −0.000000204∗(1.22E − 07) −1.78E – 07 (1.13E − 07)
PME 0.24∗∗∗(0.0536886) −0.24∗∗∗(0.05)
Y 0.000094∗∗(0.0000446) 0.0000929∗∗( 0.0000409)
LR_indirect
P −0.0000173 (0.0000222) −5.40E − 06 (3.77E − 06)
PME −12.38∗(6.97) −7.23∗∗∗(2.42)
Y 0.0047381 (0.0042833) 0.0028055∗(0.0015252)
LR_total
p −0.0000175 (0.0000223) −5.57E − 06 (3.87E − 06)
PME −12.62∗(6.99) −7.47∗∗∗(2.46)
y 0.0048321 (0.0042962) 0.0028983∗(0.001561)
N 262 262 262 262
Note. ∗, ∗∗, and ∗∗∗ denote statistical significance levels at 10%, 5%, and 1%, respectively.
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Figure 3 presents the impacts of the other four driving forces
on PM2.5 concentrations. Potential emission intensity in 210
cities curbed PM2.5 concentrations, reflecting the optimization
of the energy consumption structure. In particular, Jinchang
(−42.93 ug/m3), Hengshui (−40.87 ug/m3), Anshan (−38.13 ug/
m3), Daqing (−37.39 ug/m3), and Baoding (−33.40 ug/m3) were
the top five cities whose potential emission intensity decreased
PM2.5 concentrations during 2003–2017. Energy intensity had
reduction effects on PM2.5 concentrations in all observed cities
during 2003–2017, which is consistent with Chen et al. [11],
Zhang et al. [16], and Li et al. [35]. ,e results indicate that the
improvement in energy efficiencymay be responsible for energy
conservation, leading to the decline in PM2.5 concentrations.
GDP per capita and population in almost all cities contributed
to increasing PM2.5 concentrations during 2003–2017. Among
them, Zhengzhou’s GDP per capita and Shengzhen’s pop-
ulation individually contributed to the highest increases, of
139.21 and 29.85 ug/m3, respectively.

3.3. PME for the Spatial Changes in PM2.5 Concentrations
among Cluster Cities. Based on the above-described

clustering methods, we divided the 262 cities into three
groups. ,e first group was concentrated on the cities with
the largest emissions intensity (0.026 ug/m3∗million yuan,
averagely); the second group had the middle emissions
intensity (0.006 ug/m3∗million yuan, averagely); and the
third group’s average emissions intensity were the lowest
(0.002 ug/m3∗million yuan). ,e detailed classification is
presented in Appendix A, Table 3.

,en, we studied the impacts of PME changes on within-
group differences of PM2.5 concentrations. Figure 4 reports
the impacts of PME on PM2.5 concentrations between each
city and the classified group’s average in 2003 and 2017.

Regarding the cities in the first group, 141 cities’ PME
contributed to negative differences within the first group’s
PM2.5 concentrations and reduced the within-group dif-
ferences when the average PM2.5 concentrations in the first
group in 2003 were set as the reference, indicating that these
cities’ PME did better than their average level. And there
were 75 cities’ PME stimulated within-group differences,
implying that they failed to reach their groups’ average level.
Taking six cities in 2003 as examples, Daqing (−176.31 ug/
m3), Taizhou (−161.50 ug/m3), and Xiamen (−147.90 ug/m3)

Table 2: Regression between provincial CO2 emissions and energy consumption based on the variable coefficient model.

Coefficient Standard error P-value
CO2 emissions 49.07 1.83 ≤0.001
id#c.CO2 emissions
Yunan −23.22 2.16 ≤0.001
Inner Mongolia 89.95 3.96 ≤0.001
Beijing 17.42 4.23 ≤0.001
Jilin −30.34 2.05 ≤0.001
Sichuan 82.65 3.50 ≤0.001
Tianjin −21.72 2.46 ≤0.001
Ningxia 57.76 10.25 ≤0.001
Anhui −12.96 2.30 ≤0.001
Shandong 31.09 2.07 ≤0.001
Shanxi 39.99 2.74 ≤0.001
Guangdong 103.77 2.95 ≤0.001
Guangxi −10.29 2.66 ≤0.001
Xinjiang 11.02 2.89 ≤0.001
Jiangsu −5.69 1.95 0.004
Jiangxi −7.98 3.03 0.009
Hebei 8.32 2.02 ≤0.001
Henan 19.66 2.26 ≤0.001
Zhejiang 71.60 3.38 ≤0.001
Hainan −46.77 1.93 ≤0.001
Hubei 9.60 2.42 ≤0.001
Hunan 19.80 2.71 ≤0.001
Gansu −35.43 2.02 ≤0.001
Gujian 26.39 3.54 ≤0.001
Guizhou 220.59 12.52 ≤0.001
Liaoning −8.40 2.01 ≤0.001
Chongqing −10.25 2.73 ≤0.001
Shaanxi −16.14 2.31 ≤0.001
Qinghai −44.93 1.91 ≤0.001
Heilongjiang −0.97 2.48 0.690
N 630
R 0.9861
F(30, 600) 1420.9∗∗∗

Note. ∗, ∗∗, and ∗∗∗ denote statistical significance levels at 10%, 5%, and 1%, respectively.
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Figure 2: ,e effects of PME on PM2.5 concentrations during the periods of 2003–2006, 2006–2009, 2009–2013, and 2013–2017.
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Figure 3: ,e effects of potential emission intensity, energy intensity, GDP per capita, and population on PM2.5 concentrations during
2003–2017.
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Table 3: List of city clusters.

Cluster City name Number of
cities

First group

Ankang, Anqing, Anshun, Anyang, Anshan, Bazhong, Baicheng, Baishan, Baiyin, Bengbu, Baotou, Baoji,
Baoding, Baoshan, Beihai, Benxi, Binzhou, Cangzhou, Changde, Chaoyang, Chaozhou, Chenzhou,

Chengde, Chizhou, Chifeng, Chuzhou, Dazhou, Daqing, Datong, Dandong, Deyang, Dezhou, Dongying,
Fangchenggang, Fushun, Fuzhou, Fuxin, Fuyang, Ganzhou, Guang’an, Guangyuan, Guigang, Guiyang,
Guilin, Haikou, Handan, Hanzhong, Heyuan, Heze, Hebi, Hegang, Heihe, Hengshui, Hengyang, Hohhot,
Huludao Huaihua, Huai’an, Huaibei, Huainan, Huanggang, Huangshan, Huangshi, Jixi, Ji’an, Jilin, Jiamusi,
Jiaxing, Jiayuguan, Jiangmen, Jiaozuo, Jieyang, Jinchang, Jinhua, Jinzhou, Jincheng, Jinzhong, Jingmen,

Jingdezhen, Jiujiang, Kaifeng, Karamay, Laiwu, Lanzhou, Langfang, Leshan, Lishui, Lianyungang,
Liaoyang, Liaoyuan, Liaocheng, Linfen, Linyi, Liuzhou, Liuan, Liupanshui, Longyan, Loudi, Luzhou,

Luoyang, Luohe, Ma’anshan, Maoming, Meishan, Meizhou, Mianyang, Mudanjiang, Nanchong, Nanning,
Nanping, Neijiang, Ningde, Panzhihua, Panjin, Pingdingshan, Pingxiang, Putian, Puyang, Qitaihe, Qiqihar,
Qinzhou, Qinhuangdao, Qingyuan, Quzhou, Qujing, Rizhao, Sanmenxia, Sanming, Sanya, Xiamen,
Shantou, Shanwei, Shangqiu, Shangrao, Shaoguan, Shaoyang, Shiyan, Shizuishan, Shuangyashan,

Shuozhou, Siping, Songyuan, Suihua, Suizhou, Suining, Taizhou, Taiyuan, Tai’an, Tianshui, Tieling,
Tonghua, Tongliao, Tongchuan, Tongling, Weihai, Weinan, Wuhai, Urumqi, Wuhu, Wuzhong, Wuzhou,
Xining, Xianning, Xianyang, Xiangtan, Xiaogan, Xinzhou, Xinxiang, Xinyu, Xinyang, Xingtai, Suqian,
Suzhou, Xuchang, Xuancheng, Ya’an, Yan’an, Yangjiang, Yangquan, Yichun, Yibin, Yichang, Yichun,
Yiyang, Yinchuan, Yingtan, Yingkou, Yongzhou, Yulin, Yuxi, Yueyang, Yunfu, Yuncheng, Zaozhuang,
Zhanjiang, Zhangjiajie, Zhangjiakou, Zhangzhou, Changzhi, Zhaoqing, Zhenjiang, Zhongshan, Zhoushan,

Zhoukou, Zhuhai, Zhuzhou, Zhumadian, Ziyang, Zigong, Zunyi

216

Second
group

Changzhou, Chengdu, Dalian, Dongguan, Foshan, Fuzhou, Harbin, Hangzhou, Hefei, Jinan, Jining,
Kunming, Nanchang, Nanjing, Nantong, Ningbo, Qingdao, Quanzhou, Shaoxing, Shenyang, Shijiazhuang,
Taizhou, Tangshan, Weifang, Wenzhou, Wuxi, Wuhan, Xi’an, Xuzhou, Yantai, Yancheng, Yangzhou,

Changchun, Changsha, Zhengzhou, Zibo

36

,ird group Beijing, Guangzhou, Shanghai, Shenzhen, Suzhou, Tianjin, Chongqing 7
∗, ∗∗, and ∗∗∗ denote statistical significance levels at 10%, 5%, and 1%, respectively.
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Figure 4: Continued.
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Figure 4: ,e impacts of emission reduction technological changes on PM2.5 concentrations between each city and the classified group’s
average.

10 Mathematical Problems in Engineering



were the top three cities with negative differences. Mean-
while, Jiayuguan (+270.48 ug/m3), Jinchang (+152.6 ug/m3),
and Tongchuan (+151.10 ug/m3) were the top three cities
that contributed to positive within-group differences.
Compared with 2003, there were several changes in the
spatial decomposition results in 2017: 147 cities’ PME
lowered the between-emissions differences within the first
group’s PM2.5 concentrations, but PME changes in 69 cities
caused a positive within-group gap. For example, Ankang
city’s PME reduced the within-group gap in 2013 (−54.28 ug/
m3) but failed in 2017 (+9.82 ug/m3).

In the second group, the PME in 20 cities led to re-
ductions in the within-group differences in 2003, and 16
cities’ emission reductions caused positive within-group
differences. Particularly, PME in the cities of Quanzhou
(−51.10 ug/m3), Hangzhou (−50.30 ug/m3), and Fuzhou
(−47.35 ug/m3) contributed to a decline in the within-group
difference, while Hefei (+54.07 ug/m3), Taizhou (+52.57 ug/
m3), and Jining (+51.09 ug/m3) saw an increase of the
within-group gap. Moreover, there were 18 cities in which
PME helped to reduce the within-group differences in 2017,
implying that the spatial differences did not change much in
these cities.

With regard to the third group, PME in the first-tier cities
(Shanghai, −53.98 ug/m3; Guangzhou, −35.47 ug/m3; Shenz-
hen, −30.03 ug/m3; and Beijing, −14.17 ug/m3) contributed to
reductions in the within-group differences in 2003. However,
the PME of Tianjin, Suzhou, and Chongqing increased to
55.82, 24.16, and 19.30 ug/m3 of the within-group differences,
respectively. In 2017, the four first-tier cities’ and Chongqing
city’s PME changes were responsible for the negative within-
group differences (Shanghai, −18.89 ug/m3; Guangzhou,
−16.15 ug/m3; Shenzhen, −27.79 ug/m3; Beijing, −24.41 ug/
m3; and Chongqing, −10.41 ug/m3), and the remaining cities
still contributed to positive within-group gaps (Tianjin,
+18.89 ug/m3; Suzhou, +35.19 ug/m3).

In summary, since most cities’ PME contributed to
negative impacts on the within-group differences, indicating
that most cities’ PME was better than their group’s average
level. However, it also should be noted that the PME of a
small number of cities, such as Jiayuguan city and Tong-
chuan city, were lower than their groups’ average level and
had a very weak impact on curbing PM2.5 concentrations,
which is consistent with the results proposed by Zhang et al.
[16]. At the same time, the distributions of the spatial de-
composition of the three groups were stable in the period of
2002–2017, implying that the catch-up effect within the
group was not obvious. ,us, the governments should focus
more on regional heterogeneity when encouraging the
promotion of PM2.5 emission reduction technologies.

4. Conclusions

,is study explored the impacts of PME changes on the
PM2.5 concentrations of 262 Chinese cities during
2002–2017. First, we applied three spatial econometric models
(SDM, SAR, and SEM), identifying the spatial autocorrelation
and potential relationship between PME changes and PM2.5

concentrations. Furthermore, we decomposed the temporal
and spatial changes in the 262 cities’ PM2.5 concentrations
based on a combination of LMDI and k-means clustering
methods. In terms of the temporal changes, we found that
most cities’ PME impacts fluctuated during 2002–2017, and
there were many turning points, indicating that the reduction
effects in many cities were not stable. However, energy in-
tensity continuously played a significant role in decreasing
PM2.5 concentrations due to energy conservation caused by
the improvement in energy efficiency. With regard to the
spatial decomposition based on clusters, we found that most
cities’ PME contributed to negative differences, implying that
the PME in a small number of cities, such as Jiayuguan City
and Jinchang City, was not strong and lowered the average
level of their group. At the same time, the distributions of the
spatial decomposition of the three groups were stable in the
period 2002–2017, implying that a catch-up effect within the
group was not obvious.

Based on the analysis, we provide several policy impli-
cations for curbing PM2.5 concentrations from a socio-
economic perspective. First, although the results, based on
econometric methods, show that PME progress had sig-
nificant curbing impacts on China’s city-level PM2.5 con-
centrations, the temporal and regional heterogeneity cannot
be ignored. Given that the PME failed to continuously
decrease China’s city-level PM2.5 concentration, China’s
cities should pay more attention to increased fiscal expen-
ditures in technological innovations, such as composite
carbon slurry clean combustion technology, supercritical
flue gas desulfurization (FGD) systems, and ultra-super-
critical FGD systems [21, 35].

Second, in addition to increasing PME, it is important to
promote the application of energy-saving technologies and
the optimization of energy use structures. In light of the
effects of energy intensity on PM2.5 concentrations, the
promotion of energy efficiency will reduce the energy input,
thus reducing PM2.5 emissions and concentrations under
the same conditions of PME. In addition, since PM2.5
pollution is mainly driven by fossil fuel combustion [36],
speeding up the use of clean energy would also significantly
reduce PM2.5 concentration.

,ird, considering that the spatial impacts of PME were
relatively stable over time, regional advanced emission re-
duction technological innovations should be promoted
around and selected as demonstrations so that the catching-
up effects within group will be highlighted.

Appendix

,e temporal impacts of drivers on PM2.5 concentration can
be estimated based on equations (A2.1)–(A2.5):
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where ΔPMb,t
i,PPME denotes the impacts of potential emission

intensity on the ith city’s PM2.5 concentration from period b

to t; ΔPMb,t
i,EI denotes the impacts of energy intensity on the

ith city’s PM2.5 concentration from period b to t; ΔPMb,t
i,PI

denotes the impacts of GDP per capita on the ith city’s
PM2.5 concentration from period b to t; ΔPMb,t

i,P denotes the
impacts of population on the ith city’s PM2.5 concentration
from period b to t; and ΔPMb,t

i,PME denotes the impacts of
PM2.5 emission efficiency on the ith city’s PM2.5 concen-
tration from period b to t.

Similarly, based on the definite reference, the spatial
LMDI method can also be used for spatial decomposition;
the corresponding formulas are presented as follows:
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where ΔPMr
i,PPME denotes the gap between the impacts of

potential emission intensity on the ith city’s PM2.5 con-
centration and the reference; ΔPMr

i,EI denotes the gap be-
tween the impacts of energy intensity on the ith city’s PM2.5
concentration and the reference; ΔPMr

i,PI denotes the dif-
ference between effects of GDP per capita on the ith city’s
PM2.5 concentration and the reference; ΔPMr

i,P denotes the
gap between the effects of population on the ith city’s PM2.5
concentration; and the reference ΔPMr

i,PME denotes the gap
between the impacts of PM2.5 emission efficiency on the ith
city’s PM2.5 concentration and the reference.

Data Availability

,e data can be obtained upon request from the corre-
sponding author.

Additional Points

PM2.5 emission reduction technology (PME) was estimated
for 262 cities. ,e 262 cities were classified into three groups
based on the k-means cluster method. ,e curbing impacts
of PME on PM2.5 were fluctuated and unstable. Energy
intensity played a more stable role in PM2.5 emissions re-
ductions. ,e catch-up and transcendence effects of PME
within the group were limited.
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'is study adopted smart card data collected frommetro systems to identify city centers and illustrate how city centers interacted
with other regions. A case study of Xi’an, China, was given. Specifically, inflow and outflow patterns of metro passengers were
characterized to measure the degree of population agglomeration of an area, i.e., the centricity of an area. On this basis, in order to
overcome the problem of determining the boundaries of the city centers, Moran’s I was adopted to examine the spatial correlation
between the inflow and outflow of ridership of adjacent areas. 'ree residential centers and two employee centers were identified,
which demonstrated the polycentricity of urban structure of Xi’an. With the identified polycenters, the dominant spatial
connections with each city center were investigated through a multiple linkage analysis method. 'e results indicated that there
were significant connections between residential centers and employee centers. Moreover, metro passengers (commuters mostly)
flowing into the identified employee centers during morning peak-hours mainly came from the northern and western area of
Xi’an. 'is was consistent with the interpretation of current urban planning, which validated the effectiveness of the proposed
methods. Policy implications were provided for the transport sector and public transport operators.

1. Introduction

Uncovering city structure and urban spatial connections can
benefit from appropriate allocation of certain kinds of re-
sources, e.g., land use, medical facilities, educational re-
sources, and transport infrastructures. Specifically, the
underlying urban structure is commonly interpreted beyond
its physical form, because cities run as dynamic systems [1].
'erefore, the urban spatial connections beneath the
complex system are not only related to the distribution of
physical environments and economic resources, but also
heavily involved with intracity movements [2,3]. Flows of
people or cargo function as ties that integrate static physical
resources into a dynamic system and generate spatial in-
teractions [4–7]. In this context, a large number of studies
have unveiled the city structure via passenger flow systems
[8–10]. Specifically, the centers within city structure are
found highly related to the spatial agglomeration of

population [8], while the flow patterns of passengers are
commonly utilized to denote how the identified city centers
interact with other regions [11]. Given these practical en-
lightenments, policy implications and targeted strategies are
always developed to guide the urban planning and hinder
uncontrolled urban sprawl [12].

It has drawn much attention of researchers to investigate
the urban spatial structure by using trajectory-based data
[13], such as taxi GPS data [1,5], smart card data [8,12], and
social network check-in data [9]. In this respect, Liu et al. [1]
studied passengers’ travel patterns and detected the poly-
centric city structure of Shanghai, China, by using taxi
trajectory data. Tanahashi et al. [14] applied graph-parti-
tioning methods to analyze the flow patterns of people
between partitioned subregions by the use of mobile phone
data and then revealed the urban spatial structure associated
with travel activities. Yu et al. [15] proposed a methodology
framework involving the community detection method and
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mobile phone data, through which the urban structure was
described by decomposing commuting demands. However,
taxi trajectory data are plagued by the population coverage,
and mobile phone data involve privacy and security issues.

In addition to taxi trajectory data andmobile phone data,
smart card data are also recognized as a promising data
source to provide insights on the identification of urban
spatial structure [16,17]. It is because smart card data can
provide rich and high-quality check-in records of public
transport passengers [18–22], and mostly important, these
passengers’ riderships constitute a crucial part of urban
spatial movements [21, 23, 24]. Compared with other data
sources, smart card data are accessible with less cost, and the
data are refined in spatial and temporal granularity [25]. In
addition, the coverage of smart card data is relatively wide
both in space and in population [23]. Tang et al. [26]
proposed a clustering refinement approach to investigate the
agglomeration pattern of passenger flows by using smart
card data and then elaborated five clusters of metro stations
to represent the underlying structure. Long and Shen [27]
combined smart card data and POIs (points of interest) and
proposed a clustering approach to identify different func-
tional zones of the city and understand their spatial dis-
tribution characteristics. Nevertheless, the two studies did
not conduct an in-depth analysis of urban spatial connec-
tions. Gong, Lin and Duan [4] used principle component
analysis method to decompose the passenger flows obtained
from the Automatic fare collection (AFC) data and inves-
tigated the spatiotemporal structure of urban form. Zhong
et al. [28] used the smart card data collected from different
time periods in Singapore and then investigated the overall
spatial structure by monitoring urban movements from
daily transportation. However, compared with the studies of
[26, 27], they paid more attention to the spatial connections
of discrete regions, but little was discussed on the identi-
fication of the city centers within the urban structure.

With respect to the methods used to reveal urban spatial
connections, a number of previous studies adopted community
detection technology to find the substructures of a complex
spatial network [29]. However, the communities detected in
the urban spatial network only denote the regions where their
internal spatial connections are obviously stronger than those
interacting with other areas [1]. 'us, it is weak to employ the
community detection method to investigate the spatial con-
nections between city centers and other discrete regions.
Graph-partitioningmethod and spatial clustering approach are
another two conventional methods commonly used to identify
city centers and then reveal urban spatial interactions. Com-
pared with community detection technology, these two
methods can better illustrate the polycenters and regional
connections, which constitute the main city structure [4, 8, 14].
Nevertheless, it is still not a straightforward task to determine
the boundaries of city centers, which are regarded as key nodes
in the spatial connections. For instance, Roth et al. [8]
employed smart card data collected from London Under-
ground to identify the urban spatial structure through a spatial
clustering approach. However, the data adopted in their study
were collected at station-based level, so that the basic O-D
matrix obtained to illustrate the spatial connections and could

only be described at station-to-station granularity. 'us, this
led to the problem that it was difficult to determine which
adjacent stations should be merged and then employed to
represent the regions of city centers. In this context, the urban
spatial structure could not be further interpreted in a more
specific, refined and microperspective way.

'erefore, this study tried to use the smart card data
collected from a metro system to reveal the urban spatial
structure, through a spatial analysis approach. Compared
with previous studies, the contributions of this paper could
be summarized as follows:

(i) In order to identify the city centers and precisely
determine their boundaries, the spatial autocorre-
lation analysis method was employed to merge the
adjacent regions where the characteristics of trip
generation were highly correlated.

(ii) Based on the O-D matrix obtained from smart card
data, the multiple linkage analysis method was
proposed to illustrate how the identified city centers
dynamically interacted with other discrete regions,
resulting in the dominated structure of regional
connections.

'e remainder of this paper is organized as follows.
Section 2 gives a description of the study area and datasets
involved in this paper. Section 3 introduces the methods
employed in this study. 'e results and corresponding
discussions are elaborated in Section 4. Conclusions and
future works are drawn in Section 5.

2. Study Area and Datasets

2.1. Study Area. Xi’an city is the capital of Shaanxi province
in north-central China. According to the census in 2019, the
city is administering 11 districts and 2 counties with nearly
10-million population. Xi’an Metro refers to the rail transit
system serving the urban area of the city. It was first open for
operation in September, 2011, and up to 2021, it has eight
metro lines (153 stations) with a total length of 244 kilometers.
However, the smart card data used for this study were
harvested in 2018.'erefore, this studymainly focused on the
approach proposed to reveal the urban spatial structure but
took the relatively outdated urban form of Xi’an as a dem-
onstration. In this respect, regardless of the dynamic changes
of urban form, the proposed approach can retain its resilience,
which can be justified through the following empirical study.
Besides, only three metro lines had been put into operation in
2018. Nevertheless, as the capital of ancient China, the urban
form of Xi’an has always been an axial development.
'erefore, the first three metro lines basically covered the
main functional areas of the city. 'at is, the smart card data
collected from the metro system in 2018 could be used to
demonstrate the dominated urban spatial structure at that
time. In addition, from the perspective of ridership, the daily
average passenger ridership of Xi’an Metro had exceeded 2
million, which accounted for 30.3% of the total [30]. 'us, its
coverage of passenger flows was wide enough and even better
than taxi trajectory data used in previous studies, to unveil the
overall spatial interactions.
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2.2. Datasets. Up to 2018, over 85% of transactions in Xi’an
public transit system were completed through smart cards.
'is proportion would reach nearly 100% in the metro (fare
evasion behavior was not considered). 'us, it implied that
smart card data collected from Xi’an Metro would record all
the transaction information.'e smart card data used in this
study were collected from the AFC systems of Xi’an Metro.
'e data were not linked with passengers’ bus trips. 'us,
only the trips generated in the metro network were included.
'e dataset covered nearly 10 million transaction records,
which were generated during the period from 17 April, 2018,
to 21 April, 2018. 'e raw data were preprocessed by service
providers, and invalid data were filtered out, which con-
tained incomplete travel information. With each record of
the data, we could obtain the card number (unique for each
cardholder), the transaction time, the inbound information,
the outbound information, and the transaction amount, as
shown in Table 1.

3. Methods

3.1. 'e Conceptual Framework. 'e high agglomeration of
population has been considered as good proxies for eval-
uating the centricity of an area [8]. However, the population
distribution in a city is dynamically changing, which results
from people’s daily intracity movements. In this context, the
centricity degree of an area shall be assessed accordingly by
its inflow as well as outflow of public transport ridership. In
addition, passenger flows within a day are commonly back
and forth; e.g., a typical commuting can be characterized as
going to work in the morning and returning home after
work.'us, it may lead to the fact that a potential city center,
which attracts a large inflow of ridership, may also have
almost equal outflow of ridership within a day. In this re-
spect, we categorized the city centers into residential centers
and employee centers. A residential center commonly refers
to an area where the living density is very high, and a large
outflow of passengers are generated in the morning due to
the commuting demand, while an employee center can be
defined as an area where commercial and industrial activities
are frequent, and a large inflow of passengers are attracted.
In order to distinguish between residential centers and
employee centers, we assumed that the outflow of passengers
of residential centers during morning peak-hours should be
obviously larger than other areas. In contrast, the charac-
teristic of passenger flows of an employee center would be
exactly the opposite. 'at is, the inflow of passengers of
employee centers should dominate in the morning.

Specifically, the outflow of passengers of an area could be
measured by the inbound ridership of corresponding metro
stations. Similarly, the outbound ridership of metro stations
could be used to denote the inflow of passengers of the area
where these stations served. However, a city center may
cover a larger area served by multiple metro stations. 'us,
in order to identify the city centers and their boundaries, it is
necessary to investigate not only the inflow and outflow of
passengers of metro stations, but also the spatial correlation
between them. With respect to this, we tried to use global
and local Moran’s I to achieve the spatial correlation analysis

between inflow or outflow of ridership of adjacent metro
stations. 'en, the identified hotspot areas and a part of
outliers could be regarded as the city centers. On this basis,
we attempted to examine the interactions between city
centers and other regions, so as to illustrate the urban spatial
structure of Xi’an. In particular, we provided insights on the
forms in which passenger flows were distributed based on
the O-D matrix extracted from the smart card data. 'e
multiple linkage analysis method was employed to deter-
mine the significant connections of each city center.

3.2. Global Moran’s I. Spatial autocorrelation analysis has
been widely used in GIS to better understand the spatial
dependency between one object with other nearby objects.
In other words, it was commonly used to measure the degree
to which one spatial area is similar to other vicinities. Spatial
autocorrelation is multidimensional, thus being more
complex than conventional one-dimensional autocorrela-
tion. In 1950s, Moran [31] firstly developed Moran’s I
(Index) to measure spatial autocorrelation based on both
feature locations and feature values simultaneously. Global
Moran’s I is defined as follows:

I �
N

S0

􏽐i􏽐jwij Xi − X( 􏼁 Xj − X􏼐 􏼑

􏽐i Xi − X( 􏼁
2 , (1)

where spatial objects are indexed by i and j, and the number
of which is denoted as N; Xi represents the vector of feature
values of object i; X is the mean of Xi; wij is the matrix of
spatial weights between objects i and j, and the diagonal of
the matrix is with zeros; S0 is the sum of all wij. In addition,
wij is found to exert a strong influence on the value of
Moran’s I, and the distance decay function is commonly
used to assign the spatial weights.

Based on the value of Moran’s I (range from -1 to 1), we
can classify the spatial dependency between the objects in
space as positive, negative, and no correlation. Among them,
positive spatial dependency (the value of Moran’s I exceeds
0) implies that feature values of the objects are similar and
clustered together in space. On the contrary, negative spatial
dependency (the value of Moran’s I is less than 0) is obtained
when similar feature values of objects are dispersed in space.
Regarding no spatial correlation, it indicates that the spatial
distribution of objects’ features is random. 'us, spatial
autocorrelation analysis can be used to indicate whether
there is clustering or dispersion in space, e.g., city centers
where populations are spatially agglomerated. In addition,
the statistical significance of Moran’s I Index is commonly
assessed by Z-score as well as P-value. Specifically, Z-score is
suggested to be greater than 1.96 or smaller than -1.96, which
can demonstrate positive or negative spatial dependency at
the 5% significance level.

3.3. Anselin Local Moran’s I. Even, given Moran’s I, it still
cannot help us directly identify statistically significant
hotspot areas (i.e., city centers to be determined in this
paper), cold spot areas, and spatial outliers in space. As an
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extension of global Moran’s I, Anselin local Moran’s I was
developed by Anselin [32], and it was defined as follows:

Ii �
Xi − X

S
2
i

􏽘

N

j�1,j≠ i

wij Xj − X􏼐 􏼑,

S
2
i �

􏽐
N
j�1,j≠ i Xj − X􏼐 􏼑

2

N − 1
,

(2)

where N denotes the number of spatial objects, which are
indexed by i and j; Xi represents the vector of feature values
of object i; X is the mean of Xi; wij is the spatial weight
between objects i and j.

Other than Z-score and P-value, which are used to assess
the statistical significance of local Moran’s I, clustering or
outlier types will be attached to each study object. Specifi-
cally, the values of Z-score and Lisa are simultaneously
positive or negative when the study object is surrounded by
other objects with similar values in space. 'us, it dem-
onstrates a typical partial clustering in space, and the type
L-L or H–H can be attached to the clustering. Clustering
type H–H indicates a high-feature-value clustering, while
clustering type L-L implies the clustering consisting of
objects with low feature value. We can distinguish the
clustering type H–H from the clustering type L-L by eval-
uating the value of Lisa (clustering type H–H can be de-
termined when the value of Lisa is positive; otherwise,
clustering type L-L will be attached). On the other side, a
study object can be regarded as an outlier in space when the
value of Z-score and the value of Lisa have different signs. It
demonstrates that the study object is surrounded by other
objects with dissimilar values. Specifically, the outlier will be
attached with clustering type H-L when it owns high feature
values but surrounded by others with low feature values.
Conversely, the outlier with clustering type L-H is charac-
terized by low feature values but surrounded by others with

high feature values. 'us, as defined with the clustering type
H–H and the outlier type H-L, the city centers where large
populations are agglomerated in partial spatial areas can be
identified by adopting local Moran’ I, because it can be used
to reflect the characteristics of spatial clustering of ridership.

3.4. Multiple Linkage Analysis Based on O-D Matrix. It has
been long recognized as a straightforward task to obtain the
O-D matrix by using smart card data collected from metro
systems [18, 19, 33]. Specifically, the inbound information
can provide the passengers’ origin stations, while the out-
bound information can be used to infer the destination
stations. In this context, the O-D matrix derived from the
smart card data can be utilized to reflect passenger flows and
underlying travel patterns in both spatial and temporal
dimensions. 'us, smart card data own the natural property
to illustrate the dynamic urban spatial interactions related to
the movements of people.

Nevertheless, it is still necessary to find dominant pas-
senger flows that construct the main city structure, because
most of the elements involved in the O-D matrix are not
significant to reflect the primary spatial connections of a city.
'erefore, in order to distinguish between significant flows
and insignificant flows, this paper employedmultiple linkage
analysis method to investigate dominant passenger flows
based on the O-D matrix [12]. Regarding multiple linkage
analysis, it assumes that there are a total of k + 1 centers
within the spatial structure. All flows from or to each spatial
center are sorted from the largest (W1) to the smallest (Wk)
by their passenger ridership. 'ese ordered flows constitute
a set of observed flows Wk􏼈 􏼉. Moreover, a set of expected
flows Wk

’􏼈 􏼉 is generated for the same spatial center by
different cycles, and the definition is as follows:

1st
cycle: W1′ � 􏽘

K

i�1
Wi, W2′ � W3′ � W4′ · · · � Wk

′ � 0,

2n d
cycle: W1′ � W2′ �

1
2

􏽘

K

i�1
Wi, W3′ � W4′ · · · � Wk

′ � 0,

j
th

cycle(j< k): W1′ � W2′ � · · · � Wj
′ �

1
j

􏽘

K

i�1
Wi, Wj+1′ � Wj+2′ · · · � Wk

′ � 0,

k
th

cycle: W1′ � W2′ � · · · � Wk
′ �

1
k

􏽘

K

i�1
Wi.

(3)

'e goodness-of-fit between the set of observed flows and
each cycle of expected flows is measured by R-square [12].
'en, the number of dominated flows from or to each center
can be determined by finding the jth cycle where the highest

R-square value places. In short, the mechanism of multiple
linkage analysis is to minimize the difference between the real
configurations and ideal configurations where the flows are
distributed over each link in shares of equal magnitude.
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4. Results and Discussions

4.1. Determination of the Polycenters of Urban Structure.
In this study, global Moran’s I was used to measure whether
there was a spatial correlation of ridership (including inflow
and outflow) between adjacent metro stations. 'en, local
Moran’s I was further adopted to identify where the cluster
or outlier was. Specifically, the morning peak-hours of Xi’an
on weekdays was set as 06 : 00 am to 09 : 00 am. 'e average
inflow and outflow of ridership of each metro station during
morning peak-hours were obtained from the smart card
data. 'e software GeoDa (version 1.12) was used to analyze
the spatial dependency in the map, where an embedded
default distance decay function was employed to build the
spatial weights matrix. 'e results were shown as follows.

First, the global Moran’s I regarding the outflow of
ridership was 0.2881 with a Z-score of 5.1169, greater than
the cut-off value (1.96) at 0.05 significance level. 'us, it
demonstrated a positive spatial autocorrelation, namely,

spatial clustering of passenger outflows in the map. On this
basis, given the Lisa cluster map shown in Figure 1, it in-
dicated that two clusters were identified with type H–H,
namely, H–H Cluster 1 (consisted of 4 stations) and H–H
Cluster 2 (consisted of 3 stations). Moreover, a spatial ag-
glomeration of H-L outliers was identified, called H-L
Cluster 1 (consisted of 2 stations). 'e results indicated that
the outflow of ridership of the above identified three clusters
was dominant, which averagely accounted for more than
35% of the daily total during morning peak hours on
weekdays. 'us, combined with further validation through
the current status data of land use, these three clusters could
be recognized as residential centers. Other than spatial
clusters, a H–H point (namely, Xinjiamiao Station) and two
H-L points (namely, Zaohe Station and Tonghuamen Sta-
tion) were identified. Nevertheless, they were all relatively
isolated in space with no significant passenger outflows. In
summary, three residential centers were finally determined,
and we, respectively, named H–H Cluster 1 as

Table 1: Smart card datasets.

Card # Date Time In-station In-line Out-station Out-line Amount
51050∗∗∗ 20180420 06 :12 : 51 Beiyuan 2 Beikezhan 2 2 RMB
68800∗∗∗ 20180420 06 :13 : 21 Banpo 1 Fangzhicheng 1 2 RMB
50096∗∗∗ 20180420 06 :16 : 42 Zaohe 1 Houweizhai 1 2 RMB
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Figure 1: Spatial autocorrelation analysis on the outflow of ridership of metro stations.
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Hangtiancheng Center, H–H Cluster 2 as Yundonggon-
gyuan Center, and H-L Center as Fangzhicheng Center.

On the other side, the results of spatial autocorrelation
analysis on the inflow of ridership are given in Figure 2.'ey
indicated that the value of global Moran’s I was 0.3472 with
Z-score (5.5868) greater than the cut-off value (1.96) at the
0.05 significance level. 'us, it implied that the inflow of
ridership was also spatially clustered in themap. On the basis
of Lisa cluster map shown in Figure 2, two H–H clusters of
were identified, which were, respectively, defined as H–H
Cluster 1 (consisted of 5 stations) and H–H Cluster 2
(consisted of 3 stations). 'e inflows of these two clusters
accounted for more than 40% of the daily total during
morning peak hours on weekdays. In addition to the
clusters, two H–H points and one H-L point were identified,
but regarded as isolated outliers with no significant inflow of
ridership. 'erefore, two employee centers were finally
determined, and we, respectively, named H–H Cluster 1 as
Zhonglou Center and H–H Cluster 2 as Xiaozhai Center.

In summary, based on the results of above spatial auto-
correlation analysis, we identified three residential centers and
two employee centers. 'e residential centers included
Hangtiancheng Center (4 stations), Yundonggongyuan Center
(3 stations), and Fangzhicheng Center (2 stations), while the
employee centers consisted of Zhonglou Center (5 stations)
and Xiaozhai Center (3 stations). 'erefore, the results
demonstrated the polycentricity of urban structure of Xi’an.

4.2. Determination of the Significant Flows of Polycenters.
With the identified polycenters, the significant flows con-
necting with each city center were investigated. Specifically,
MLA was applied to the O-D matrix between identified
clusters and other metro stations, which was obtained from
the smart card data. 'e number of significant flows of each
city center is listed in Table 2. 'e results indicated that the
number of significant connections of employee centers was
obviously larger than that of residential centers. 'erefore, it
implied that the inflows of passengers of employee centers
were more evenly distributed on the dominant linkages. On
the contrary, the significant outflows of passengers of res-
idential centers were relatively concentrated on less linkages.

4.3. Determination of the Urban Spatial Structure of Xi’an.
In order to intuitively illustrate how the identified poly-
centers interacted with other regions, the urban spatial
structure of Xi’an was revealed by demonstrating the sig-
nificant linkages of each city center through the software
NodeXL, as shown in Figure 3.

Specifically, the results indicated that there existed
strong connections between residential centers and em-
ployee centers. For instance, all the residential centers have
significant connections with Zhonglou Center, which was
identified as one of the employee centers in Xi’an. In ad-
dition, Yundonggongyuan Center and Hangtiancheng
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Figure 2: Spatial autocorrelation analysis on the inflow of ridership of metro stations.
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Center, two of the identified residential centers, were found
to have strong connections with Xiaozhai Center, the other
employee center. It also showed that the ridership from the
identified residential centers to the employee centers
accounted for nearly 40% of the total significant flows. On
the other side, the spatial interactions reflected by passenger
flows between the residential centers or the employee centers
were not significant. 'us, the urban spatial structure could
be further divided into two hierarchies, i.e., a fundamental
spatial structure and a comprehensive spatial structure. 'e
comprehensive spatial structure is shown in Figure 3, while
the spatial connectivity between the identified residential
and employee centers could be regarded as a fundamental
spatial structure beyond the comprehensive one.

4.4. Discussions. Other than the urban spatial structure,
commuting demand by metro could be reflected by the
identified dominated flows of passengers during morning
peak-hours. Specifically, as shown in Figure 4, it illustrated

the dominant inflows of ridership of Zhonglou Center; the
layout had been adjusted according to the actual geography.

'e results indicated that metro passengers (commuters
mostly) flowing into Zhonglou Center in morning peak-
hours mainly came from the northern and western area of
Xi’an, which accounted for more than 70% of the total
inflows of the center. It was consistent with the current
urban planning and land use situation of Xi’an. Specifically,
Zhonglou Center refers to the area around the Xi’an Bell
Tower, which is located in the geographical center of the city;
at the same time, the earliest development of commerce of
Xi’an also began in the Bell Tower area. 'us, it was not a
surprise to see the Bell Tower area to be identified as an
employee center. In addition, the northern and western
regions of Xi’an were developed earlier, and according to the
overall urban planning of Xi’an, these regions were planned
to be developed in the form of small but scattered areas.
'us, this was why most of the dominated inflows were
concentrated in these two regions but scattered on multiple
linkages. Separately, the identified three residential centers
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Figure 3: 'e urban spatial structure of Xi’an.

Table 2: 'e number of significant flows of each city center

Center type Center 'e number of significant flows

Residential center
Hangtiancheng center 12

Yundonggongyuan center 6
Fangzhicheng center 5

Employee center Zhonglou center 20
Xiaozhai center 14
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covered several large residential communities of Xi’an,
which led to their high outflows of ridership during morning
peak-hours; they all had strong commuting demand with
Zhonglou Center.

With regard to Xiaozhai Center, the dominant inflows of
passengers are illustrated in Figure 5. 'e results indicated
that, compared with Zhonglou Center, the distribution of
dominant inflows of Xiaozhai Center was relatively
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Figure 5: Dominant inflows of passengers of Xiaozhai Center.
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Figure 4: Dominant inflows of passengers of Zhonglou Center.
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dispersed but mainly came from the north area of Xi’an.
'us, it was a surprise to find that although Xiaozhai Center
was located in the south of the city, there was still a lot of
commuting demand from the north. Actually, according to
the development of urban planning of Xi’an, Xiaozhai
Center could be regarded an emerging urban commercial
center. Nevertheless, since the northern regions of the city
were developed earlier with very completed functions, most
populations preferred to live in the north of the city.
'erefore, it led to the large long-distance commutes from
the north to the south.

Overall, the urban spatial structure of Xi’an unveiled in
this study was reasonable, including the city centers iden-
tified by spatial correlation analysis and dominant spatial
connections obtained by MLA. 'us, to some extent, this
recognized the effectiveness of the methods presented in this
study. As for policy implications, the interpretation of the
structure of passenger flows would benefit the transport
sector and public transport operators to determine the
development direction. For example, nonstop service, ex-
press service, and all-stop service can be mixed and orga-
nized for Xi’an Metro. Specifically, nonstop service can be
implemented to smooth the connectivity between residential
centers and employee centers. Express service can be
adopted for the direction of dominant spatial connections
during morning peak-hours.

5. Conclusions

As probably one of themost complex spatial systems, the city
structure is highly correlated with urban movements of
people or cargo.'us, the urban spatial structure is not static
but should be interpreted from the perspective of dynamic
flows. 'e understanding of the underlying urban structure
can contribute to targeted strategies that can better guide the
overall urban planning and hinder uncontrolled sprawl in
urban areas. 'is paper used the characteristics of metro
passenger flows, which were obtained from the smart card
data, to reveal the urban spatial structure. A case study of
Xi’an, China, was given, and conclusions were drawn as
follows:

(i) Spatial correlations of inflows and outflows of
ridership of metro stations during weekday
morning peak-hours were examined through global
and local Moran’s I. 'e clustering of spatially
adjacent metro stations, which had a high ag-
glomeration of passengers, was identified as city
centers. 'e identified city centers were subdivided
into residential centers and employee centers based
on the flow direction of passengers. As a conse-
quence, three residential centers and two employee
centers were determined, which demonstrated the
polycentricity of urban structure of Xi’an.

(ii) In order to investigate the dominant flows of the
identified city centers, the method of MLA was
proposed to unveil the most significant spatial
connections that constituted the city structure. A
two-hierarchical structure was revealed, including a

fundamental spatial structure, which consisted of
the strong spatial interactions between the resi-
dential centers and the employee centers, and a
comprehensive spatial structure, which consisted of
all the dominant connections with the identified city
centers.

(iii) Dominant inflows of ridership of employee centers
during morning peak-hours were illustrated, and
they were interpreted based on the overall urban
planning of Xi’an. 'e results indicated that the
identified urban spatial structure was reasonable,
which recognized the effectiveness of the methods
proposed in this study. In addition, policy impli-
cations were provided for the transport sector and
public transport operators. For example, nonstop
service, express service, and all-stop service can be
mixed and organized for Xi’an Metro.

However, this study also has its limitations that should
be improved in future researches. First, compared with the
metro network of Shanghai, Beijing, and Guangzhou, the
network scale of Xi’an Metro is relatively small. It leads to
huge differences between them in terms of passenger flow
and rail transit coverage. 'us, the adaptability of the
methods proposed in this study still needs further verifi-
cation by using the data collected from other large-scale
metro systems. Second, due to the emergence of bike-
sharing or MASS systems, there are more and more
transport modes that can be used to connect the metro
system. In this context, other than the O-D matrix obtained
from the metro AFC system, the actual trip distribution of
metro passengers should also be brought into future studies.
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Ecological deterioration, air pollution, and resource depletion have shrouded the vast regions of China, raising widespread
concerns about the sustainable development of the domestic economy. Although financial agglomeration has become a pivotal
approach for China to realize green transformation, there is a lack of evidence against the causal correlation between financial
agglomeration and sustainable development of the regional economy. To fill this gap, using the data of 29 provincial capital cities
in China spanning from 2009 to 2019 and adopting individual time bidirectional fixed effect model, IV-GMM approach, and
alternative modeling techniques, this paper investigates the impact of financial agglomeration on sustainable development of the
regional economy for the first time. *e results indicate that there is a significant positive correlation between financial ag-
glomeration and the sustainable development of the regional economy. Financial agglomeration facilitates the improvement of
regional energy efficiency, and the latter further mediates the relationship between financial agglomeration and sustainable
development of the regional economy. In addition, the empirical results also demonstrate that the higher the economic policy
uncertainty, the weaker the positive relationship between financial agglomeration and energy efficiency. *e present study is of
great significance for China to implement energy-saving and emission-reduction tasks and achieve sustainable
urban construction.

1. Introduction

With increasing appeals to overcome energy shortage and
environmental degradation, it is imperative for local gov-
ernment to continuously seek effective approaches to im-
prove energy using efficiency, strengthen the green industry,
and facilitate sustainable growth, especially for China. In
China, the steady growth of GDP is accompanied by a series
of enormous challenges such as global environmental tur-
bulence, resource depletion, and ecosystem degradation. For
example, in 2019, China’s foreign dependence on petroleum
and crude oil exceeded 70%. A total of 1152 days of severe
pollution occurred in 337 cities in 2020, and the days with
PM2.5, PM10, and O3 as the primary pollutants accounted
for 77.7%, 22.0%, and 1.5% of the days with severe pollution

and above, respectively. In this context, local government
realizes that restoring nature is vital to the survival of the
Earth and mankind and proposes to actively establish a
green, low-carbon, and circular economic system. Accord-
ing to this proposal, the Chinese government pledges to
strive to achieve a carbon peak by 2030 and achieve carbon
neutrality by 2060 during the UN General Debate and en-
courages all regions to keep the economic operation within a
reasonable range following the strategic deployment of the
State Council while doing a good job of normalizing epi-
demic prevention and control. However, regional economic
development is still unbalanced in China due to its vast
territory and differentiated resource endowments. *ere-
fore, considering the heterogeneity of economic develop-
ment, how to enhance the sustainable development level of
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China’s regional economy (RESD) has become one of the
hot issues under the background of high-quality economic
development.

Forming a new pattern of modern financial development
in which the real economy and the financial industry pro-
mote each other and making further efforts to build a
modern financial agglomeration area that meets the re-
quirements of all-round revitalization play a fundamental
role in sustainable economic development. Under China’s
unique institutional background, financial agglomeration is
a considerable catalyst towards the low-carbon cities’ sus-
tainable development because it improves the spatial and
geographic allocation efficiency of financial resources, cuts
down transaction costs, and facilitates economic growth [1].
For instance, in 2017, the “Jiang Bei Zui” financial center on
the upper reaches of the Yangtze River achieved a financial
added value of 13.68 billion yuan, up 26.6 percent year on
year. Local governments vigorously have deployed various
preferential policies for financial companies such as settle-
ment subsidies and investment subsidies. Such phenomenon
is deeply rooted in the fact that, in production and con-
sumption activities, financial agglomeration offers a “double
dividend” through resource accumulation and appropriate
allocation of capital in a suboptimal case [2, 3]. Proponents
of this view contend that financial agglomeration not only
accelerates regional economic growth through diffusion and
agglomeration effects [4] but also dramatically stimulates the
upgrading of green industries and strengthens regional
environmental protection via technical and ecological effects
[5, 6], consequently posing opportunity and inexhaustible
impetus to the sustainable development of regional economy
[7].

Most studies believe that moderate financial agglomer-
ation has greatly broadened financing channels, abated the
information cost of financing, and thus stimulated tech-
nological innovation and energy conservation of enterprises
at an alarming power [6, 8]. Against the backdrop of China’s
advocacy of green development, financial institutions in
agglomeration areas provide financial support to the up-
stream and downstream of the green and low-carbon in-
dustry chain, allowing the capital to lean from cumbersome
and low-productivity industries to higher-productivity in-
dustries [9]. *is undoubtedly eliminates backward pro-
duction capacity and triggers the optimization of industrial
structure, thereby indirectly heightening energy efficiency
[10]. Moreover, subsidies for petroleum products are
eliminated while more investment is introduced into
technological innovation in an attempt to ameliorate energy
efficiency as a partial approach for boosting sustainable
development [11]. Research demonstrates that, in the face of
increasing pressure replete with resource overexploitation
and climate deterioration, improving energy efficiency in-
jects hope for China to achieve the win-win goal of envi-
ronmental protection and effective economic growth
[12, 13]. *erefore, a financial agglomeration-energy effi-
ciency-regional economic sustainable development nexus
may exist during China’s economic transformation.

In addition, extensive research related to financial ag-
glomeration relies on a stable economic policy environment.

However, China’s Economic Policy Uncertainty (EPU) in-
dex did not look promising and soared from 96.9 in 2009 to
687.6 at the end of 2019, which reflects that Chinese
companies wallow in the quagmire of drastic external risks.
*e uncertainty of economic policy constitutes a pivotal
exogenous factor for China’s industrial environment un-
certainty because high EPU leads to higher business risks
and stronger strategic defense capabilities [14]. Multiple
shreds of evidence propound that high EPU has exacerbated
the agency problem of companies [15], led to tactical
judgment errors [16], increased the risk of technological
innovation [17], and brought more carbon emissions [18].
*erefore, the uncertainty of economic policy may affect
firms’ energy-related innovation decisions and R&D in-
vestment, thereby narrowing or amplifying the influence of
financial agglomeration on energy efficiency.

However, the impact of financial agglomeration on the
regional economy’s sustainable development has been se-
riously neglected in existing studies. Only Cheng et al. [19]
discussed the relationship between the penetration of in-
formation technology and the sustainable development of
the regional economy. Empirical evidence related to fi-
nancial agglomeration only concerned green development,
urbanization, and marine eco-efficiency [5, 6]. Qu et al. [10]
affirmed that there was a link between financial agglomer-
ation and energy efficiency, but scant quantitative studies
have specifically investigated the relationship between en-
ergy efficiency and sustainable economic development.
Hence, it is intriguing to adopt a comprehensive theoretical
framework to authenticate the impact of financial ag-
glomeration on the sustainable development of the regional
economy. At the same time, what role does energy efficiency
play in the relationship between financial agglomeration and
the sustainable development of regional economy? How
does financial agglomeration affect the regional energy
practices in a high EPU environment? *e resolution of
these issues has important theoretical significance for
China’s sustainable production practice.

In order to solve the above three main problems, we first
manually collect the total number of financial institutions,
financial talent data, and the list of financial assets to cal-
culate the financial agglomeration level of 29 provincial
capital cities in China with an objective to reveal the rela-
tionship between financial agglomeration and the sustain-
able development of the regional economy. Scant research
has provided insight into the catalyzing factors of regional
economy’s sustainable development. Upon our knowledge,
our paper first addresses this gap. Secondly, unlike the
existing literature which widely adopts stochastic frontier
method and data envelopment analysis to assess energy
efficiency, this article prefers to apply an inclusive approach,
the superefficiency SBMmodel, to estimate energy efficiency
and treats energy efficiency as a mediating variable. *is not
only helps to expand the research on the antecedent vari-
ables of regional economy’s sustainable development but
also enriches the study on the economic consequences of
energy efficiency in the existing body of knowledge. Finally,
scholars have pointed that considering financial agglomer-
ation alone ignores the fundamental role of the economic
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policy environment on energy efficiency [20]. Hence, we
propose a novel model leveraging economic policy uncer-
tainty as a moderating variable to reveal the policy scenarios
of financial agglomeration’s influence on energy efficiency,
which is a beneficial extension of the research on economic
policy uncertainty.

2. Theoretical Analysis and
Research Hypothesis

2.1. Financial Agglomeration and the Sustainable Develop-
ment of Regional Economy. It is necessary to clarify the
theoretical logic that financial agglomeration affects the
sustainable development of a regional economy. In litera-
ture, Ye et al. [1] accentuated that financial agglomeration
relies on the accumulation and allocation effects of financial
capital to reinforce the city’s infrastructure allocation. Fi-
nancial agglomeration’s active impact on green development
is attributed to financial agglomeration’s scale effect, tech-
nical effect, structural effect, and network effect [6]. Un-
fortunately, the ecological or environmental benefits
induced by financial agglomeration have been largely ig-
nored in past studies. Hence, this article attempts to
reclassify the functional effects of financial agglomeration
and postulates that the direction to which financial ag-
glomeration affects the regional economy’s sustainable de-
velopment is primarily contingent on its economic,
technical, and ecological effects.

*e economic effect refers to that enterprises in a specific
financial agglomeration area could increase the output ratio
by obtaining scale economy effect and diffusion effect, thus
driving the economic growth. From the perspective of
economies of scale, financial institutions and related en-
terprises in financial clusters are more proactive in executing
the highly relevant division of labor and collaboration to
enable the quick flow of production factors such as infor-
mation, capital, technology, and labor in clusters [21]. *is
has an inductive effect on economic growth because the
agglomeration center has integrated various resources, re-
duced time cost, and transaction cost [1]. Concomitantly, the
benefits of economies of scale can only be shared when there
exists close proximity of banking, securities, and insurance
industries [4]. Besides, the development of financial ag-
glomeration drives the spillover effect of industries other
than the financial industry in technological innovation,
knowledge, economy, and other fields, thereby driving the
coordinated development of the financial industry and other
fields. Under such a premise, the flow of expertise and
specialized resources raises the service level of diverse in-
stitutions and mitigates the instability of the economic
environment [22].

Technological effect means that financial agglomeration
becomes more relevant to boost sustainable development by
stimulating technological innovation. In China, the tech-
nological effect always occurs in the financial agglomeration
center [6]. *e financial cluster is characterized as having a
strong technological willingness and could provoke novel
sophisticated products in the fields of energy science, ma-
terial science, and ecological ethics [21]. Currently, China’s

ecological civilization construction requires scientific and
technological innovation to be unified with the goal of
sustainable development, while the formation of financial
agglomeration centers could just ease the credit constraints
faced by enterprises and supply basic capital guarantees for
potential technological innovation initiatives, such as the
development of new materials and utilization of new energy
[23]. Furthermore, the spatial accumulation of financial
industries not only broadens themarket capacity of a specific
region but also intensifies the sharing of positive externalities
of information overflow [24], thereby indirectly serving the
production innovation.

Stimulated by financial agglomeration, firms have be-
come more and more environmentally friendly through
green development. China’s financial industries inevitably
shoulder the dual missions of economic development and
environmental preservation, which compels financial in-
stitutions to increase the proportion of green products and
ameliorate the ecological environment by adjusting the
direction of resource flow [7]. For instance, in the context of
the conversion of new and old kinetic energy, financial
institutions dominate the flow of capital underpinning the
green high-end industries, smart manufacturing industries,
and clean industries, thereby releasing green dividends [25].
*is has promoted the green transformation of regional
industrial structures [26]. In short, the agglomeration of
financial elements would change the pattern, efficiency, and
benefits of traditional industries and promote the expansion
of green industries, thus not only achieving the goal of
pollution control but also transforming ecological advan-
tages into economic advantages. *en, the following hy-
pothesis is proposed.

2.1.1. Hypothesis 1. Financial agglomeration has a positive
effect on the sustainable development of the regional
economy.

2.2. Financial Agglomeration and Energy Efficiency.
Technical and management indicators were advocated by
scholars as the most direct and powerful drivers affecting
energy efficiency [27, 28]. For example, J. M. Simkoff et al.
[28] demonstrated that the precise control of enterprise
control systems achieved novel instantaneous operations
such as conversion smoothing or demand response, thereby
raising energy efficiency. From the perspective of meta-
frontier inefficiency and its decomposition, Cheng et al. [29]
concluded that, less than 40% of energy inefficiency stem-
med from technological gap inefficiency, and more than 60%
came from management inefficiency. *erefore, the theo-
retical derivation of the impact of financial agglomeration on
regional energy efficiency is inseparable from the perspec-
tives of technology and management.

Firstly, financial agglomeration is a probable catalyst for
the upgrading of energy-saving technologies. Financial ag-
glomeration better responds to the financial market’s de-
mand for capital investment and depositors’ liquidity
preferences on their assets, realizing an effective docking
between investment and financing. Financial institutions
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strictly ensure the credit scale of enterprises with serious
environmental pollution, and low resource utilization is
subject to certain restrictions [30]. Conversely, financial
agglomeration not only furnishes sufficient financial support
and long-term incentive for innovative entities aiming at
developing energy technologies [31] but also provides these
entities with feasible channels for risk diversification, which
undoubtedly bolsters the development and diffusion of
energy technology. Secondly, the agglomeration mode
builds basic trust and integrity between enterprises through
information sharing and business cooperation, aimed at
promoting mutual exchanges among firms. Especially for
energy-intensive enterprises, the potential trust constraints
between organizations not only reduce the possibility of
transaction defaults but also exert stringent supervision and
governance over production activities of firms, which help to
increase the proportion of good output [32]. Interestingly,
the network synergy of financial agglomeration acts as a
significant channel for enterprises to establish a platform of
mutual trust. *is would curb opportunistic tendencies in
business management, improve governance, and raise en-
ergy efficiency. *erefore, we put forward the following
assumption:

2.2.1. Hypothesis 2. Financial agglomeration has a positive
effect on energy efficiency.

2.3. *e Mediating Role of Energy Efficiency. Improving
energy efficiency is an extremely cost-effective and readily
scalable option to maintain a city’s sustainable development
because it could simultaneously address economic, envi-
ronmental protection, and resource issues [33]. In terms of
the environment, multiple benefits are obtained by im-
proving energy efficiency. For instance, Ozbugday and Erbas
[34] accentuated that, under the same scenario, a 1% in-
crease in energy efficiency reduced carbon dioxide emissions
by 0.55% in the future. Notably, the improvement of energy
efficiency not only mitigates primary energy consumption,
CO2 emissions, and environmental pollution but also in-
creases energy security and expands competitiveness [35].
Hence, while encouraging sustainable economic growth,
energy conversion efficiency must be enhanced to produce
more work with less carbon-based energy. In addition, al-
though energy accounts for a small share of total production
costs, it is a prerequisite for social activity and economic
growth. For example, the U.S. government acknowledges
that energy efficiency plays as an advantageous element
toward trade competition strategy. Bataille and Melton [36]
concluded that improvements in energy efficiency con-
tributed to a 2.0% increase in Canada’s GDP and a 0.19%
increase in macroeconomic performance between 2002 and
2012. In terms of resource utilization, high energy efficiency
reduces water usage and fuel input for power plants [37], and
numerous studies advocate that high energy efficiency has a
positive impact on ecological optimization and resource
utilization and is the primary strategy towards sustainable
economic development [3, 12, 38]. *erefore, based on the
logic of financial development-energy efficiency-economic

performance, this paper further conjectures that energy
efficiency plays an intermediary role in the correlation be-
tween financial agglomeration and the sustainable devel-
opment of a regional economy. To sum up, we have the
hypothesis as follows:

2.3.1. Hypothesis 3. Financial agglomeration positively in-
fluences the sustainable development of the regional
economy by improving the level of energy efficiency.

2.4. *e Moderating Role of Economic Policy Uncertainty.
*e normal exertion of financial agglomeration’s favorable
effects would be subjected to the economic policy envi-
ronment. Under the background of high EPU, firms tend to
exhibit retreat, evasiveness, and conservativeness when
implementing the technology innovation plan. Research has
indicated that, due to the nondispersibility of political risk,
policy uncertainty requires equity risk premiums [39], which
may affect enterprises’ cost of capital [40]. *e increase in
the cost of capital turns a project with a positive net present
value into a negative one. As a result, economic policy
uncertainty leads to an increase in the cost of capital, which
reduces the motivation for companies to raise funds. Raza
et al. [41] elucidated that high EPU suppressed corporate
investment by triggering higher energy and resource prices.
*erefore, although financial agglomeration offers financial
incentives for innovation subjects, high EPU inhibits cor-
porate innovation investment and aggravates the risk of
innovation projects. In addition, high EPU causes fluctua-
tions in business expectations and managerial judgments
[16]. Although financial agglomeration has weakened the
opportunism of corporate management, high EPU seriously
affects the firms’ information environment [42], exacerbates
managerial complexity [15], and even induces a decline in
the proportion of R&D devoted to environmental expen-
diture [43]. In an uncertain environment, industrial firms
often make up for the low turnover rate by switching to
cheap energy production, which in turn undermines cor-
porate performance and brings more carbon emissions [20].
In a nutshell, economic policy uncertainty may inhibit the
smooth development and utilization of energy-saving
technologies, and in turn, moderate the relationship between
financial agglomeration and energy efficiency. *us, we
develop the following hypothesis.

2.4.1. Hypothesis 4. EPU negatively regulates the positive
correlation between financial agglomeration and energy
efficiency.

Based on the above analysis, the present paper constructs
a conceptual model as follows (see Figure 1):

3. Methodology

3.1. Sample and Data. Since complete data on Taiwan,
Xinjiang, Macao, Tibet, and Hong Kong are not available,
only 29 provinces in China were comprised in the sample. In
order to mitigate the special lash of the global financial crisis
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on China’s economy in 2008 and tomaintain the validity and
integrity of data, the sample observation time began in 2009.
*erefore, this article attempted to test the impact of fi-
nancial agglomeration on the regional economy’s sustain-
able development based on the 29 provinces’ panel data in
mainland China over the period 2009 to 2019. *e data were
primarily derived from “China Energy Statistical Yearbook,”
“China City Statistical Yearbook,” “China Environmental
Statistical Yearbook,” “China Information Industry Year-
book,” “China Statistical Yearbook,” and “Wind Financial
Information Terminal.” Concerning data processing, the
missing data were supplemented by an interpolation method
with the mean value of adjacent years, and data with dif-
ferent statistical units were converted during the sample
sorting process. Lastly, a total of 319 observations were
obtained, and the empirical analysis was carried out using
STATA15.1 statistical software.

3.2. Variable Definitions. Sustainable development of the
regional economy (RESD) is the dependent variable. Con-
gruent with Cheng et al.’s [19] recommendation to address
RESD, this article adopts a distinctive indicator of the
sustainable development of China’s regional economy which
highlights three crucial subsystems of resources, environ-
ment, and economy. Combining the 22 evaluation indicators
of the three subsystems with the measurement algorithm for
each indicator’s weight advocated by Cheng et al. [19], it is
easy to engender the relatively objective and accurate RESD
values for each province. Table 1 details the evaluation in-
dicators of RESD.

Similarly, referring to the research of Cheng et al. [19],
the calculation process of RESD is as follows:.

(1) Build the original matrix

Y � yi,j􏼐 􏼑β. (1)

(2) Standardization:

positive index Ui,j􏼐 􏼑β �
yi,j − min yi,j􏼐 􏼑

max yi,j􏼐 􏼑 − min yi,j􏼐 􏼑
,

negative index Ui,j􏼐 􏼑β �
max yi,j􏼐 􏼑 − yi,j

max yi,j􏼐 􏼑 − min yi,j􏼐 􏼑
.

(2)

(3) Index normalization processing:

pi,j􏼐 􏼑β �
Ui,j􏼐 􏼑β

􏽐
m
β�1 􏽐

f
i�1 Ui,j􏼐 􏼑β

. (3)

(4) Calculate the entropy of indicators:

Eβ � − f1 􏽘

m

β�1
􏽘

f

i�1
pi,j􏼐 􏼑β ln pi,j􏼐 􏼑β,

f1 �
1

ln(m × f)
, m � 11, f � 29.

(4)

(5) Calculate each indicator’s weight:

wβ �
1 − Eβ

􏽐
n
j�1 1 − Eβ􏼐 􏼑

. (5)

(6) Calculate RESD:

RESDi,j � Ui,j􏼐 􏼑β × wβ. (6)

Y refers to the original matrix composed of a total of
β indicators in province i and year j, and (Ui,j) β
denotes the standardized matrix. (pi,j) β refers to the
normalization of the standardized matrix (Ui,j) β. Eβ
represents the information entropy of the calculated
β index, while wβ is the weight of each indicator.
Finally, RESDi,j signifies the sustainable develop-
ment of the regional economy of i province in j year.
Figure 2 visually plots the average index of RESD for
29 provinces from 2009 to 2019. From the per-
spective of comprehensive RSD value, Beijing is the
province with the highest level of regional economic
sustainable development, while InnerMongolia and
Qinghai have lower RSD values. On the whole, the
average RESD values of many provinces are within
the range of 0.3 and 0.4, reflecting that the sus-
tainable development situation of China’s regional
economy is not optimistic.
In combination with characteristics of the financial
industry and industrial agglomeration, financial
agglomeration (FA) is simply defined as the opti-
mization and restructuring process of the financial
industry and relevant industries, resulting in the
agglomeration of information, capital, and other
resources in a certain region [1, 5, 10]. Previous
studies generally assess the degree of financial ag-
glomeration from four aspects of the financial en-
vironment, financial depth, financial breadth, and
financial scale [5, 6]. *rough the above theoretical
discussion and literature review, this article argues
that the measurement of financial agglomeration
should treat the financial industry as a whole, which
encompasses the expansion of financial assets, the
concentration of financial institutions and entities,
and the collection of financial talents. *erefore,
based on the principles of accessibility and ma-
neuverability, the present study constructs the
evaluation indicators of financial agglomeration
from 11 subindicators of 3 items, as shown in
Table 2. In order to make the measurement of fi-
nancial agglomeration reflect the actual

Economic policy
uncertainty 

Financial
agglomeration 

Energy
efficiency 

Sustainable 
development of the 
regional economy

+ +

+

-

Figure 1: *e conceptual model diagram.
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Table 1: Evaluation index of RESD.

Subsystems Measurement index

Resource subsystem

Internet penetration rate, Y1
Mobile phone penetration rate, Y2
Proportion of e-commerce sales, Y3

Percentage of service industry websites, Y4
*e proportion of R&D investment, Y5

*e proportion of highly educated technical personnel, Y6
*e proportion of regional market contract transactions, Y7

*e development level of high-tech industry, Y8
Number of companies conducting business via the internet, Y9

Economic subsystem

*e proportion of software technology industry, Y10
*e proportion of information industry employment, Y11

Number of legal persons in the service industry, Y12
Network strength, Y13

R&D and sales ratio of new products, Y14
*e degree of capital absorption of industrial enterprises, Y15

*e proportion of technological transformation of high-tech industry, Y16
R&D expenditure ratio of industrial enterprises to universities, Y17

Percentage of foreign investment, Y18
*e ratio of service industry value added to GDP, Y19

Environmental subsystem
Energy consumption, Y20

*e ratio of environmental pollution investment to GDP, Y21
Electricity consumption, Y22
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Figure 2: *e line chart of the average value of RESD for 29 provinces.

Table 2: Evaluation index of financial agglomeration.

First-level indicators Secondary indicators Polarity

Financial assets

Deposit balance of financial institution, X1 ＋
Loan balance of financial institution, X2 ＋
Total financing for shares and bonds, X3 ＋
Original insurance premium income, X4 ＋

Actual utilization of foreign direct investment amount, X5 ＋
Added value of the financial industry, X6 ＋

Financial institutions

Number of financial institution outlets per unit area, X7 ＋
Total number of securities, funds, and future companies headquartered in the jurisdiction, X8 ＋

Total number of insurance companies headquartered in the jurisdiction, X9 ＋
Total number of domestic listed companies at the end of the year, X10 ＋

Financial talents Number of employees in the financial industry, X11 ＋
Financial employment rate, X12 ＋
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agglomeration level of each province as much as
possible, the relevant measurement of financial
institutions, financial assets, and financial talents
includes all information within each province. For
example, when measuring the deposits of financial
institutions, the financial institutions here include
the number of network points of all financial in-
stitutions in the provincial capital and other cities.
Although the proliferation of practice adopting
energy intensity to estimate energy efficiency in
different cultural contexts [44], this measurement
does not apply to China due to its vast territory and
immense diversity in economic development be-
tween diverse provinces. Hence, the authors employ
the location entropy index introduced by Qu et al.
[10] that could precisely mirror the spatial distri-
bution of China’s financial agglomeration. *e
specific process is as follows.

(7) Build the original matrix:

X � xi,j􏼐 􏼑. (7)

(8) Standardization:
Dimensionless processing of data by year to obtain
standardized data year by year.

x
∗
i,j �

xi,j − min xi,j􏼐 􏼑

max xi,j􏼐 􏼑 − min xi,j􏼐 􏼑
the polarity of xi,j is positive,

min xi,j􏼐 􏼑 − xi,j

max xi,j􏼐 􏼑 − min xi,j􏼐 􏼑
the polarity of xi,j is negative.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)

(9) Contribution of indicators:

pi,j �
xi,j

􏽐
29
i�1xi,j

. (9)

(10) Calculate the information entropy of indicators:

ej � −
1

ln(n)
􏽘

29

i�1
pi,j ln pi,j􏼐 􏼑, and n � 29. (10)

(11) Calculate each indicator’s weight:

wj �
1 − ej

􏽐
n
j�1 1 − ej􏼐 􏼑

. (11)

(12) Calculate the financial agglomeration level:

FAi � 􏽘
n

j�1
xi,j × wj, i � 1, 2, 3, . . . , 29. (12)

X refers to the original matrix composed of indicators in
province i and year j. x∗i,j denotes the standardized matrix
gained by standardizing the original matrix. pi,j acts as the

contribution of province i to the index j, while ej means the
information entropy of the indicators. wj implies the weight
of each indicator, and FAi signifies the financial agglom-
eration level of i province in j year.

Total-factor energy efficiency is particularly suitable for
measuring energy efficiency (EFF) since it has laid great
emphasis on the substitution effect of other inputs on energy
and is more in line with the Pareto efficiency theory in
econometrics [45, 46]. Parametric frontier analysis and
nonparametric frontier analysis are two mainstream ap-
proaches for estimating total-factor energy efficiency [47].
*e nonradial data envelopment analysis (DEA) approach
solves the problems of undesirable output and slack variables
well and has been widely touted in research [48]. However,
the efficiency value calculated by the traditional nonradial
DEA model ranges between 0 and 1, and when the efficiency
values of multiple decision-making units (DMUs) are effi-
cient (that is, the efficiency value is 1), the difference between
these DMUs cannot be further distinguished. *erefore, we
follow the superefficiency SBMmodel advocated by Du et al.
[49] and Zhang et al. [50] to make up for the defect of
incomparability between multiple effective DMUs. Suppose
there are n decision-making units, and each DMU contains
m inputs, D1 desirable outputs, and D2 undesirable outputs.
*e specific vector is designed asz ∈ Rm, wa ∈ RD1 , and
wb ∈ RD2 . Z, Wa, and Wb are input matrix, desirable output
matrix, and undesirable output matrix, respectively, where
Z � [z1, z2, . . . , zn] ∈ Rm×n, Wa � [wa

1 , wa
2 , . . . , wa

n ] ∈ RD1×n,
and Wb � [wb

1, wb
2, . . . , wb

n]εRD2×n. *e energy efficiency
value of DMU can be expressed as follows:

EFF∗ �
1/m 􏽐

m
i�1 zi/zie

1/D1 + D2 􏽐
D1
r�1 wD1

/wD1e + 􏽐
D2
k�1 wD2

/wD2e􏼐 􏼑
,

(13)

subject to

z ≥ 􏽘
n

j�1,≠ e

zjβj (i � 1, 2, . . . , m),

w
a ≤ 􏽘

n

j�1,≠ e

w
a
jβj r � 1, 2, . . . , D1( 􏼁,

w
b ≥ 􏽘

n

j�1,≠ e

w
b
jβj k � 1, 2, . . . , D2( 􏼁,

βj ≥ 0, 􏽘
n

j�1,≠ e

βj � 1,

z ≥ ze(i � 1, 2, . . . , m),

w
a ≥w

a
e r � 1, 2, . . . , D1( 􏼁,

w
b ≥w

b
e k � 1, 2, . . . , D2( 􏼁,

(14)

where β is a weight vector and βj is the weight of DMU j. *e
above nonlinear model can be transformed into a linear
model by conversion of Charnes–Cooper method. EFF∗ is
the energy efficiency value of DMU, and a larger value of
EFF∗ means higher energy efficiency. Labor, capital stock,
and energy consumption are the major input factors. Since
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the employees’ number does not truly reflect the labor
quality’s difference, we use the product of the number of
employees and average years of education to measure labor
input.*e perpetual inventory method is applied to estimate
capital stock. It is feasible to use the product of GDP and
energy intensity as a proxy variable for energy consumption.
*e ideal output is expressed in terms of the gross domestic
product of each region, and carbon dioxide emissions are
selected to measure undesired output.

*e aggregate index advocated by Baker et al. [51] is used
to compute China’s EPU. *e establishment of this aggre-
gate index relies mainly on the frequency of articles in the
South China Morning Post on economic policy uncertainty.
*e annual EPU is preliminarily estimated using the natural
logarithm of the monthly mean EPU.

Moreover, this paper contains some plausible control-
ling variables which have been proved to be significant
factors affecting regional sustainable development [10, 19].
*e main control variables include R&D input (RD), market
demand (MD), and government intervention (GI), and the
specific measurement methods are expounded in Table 3.

3.3. Empirical Model. In the objective to address the in-
fluence of FA on RESD and the mediation effect of energy
efficiency between the two, the paper adopts the casual step
means recommended by Baron and Kenny [52]. Relevant
models are designed as follows:

RESDi,t � α + βFAi,t + cControli,t + μt + εi,t, (15)

EFFi,t � α + βFAi,t + cControli,t + μt + εi,t, (16)

RESDi,t � α + βFAi,t + δEFFi,t + cControli,t + μt + εi,t,

(17)

where i represents province and t is time. RESDi,t means the
sustainable development of regional economy in t year of
region i. FAi,t indicates financial agglomeration level, and
EFFi,t is the regional energy efficiency in year t. Controli,t
consists of several control variables, including R&D input,
market demand, and government intervention. μt stands for
the unobservable and nonnegligible intercept term gener-
ated by individual heterogeneity, and εi,t reflects the dis-
turbance of time effect to the model.

Next, this paper verifies the moderating effect of eco-
nomic policy uncertainty on the correlation between FA and
EFF by constructing a moderation effect model. In equation
(19), the interaction term between financial agglomeration
and economic policy uncertainty is added.

EFFi,t � α + β1FAi,t + β2EPUt + cControli,t + μt + εi,t,

(18)

EFFi,t � α + β1FAi,t + β2EPUt + β3EPUt

× FAi,t + cControli,t + μt + εi,t,
(19)

where coefficient β3 is the main object of observation. If β3
is significant statistically, it means that the moderating effect
exists.

4. Empirical Results

4.1. Descriptive Statistical Analysis. Table 4 displays the
descriptive statistical results of all variables. It is observed
that the sustainable development level of China’s regional
economy is relatively low because the average value of RESD
is very small, that is, 0.359. *e maximum value of financial
agglomeration is 0.793, with a minimum value of 0.015 and
an average value of 0.196. *is reflects that there exist re-
markable differences in the degree of financial agglomera-
tion among various provinces, and the level of financial
agglomeration in China is comparatively low in general. *e
average value of energy efficiency is 0.657, with a standard
deviation of 0.336, which demonstrates that the energy ef-
ficiency levels of different regions are quite different. In
addition, the standard deviation of EPU is 0.523, meaning
that China’s EPU index fluctuates greatly from 2009 to 2019.

4.2. Correlation Analysis and Multicollinearity Test.
Table 5 presents the results of correlation and multi-
collinearity analysis. *ere is a significant correlation be-
tween FA and RESD, suggesting that financial
agglomeration plays a considerable role in the process of
sustainable economic development. Financial agglomeration
indeed imposes a positive impact on energy efficiency, which
furnishes preliminary evidence for hypothesis 2. *e cor-
relation analysis results are basically consistent with the
prior theoretical expectations. Furthermore, the variance
inflation factors (VIFs) are less than 10, further stating that
there is no multicollinearity between variables.

4.3. Regression Analysis. For the sake of being unaffected by
spurious regression and maintaining the reliability of re-
gression results, we first conduct a unit root test before
regression. Unit root testing methods contain Im, Pesaran
and Shin (IPS), Phillips–Perron test (PP), and augmented
Dickey–Fuller test (ADF), etc. *is study adopts these unit
root testing methods and finds that all variables are sta-
tionary at the significance level of 5%, and thus the original
hypothesis of the unit root of these variables could be
rejected. *e results of the Hausman test indicate that a
fixed-effect model should be selected to control the influence
of time differences on regression analysis. Meanwhile, in
order to control the influence of individual (provincial)
differences on regression, the individual-time bidirectional
fixed effect model is ultimately employed for panel regres-
sion. Additionally, the present study employs bootstrap
methods in virtue of the PROCESS program to verify the
mediation effect, and variable substitution techniques and
GMM regression are executed to test the robustness of the
results and to deal with endogenous issues.

*e corresponding regression results of equations
(15)–(19) are summarized in Table 6. When other con-
founding factors are controlled, the impact of financial
agglomeration on RESD is remarkably positive at the 1%
level, representing that financial agglomeration significantly
speeds up the sustainable development of China’s regional
economy. *erefore, hypothesis 1 is confirmed. *en, a
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Table 5: Correlation between variables and multicollinearity test.

Variables RESD FA EFF EPU RD MD GI VIF
RESD 1
FA 0.409∗∗ 1 5.952
EFF 0.453∗∗ 0.324∗∗ 1 6.105
EPU 0.246∗∗ 0.088 0.160∗∗ 1 2.207
RD 0.359∗∗ 0.291∗∗ 0.328∗∗ 0.014 1 2.035
MD 0.305∗∗ 0.321∗∗ 0.204∗∗ 0.274∗∗ 0.139∗∗ 1 5.110
GI 0.284∗∗ 0.237∗ 0.245∗∗ 0.111 0.178∗∗ 0.248∗∗ 1 4.891
Note: ∗p< 0.05 and ∗∗p< 0.01.

Table 6: Regression results.

Variables (1) (2) (3) (4) (5)
EFF RESD RESD EFF EFF

RD 0.010
(0.276)

0.033∗
(1.652)

0.031∗
(1.649)

0.024
(0.414)

0.033
(0.257)

MD 0.170∗∗∗
(3.800)

0.359∗∗∗
(14.221)

0.328∗∗∗
(13.335)

0.360∗∗∗
(7.390)

0.372∗∗∗
(7.843)

GI 0.026
(0.711)

− 0.116∗∗
(− 2.960)

− 0.120∗∗
(− 3.252)

− 0.116∗
(− 1.735)

− 0.132∗
(− 2.027)

FA 0.315∗∗∗
(4.619)

0.303∗∗∗
(7.063)

0.176∗∗
(2.729)

0.135∗
(2.051)

EFF 0.184∗∗∗
(5.514)

EPU − 0.050∗
(− 1.985)

− 0.056∗
(− 1.830)

FA×EPU − 0.078∗∗∗
(− 2.952)

Constant − 0.226∗∗∗
(− 3.898)

− 0.602∗∗∗
(− 10.145)

− 0.618∗∗∗
(− 10.972)

0.624∗∗∗
(5.875)

0.658∗∗∗
(6.344)

Individual Yes Yes Yes Yes Yes
Year Yes Yes Yes No No
Observations 310 310 310 310 310
Adjusted R2 0.846 0.951 0.956 0.886 0.892
Note: ∗, ∗∗, and ∗∗∗ indicate the significance level is 10%, 5%, and 1%, respectively.

Table 3: Measurement of control variables.

Variables Measuring methods

R&D input (RD) *e ratio of the total number of employees in scientific research, technical services, and geological exploration
to the total number of employees in the province

Market demand (MD) *e natural logarithm of the annual total consumption expenditure of each province’s urban residents
Government intervention
(GI) Fiscal revenue divided by GDP

Table 4: Descriptive statistics.

Variables N Max Min P50 Mean Std. dev.(SD)
RESD 310 0.729 0.203 0.354 0.359 0.092
FA 310 0.793 0.015 0.129 0.196 0.189
EFF 310 1.698 0.201 0.601 0.657 0.336
EPU 310 6.132 4.594 5.170 5.276 0.523
RD 310 0.368 0.116 0.229 0.232 0.045
MD 310 10.736 9.081 9.652 9.770 0.331
GI 310 0.227 0.058 0.113 0.107 0.031
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stepwise regression method is used to determine the me-
diating effect of energy efficiency. Model 1 reveals that fi-
nancial agglomeration exhibits a statistically positive
influence on energy efficiency at the 1% level, illustrating
that financial agglomeration acts as the determinant for the
improvement of energy efficiency. Hypothesis 2 is thus
supported. It can be seen from model 3 that, at 1% level,
energy efficiency is significantly positively correlated with
RESD, but the coefficient of financial agglomeration has
reduced but is still significant. *is supports hypothesis 3
and suggests that financial agglomeration provides oppor-
tunities for the sustainable development of the regional
economy by improving energy efficiency. In order to im-
prove the reliability, we further bootstrapped with 5000 in
the study to produce bias-corrected confidence intervals of
yield 95% to verify the mediation effect. *e result dem-
onstrated that the mediating effect of energy efficiency was
significant with a 95% confidence interval excluding zero
(index� 0.0289 and CI� (0.0117, 0.0528)). Consequently,
the mediating effect of energy efficiency is statistically
significant.

Model 6 of Table 6 introduces the interaction term
between economic policy uncertainty and financial ag-
glomeration to test hypothesis 4. Since controlling annual
fixed effects has alleviated the impact of national macro-
economic fluctuations, and the coexistence of annual fixed
effects and EPUwould lead to multicollinearity. Model 4 and
model 5 cancel the control of the annual fixed effects. It is
worth noting that the required variables are standardized to
further avoid multicollinearity. *e coefficient of FA×EPU
is − 0.078, which is significant at 1% level, stating that
economic policy uncertainty negatively moderates the re-
lationship between financial agglomeration and energy ef-
ficiency. Hypothesis 4 is thus supported. *e reason for this
discovery may be that, in the face of high EPU, rational

agents would delay the company’s green technology in-
vestment due to political tensions, thereby inhibiting the
improvement of energy efficiency. Furthermore, high EPU
complicates the business environment and management of a
company. In a weak regulatory environment, a company’s
energy efficiency policies would be compromised.

4.4. Robustness Test and Endogenous Issues. To ensure that
the conclusions are robust, replacing the independent var-
iable and the mediator is warranted. Congruent with Yuan
et al.’s [6] work, this paper adopts the location entropy index
to remeasure financial agglomeration. *e specific reference
formula is as follows:

FA2 �
Ei,t/Ci,t

Mt/Nt

, (20)

where FA2 mirrors location entropy index, i represents
province, and t is the year. Ei,t reflects the number of fi-
nancial industry employees of i province in t year. Ci,t is the
number of employees of all industries in t year of province i.
Mt refers to the number of employees in the national fi-
nancial industry during t, and Nt means the number of all
industries’ employees across the country in t year .

*e methodology of NDDF is recommended to regauge
energy efficiency by following the study of Ye et al. [1].
Firstly, suppose there exist n � 1, 2, 3, . . . , N decision-
making units, and each unit is composed of three inputs,
namely, labor input (X), energy input (Y), and capital input
(Z), and two outputs: desirable output (O) and undesirable
output (T). Meanwhile, the directional vector f� (− Z, − X,
− Y, O, − T)T and weight vector W� (1/9, 1/9, 1/9, 1/3, 1/3)T
are developed, respectively. *en, the linear programming is
expressed as

⟶
D

� (Z, X, Y, O, T; f) � max WZBZ + WXBX + WYBY + WOBO + WTBT( 􏼁

s.t. 􏽘
N

n�1
vnZn ≤Z − BZfZ

􏽘

N

n�1
vnXn ≤X − BXfX

􏽘

N

n�1
vnYn ≤Y − BYfY

􏽘

N

n�1
vnOn ≥O + BOfO

􏽘

N

n�1
vnTn � T − BTfT

vn ≥ 0, n � 1, 2, . . . , N andBZ, BX, BY, BO, BT ≥ 0.

(21)
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Assume that the optimal solution of equation (14) is
B∗n � (B∗nZ, B∗nX, B∗nY, B∗nO, B∗nT)T. *en, the energy efficiency
index can be computed according to equation (15):

EFF2 �
1
4

On/Zn

On + B
∗
nOOn( 􏼁/ Zn − B

∗
nZZn( 􏼁

+
On/Xn

On + B
∗
nOOn( 􏼁/ Xn − B

∗
nXXn( 􏼁

􏼢

+
On/Yn

On + B
∗
nOOn( 􏼁/ Yn − B

∗
nYYn( 􏼁

+
On/Tn

On + B
∗
nOOn( 􏼁/ Tn − B

∗
nTTn( 􏼁

􏼣

�
1
4

1 − B
∗
nZ( 􏼁 + 1 − B

∗
nX( 􏼁 + 1 − B

∗
nY( 􏼁 + 1 − B

∗
nT( 􏼁

1 + B
∗
nO( 􏼁

􏼢 􏼣

�
1 − (1/4) B

∗
nZ + B

∗
nX + B

∗
nY + B

∗
nT( 􏼁

1 + B
∗
nO

.

(22)

*e value range of EFF2 is between 0 and 1, and the higher
the EFF2 value, the higher the level of energy efficiency. For
capital input, the perpetual inventory means is employed to
calculate each province’s capital stock. Energy consumption is
described as the product of each province’s GDP and energy
intensity because China does not make data related to energy
sources such as coal and petroleum mandatory. For the sake of
simplicity, the paper only takes gross regional product as the
measure of desirable output. We construct a labor input index
following the disclosure of the number of employees in each
province at the end of the year. It is worth noting that, since
industrial SO2 emissions occupy an important position in
pollutant emissions, the present article uses provincial SO2
emissions to measure undesirable output.

Subsequently, Table 7 details the results of the robustness
test after the substitution of the independent variable and the
mediator. *e empirical outcomes in Table 7 highlight that
the key coefficients remain basically unchanged, indicating
that the research results are robust.

In addition, two key sources of endogeny are the
omission of variables and bidirectional causality. Provinces
with high levels of sustainable economic development have
sound financial systems or high levels of financial ag-
glomeration, and such reverse causality may lead to devi-
ation of the results. *erefore, IV-GMM regression, which
can produce efficient estimates of coefficients as well as the
consistent estimates of standard errors, is utilized to solve
the potential endogeneity problem [53]. IV-GMM

Table 7: Robustness test.

Variables (1) (2) (3) (4) (5)
EFF2 RESD RESD EFF2 EFF2

RD 0.001
(0.028)

0.027
(0.198)

0.026∗
(2.125)

0.037
(0.228)

0.051∗
(1.732)

MD 0.173∗∗∗
(3.797)

0.373∗∗∗
(13.679)

0.334∗∗∗
(12.706)

0.353∗∗∗
(7.114)

0.363∗∗∗
(7.616)

GI 0.013
(0.850)

− 0.126∗∗
(− 3.101)

− 0.129∗∗
(− 3.394)

− 0.061
(− 0.967)

− 0.089∗
(− 1.403)

FA2
0.202∗∗
(2.660)

0.220∗∗∗
(4.847)

0.168∗∗∗
(3.898)

0.110∗∗
(1.557)

0.087
(1.030)

EFF2
0.211∗∗∗
(6.269)

EPU − 0.049
(− 1.533)

− 0.058∗
(− 1.886)

FA2 ×EPU − 0.094∗∗∗
(− 2.828)

Constant − 0.133∗∗∗
(− 2.971)

− 0.563∗∗∗
(− 7.892)

− 0.588∗∗∗
(− 8.827)

0.636∗∗∗
(5.774)

0.650∗∗∗
(6.152)

Individual Yes Yes Yes Yes Yes
Year Yes Yes Yes No No
Observations 310 310 310 310 310
Adjusted R2 0.850 0.947 0.954 0.883 0.893
Note: ∗, ∗∗, and ∗∗∗ indicate the significance level is 10%, 5%, and 1%, respectively.
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estimation needs to find instrumental variables that are
highly related to financial agglomeration but not correlated
with RESD.*us, we use the difference between the FA value
of a province in the previous year and the average FA value
of the local region (i.e., the eastern, central, or western region
where the province is located) as an instrumental variable
(IV1).

*e regression results of IV-GMM are reported in
Table 8. *ere is a remarkable positive correlation between
financial agglomeration and the instrumental variable, and
financial agglomeration has a significant positive influence
on RESD, which manifests that the main conclusion is
robust. In addition, we offer statistical data, Hansen J sta-
tistics, which is employed to test overidentification of the
tools used in the first stage. It is not statistically significant at
any acceptable level, suggesting that the instrumental var-
iable used is valid. *erefore, the paper better verifies the
main hypothesis by adopting the IV-GMM method.

5. Conclusions

How to facilitate the sustainable development of Chinese
cities under the background of increasingly intensified re-
source and environmental constraints and intensified
macroeconomic volatility is a major issue that needs to be
resolved urgently by authorities and academia. *e sus-
tainable development of economy is an important corner-
stone of urban sustainability. Due to the economic,
technological, and ecological effects of financial agglomer-
ation, an attempt was developed to demonstrate that one
important determinant of the sustainable development of a
regional economy was financial agglomeration, using panel
data of 29 provinces in China from 2009 to 2019. Meanwhile,
by incorporating energy efficiency and economic policy
uncertainty into the theoretical framework separately, the
present article tried to shed light on the possible mechanism
and economic policy scenarios that financial agglomeration
affected the regional economy’s sustainable development.
Several major findings were obtained by adopting the in-
dividual-time bidirectional fixed-effect model and per-
forming a robustness test.

First, financial agglomeration exhibited a positive effect
on the sustainable development of the regional economy
through economic effect, technological effect, and ecological

effect, suggesting that the higher the degree of regional fi-
nancial agglomeration, the higher the level of sustainable
development of the Chinese regional economy. *e result
corroborated the intuition that financial agglomeration not
only enabled companies to obtain economies of scale [6] but
also ameliorated the corporate innovation environment and
increased the proportion of green output by replacing
outdated technology with new ones [5]. Second, financial
agglomeration was conspicuous positive with energy effi-
ciency, and energy efficiency had mediated the relationship
between financial agglomeration and the sustainable de-
velopment of a regional economy. *is endorsed Qu et al.’s
[10] narrative that financial agglomeration relied on inno-
vation-driving effect, structural adjustment effect, and in-
formation spillover effect to promote energy efficiency. *e
results were also in line with the logic that energy efficiency
not only was the prerequisite for economic growth and
economic restructuring [36] but also was directly related to
carbon emissions and environmental protection [54, 55].
*ird, economic policy uncertainty acts as a remarkable
moderating variable in the proceeding of evaluating the
influence of financial agglomeration on energy efficiency,
that is, when economic policy uncertainty escalates, financial
agglomeration begins to exert a weak positive impact on
energy efficiency. *is may be because, as economic policy
uncertainty increases, corporate agency conflicts have in-
tensified and energy-saving technologies have been sup-
pressed [15].

5.1. Management Implications. Based on the discussion of
main conclusions, countermeasures in management for
facilitating the sustainable development of China’s regional
economy were summarized as follows:

Firstly, authorities ought to recognize that raising the
level of financial agglomeration remains a key option to
balance economic growth and environmental quality. In
practice, in order to encourage the accumulation of financial
capital and financial talents and accelerate financial inte-
gration, policymakers must publish steadfast countermea-
sures, such as compensating policy shortcomings,
introducing financial elements, and consolidating physical
carriers. Governments should assist local organizations in
efforts to establish financial agglomeration centers

Table 8: Endogeneity check.

Variables First stage Second stage
FA RESD

IV1 0.254∗∗∗ (4.743)
FA 0.261∗∗∗ (5.093)
RD 0.163∗∗∗ (5.878) 0.140∗∗∗ (4.124)
MD 0.016 (0.461) 0.276∗∗∗ (6.345)
GI − 0.042 (− 0.629) 0.034 (0.504)
Individual Yes Yes
Year Yes Yes
Observations 310 310
F statistic 52.89
Hansen J statistic 1.736
Note: ∗, ∗∗, and ∗∗∗ indicate the significance level is 10%, 5%, and 1%, respectively.
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commensurate with the development characteristics and
geographic location of the city and thus build a national and
gradient financial center network with the advantageous
financial centers as the leading and multilevel financial
centers as complementary. Secondly, enacting stringent
measures to improve energy efficiency is regarded as another
priority since it is not comprehensive to solely rely on the
effect of financial agglomeration to impel sustainable eco-
nomic development. *e improvement of energy efficiency
would yield a double dividend, bringing economic and
environmental benefits at the same time to avoid the vicious
circle. *us, China should vigorously promote the reform of
energy production and utilization mode, constantly revise
the policy system, and strive to achieve the comprehensive,
coordinated, and sustainable development of energy,
economy, society, and ecology. Finally, Chinese authorities
are supposed to maintain the stability and continuity of
economic policies because there exists a suppression of
economic policy uncertainty on the relation between fi-
nancial agglomeration and regional energy efficiency. Ap-
propriate measures related to financial agglomeration would
be formulated based on the comprehensive identification
and assessment of local economic policy uncertainties. In
order to maintain the stability of city’s economy, regulatory
authorities should try to avoid issuing short-term economic
policies when announcing economic policies. Especially in
the context of intensified resource constraints and increasing
downward pressure on the economy, the formulation of
economic policies should keep the goals of economic growth
and energy conservation and emission reduction
unchanged.

5.2. Limitations and Further Research. As with other sci-
entific studies, this paper is subject to certain conditions.
First, a caveat of the study was that the research results
cannot be simply extrapolated to other cases because this
study only selected sample data from China and did not
include samples from developed countries or other relatively
backward regions for comparison. Hence, future research
should endeavor to overcome the limitations of samples to
obtain more precise and comparable conclusions. Secondly,
according to the principle of data availability, the economic
policy uncertainty index used in the present article belongs
to the national level rather than the provincial level, which
may cause deviation in regional data analysis. *en, it is
plausible that subsequent research attempts to evaluate the
economic policy uncertainty index of each province in
China and further reinvestigates the interaction between
EPU and financial agglomeration. Lastly, we call for more in-
depth quantitative or qualitative research on institutional
factors, economic opening, or bureaucratic factors to explore
divergent antecedents of the sustainable development of
China’s regional economy.
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Since fare discounts have been regarded as an effective economical measure to increase passenger flow, it is helpful for local
governments and transit operators to understand its impact on ridership. Taking Xiamen, China, as an example, this study uses
transaction data to analyze the changes of weekday daily metro ridership after the opening of Xiamen Metro Line 1. At the initial
stage of operation of Xiamen Metro Line 1, there are three preferential schemes: discount per trip, money reduced per trip, and
discount after reaching the accumulated fare. (erefore, the algorithm of the iterated cumulative sums of squares is introduced to
identify structural change points of the time series of daily ridership, which varies according to the type of ticket. (e effects of
different fare discounts on total ridership and ridership varied by ticket types are analyzed by the regression discontinuity method.
(e results show that the dates of structural change points are well-matched with the start and end dates of preferential schemes.
Each preferential scheme has its own benefited groups. During the fare discount period, the number of passengers gradually
increased. But after the cancellation of the favorable preferential scheme, the number of passengers decreased sharply. By
understanding the impact of fare discounts on ridership in Xiamen, China, several metro ticketing policy recommendations are
put forward, including raising the focus on E-Tickets, formulating more attractive preferential measures to promote the mode
conversion of private cars and vehicles to metro, paying attention to high-frequency passengers, and seeking common subsidies
from the financial industry to achieve a win-win situation. In addition, the analytical framework proposed in this study can be used
to evaluate the effectiveness of other transportation policies in the future.

1. Introduction

In recent years, metro systems have developed rapidly in
China. According to the data from the China Association
of Metros, 19 cities have opened their first metro lines in
the past 5 years.(ere have been 244 operating lines with a
mileage of 7,970 km in China [1]. As a kind of large-ca-
pacity public transport, the metro system is considered the
main skeleton of the public transport system. (e opening
of the first metro line may lead to a modal shift from the
bus and private cars to the metro [2, 3]. (erefore, the
government and metro operators are very concerned
about the changes in ridership after the opening of the first
metro line.

Due to the social benefit of public transport, passengers
are more sensitive to prices and expect lower costs. During

the opening period of the first metro line, several fare
discount schemes are launched to attract stable passenger
flow. Generally speaking, as a type of economic measure,
fare discount schemes can have a positive impact on metro
passenger flow [4]. However, if local government and
transit operators lack experience in these fields, inappro-
priate fare discount policies may lead to a sharp decline in
transit ridership and cause negative public reactions due to
social inequality. Yang held the view that it is difficult to
balance revenue, profit, demand, user benefits, and social
welfare when determining ticket prices [5]. (erefore, it is
necessary to explore the impact of fare discount schemes on
ridership.

With the development of data collection progress, the
emerging spatiotemporal data can help explore travel be-
havior and improve urban transport [6, 7]. In addition, it is
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possible to monitor dynamic ridership for a long time, which
provides us with a database to explore the impact of fare
discount schemes on ridership. At the same time, with the
popularity of smartphones, ticket types have also been
revolutionized. Passengers can get E-Tickets through their
smartphones.(ey no longer need to buy tickets from Ticket
VendingMachine or carry a smart card with them. E-Tickets
are attractive to many young people who are familiar with
smartphones. At the same time, it is difficult for older
passengers who are not familiar with smartphones to use
E-Tickets. In general, E-Tickets have become an important
ticket type and pose a subversive challenge to traditional
ticket types such as Smart Card Tickets and Single Tickets.
(erefore, studying the impact of different fare discount
schemes on ridership of different ticket types, especially
emerging ticket types, will help the government and oper-
ators to evaluate the effect of fare discount schemes.
Meanwhile, the study can lay a foundation for the intro-
duction of targeted preferential policies of different ticket
types.

Smart Card Tickets, E-Tickets, Single Tickets, and Other
Tickets can be used in the Xiamen Metro system. Fare
discount schemes are issued by the government, metro
companies, and Banking Alliance in China (UnionPay). We
observed the results of fare discount schemes implemented
in Xiamen City over the past 18 months, including discount
per trip, money reduced per trip, and discount after reaching
the accumulated fare. (is case provides a reference for
studying the impact of discount types on ridership. To reveal
the different trends of ridership caused by the fare discount
schemes of different ticket types, the iterated cumulative
sums of squares (ICSS) algorithm is adopted in this study
[8].

(e main purposes of this paper are to (1) propose an
analysis method to extract the variation of ridership and (2)
discuss the impact of fare discount schemes on ridership
after the opening of the first metro line. (e remainder of
this paper is organized as follows. In Section 2, relevant
research studies are reviewed. In Section 3, the background
of Xiamen city, the metro system of Xiamen, and its
transaction data are introduced.(e ICSS and RD algorithm
are presented in Section 4. Policy recommendations are put
forward based on analyzing the association between the
structural change of ridership and the fare discount schemes
in Section 5. Finally, Section 6 summarizes the main findings
of this study.

2. Related Works

2.1. Early Studies of Transit Fare. In the early literature,
Vickrey formulated transit fares based on the traditional
marginal cost pricing theory [9]. Subsequently, Mohring
developed a microeconomic foundation for public trans-
portation services with fixed demand [10]. After completing
an important empirical study, Small introduced the concept
of generalized costs and calibrated the disutility function
[11]. Attitude theory, social learning theory, and theories of
social dilemmas were also developed when researching fare
policies [12].

Fare elasticity is the most widely used method to evaluate
the impact of fares on ridership. Price sensitivity is measured
by elasticities, which refers to the percentage change in
consumption caused by a one-percent change in price, all else
held constant. A frequently used rule-of-thumb, known as the
Simpson–Curtin rule, is that each 3% fare increase reduces
ridership by 1%. Like most rules-of-thumb, this can be useful
for rough analysis but it is too simplistic and outdated for
detailed planning and modeling. Victoria Transport Policy
Institute has reviewed the researches on fare elasticity. Some
factors that affect transit elasticities are summarized as follows:
user type, trip type, transit type, period, geography, type and
direction of price change, etc. [13]. After a detailed review of
international studies, Goodwin obtained the average elasticity
values by different modes in the short run and long run. For
instance, the elasticities of bus demand concerning fare cost
are − 0.28 in the short run and − 0.55 in the long run. He noted
that price impacts tended to increase over time because
consumers have more options (related to increases in real
incomes, car ownership, and telecommunications replacing
physical travel) [14]. Gillen summarized transit fare elasticities
for different user groups and trips types, illustrating how
various factors affected transit price sensitivities. For example,
it indicated that car owners had a greater elasticity (− 0.41) than
people who relied on public transport (− 0.10), and work trips
were less elastic than shopping trips [15]. Several fare discounts
schemes have been launched to stimulate transit ridership.
Public transportation ridership increased by 2–3% when
public transportation subsidies increased by 10% and price
decreased by 5–7% from a study by Cervero on urban public
transportation in 18 countries [16].

Early methods are still quite useful for long-term public
transit service planning in a static sense.

2.2. Measurement Models. In recent research, there have
been four mainmeasurement models proposed to determine
the impact of transit fare discounts.

2.2.1. Optimization Models. (e optimization model refers
to the establishment of the objective function. When the
objective function is optimal, the value of fare will be ob-
served. (e optimization model is mostly used to compare
fare policies under different scenarios. Borndörfer et al.
proposed a nonlinear optimization approach to pursue
objectives such as the maximization of demand, revenue,
profit, or social welfare [17]. Guo and Sun established two
objective functions to analyze the fare discounts in terms of
travel behavior, crowding, and waiting time [18].

2.2.2. Disaggregate Models. Disaggregate models mainly use
survey data, combined with the user’s social and economic
attributes, to analyze the impact of fare change on individual
passengers. Sharaby and Shiftan constructed a multinomial
logit (MNL) model by using fare-box data and onboard
survey data to analyze the impact of fare integration on
travel behavior and transit ridership.(e results indicated an
increase of 7.7% in passenger trips and 18.6% in boarding.
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(e number of boarding per trip increased from 1.38 to 1.52.
(e modal results demonstrated that fare reduction en-
couraged travelers to shift from private cars or taxis to buses,
and created new trips [4]. Farber et al. assessed equity of
transit fare based on distance using household travel survey
data based on a joint ordinal/continuous model [19].

2.2.3. Regression Models. Regression models are regularly
built with survey data from the macro-level to analyze the
impact of fare changes on ridership and travel behavior.
(ere are two main types of regression models, the first of
which are temporal regression models. Miller and Savage
analyzed the demand response after fare changes in 2004,
2006, 2009, and 2013 based on the pooled regression (POLS)
and fixed effects models [20]. Gkritza et al. established
seemingly unrelated regression equation (SURE) models for
monthly data from January 1995 to December 2006 (a total
of 144 observations) to estimate multimodal transit rider-
ship with a varying fare structure [21]. Spatial regression
models are the second type of regression model. Liu et al.
evaluated the effects of public transport fare policy changes
together with built and nonbuilt environment features on
ridership by using a spatial lag regression model [22].
Verbich and El-Geneidy discovered the association between
fare structure and social vulnerability using a negative bi-
nomial regression model with smart card data [23].

2.2.4. Statistical Models. It mainly refers to the fare elasticity
analysis method. Nahmias-Biran et al. introduced the
Lorenz curve and the Gini Index from the perspective of
macroeconomics to summarize the equity aspects of transit
fare change projects [24]. Using detailed travel-diary data,
Brown investigated equity of low-income and higher-in-
come transit riders under five evaluated fare structures: flat,
adjusted by travel distance, varied by time of day, varied by
mode, and discounted based on rider characteristics [25].
Nuworsoo et al. used onboard survey data to evaluate the
impacts of the various fare proposals (hikes, base fare re-
ductions, eliminations of free transfers, and discontinuation
of periodic passes) on different subsets of riders and to
evaluate the equity of each proposal. Proposals for flat fares
per ride were found to be the least equitable of the fare
policies, even when the base fare was lowered, because
lower-income riders, youth, and minorities make more trips
and transfer more frequently than their more affluent
counterparts [26]. Wang et al. assessed the impact on rid-
ership by using prior stated preference (SP) survey data
(2015) and ex-post smart card data (2017), respectively. (e
results showed that the SP survey significantly exaggerated
the passengers’ responses to the price adjustment [27, 28].

Sensitivity analysis and price elasticities are common
methods to analyze the impact of fare changes on ridership
and travel behavior.

2.3. Summary of Relevant Research. Previous studies are
long-term static research, using data sources from the travel-
diary, onboard survey, SP survey, etc. With the development

of data collection methods, it is possible to collect and
summarize daily ridership from transaction data. After the
opening of the first metro line, the government and metro
operators look forward to receiving timely feedback from
passengers on fare policy. (erefore, a short-term dynamic
ridership monitoring method is more worthy of expectation.
Yeh and Lee analyzed the structural change of monthly
ridership time series from 2001 to 2014 [12]. It provides the
possibility for researching on effects of fare policy on rid-
ership according to structural change analysis.

3. Study Case and Data

3.1.XiamenCityandXiamenMetroLine1. Xiamen City is an
important central coastal city on the southeastern coast of
China, with a population of 4.01 million. As one of the more
developed cities in China, Xiamen’s foreign population from
other cities accounts for about 42.38%. Xiamen City is a
famous tourist city in China. In 2018, there were 89 million
tourists, with total tourism revenue of 140 billion RMB
(RMB is the Chinese monetary unit, and 1 RMB is equal to
0.1545 US dollars). (e most popular tour dates in Xiamen
are from June to October, especially during the summer
vacation.

Xiamen Metro Line 1, the first metro in Xiamen, began
operation on Dec 31st, 2017. It has 24 stations and is 30.3
kilometers long. By the end of 2018, the public trans-
portation system in Xiamen was composed of 1metro line, 6
bus rapid transit (BRT) lines, and 358 bus lines (see
Figure 1).

3.2.MetroTicket Types andFareDiscount Schemes. (ere are
four ticket types in the Xiamen metro:

(i) Smart Card Tickets: passengers swipe their smart
cards when entering and exiting the station

(ii) E-Tickets (APP Tickets): passengers can purchase
an electronic ticket through the “Xiamen Metro”
mobile phone application, and they swipe their own
E-Ticket/QR code via Bluetooth when entering and
exiting the station

(iii) Single Tickets: passengers can only use this ticket
once after selecting the entry and exit station on the
Ticket Vending Machine. Single Tickets can be
circulated and reused within the metro system

(iv) Other Tickets: multiday tickets, etc.

XiamenMetro Line 1 adopts distance-based pricing.(e
further passengers travel, the lower fare per kilometer
passengers pay. (e ticket price will be calculated according
to a segmentation system focusing onmileage: 2 RMBwithin
4 kilometers, 3 RMB for 4–8 kilometers, 4 RMB for 8–12
kilometers, 5 RMB for 12–18 kilometers, 6 RMB for 18–28
kilometers, and 7 RMB above 28 kilometers.

(e fare of Xiamen BRT also adopts distance-based
pricing. (e starting price of BRT is 1 RMB within 10 ki-
lometers. For passengers traveling above 10 kilometers, they
will pay 0.15 RMB for traveling every one kilometer, and the
maximum fare is 4 RMB.
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(e full fare of intra-district regular bus service is 1 RMB
per trip, and 2 RMB for inter-district bus service.

(erefore, the original fare of the metro has no ad-
vantage over the fare of BRTand bus. To narrow the fare gap
between different modes of transportation and enhance the
attractiveness of Metro Line 1, the Xiamen government,
Xiamen Metro Group, and Banking Alliance (UnionPay)
have issued a series of preferential schemes. From Dec 31st,
2017 to Jun 30th, 2019, there were three fare discount
schemes in Xiamen (see Table 1).

3.3. Metro Transaction Data. (e metro transaction data
used in this study were collected from Jan 1st, 2018 to Jun
30th, 2019 (a total of 18 months and 546 days) from the
Xiamen Metro Group. Although there are separate records
for each ticket type, there is a similar main field for each
ticket type (see Table 2).

A total of 66.84 million metro transaction data records
were collected in 18 months. Smart Card Tickets comprised
the highest percentage of recorded tickets, accounting for
45.24% with 30.24 million records. (e second-highest
number of records was Single Tickets; there were 20.78
million records, accounting for 31.09%. Only 11.60 million
E-Tickets were recorded, accounting for 17.36%. However,
due to a series of preferential schemes, the share of E-Tickets
increased from 12.93% (Jan 1st, 2018) to 23.93% (Jun 30th,
2019) (see Table 3).

Statistically, there are significant differences in ridership
on weekdays, weekends, and holidays (see Table 4). Xiamen
is a very famous tourist city. Many citizens and tourists from
other cities also take the subway to tourist attractions. Due to
the short operation time, there is less commute travel on
weekdays than leisure travel on weekends.(erefore, there is
more ridership on weekends than ridership on weekdays.

4. Methods

4.1. Iterated Cumulative Sums of Squares (ICSS) Algorithm

4.1.1. Definition and Significance of Structural Change Points
(SCPs). (e iterated cumulative sums of squares (ICSS)
algorithm were first introduced into the financial field to
detect multiple changes of variance in a sequence of in-
dependent observations [8]. (e calculation flow chart of
the ICSS algorithm is shown in Figure 2. For additional
details about the ICSS algorithm, please refer to the lit-
erature [8].

(ere are series that do not follow the usual assumption
of constant variance underlying most models for time series.
(is series exhibits a stationary behavior for some time, then
the variability of the error term changes suddenly; it remains
constant again at this new value for some time until another
change occurs.

ICSS algorithm is mainly used to detect the structural
change points (SCPs) and test the mutation of the time
series. (e structural change points from ICSS are defined as
the moment of state change. Rules can be obtained after
analyzing the association between the date of ridership
structural change points and the start-end dates of the fare
discount schemes.

4.1.2. Constructing Fluctuation Rate Series and Stationary
Test. (eoriginal daily transit ridership {Rt} can be regarded
as a time series. (e fluctuation rate series {Qt} of daily
transit ridership series {Rt} is defined as the first-order
logarithmic difference of daily transit ridership {Rt} in

Qt � ln Rt+1 − ln Rt, t � 0, 1, 2, . . . , N, (1)

where Rt is daily transit ridership at a certain line or station
on date number t andN is the total number of dates. ln(x) is a
synonym function of x.

Only when the time series is stable can its basic char-
acteristics remain stable. (ese stable statistical character-
istics can be used to obtain future forecasts. Before using the
ICSS algorithm, it is necessary to check whether the fluc-
tuation rate series {Qt} is a stationary time series.

If the time series meets the following criteria, it is a
stationary time series:

(i) (e average value E(Qt) � m is a constant m, in-
dependent of date number t.

(ii) (e variance Var(Qt) � s2 is a constant s2, inde-
pendent of date number t.

(iii) (e covariance Cov(Qt, Qt+k) � gk is a constant gk.
k is the period interval of date number. g is a
constant coefficient. (e covariance is independent
of date number t.

(e stationary of time series can be obtained by the
logarithmic difference method, as shown in equation (2).
(e essence of the fluctuation rate series {Qt} is the growth
rate of the original daily transit ridership {Rt}. Generally, the
growth rate of the time series is stable.

Xiamen Metro Line 1
BRT Lines

Bus Lines
Districts

Metro Stations

Figure 1: Xiamen city and Xiamen Metro Line 1.
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Qt � ln Rt+1 − ln Rt �
ln Rt+1 − ln Rt

(t + 1) − (t)
� d ln Rt( 􏼁 �

d Rt( 􏼁

Rt

,

(2)

where d(x) is the derivation of x.

4.1.3. Constructing Uncorrelated Random Series. To avoid
the effects of mean and variance, a series of uncorrelated
random variables are constructed. (us, the following un-
correlated random series {at} are obtained after standardi-
zation (Z-score normalization) in

at �
Qt − 1/t􏽐t− 1

i�0Qi���������

(t + 1/t)S2Q
􏽱 , t � 0, 1, 2, . . . , N, (3)

where S2Q represents the estimated variance of all observa-
tions for fluctuation rate Qt.

4.1.4. Constructing Centered Cumulative Sum of Squares.
A series of the cumulative sum of squares are constructed to
influence the effect of negative values of uncorrelated ran-
dom variables. And, it also enhances and highlights the
mutation in uncorrelated random series. Let Ct be the

cumulative sum of squares of a series of uncorrelated
random variables {at} in

Ct � 􏽘
t

i�0
a
2
i , t � 0, 1, 2, . . . , N. (4)

(en, let Dt be the centered (Zero-centered) cumulative
sum of squares to avoid the effects of date number and detect
whether the variances change significantly in

Dt �

��
N

2

􏽲
Ct

CN

−
t

N

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
, t � 0, 1, 2, . . . , N, (5)

where CN represents the value of Ct when t is equal to N.

4.1.5. Identification of SCPs. Obviously, Dt against t will
oscillate around 0 for series with homogeneous variance. If
the uncorrelated random series {at} maintains the same
value at each time, Dt will be equal to 0, which means that
there are no SCPs in the fluctuation rate at time t.

Given a sudden change in the variance of {at}, when Dt

exceeds a predetermined threshold D∗(here, it is set
toD∗0.05 � 1.358 at a confidence level of 95%.), the existence
of an SCP is implied. (e time t∗ is regarded as the time
when this SCP occurs.

Table 1: Fare discount schemes.

Discount name Ticket type Details Allowance providers Start date-
end date

10% discount (discount per
trip)

Smart
Card/APP

Passengers can enjoy a 10% discount by using their
smart card/“Xiamen Metro” APP.

Xiamen government
and Xiamen metro

group

2017/12/31
till now

2 RMB discount (money
reduced per trip) APP

Passengers can enjoy a 2 RMB discount per trip by
using the “XiamenMetro” APP and paying for the E-
tickets with the “UnionPay” APP. Each passenger can

only enjoy 2 preferential rides a day.

Banking alliance
(UnionPay)

2018/9/
22–2018/
12/31

50% discount (discount
after reaching accumulated
fare)

Smart
Card/APP

According to the monthly statistics, when the total
fare exceeds 40 RMB, there is a more than 50%

discount for each ride.

Xiamen government
and Xiamen metro

group

2018/12/1 till
now

Table 2: Main fields of metro transaction data.

Name Data
type Example Note

ID String
04FBC094 (Single Tickets/Other Tickets);
8012013030903604 (Smart Card Tickets);

138xxxx4740 (E-tickets)

(e IDs of Single Tickets and Other Tickets are the
numbers on the card circled in the metro system and do
not belong to the passenger. While the IDs of smart cards
and E-Tickets are the passengers’ individual information,
the IDs of smart cards are the smart card numbers, and the
IDs of E-Tickets are the encrypted registration telephone

numbers
Transaction
date Date 2019/1/1

Transaction
time Time 6:24:09

Transaction
type Binary 0/1 0 stands for entering the metro station; 1 stand for exiting

the metro station
Price Int 200 Unit: RMB cent

Gate number String 01010307 (e metro station’s name and number can be obtained
from the gate number

Mathematical Problems in Engineering 5



4.2. Regression Discontinuity (RD) Method. Regression dis-
continuity (RD) analysis is a rigorous nonexperimental
method that can be used to estimate program impacts in
situations in which candidates are selected for treatment
based on whether their value for a numeric rating exceeds a
designated threshold or cut point [29].

(e RD method was first introduced by (istlethwaite
and Campbell to study the impact of scholarships on stu-
dents’ career planning [30]. But it was not until the late 1990s
that economists took it seriously. Hahn et al. provided the
RD method as the theoretical basis of econometrics [31].
(en, economists revived the approach, formalized it,
strengthened its estimation methods, and began to apply it
to many different research questions. (is renaissance
culminated in a 2008 special issue on RD analysis in the
Journal of Econometrics. At present, the applications of RD
in educational economy, labour economy, health economy,
political economy, and regional economy are still on the rise.

Sharp Regression Discontinuity means that at the
breakpoint, the probability of the processed individual Pi

jumps from 0 to 1 when the independent variable xi is equal
to the breakpoint c. Generally, we assume that the break-
point is a constant c, and the classification rule is in

Pi �
1, xi ≥ c,

0, xi < c.
􏼨 (6)

Before the experiment, a linear relationship between the
dependent variable yi and independent variable xi should be
supposed, as shown in

yi � α + βxi + εi(i � 1, . . . , n). (7)

Since there is no systematic difference in all aspects of the
individual near x� c, the only reason for the jump in the
conditional expectation function E(yi|x) here is only the
processing effect Pi. To estimate this jump, equation (7) is
rewritten as

yi � α + β xi − c( 􏼁 + δPi + c xi − c( 􏼁Pi + εi(i � 1, . . . , n), (8)

where (xi − c) is the standardization of variable xi, making
yi � 0 when xi is equal to c. Introducing an interactive item
c(xi − c)Pi allows different slopes on both sides of the
breakpoints.(en, the local average effect δ can be estimated
when xi is equal to c by using the OLS (Ordinary Least
Squares) regression.

(e linear regression discontinuity method was applied
between two adjacent SCPs. (e growth trend of this stage
can be obtained from the slope. It is also possible to test
whether similar equations exist between different intervals.

Table 3: Recorded numbers of metro transaction data for each ticket type.

Ticket type Record numbers for each ticket type Percentage for each ticket type
Smart Card Tickets 30238762 45.24
E-Tickets 11600640 17.36
Single Tickets 20780222 31.09
Other Tickets 4220397 6.31
Total 66840021 100

Table 4: Statistical characteristics of ridership on weekdays,
weekends, and holidays.

Day type Weekdays Weekends Holidays
Numbers 301 198 47
Mean 113918 130002 144902
Median 113936 130624.5 145001
Standard deviation 20636 20568 40792
Maximum 180077 176902 237830
Minimum 59218 85935 36295

{Rt} original daily transit ridership series

first-order logarithmic difference
to test stationary

{Qt} fluctuation rate series 

standardization (Z-score normalization)
to avoid the effects of mean and variance

{at} uncorrelated random series

cumulative sum of squares
to avoid the effect of negative values

{Ct} cumulative sum of squares series

centred (Zero-centred)
to avoid the effects of date number

{Dt} centred cumulative sum of squares series

identification of SCPs

Figure 2: Calculation flow chart of ICSS algorithm.
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5. Results and Discussion

5.1. Construction of Time Series for Ridership. (e ridership
series is a data sequence with an interval length of one day.
(ere is no missing value during this period from Jan 1st,
2018 to Jun 30th, 2019 (see Figure 3). (e time series of total
daily ridership time series fluctuates greatly with the date
due to the following reasons:

(i) Impact of the weekends (see Table 4)
(ii) Impact of the holidays (see Table 4)

(1) Xiamen is a tourist city. (e metro ridership
increases significantly during holidays, espe-
cially on Labour Day and National Day. In
addition, Jan 1st, 2018 is the New Year’s Holiday.
As the new metro had just been opened, many
citizens were eager to experience the new kind of
transit. (erefore, ridership on Jan 1st, 2018 was
much more than that on other days.

(2) Although there is more ridership on most
holidays than that on weekdays and weekends,
ridership during the Spring Festival is an ex-
ception. Spring Festival is the most important
reunion festival in Chinese culture. (e large
foreign population from other cities led to a
sharp decline in the number of passengers
around the Spring Festival.

(3) In addition to holidays, ridership on weekdays
near the holidays also has similar characteristics
to that on holidays. (is is because some pas-
sengers travel before or after the holidays to
avoid congestion.

(iii) Impact of extreme weather. Xiamen is a coastal city,
which often suffers from extreme weather, such as
rainstorms and typhoons. Many passengers will
choose cars and taxis to avoid delay and
inconvenience.

Finally, 265 samples were selected to identify SCPs using
the ICSS algorithm. Daily ridership time series can also be
dynamically monitored.

5.2. Result of SCPs Identification. Stationary test results can
be easily obtained from the adftest function in the Econo-
metrics Toolbox of Matlab software. If the time series is
stationary, the answer is 1, otherwise, the answer is 0. (e
initial daily transit ridership {Rt} is not a stationary time
series. However, the fluctuation rate series {Qt} is a sta-
tionary time series.

To better demonstrate the ICSS method, intermediate
results are shown in Figure 4.(e curve shapes of fluctuation
rate series and uncorrelated random series are similar be-
cause uncorrelated random variables are the standardization
of fluctuation rates. (ere are larger positive values and
smaller negative values when SCPs are present (see
Figure 4(b)). Values of the cumulative sum of squares are
incremental and jump sharply when there are SCPs (see
Figure 4(c)). (e values of the centered cumulative sum of

squares are around 0 if there are no SCPs. SCPs will be
identified if values of the centered cumulative sum of squares
exceed the predetermined threshold (see Figure 4(d)).

With 95% confidence, three SCPs were identified, and
the time series was divided into four segments. (e re-
gression discontinuity method was utilized to explore the
correlation between the total ridership (Y-axis) and the date
(X-axis) (see Figure 5).

(e second interval, from early July to the end of August,
coincides with the summer vacation dates of Chinese stu-
dents and the best tourist dates in Xiamen. (e slope of the
third linear regression equation is much higher than that of
the other three equations, which indicates that the total
ridership increased rapidly at this stage due to the influence
of the preferential schemes. However, due to the end of a
certain preferential scheme reducing attractiveness to pas-
sengers, the slope of the fourth linear regression equation is
lower than that of the third equation. (e R2 values of the
first and second linear regression equations are smaller,
while the R2 values of the third and fourth linear regression
equations are closer to 1. (is phenomenon indicates that
the variability of ridership was larger in the early stages after
the metro operation and that the ridership increased steadily
after a period of operation.

5.3. Discussion of Effects of Fare Discounts on Different Ticket
Types. (e SCPs of ridership varied by ticket types were
identified to explore the impact of fare discount schemes on
ticket types (see Figure 6).

5.3.1. Effects of Fare Discounts on Single Tickets and Other
Tickets. Similar to the total ridership, there are two SCPs of
the ridership time series of Single Tickets. (e interval
between the two SCPs is from the beginning of July to the
end of August, which coincides with the best tourist dates in
Xiamen. Tourists were likely not to buy a smart card or
download the “XiamenMetro” APP specifically for this tour.
In addition, some passengers, especially the elderly and child
tourists, were not familiar with the APP and cannot obtain
E-Tickets from the APP. (us, Single Tickets are one of the
most popular choices for tourists. (erefore, it is under-
standable that ridership for Single Tickets increases during
the summer vacation.

With 95% confidence, there is no SCP of the ridership of
Other Tickets, because fewer passengers use Other Tickets,
which are all specific special ticket types.

5.3.2. Effects of Fare Discounts on E-Tickets. Interestingly,
the dates of the SCPs coincide precisely with the start and
end dates of the “2 RMB Discount” preferential scheme.
During the dates of the two SCPs, the ridership of E-Tickets
exhibits a linear and rapid growth.

Another interesting phenomenon is that after the
launch of the “2 RMB Discount” preferential scheme,
ridership did not increase suddenly, but gradually at a
greater growth rate. (is phenomenon may be due to the
gradual understanding and adaptation of residents. (e
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allowance provider of the “2 RMB Discount” preferential
scheme was the Banking Alliance, not the Xiamen gov-
ernment or Xiamen Metro Group. (e dissemination of
preferential information also takes time, and this process is
more likely to be word-of-mouth.

Unfortunately, the goal of the “2 RMB Discount”
preferential scheme was to increase the influence of the
Banking Alliance and promote their paid APP (UnionPay)
by taking advantage of the opening of the new metro.
Citizens found that the discount was weakened after the end
of the “2 RMB Discount” preferential scheme. So, the rid-
ership of the E-Tickets plummeted significantly. (e rid-
ership on Jan 2nd, 2019 decreased by 26.89% compared with
that on Dec 27th, 2018.

5.3.3. Effects of Fare Discounts on Smart Card Tickets.
With 95% confidence, there was no SCP in the ridership of
Smart Card Tickets. (e ridership of Smart Card Tickets still
fluctuated and there were even upward and downward
trends. However, this process was gradual, not abrupt. (us,
the ICSS method based on variance mutation did not
identify SCPs of the ridership of Smart Card Tickets.

(e “50% Discount” preferential scheme ensured the
slow growth of ridership, although this incentive scheme was
not as attractive as the “2 RMB Discount” preferential
scheme. In a sense, most users of the Smart Card Tickets and
E-Tickets are Xiamen residents. (erefore, there was an
opposite growth trend in the ridership of the Smart Card
Tickets and E-Tickets. During the period of the “2 RMB
Discount” preferential scheme, there was a downward trend
in the ridership of Smart Card Tickets, while the ridership of
E-Tickets increased.

However, after the end of the “2 RMB Discount” pref-
erential scheme, there was an upward trend in the ridership
of Smart Card Tickets, which exhibited a similar growth rate

to that of E-Tickets. (is win-win situation of Smart Card
Tickets and E-Tickets may be caused by the internal driving
effect of the metro.

5.4. Maintained, Induced, and Disappeared Ridership.
Figure 6 clearly shows the trend from 2018/9/22 to 2019/1/2
when the share of Smart Card Tickets decreased and the
share of E-Tickets increased at the same time. Unfortunately,
passengers using Smart Card Tickets are marked with smart
card numbers, while passengers using E-Tickets are marked
with mobile phone numbers. (ere are no relationships
between card numbers and mobile phone numbers.
(erefore, there is a lack of direct evidence to accumulate the
number of passengers shifting from Smart Card Tickets to
E-Tickets.

We gave an example to illustrate this problem from the
side. We chose passengers using Smart Card Tickets or
E-Tickets that appeared in August 2018 or December 2018 or
June 2019 as a whole. (ese three months were chosen
because they were the last month of a certain stage. In these
months, ridership was the most stable and travel charac-
teristics were the most responsive. In Figure 7, grey boxes
represent the proportion of passengers that appear in a
certain month, while white boxes stand for the proportion of
passengers that did not appear in a certain month.

Among all passengers using E-Tickets, 54.84 percent of
passengers were induced from other modes of transport or
Smart Card Tickets after the start of “2 RMB Discount.”
Subsequently, 34.98 percent of passengers were maintained
while 19.86 percent of passengers disappeared after the end of
“2 RMB Discount.” 26.83 percent of passengers travelled in
August 2018. After the incentives of “2 RMB Discount,” 54.84
percent of passengers travelled in December 2018. Although
the most affordable scheme of “2 RMB Discount” ended on
2018/12/31, the new discount scheme of “50% Discount”
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Figure 3: Raw data of daily total ridership time series with all dates.
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Figure 4: Continued.
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replaced “2 RMB Discount.” 53.31 percent of passengers
travelled in June 2019. (ere was no significant decrease
comparedwith passengers inDecember 2018 (see Figure 7(b)).

Among all passengers using Smart Card Tickets, 28.49
percent of passengers disappeared after the start of the “2
RMB Discount.” Owing to the more favorable discount
scheme, they may shift from Smart Card Tickets to E-Tickets
(see Figure 7(a)).

5.5.Analysis of PassengerswithDiscount. Compared with the
“10% Discount” preferential scheme, the “2 RMB Discount”
preferential scheme is more favorable; compared with the

“50% Discount” preferential scheme, the “2 RMB Discount”
preferential scheme is more direct without an accumulated
fare. Short-distance passengers can even take the metro for
free, while long-distance passengers can reduce their travel
costs: two preferential rides per passenger per day, which is
also very attractive to commuters. As a result, once the
concessionary scheme is launched, the ridership surges
steadily. “50% Discount” is a cumulative discount for high-
frequency passengers. If the cumulative cost is less than 40
RMB, passengers will not be able to enjoy the “50% Dis-
count.”(erefore, this discount scheme is not available to all
passengers, and it tends to subsidize high-frequency
passengers.
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Figure 5: Regression discontinuity result of the total ridership time series with the chosen dates.
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Figure 4: Intermediate results of ICSS method. (a) Original daily transit ridership. (b) Fluctuation rate series and uncorrelated random
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5.5.1. Passengers Using the Same Ticket with Different
Discounts. From 2018/12/01 to 2018/12/31, passengers using
E-Tickets can enjoy both “2 RMB Discount” and “50%
Discount.” Each passenger can enjoy the “2 RMB Discount”
twice per day, and only high-frequency passengers whose
total cost is more than 40 RMB enjoy the “50% Discount.”

(e group enjoying both “2 RMB Discount” and “50%
Discount” accounts for 23.80 percent of the total number of
passengers, with the ratio of 69.08 percent of travels all day
and 79.05 percent of travels in the peak hours. While the
group with “2 RMB Discount” only accounts for 76.20
percent of the total number of passengers, with the ratio of
30.92 percent of travels all day and 20.95 percent of travels in
the peak hours. Average trips per month of the group with
both “2 RMB Discount” and “50% Discount” are 31.34,
which is much higher than that of the group with “2 RMB
Discount” only (4.38). Similarly, the average travel days per
month of the group with both “2 RMB Discount” and “50%
Discount” are 17.52, which is much higher than that of the
group with “2 RMB Discount” (only 3.13). Average trips per
day of the group with both “2 RMB Discount” and “50%
Discount” are 1.78, which is higher than that of the group
with “2 RMB Discount” only (1.39). (ere are no significant
differences between the two groups when talking about
stations per travel. Assuming that these two discount
schemes do not exist, the group with both “2 RMBDiscount”
and “50% Discount” will spend 87.88 RMB/month. But now
they just spend 24.53 RMB/month. Groups with “2 RMB
Discount” only spend 7.48 RMB/month now and 16.82
RMB/month without these two discount schemes.(anks to
these two discount schemes, the cost per trip of the group
with both “2 RMB Discount” and “50% Discount” (0.99) is
much lower than that of the group with “2 RMB Discount”
only (1.92). In general, there are more travels of the group

with both “2 RMB Discount” and “50% Discount” than
groups with “2 RMB Discount” only, because “50% Dis-
count” is more beneficial to high-frequency passengers,
possibly commuters (see Table 5).

5.5.2. Passengers Using Different Tickets with the Same
Discount. Passengers who use Smart Card Tickets and
E-Ticket both enjoy a “50% Discount” from 2019/01/01 to
2019/06/30. We defined a group with discounts as the
passengers who enjoy the “50% Discount.”

(e group with a discount while using E-Tickets account
for 19.79 percent of the total number of passengers with the
ratio of 65.41 percent of travels all day and 55.07 percent of
travels in the peak hours. While the group with a discount
using Smart Card Tickets account for 7.57 percent of the
total number of passengers with the ratio of 32.43 percent of
travels all day and 45.97 percent of travels in the peak hours.
Average trips per month for E-Ticket users are 31.28, much
higher than that for Smart Card Tickets users (15.99).
Similarly, the average travel days per month for E-Ticket
users are 17.14, much higher than that for Smart Card
Tickets users (9.83). Average trips per month and average
travel days per month for the group with a discount are in
sharp contrast to the group without a discount. Average trips
per day of E-Tickets group with discount are 1.79, just a little
higher than that of the other three groups. (ere are no
significant differences between the four groups when talking
about stations per travel. Assuming that the “50% Discount”
does not exist, E-Ticket users with a discount will spend
119.41 RMB/month, but now they just spend 80.30 RMB/
month on the metro fare. Smart Card Tickets group with
discount spend 40.26 RMB/month, and other two groups
spend lower fares. Due to the “50% Discount,” the cost per
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Figure 6: ICSS result of ridership time series varied by ticket types with the chosen dates.
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trip of the group with a discount is lower than that of the
group without a discount. Overall, there are more travels of
the group with the discount than the group without a
discount. Travel characteristics of E-Ticket users are more
than that of Smart Card Tickets users, possibly because
commuters are more likely to use E-Tickets (see Table 6).

Comparing Tables 5 and 6, travel characteristics, such as
average trips per month, average travel days per month,
average trips per day, etc., are similar to E-Ticket passengers
both with discounts in Tables 5 and 6.(anks to the “2 RMB
Discount,” travel costs have been greatly reduced. Passen-
gers spent only 0.99 RMB per trip to take the metro if they
enjoy both “2 RMBDiscount” and “50%Discount.” Low fees
have greatly stimulated the growth of ridership.

5.6. Policy Recommendations. (ere is no doubt that fare
discounts have a significant impact on ridership. E-Tickets
are popular with users, especially high-frequency com-
muters because E-Tickets are more convenient to carry than

Reality Cards, which should attract the attention of the
governments and metro operators. Similar to the law of two
to eight, fewer passengers produce more travel. Regardless of
accumulated standards, the reduced cost of each trip will
attract low-frequency passengers. (erefore, after the
opening of the first metro line, money reduced per trip is the
perfect discount scheme to attract bus passengers and car
drivers to transfer to the metro system. When passengers
spent less using one ticket type, they will give up using the
previous ticket type to obtain the discount. When the dis-
count schemes end, passengers will give up taking the metro
or choose other ticket types. However, the number of
passengers that increased due to the discount schemes is
much more than that before the start of preferential policies.
In the peak tourist season, Single Tickets are more popular
with tourists.

(is is an excellent cooperation mode of “tripartite win-
win.” First of all, these preferential measures not only help to
reduce the operating pressure of the government and the
metro operators but also help to promote the optimization of
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the ridership structure. Secondly, metro passengers can enjoy
real benefits. (ird, the market share and influence of these
financial companies have also increased. (erefore, paying
attention to the preferential measures launched by financial
companies will help to provide a reference for the government
and metro operators to seek follow-up cooperation.

(erefore, the policy recommendations are mainly about
the following:

(1) Raising the focus on E-Tickets
(2) Selecting more friendly preferential measures for

low-frequency passengers to transfer passengers
from buses and cars

(3) Paying attention to high-frequency passengers be-
cause they contribute more travel

(4) Seeking common subsidies from the financial in-
dustry to achieve win-win results

6. Conclusions

To test the impact of preferential schemes on ridership
varied by different card types, the iterated cumulative sums
of squares (ICSS) algorithm and regression discontinuity
(RD) method were introduced. 18-month transaction data
after the opening of the new metro was obtained, and ul-
timately 265-weekday samples were selected, excluding
special circumstances. Long-term data provide an excellent

opportunity for the dynamic observation of the effects of
preferential schemes. (e dates of structural change points
(SCPs) were well matched with the start and end dates of
preferential schemes.

(e following conclusions can be drawn:

(1) (ere are significant differences in ridership on
weekdays, weekends, and holidays. Apart from ex-
treme weather, preferential schemes are also im-
portant factors affecting metro ridership.

(2) (ere are three preferential schemes in Xiamen after
the opening of the new metro line: discount per trip,
money reduced per trip, and discount after reaching
the accumulated fare. (ere are different effects on
ridership varied by ticket type for different prefer-
ential schemes. (e most popular preferential
scheme (money reduced per trip) is the most pref-
erential and direct scheme without other conditions,
such as accumulated fare.

(3) Each preferential scheme has its own benefited
groups. Low-frequency passengers can benefit from
the scheme of money reduced per trip. Governments
and transit operators can formulate appropriate
preferential schemes to guide car/taxi passengers to
shift to public transport. While high-frequency
passengers can obtainmore benefits from the scheme
of discount after reaching accumulated fare,

Table 5: Travel characteristics of passengers using the same tickets with a different discount (2018/12/01–2018/12/31).

Index (e group with both “2 RMB discount” and “50%
discount”

(e group with “2 RMB discount”
only

Ratio of passengers 23.80% 76.20%
Ratio of travels 69.08% 30.92%
Ratio of travels in the peak-hours 79.05% 20.95%
Average trips per month (average travel days per
month) 31.34 (17.52) 4.38 (3.13)

Average trips per day 1.78 1.39
Stations per travel 7.93 7.73
Cost per month (original cost without 50%
discount per
month), unit: RMB/month

24.53 (87.88) 7.48 (16.82)

Cost per trip, unit: RMB/trip 0.99 1.92

Table 6: Travel characteristics of passengers using different tickets with the same discount (2019/01/01–2019/06/30).

Index
Smart card tickets E-Tickets

Group with discount Group without discount Group with
discount

Group without
discount

Ratio of passengers 7.57% 92.43% 19.79% 80.21%
Ratio of travels 32.43% 67.57% 65.41% 34.59%
Ratio of travels in the peak-hours 45.97% 30.14% 55.07% 32.12%
Average trips per month (average travel days per
month) 15.99 (9.83) 2.71 (2.03) 31.28 (17.14) 4.02 (2.92)

Average trips per day 1.57 1.33 1.79 1.37
Stations per travel 7.25 7.54 7.54 7.89
Cost per month (original cost without 50% discount per
month), unit: RMB/month 40.26 (59.66) 9.08 (10.10) 80.30 (119.41) 13.83 (15.37)

Cost per trip, unit: RMB/trip 2.51 3.34 2.57 3.44
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E-Tickets are more popular with high-frequency
passengers, especially commuters. Governments and
transit operators also need to pay attention to these
passengers, because they contribute more travel.

(4) Interestingly, the residents’ understanding and ad-
aptation to the preferential schemes are gradual.
Nevertheless, if the favorable preferential scheme is
canceled, the number of passengers will drop
sharply. Passengers will shift from a ticket type to
another owing to the more favorable discount
scheme. On the whole, the number of passengers
increased due to the discount schemes is much
higher than that before the preferential policy began.

However, we would prefer to analyze the transfer be-
havior from other modes of transport or between different
ticket types with more data. (e ICSS algorithm and RD
method can also be used to evaluate the effectiveness of other
transportation policies in the future.
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,e online ride-hailing taxi brings new vitality into the traditional taxi market, as well as new issues and challenges. ,e pricing
and profit distribution of online ride-hailing services is one of the major concerns. ,is study focuses on the pricing and income
distribution in the online ride-hailing system. Queuing system model and birth and death process theory are introduced to
describe the driver’s flow process in the network. ,e social welfare maximization model and the platform profit maximization
model are constructed based on the dynamic pricing mechanism, from the government’s and platform’s standpoint, respectively.
,rough numerical experiments, this paper analyzes the income distribution of drivers under different settings and the influence
of different factors (average travel time, psychologically expected price of drivers and passengers, and probability of driver leaving
the system) on the proportion of income distribution. ,e results show that the drivers’ income distribution proportion is higher
in the pursuit of social welfare maximization than that in the pursuit of platform profit maximization, and in different benefit
pursuit models, various factors have a certain influence on the driver’s income distribution proportion.,e proposed method and
conclusion in this study can be considered as references for online ride-hailing market supervision and policy-making.

1. Introduction

Ride-hailing, referring to the activity of calling a vehicle or
driver to go to a destination, rises in many metropolitan
areas and takes a considerable part of mobility services [1].
,e online ride-hailing platform is a subversion of the
traditional travel industry in the context of the Internet; it
transmits the traditional service mode from the driver side to
the passenger side by the combination of online information
and offline experience [2, 3]. Customers are matched effi-
ciently by an online platform with affiliated drivers nearby
by requesting rides via a mobile application [4]. Such on-
demand services greatly reduce search frictions in the ride-
hailing market, bring passengers and drivers together at very
low transaction costs, and meanwhile effectively reduce the
vacancy rates of operating vehicles by matching demand and
supply [5–7].

However, compared with the traditional taxi industry,
the pricing and the income distribution of online ride-

hailing lack transparency and consistency.,e unreasonable
and opaque income distribution harms the interests of
drivers. On October 31, 2018, online taxi drivers in Chicago,
the United States, delivered a rally and petition on the
budget meeting held by the city government. ,ey asked for
more driver’s share of the platform revenue. According to
the survey conducted in August 2019 in the United States,
the fare receipt information andmore than 14756 real online
taxi order service data showed that Uber averagely retains
about 35% of the revenue per ride, while Lyft takes about
38%. However, in the regulatory documents submitted to the
government, Uber reported that its platform share of fares
was only close to 20%, while Lyft did not disclose its pro-
portion publicly. What causes these situations is that the
platforms can set the pricing and distribution mechanism by
themselves, and under the goal of maximizing benefits, they
can dynamically adjust the service price (some platforms
even use dynamic pricing models for the same route, which
may vary according to the demand and supply for rides) and
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the drivers’ distribution proportion, which will harm the
interests of drivers and passengers.

In the new traffic model, the system layout design is very
important, which will affect the operational efficiency of the
whole system and public acceptance [8]. ,erefore, it is
necessary to study the price mechanism of online ride-
hailing and the way of labor (drivers) drawing. However,
most of the existing related research studies focus on the
maximization of platform interests and seldom on the in-
terests of drivers and study the pricing and distribution
mechanisms.,erefore, from the perspective of government
management, this paper constructs a social welfare maxi-
mization model to explore the relationship between social
welfare and the way of interest distribution, to provide
decision support for the regulation of the online ride-hailing
market.

In this paper, the income distribution of drivers in the
online ride-hailing market is discussed based on the dynamic
pricing mechanism from the perspectives of social interest
maximization and platform profit maximization. ,e contri-
butions of this paper are as follows: (1) Queuing system model
and birth and death process theory are introduced to describe
the driver’s flow process in the network. (2) ,e social welfare
maximization model and the platform benefit maximization
model are constructed, from the government’s and platform’s
standpoint, respectively, based on the psychological expected
price curve of passengers and drivers. (3) Numerical experi-
ments are performed to analyze the driver’s income distri-
bution under the conditions of different settings. Suggestions
on the government’s regulation and guidance are put forward
based on the experiment results.

,e remainder of this paper is organized as follows.
Section 2 presents a review of the related literature. Section 3
mainly focuses on the problem description and modeling. In
Section 4, two numerical experiments are performed to
analyze the driver’s income distribution. Results and asso-
ciated discussion are then carried out. Finally, conclusions
and future directions are given in the last section.

2. Literature Review

,e current discussion and studies on online ride-hailing are
extensive. In terms of the price mechanism of online ride-
hailing, Zha et al. [9] focused on the impact of dynamic
pricing on online ride-hailing industry by structurally
combining driver’s work schedule selection. ,e numerical
results show that the platform enjoyed higher revenue on the
basis of dynamic pricing, while customers may be exploited
in the peak period of taxi service. Fellows [10] uses cost
advantage analysis technology to prove that reasonable
platform pricing can bring about net income for society.
However, Chang [11] thinks that the pricing structure of the
platform will affect the output efficiency and social welfare
and points out that it disturbs the market price rule. Xia et al.
[12] believe that the dynamic pricing strategy can alleviate
the pressure of the platform in the period of tight transport
capacity by increasing the transport capacity of part-time
drivers and reducing the number of price-sensitive user
orders, so as to improve user satisfaction. Banergee et al. [13]

use queuing theory model to simulate the flow of drivers and
passengers in online ride-hailing market for the first time
and study the volume and revenue of online ride-hailing
platform by static pricing and dynamic pricing. In addition,
a series of literature studies [14–16] show the pricing strategy
of online ride-hailing platform to explore how pricing can
balance the relationship between passengers, drivers, and the
platform, to maximize the benefits.

In terms of the profit distribution and drivers’ income,
Xu et al. [17] investigated the C2C business model of online
ride-hailing platform and concluded that, based on the
technical characteristics of the online ride-hailing industry,
the platforms are in an absolutely dominant position in
income distribution and they can take advantage of the lower
labor price of part-time drivers to force the contract drivers
to reduce the labor price, thus causing a certain degree of
labor market failure. Liu and Cai [18] analyzed the income
distribution mode of platforms, employed drivers in China’s
online ride-hailing industry by using political economy
theory, and demonstrated that the improvement of the
exploitation rate with drivers and passengers comes from the
monopoly of the platform and the profit-making nature of
capital. Xie [19] made an in-depth analysis of the demand
and behavior characteristics of drivers and passengers, fo-
cusing on the dynamic investigation of the income distri-
bution proportion of drivers. ,e research shows that the
optimal mileage price of online ride-hailing increases with
the increase of tour taxi fare and decreases with the increase
of “rebate.” ,rough the analysis of the taxi platform, driver,
and passenger involved in the process of online ride-hailing,
Danlei [20] determined the distance, customer preference,
and other influencing factors and analyzed how to maximize
the interests of the three parties.

In terms of government regulation, previous studies
mainly focused on the interpretation of the government’s
new policy on online ride-hailing and the research on the
access regulation of drivers and platform based on the
protection of passengers’ interests. Xiang [21] believes that
online ride-hailing is the product of market self-regulation,
and its generation has objective market value and devel-
opment prospects. Fang’s study [22], based on the Bertrand
model and Cournot model, constructs a repeated game with
uncertain ending time and analyzes the competitive strategy
of two stages of online ride-hailing market development, so
as to get the path of promoting the development of online
ride-hailing market. Recently, more and more attention has
been paid to the supervision of pricing and distribution
mechanisms. Lai [23] proposed that transparent pricing
rules for online ride-hailing should be the basic consensus of
the industry. Xia and Lin [24, 25] believe that government
should strengthen the supervision of the pricing and dis-
tribution of online ride-hailing platforms. Li [26] proposes
two problems in the government’s regulation of online ride-
hailing market: first, the government’s regulatory concept
lacks active guidance and cannot actively discover new
problems and carry out advance management; second, the
local government mechanically implements the central level
regulatory measures for the online ride-hailing market,
falling into the path dependence of regulatory means.
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Previous studies explained and evaluated the proportion
charged by platforms and paid less attention to the rela-
tionship between labor supply and the income distribution
proportion. In addition, in terms of the income distribution,
most of the studies paid attention to the interests of the
platform and less attention to the rights and interests of
drivers. ,erefore, this paper clearly puts forward the
proportion of income distribution of drivers and focuses on
the rights and interests of drivers from the perspective of the
government. And more importantly, this paper takes social
welfare into consideration and forms a contrast with plat-
form interests to put forward suggestions for better devel-
opment of online ride-hailing.

3. Problem Description and Modeling

3.1. Basic Assumptions and Queuing Model. In this paper,
it is assumed that the online ride-hailing market is composed
of three parts: platform, driver, and passenger. ,e online
ride-hailing system is abstracted as the queuing system
shown in Figure 1. Unlike the general queuing system, since
the demand of online ride-hailing market exceeds the
supply, passengers in the online ride-hailing system are
regarded as the service desks and drivers are regarded as the
arriving customers [27]. Assuming that the new driver joins
the queue of available drivers at a rate Λe, when the driver
matches his own passengers, the average travel time of the
passengers is t. After arriving at the destination, the pas-
sengers will leave the system, and the driver will either leave
the system or return to the original queuing system. ,e
probability of the driver leaving the system is set to be
qleave > 0.

Assuming that the price of each ride is p (yuan/km) and
the driver’s income distribution proportion is A, the driver’s
income of each ride is Ap, and the income of the platform is
supposed to be (1−A) p.

Considering the platform, passengers are usually sen-
sitive to the price of the ride, if the price is too high, price-
sensitive customers will give up the ride. And the drivers are
sensitive to the average amount of money earned over a
longer period of time (a few hours or a day). If the profit is
too low, the driver will give up. ,erefore, this paper in-
troduces the change curve of the expected price of pas-
sengers and drivers. For passengers, assuming that the
adjusted price of passengers is independent of the distri-
bution FV and V is the expected price of each passenger, the
distribution function of V is denoted as FV(V). If p≤V,
passengers are willing to ride; otherwise, they will give up.
Similarly, suppose that the driver’s adjusted price is inde-
pendent of the distribution FC and C is the expected revenue
of each driver. ,e distribution function of C is denoted as
FC(C). If the actual average hourly income Ap/t≥ C, the
driver will choose to accept the order; otherwise, he will give
up.

,erefore, if the initial passenger arrival rate is μ0, then
the actual passenger arrival rate μ is

μ � μ0FV(p) � 1 − FV(p)( 􏼁μ0. (1)

For drivers, when the order ends, the driver will leave the
system with probability qleave; meanwhile, the psychological
price of drivers is independent of the distribution FC, which
affects the choice of drivers to receive orders (enter the
system). ,erefore, when the queue of drivers in Figure 1 is
stable, the following equation relationship can be established
for the probability of new drivers arriving at the system (Λe):

Λe � λqleave � λ0FC

η
f + t

􏼠 􏼡. (2)

In equation (2), f is the expected free time per ride, η is
the expected revenue per ride, and λ0 is the initial driver
arrival rate.

In addition, the platform adopts a single threshold
pricing method; that is, the price is set according to the
number of drivers (N) available in the system. ,e pricing
strategy has three parameters: low price pL, high price pH,
and threshold θ. When N≥ θ (here let θ� 2), the platform
pricing P(N) � pL; when N< θ, P(N) � pH [27]. As shown
in Figure 2.

From the perspective of the platform, the strategy of
income distribution should ensure the maximization of
platform profit. ,e platform profit here refers to the
platform’s net income, which can be calculated by deducting
the drivers’ share and the platform costs (operating costs,
etc.) from the platform’s total income. ,en, the platform
profit is

T � (1 − A)p − TC􏼂 􏼃λ(A, p). (3)

In equation (3), λ(A, p) refers to the effective driver
arrival rate under the equilibrium state when the extraction
coefficient is A and the price is p. TC refers to the cost of
platform.

From the perspective of the government, the operation
of online ride-hailing system should ensure the maximi-
zation of social welfare. In this paper, social welfare W1 is
defined as the sum of passenger surplus (S), driver surplus
(D), and platform profit (T), as expressed by the following
equation:

W1 � S + D + T. (4)

,e passenger surplus per ride is the average surplus of
passengers who are willing to enter the queuing system. ,e
passenger surplus can be obtained by deducting the price
actually paid by passengers from the price that passengers
are willing to pay. ,e transaction volume is the ratio of
successful matching in the steady state, which is given by the
effective driver arrival rate λ (A, p). ,en, the overall surplus
of passengers can be calculated as follows:

S � λ(A, p)
1

FV(p)
􏽚
∞

P
(V − p)fV(V)dV. (5)

Unlike the concept of surplus in traditional economics,
the definition of driver surplus is similar to the passenger
surplus. ,e driver surplus per ride can be calculated by
deducting the driver’s psychological expectation income and
the driver’s cost (fuel consumption, vehicle damage, etc.)
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from the driver’s actual income. ,en, the overall driver’s
surplus can be calculated as follows:

D � λ(A, p)
t

FC(Ap/t)
􏽚

(Ap/t)

0

Ap

t
− C􏼒 􏼓fCdC − DC􏼢 􏼣.

(6)

3.2.(e Dynamic PricingModel. Dynamic pricing strategies
are common in revenue management. In the online ride-
hailing industry, the service price is usually set by the
software. ,e platform automatically generates a surge
multiplier according to time, geographical location, demand,
and other factors, to form a dynamic price.

Following the example of Banerjee et al. [13], a
threshold-based dynamic pricing method is applied to
model the peak time price. In the queuingmodel constructed
above, only the number of vehicles available in the queue is
considered to adjust the price, which means that the price is
set according to the number of drivers (N) available in the
system. ,e pricing strategy can be expressed as follows:

P(N) �
pL, N≥ θ,

pH, N< θ.
􏼨 (7)

Among them, pL, pH, and θ represent the low price, high
price, and the threshold, respectively. Set αH � 1/FV(pH)

and αL � 1/FV(pL), and when the number of drivers is n, the
platform pricing is p, and the driver’s income distribution
proportion is A, the equilibrium driver arrival rate in the
online ride-hailing system is defined as λ(A, p, n). In order
to simplify the influence of the number (n) on the results, we
use the equilibrium driver arrival rate under the large market
limit (λ(A, p) � limn⟶∞(λ(A, p, n)/n) ) to study the
maximization of social welfare. ,e arrival rate of drivers
meets the following requirements:

λ(A, p) �

μ0FV pL( 􏼁, pL >pBAL,

λ0
qleave

FC

ApH

t
􏼒 􏼓, pH <pBAL,

λ0
qleave

FC

AP

t
􏼒 􏼓, pL ≤pBAL ≤pH,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)

where pBAL is the equilibrium price when the drivers’ supply
is equal to the passengers’ demand.

μ0FV pBAL( 􏼁 �
λ0

qleave
FC

ApBAL

t
􏼒 􏼓,

P �
pL αH − μ0/λ(A, p)􏼂 􏼃 + pH μ0/λ(A, p) − αL􏼂 􏼃

αH − αL

.

(9)

From the above model, we can understand the leverage
effect of fare adjustment in the supply-demand relationship of
online ride-hailing market. ,e driver’s income distribution
proportion not only is affected by the driver supply, passenger
demand, and platform but also affects the platform supply and
demand in turn, to guide the rational allocation of resources
according to the rules of supply and demand in economics.

On the basis of dynamic pricing, the social welfare
maximization model can be expressed as follows:

maxW1 �

μ0FV pL( 􏼁f pL( 􏼁, pL >pBAL,

λ0
qleave

FC

ApH

t
􏼒 􏼓f pH( 􏼁, pH <pBAL,

λ0
qleave

FC

AP

t
􏼒 􏼓f(P), pL ≤pBAL ≤pH.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(10)

,e profit maximization model of online ride-hailing
platform based on dynamic pricing can be expressed as follows:

maxW2 �

μ0FV pL( 􏼁 (1 − A)pL − Tc􏼂 􏼃, pL >pBAL,

λ0
qleave

fC

ApH

t
􏼒 􏼓 (1 − A)pH − Tc􏼂 􏼃, pH <pBAL,

λ0
qleave

fC

AP

t
􏼒 􏼓[(1 − A)p − T], pL ≤pBAL ≤pH.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(11)
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Figure 1: Flow process of driver in the system.
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Figure 2: Birth and death process of the drivers in the platform.
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,e main parameters and meanings involved in this
paper are shown in Table 1.

4. Numerical Experiments

4.1. (e Influence of City Scale on Driver’s Distribution.
By comparing the situation of different levels of cities, this
section investigates the comprehensive influence of different
parameters on the pricing strategy and the distribution
strategy of the platform.

4.1.1. Case Setup. We divided the following four scenes to
represent different levels of cities, whose basic parameters
are as shown in Table 2.

City A : megacity like Shanghai, Beijing.,e population
of city A is more than 10 million. It has the highest
population density and the most developed trans-
portation system. Correspondingly, it has the largest
supply and demand. People’s consumption level is
higher, and the psychological expected price acceptable
to passengers and drivers is the highest.
City B : big city like Suzhou, Chongqing. ,e perma-
nent population is between 5 million and 10 million,
and the population density is around 1400 people per
square kilometer.
City C : medium-sized city like Nanchang. Its perma-
nent population ranges from 1 million to 5 million.,e
population density is around 700 people per square
kilometer. ,e supply and demand of online ride-
hailing are lower than those of cities A and B, people’s
consumption level is not so high, and the service price
acceptable to passengers is lower.
City D : small city. ,e supply and demand of online
ride-hailing are relatively low; people’s consumption
level and the service price acceptable to passengers are
the lowest. ,e permanent population of such cities is
often less than 1 million, with a low population density.

4.1.2. Result Analysis. Models proposed in this paper are
applied to calculate and obtain Table 3.

,e following conclusions can be drawn from Table 3: (1)
In cities A and B, which have higher population density and
higher levels of supply and demand, whether the pricing is
high or low, the price in pursuit of platform benefits
maximization is higher than that in pursuit of social welfare
maximization. (2) In the outputs of the social welfare
maximization model of different cities, the driver’s income
distribution proportion is between 0.5 and 0.7, while it is
between 0.4 and 0.6 in the outputs of the platform benefit
maximization model. In the social welfare maximization
model, the driver’s interests are more protected. (3) Com-
pared with the social welfare maximization model, the
platform profit maximization model not only obtains higher
platform pricing but also lowers the driver’s income dis-
tribution proportion. According to the above models, this is
mainly because the platform profit is determined based on
the drivers’ income and platform pricing. ,e less the

drivers’ income distribution is, the higher the platform profit
will be. In the contrast, social welfare maximization model
considers the balance among online ride-hailing platforms,
drivers, and passengers. (4) In addition, it is worth noting
that, under the same city parameter conditions, although the
quantitative value of social welfare includes platform ben-
efits, the ultimate value obtained from the social welfare
maximization model is lower than the platform benefit
maximization (expect for city A).

,erefore, given the actual situation, from the govern-
ment’s point of view, if regulations are not issued to provide
guidance for the income distribution proportion of drivers
on the online ride-hailing platform, it is very likely that the
monopoly price of online ride-hailing platform will be equal
to the traditional taxi price, and the interests of drivers will
be exploited.

4.2. Relationships between Basic Parameters and Driver’s
Income Distribution Proportion. In this section, numerical
examples with different settings of model parameters are
used to analyze the relationship between the driver’s income
distribution proportion and basic parameters in the two
models. ,e conclusions can provide a reference for the
government’s decision and policy-making.

4.2.1. Example Setup. Set the initial arrival rate of drivers
λ0 � 2500 vehicles/h, the initial arrival rate of passengers
μ0 � 5000 Passengers/h, the average travel time t � 0.5
hours, and the probability of drivers leaving the system
qleave � 0.8. Assuming the psychological expected price of
drivers and passengers fc, fV ∼ N(3, 1). ,e driver cost is
1.11 yuan/km, and the platform cost is 0.14p. By changing
the value basic parameters, including the average travel time,
the psychological expected price distribution of passengers
and drivers, and the probability of driver leaving the system,
the influence of basic parameters on driver’s income dis-
tribution proportion is analyzed and compared in social
welfare maximization model and platform profit maximi-
zation model, respectively.

4.2.2. Relationship between Proportion and Average Travel
Time. As shown in Figure 3, as the value of average travel
time increases in the model, the driver’s income distribution
proportion of the two models increases. From the per-
spective of economics, this is due to the decrease of supply
caused by the increase of ride time. In the case of unchanged
demand, the platform price will rise, and accordingly, the
driver’s bonus should also increase. Additionally, comparing
the two broken lines, the income distribution proportion of
drivers obtained in the platform profit maximization model
is lower than that of the social welfare maximization model,
which is consistent with the profit purpose of the platform.

Furthermore, in the platform profit maximization
model, the average ride time of passengers significantly
affects the driver’s income distribution proportion. How-
ever, in the welfare maximization model, the driver’s income
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distribution proportion is less significantly influenced by the
average travel time.

It is inspired that, in reality, as the price of online ride-
hailing services is generally determined by online ride-
hailing platforms, they prefer longer service time [28], which
is contrary to the traffic development of today’s intensive
cities and green transportation cities. However, in the
welfare maximization model, the change of average travel
time has no obvious effect on the driver’s income distri-
bution proportion.

4.2.3. Relationship between Proportion and Psychological
Expected Price of Drivers and Passengers. ,e distribution of
the psychological expected price of passengers and drivers,

especially the psychological expected price of drivers, de-
termines the supply of labor force in online ride-hailing
market.

In Zha et al. [7] research on the labor supply of online
ride-hailing platform, they focused on driver’s behavioral
decision-making and pointed out that the driver’s supply
decision-making is affected by the driver’s psychological
expected price and the average hourly income, which is
closely related to driver’s income distribution in work.
Figure 4 shows the relationship between the income dis-
tribution proportion and the psychological expected price of
drivers and passengers. It can be seen that, with the increase
of the psychological expected price of passengers and
drivers, the proportion of drivers’ income distribution in the
two models shows an increasing trend. ,is is due to the
increase of driver supply caused by the increase of the
psychological expected price of drivers and passengers,
which leads to the increase of driver supply. ,erefore, to
achieve better social welfare and increase the income dis-
tribution proportion of drivers, it is necessary to raise the
psychological expected price of passengers and drivers. For
drivers, it is realistic to increase the psychologically expected
price. For passengers, it can be realized by some methods:
improving the quality of service, such as improve the
convenience, safety, and comfort of service, which can in-
crease the consumption intention of passengers and improve
the price level acceptable to passengers. In addition, the

Table 2: Basic parameter settings of four cities of different levels.

Parameter City A City B City C City D
D 3.40 1.40 0.70 0.15
λ0 1500 1100 1000 300
μ0 3000 2200 2000 600
qleave 0.8 0.8 0.8 0.8
t 0.75 0.5 0.5 0.33
fV N(4,1) N(3,1) N(3,1) N(2,1)
fC N(4,1) N(4,1) N(2.5,1) N(3.5,1)
DC 0.11 0.11 0.11 0.11
TC 0.14p 0.14p 0.14p 0.14p

Table 1: Summary of parameters.

Parameter Description
Λe Probability of new drivers arriving at the system
t Average travel time
qleave Probability of driver leaving the system
λ0 Initial driver arrival rate
μ0 Initial passenger arrival rate
λ Effective driver arrival rate
μ Effective passenger arrival rate
A Driver’s income distribution proportion
p Price of each ride
pL Low platform pricing
pH High platform pricing
θ ,reshold
N Number of available drivers
FV Psychological price distribution of passengers
FC Psychological price distribution of drivers
fV Probability density distribution of passenger psychological price
fc Probability density distribution of driver’s psychological price
V ,e expected price of each passenger
C ,e expected price of each driver
f Expected free time
h Expected ride income
S Passenger surplus
D Driver surplus
T Platform profit
W1 Social welfare
W2 Platform profit
DC Driver cost
TC Platform cost
pBAL Balanced price
d Population density
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increase of the psychological expected price is related to the
economic development level of the whole society. When the
overall economic level of the society is improved, the ac-
ceptable cost of passengers’ transportation will be increased,
and so will the psychological expected price of drivers and
passengers.

4.2.4. Relationship between Proportion and Probability of
Driver Leaving the System. ,e pricing strategy of online
ride-hailing platforms and the income distribution pro-
portion of drivers are closely related to the participation of
drivers. ,e probability of drivers leaving the system de-
termines the quantity of supply in the online ride-hailing
system. Figure 5 examines the relationship between the
income distribution proportion of drivers and the proba-
bility of drivers leaving the system. In the social welfare
maximization model, with the increasing probability of
drivers leaving the system, the driver’s income distribution
proportion gently increases. ,is is because, in the dynamic
pricing model, the probability of drivers leaving the system
hurts the supply of drivers. When the supply of drivers in the
system decreases, it will inevitably lead to the increase of
platform pricing and income distribution proportion, which
is in line with the concept of economics. In the platform
profit maximization model, the driver’s income distribution
proportion also shows an upward trend with the increase of
the probability of drivers leaving the system, and the dis-
tribution proportion is smaller than that in the social welfare
maximization model.

4.3. Summary. In this chapter, through the analysis of two
examples, we deeply discuss the proportion of the drivers on
the online ride-hailing platform.

,e first example is based on the basic parameters of
supply and demand of four cities of different levels and
calculates the extraction coefficient and maximum benefit in
the social welfare maximization model and platform benefit
maximization model, respectively. It compares the cities to
understand the influence of basic parameters of different
scales on the extraction coefficient. Finally, we find the
following.
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Table 3: Model outputs of the four cities.

City A City B City C City D
Welfare

maximization
Profit

maximization
Welfare

maximization
Profit

maximization
Welfare

maximization
Profit

maximization
Welfare

maximization
Profit

maximization
A 0.64 0.57 0.57 0.44 0.47 0.36 0.47 0.43
pL 4.39 4.76 2.00 3.36 1.55 1.18 2.54 1.18
pH 4.56 4.80 3.30 3.45 2.55 2.58 3.11 2.57
λ(A, p) 635 488 1129 981 580 561 185 170
W1/W2 686 672 1135 1409 517 721 145 186
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In the former model, the proportion of online ride-
hailing platform drivers is significantly higher than the latter.
,is is in line with the reality of the platform’s pursuit of
interests and also reflects the need for the government to
regulate the proportion of drivers.

In the second example, by controlling the variables, we
change the average ride time of consumers, the psychological
expected price of drivers and passengers, the probability of
drivers leaving the system, and other parameters to explore
their influence on the driver sharing coefficient in the two
models. ,e example shows the following:

(1) With the increase of any parameter, the sharing
coefficient of the two models will rise, but the rising
rate is not the same; especially, the psychological
expected price of the driver/passenger has a greater
impact on the driver’s proportion.

(2) At the same time, in the process of each parameter
change, the sharing coefficient of the social welfare
maximization model is significantly higher than that
of the platform benefit maximization model.

5. Conclusions and Suggestions

Online ride-hailing platforms have operated in cities
worldwide. In response to the lack of transparency and
consistency in the pricing and income distribution of online
ride-hailing platforms, this study investigated the mecha-
nism of pricing and income distribution.

,e contributions of this paper are as follows: (1)
Queuing system model and birth and death process theory
are introduced to describe the driver’s flow process in the
network. (2) ,e social welfare maximization model and the
platform benefit maximization model are constructed, from
the government’s and platform’s standpoint, respectively,
based on the psychological expected price curve of pas-
sengers and drivers. (3) Numerical experiments are per-
formed to analyze the driver’s income distribution under the
conditions of different settings.,e results indicated that the
income distribution proportion of drivers is higher in the
context of social welfare maximization than that in the
context of platform profit maximization. ,is is consistent
with the reality of the platform’s pursuit of interests.
Moreover, the average riding time of consumers has little
influence on the proportion of withdrawal in the context of
social welfare maximization, while the psychological ex-
pected price of drivers and passengers has a significant
impact on it.

,erefore, to maximize the social welfare and protect the
driver’s rights and interests, the government is suggested to
flexibly regulate the pricing and the income distribution of
online ride-hailing platforms on the premise of legal com-
pliance. Government can limit the commission charged by
the platform and set the lower limit of driver’s proportion.
First, the monopolized online ride-hailing platform charges
a fee for the upper limit of each transaction at most. ,e
setting of the upper limit maximizes the total transaction or
the realized demand which is proportional to the consumer
surplus. As long as the price is surging, the surge will be

transferred to the driver’s income to the maximum extent.
Additionally, a lower limit should be set to the income
distribution proportion of drivers. ,e setting of a lower
limit guarantees the basic income of drivers in the mo-
nopolistic and opaque market. Moreover, in the long run,
according to the impact of different parameters on the
driver’s income distribution proportion, the government
can encourage long-distance online ride-hailing, develop
bike-sharing and tram sharing in short-distance travel,
improve residents’ income and consumption level, maxi-
mize social welfare in urban development, and continuously
improve the psychological expected price of consumers and
drivers.

,is study also has some limitations: for example, this
paper only considers the impact of a single factor on the
driver’s income distribution ratio and does not consider the
comprehensive impact of multiple factors. In addition, there
is no existing data available online for ride-hailing trips
which can be used to test the models. ,erefore, these can be
considered in future analysis, and other factors, such as
spatial differences, traffic congestion, and driving costs, can
also participate in discussions.
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+is paper aims to evaluate the effectiveness of the fund policy on ecodesign and manufacturing/remanufacturing activities and
the effectiveness of the manufacturer’s ecodesign responsibility transfer strategy. It considers a manufacturing and remanu-
facturing system composed of a single manufacturer and a single remanufacturer performing under relevant fund policy.+e fund
policy is innovatively designed by considering three dimensions: tax, reduction, and subsidy. Based on mathematical models and
comparative analysis, the principal results show the following: (1) the impact scope of either the tax or the reduction dimension of
the fund policy is larger than that of subsidy. +e subsidy for encouraging remanufacturing is effective only when the re-
manufacturer uses some of the collected returns for remanufacturing. (2) +e impact direction of tax, reduction, or subsidy is
complicated, changing when the remanufacturer uses some of the collected returns for remanufacturing. (3) +e responsibility
transfer behavior of the manufacturer does not change the impact scope of the fund policy, but changes its impact strength and
impact path. +e impact of the responsibility transfer strategy on enterprises’ decision-making varies with different
remanufacturing scenarios.

1. Introduction

A range of Extended Producer Responsibility (EPR) pro-
grams around the world have been developed for managing
waste. EPR is an environmental protection strategy to en-
force take-back, recycling, and final disposal efforts by
manufacturers [1].

Fund policy is one typical form of EPR regulation
implementation, which is prevalent in Mainland China and
Taiwan [2–4]. For example, Taiwan initialized the Recycling
Fund Management Board of the Environmental Protection
Administration (EPA) in 1998, and the Ministry of Finance
in Mainland China created the E-waste Processing Fund
Collection and the Subsidy Management Approach in 2012.

+e fund policy can be considered a synthesis of envi-
ronmental taxes and subsidies. A waste tax is levied on
manufacturers per unit product sold to consumers. Proceeds
are then channeled into a recycling management fund and
used to promote recycling incentives. At the recycling and
reuse stage, the disassembling enterprises or recyclers are

subsidized according to the actual amount of waste they
process [3, 5].

Fund policy and other forms of EPR regulation across
the world are similar in purpose, which is twofold. One task
is to promote product ecodesign at the product development
stage. +e other task is to promote the recycling rate or
recycling quantities at the recycling stage [6, 7]. +e former
focuses on resource consumption reduction and waste
prevention, while the latter focuses on resource reuse and
recycling.

Ecodesign is defined as “the integration of environ-
mental aspects into product design and development with
the aim of reducing adverse environmental impacts
throughout the whole product’s life cycle” [8]. In fact,
product ecodesign has an important impact on recycling and
environmental protection. If producers adopt recycle and
reuse-oriented ecodesign at the product development stage,
the recycle frequency of waste products can be increased and
pollution levels throughout the life cycle can be reduced.
Many enterprises, such as Xerox and Kodak, take
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remanufacturing into consideration when they design their
products [9].

Regardless of the fact that adoption of ecodesign strat-
egies in product development can offer several advantages in
industry, ecodesign is actually an environmental responsi-
bility; however, performing ecodesign often raises a man-
ufacturer’s operating costs. At the same time, dealers or
retailers often benefit from the manufacturer’s ecodesign. It
is unfair for a manufacturer to solely bear the ecodesign
responsibilities. +at is why manufacturers are not as
supportive of ecodesign as expected [5] and often adopt
responsibility transfer strategies to share their environ-
mental responsibilities with other actors in the supply chain
[10]. As such, how relative responsibilities are shared among
supply chain members becomes an intriguing issue [10, 11].

Remanufacturing is generally perceived as an environ-
mentally friendly end-of-use management option for many
companies [12]. Companies can reduce production costs by
extracting core components from used products instead of
using new raw materials [13]. For example, Caterpillar, HP,
and Xerox have saved 30–70% production costs from their
recycling and remanufacturing activities of end-of-life
products. In 2015, Apple signed an agreement with Foxconn
in which the latter acquired proprietary rights to remanu-
facture the end-of-life iPhone mobile phones and remarket
them in China [14]. In general, remanufactured products
have similar valuations to new products, and they are
competitive substitutes for each other in the market.

+en, for a manufacturing-remanufacturing competi-
tion system considering ecodesign and its responsibility
transfer strategy under the constraints of fund policy, the
following questions are worth studying:

(1) How will the fund policy affect the ecodesign and
production decisions of a manufacturer, and how
will it affect the remanufacturing decisions of a
remanufacturer?

(2) When a manufacturer adopts an ecodesign re-
sponsibility transfer strategy to transfer his own
ecodesign responsibilities to other members in a
supply chain, how will the impact of fund policy
change? And how will the decisions of the manu-
facturer and remanufacturer change?

+is paper will try to answer these questions by using
game theory. +e paper considers a manufacturing-rema-
nufacturing competition system under the constraints of
fund policy. A regulator designs the fund policy, which
mainly consists of three dimensions—tax, reduction, and
subsidy—that influence ecodesign efforts and manufactur-
ing/remanufacturing decisions. A manufacturer produces a
key component and a new product in the market. +e key
component cannot be remanufactured and can only be sold
by the manufacturer at a buyer-specific wholesale price or
through a responsibility transfer strategy. A remanufacturer
recycles old parts and purchases key components from the
manufacturer for remanufacturing. +e new product and
remanufactured product are competitive substitutes in the
market.

+e aim of this paper is to investigate the effect of fund
policy on ecodesign and manufacturing/remanufacturing
activities and to investigate the effect of the manufacturer’s
ecodesign responsibility transfer strategy. +e main con-
tributions of this research are as follows.

(1) A new fund reduction policy is proposed as an al-
ternative scheme, and the fund policy is refined to
consider three dimensions: tax, reduction, and
subsidy. +e reduction dimension is used to provide
better incentives for manufacturers to carry out
ecodesign, which was seldom considered in the
previous research, but which has extended the
existing research that mainly considers tax and
subsidy.

(2) Ecodesign (waste prevention measure) and rema-
nufacturing (waste end-treatment measure) will be
considered at the same time. +is means that waste
prevention and waste end-treatment are both con-
sidered in one system, which is innovative.

(3) +e paper considers a key component that cannot be
remanufactured in the manufacturing-remanu-
facturing competition system, as well as ecodesign
responsibility transfer strategy, which makes this
research more sophisticated.

+e remainder of this paper is organized as follows.
Section 2 reviews the relevant literature. Section 3 presents
the basic model (B-model) and analyzes the obtained perfect
equilibria. Section 4 considers ecodesign responsibility
transfer and presents the T-model. Section 5 comparatively
analyzes the system equilibrium of the two models. Section 6
concludes the paper.

2. Literature Review

+is research is closely related to four research directions:
EPR regulation, fund policy, ecodesign, and responsibility
transfer. In this section, the relevant studies are reviewed to
provide an overview of previous studies and bring forward
an innovative perception of the paper.

2.1. EPR Regulation. Mainly aimed at the disposal respon-
sibility of waste products, EPR requires producers to un-
dertake the responsibility of recycling or disposing of
products after use. +is means that the producer bears the
actual responsibility for product recovery and disposal, or
the responsibility for product recovery and disposal costs;
that is, the producer can transfer his responsibility under the
EPR to a third party using a paid transfer strategy.

+e implementation of EPR is flexible and diverse all
around the world. Generally speaking, EPR legislation is
implemented in two typical ways: M-operated systems and
G-operated systems. M-operated systems (manufacturer-
operated) indicate that manufacturers operate their own
recycling network (self-operated or outsourced) to manage
and recycle their products’ waste. +e government assigns
recycling tasks (minimum recovery and recycling) to the
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manufacturer. For example, the WEEE Directive of the
European Union adopts M-operated systems. As for
G-operated systems (government-operated), the govern-
ment is responsible for recycling waste products, and the
manufacturer pays the government a certain fee for the
process. For example, G-operated systems are adopted in the
Chinese mainland and Taiwan region for the management of
waste household appliances and electronic products.
However, the fund system still needs to be further stan-
dardized. +ere are some problems, such as incomplete
extension of responsibility, insufficient correlation between
economic responsibility and ecodesign for producers, and
lack of an incentive system for multiagent responsibility.
Kautto and Melanen [15] pointed out that since the EU
WEEE Directive did not have any contribution to waste
prevention, the scope of policy should be drastically shifted
from waste management to society’s overall cycles of ma-
terials and products. Wang et al. [16] systematically analyzed
the physical and financial operating mechanisms of EPR
systems in Japan, Germany, Switzerland, and China and
pointed out that although the operation mechanism of EPR
systems varied greatly in different countries, there were some
common problems. Li et al. [17] used the newsvendor model
and numerical simulation method and concluded that the
EPR coefficient policy was an appropriate and effective
approach to promote the EPR practice of the Chinese
government.

2.2. Fund Policy. Taking these considerations into effect,
scholars have carried out varied research on fund policy.
Pazoki et al. [18] discussed how to set the values of subsidies
and penalties in several environmental regulations to
minimize the environmental impact of production or to
maximize product recovery. Cao et al. [19] analyzed the
effect of environmental regulations and financial measures
stipulated by the government. Guo et al. [20] used the system
dynamic method to analyze how China’s “WEEE processing
fund” policy influences the economic and environmental
conditions of participants in theWEEEmanagement system.
Chang et al. [21] found that the joint tax-subsidy mechanism
can motivate the manufacturer to pursue ecoinnovation and
to incorporate recycling considerations into its production
and ecoinnovation decisions. Chen et al. [22] investigated
the behavior of supply-chain members in green supply chain
management under the reward-penalty mechanism and
found that the return rate and green effort can be improved
by the reward-penalty mechanism. Hong and Guo [23]
found that the policy balanced the interests of manufac-
turers, importers, sellers, and recyclers by choosing an
optimal selling quantity in the market and optimal reward
money for customers bringing end-of-life products to re-
cyclers. Pazoki and Samarghandi [24] found that a regulated
manufacturer practiced remanufacturing for a costly eco-
design. Wang et al. [25] presented a tripartite evolutionary
game model consisting of the government, the recycler, and
the consumer, determined the payoff matrices of the system,
and calculated the replicator dynamic equation of each
participant. +e results showed that the government should

play a leading role in the development of the e-waste
recycling industry. Zhang et al. [26] found that government
tax and subsidy policies could not always improve enter-
prises’ remanufacturing behavior. Zhang et al. [27]
researched optimal pricing and remanufacturing modes in a
closed-loop supply chain of WEEE under government fund
policy. Liu et al. [28] introduced a dual regulation regime
characterized by the deposit-refund policy and a minimal
collection rate of used products. +ey found that regulating
the minimal collection rate was beneficial to the environ-
ment and helped to reduce the deposit-refund policy deficit
under certain conditions.

It can be seen that scholars mainly pay attention to the
recycling fund policy in terms of fund collection, subsidies,
and fund management. However, the current research on
policy design seldom considers the ecodesign behavior of the
manufacturer and waste prevention at the source.

2.3. Ecodesign. In fact, product ecodesign has an important
impact on recycling and environmental protection. If pro-
ducers adopt recyclable and reuse-oriented ecodesign in the
product design stage, the recycling frequency of waste
products can be improved and life cycle pollution can be
reduced. Örsdemir et al. [12] believed that about two-thirds
of the remanufacturability of recycled products depended on
the remanufacturing design at the initial stage of product
design. Calcotta and Walls [29] examined the impacts of
policies to encourage efficient product design and recycling
and found that optimal outcomes could be attained by
combining a “deposit-refund” policy. Zhu and He [30]
indicated that supply chain price competition at the retailer
level might positively influence equilibrium greenness, while
product greenness competition reduces equilibrium
greenness. Zand et al. [31] found that the green level of the
products positively contributed to the amount of collected
used products and increased the retailer’s profit. Zheng et al.
[32] put forward a theoretical model to discuss the influence
of competitive strategy on Design for Environment (DFE).
DFE can help reduce the impact of products on the envi-
ronment, but high levels of DFE may harm the environment
by substantially increasing total sales.

+erefore, most of the current quantitative modeling
research on ecodesign simply takes ecodesign as a decision
variable, which is far from detailed and in-depth.

2.4. Responsibility Transfer. Ecodesign responsibility is ac-
tually an environmental responsibility. Performing envi-
ronmental responsibility often brings relevant operating
costs to enterprises. +erefore, manufacturers often adopt
different ecological design strategies according to cost, in-
come, market competition, and other factors. Subramanian
et al. [33] found that the competition between
manufacturing and remanufacturing products would change
the ecodesign strategy. Hong and Guo [23] studied several
cooperation contracts within a green product supply chain
and investigated their environmental performance.
Mathiyazhagan et al. [34] found that OEMs could complete
green supply chain management requirements by merging
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and splitting responsibilities. Cheng et al. [10] found that
when the OEM and retailer worked together, the respon-
sibility transfer factor did not affect their dual performance.
Governments and retailers should consider ecological and
environmental protection targets and profits in the OEM
strategy.

To sum up, the existing literature has provided an im-
portant theoretical basis for fund policy. However, many of
these studies pay more attention to recycling and end-
treatment of waste, but less attention to ecodesign of the
production stage in a closed-loop supply chain. It is nec-
essary to explore new incentive methods and new fund
policy operation modes considering both ecodesign (waste
prevention measure) and remanufacturing (waste end-
treatment measure), as well as ecodesign responsibility
transfer strategies.

3. Basic Model and Analysis

3.1. Model and Solution. +is paper considers a
manufacturing-remanufacturing competition system
under fund policy. To promote ecodesign and recycling,
the government designs the fund policy considering
three dimensions, namely, tax, reduction, and subsidy,
which are assumed to be exogenous. +e manufacturer
produces products, sells them to consumers in the
market, and produces a key component that cannot be
remanufactured. +e remanufacturer recycles waste
products and purchases the key component from the
manufacturer for remanufacturing. +e new product and
the remanufactured product are competitive substitutes
in the market. +e structure of the system is depicted in
Figure 1, and a summary of notations can be found in
Table 1.

Next, we will describe the assumptions and basic model
in detail. We assume the manufacturer sets a buyer-specific
wholesale price of the key component tailored to the re-
manufacturer in the basic model (B-model).

3.1.1. *e Regulator. +e regulator designs the fund policy,
which mainly includes three dimensions: tax, reduction, and
subsidy. +e regulator levies the waste tax T0 on the man-
ufacturer per product sold to consumers (tax mechanism)
and issues quota subsidies s to qualified remanufacturers for

waste recycling and dismantling (subsidy mechanism). At the
same time, in order to encourage the manufacturer to
conduct ecodesign, tax reduction is carried out based on
ecodesign effort. +e unit tax reduction is σe (reduction
mechanism).

3.1.2. *e Manufacturer. +e manufacturer (m) strategi-
cally decides on product ecodesign effort e and fulfills its
ecodesign responsibility under the constraints of fund
policy. Meanwhile, the manufacturer needs to decide on
the production quantity of the new product qn. It costs the
manufacturer (1/2)de2 to exert ecodesign effort e; this
formula (1/2)de2 is widely used in other literatures, such
as Zhu and He [30] and Chen and Ulya [35]. New products
and remanufactured products are competitive substitutes
in the market. Given the quantities of new and rema-
nufactured products qn, qr, the market-clearing prices for
new and remanufactured products are pn � 1 − qn − δqr

and pr � δ(1 − qn − qr), respectively. +ese functions are
widely used in the literature for closed-loop supply chain
management; see Zheng et al. [32]; Wu and Zhou [36];
and Jacobs and Subramanian [11]. +e manufacturer has
the technology to produce a key component that cannot
be remanufactured. Referring to Chen et al. [22], it is
assumed that the manufacturer incurs two costs when
producing a new product: the unit cost of the key com-
ponent m and the unit production cost of the new
product cn.

3.1.3. *e Remanufacturer. +e remanufacturer (r) de-
termines remanufacturing quantity qr under the con-
straint of fund policy. Assume that qr ≤ τqn and all
remanufactured products can be sold. +e unit rema-
nufacturing cost is cr. +e ecodesign effort of the man-
ufacturer (such as modular design to make disassembly
easier) benefits the remanufacturer, and the reduction of
unit remanufacturing cost is αe. +e remanufacturer
needs to purchase the key component from the manu-
facturer at a buyer-specific wholesale price w0 during the
process of remanufacturing.

+e manufacturer and remanufacturer pursue profit
maximization, and the decision model is

Max πm
e,qn( )

� pn − cn − m( 􏼁qn􏽼√√√√√√􏽻􏽺√√√√√√􏽽
Sales revenue of new product

−
d

2
e
2

􏽼√􏽻􏽺√􏽽
Eco− design cost

+ w0 − m( 􏼁qr􏽼√√√√􏽻􏽺√√√√􏽽
Sales revenue of
key compoment

− T0 − σe( 􏼁qn􏽼√√√√􏽻􏽺√√√√􏽽
Waste tax

,

Max πr

qr( )
� pr − cr − αe( 􏼁 − w0􏼂 􏼃qr􏽼√√√√√√√√√􏽻􏽺√√√√√√√√√􏽽

Sales revenue of remanufacturing product

+ sqr􏽼√􏽻􏽺√􏽽
Government subsidy

,

0≤ qr ≤ τqn.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)
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Manufacturer and remanufacturer’s decision goal is to
maximize profit. +e order of game is as follows: in the first
stage, the manufacturer decides product ecodesign effort e.
In the second stage, the remanufacturer decides on the
remanufactured product quantity qr according to the eco-
design effort of the manufacturer. At the same time, the
manufacturer also decides on new product quantity qn. +is
game order has been used in the literatures, such as Zheng
et al. [32] and Reimann et al. [37], in order to make all
decisions within a period of stability and not disperse the
time-cycle effect when studying the interactions within the
manufacturing-remanufacturing supply chain. Assuming
that the manufacturer and the remanufacturer make the
same decision at each stage in the steady-state equilibrium,
the production quantity decision made by the manufacturer
and the remanufacturer in the second stage can be regarded
as simultaneous.

We solve the two-stage game described above by
backward induction. First, qn, qr are obtained and
substituted back to πm, πn, and then e can be got. Proposition
1 presents the optimal equilibrium strategies of the man-
ufacturer and remanufacturer.

Next, for convenience in writing, the BA scenario rep-
resents the case when the remanufacturer uses all the col-
lected returns for remanufacturing in the B-model, and the

BS scenario represents the case when the remanufacturer
uses some of the collected returns for remanufacturing in the
B-model.

Proposition 1. In the manufacturing-remanufacturing
competition system under the constraints of fund policy, the
optimal equilibrium strategies of the manufacturer and re-
manufacturer can be seen in Table 2, where K � 1 − cn − m;
d(2 + δτ)2 − 2σ2 > 0; andd(4 − δ)2 − 2(α − 2σ)2 > 0.

Proof. All proofs are relegated to Appendix. □

3.2. Analysis. As described in Section 3.1, the fund policy we
researched in this paper includes three dimensions: tax,
reduction, and subsidy, which are, respectively, represented
by the parameters T0, σ, s in the B-model. +e impacts of the
three parameters on ecodesign decision and manufacturing/
remanufacturing activities will be analyzed next.

3.2.1. Impact Scope of the Fund Policy. By observing the
relationship between the optimal solution
ei∗ , qi∗

n , qi∗

r (i � BA, BS) and the fund policy factors T0, σ, s in
Table 2, Conclusion 1 can be obtained.

Manufacturer (m)

Remanufacturer (r)

Custom

Manufacturing-remanufacturing
competitive system

Regulator
(Fund)

w0

S

T0 – σe qn

qr

τ

Figure 1: A manufacturing-remanufacturing competitive system with the fund policy.

Table 1: Notations.

Descriptions

Parameters

T0 Waste tax per unit product sold to consumers imposed by the regulator on the manufacturer

σ Tax reduction coefficient per unit product given by the government for encouraging the manufacture’s ecodesign
activity,σ ∈ (0, 1)

s Unit subsidy per unit remanufactured product received from the regulator
d +e sensitivity of production cost to the ecodesign
δ Consumer’s willingness to pay for the remanufactured product δ ∈ (0, 1)

cn Unit production cost of a new product
cr Unit production cost of a remanufactured product
m Unit cost of a key component
Δ +e unit cost savings of production through remanufacturing, Δ � cn − cr

α Unit remanufacturing cost reduction coefficient that the manufacturer’s ecodesign brings to the remanufacturer
w0 A buyer-specific wholesale price of the key component to the remanufacturer
pn Unit sale price of a new product
pr Unit sale price of a remanufactured product
τ Recycling rate of used products (0< τ ≤ 1)

Decision
variables

qn Sales quantity of new products
qr Sales quantity of remanufactured products
e +e manufacturer’s ecodesign effort
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Conclusion 1. +e tax factor T0 and the reduction factor σ
affect all decisions ei∗ , qi∗

n , qi∗

r (i � BA, BS) both in the BA
scenario and in the BS scenario, while the subsidy factor s

only affects the decisions eBS∗

n , qBS∗

n , qBS∗

r in BS scenario.
+erefore, the impact scope of fund policy is larger in the

BS scenario than in the BA scenario.

(a) In the BA scenario, the market environment is ex-
tremely favorable for remanufacturing, and the
subsidy policy for encouraging recycling and
remanufacturing is ineffective. +erefore, once the
remanufacturer decides on using all the collected
returns for remanufacturing based on market con-
ditions, the government should focus on the policy
factors for the manufacturer rather than the re-
manufacturer, so as to bolster the manufacturer’s
focus on ecodesign and waste preventionmeasures at
the production stage.

(b) In the BS scenario, the factors of tax, reduction, and
subsidy affect both the manufacturer’s and reman-
ufacturer’s decisions. So, the government should not
only consider the impact of one single policy factor,
but should consider the impact of three factors—tax,
reduction, and subsidy—as a whole when designing
the fund policy in the BS scenario.

3.2.2. Impacts of Fund Policy Factors on Decision-Making.
+e relationships between the optimal solution in Table 2
and the first-order partial derivatives T0, σ, s are shown in
Proposition 2.

Proposition 2. For the manufacturing-remanufacturing
competition system under the constraints of fund policy, the
relationship between optimal equilibrium strategies and the
first-order partial derivatives, T0, σ, s, in the BA and BS
scenarios is shown in line 1 and line 2 of Table 3, respectively.

From Table 3, we observe the following: (a) In the BA
scenario, eBA∗ , qBA∗

n , qBA∗

r all decrease with respect to T0. +e
effect of the reduction factor σ is opposite to that of the tax
factor T0, and the subsidy factor, s, does not affect the
decisions of the manufacturer and remanufacturer. (b) In
the BS scenario, T0, σ, s have a complex impact on decisions
of the manufacturer and remanufacturer. Take T0 for ex-
ample. It can promote ecodesign efforts in some cases, while
it will weaken ecodesign efforts in other cases. +e key is the
relationship between α and σ; the turning point of policy
impact is σ � (α/2).

In order to observe the complex impact of T0, σ, s on the
optimal decisions eBS∗ , qBS∗

n , qBS∗

r in BS scenario, we plot
Figure 2 where α � 0.6, σ � 0.3. Given the impact of T0, s

that has been shown in Table 3, the focus here is on the
complex impact of σ on the manufacturer’s and remanu-
facturer’s decisions.

From Figure 2, we can observe the following:

(i) When subsidy s is constant and tax T0 is low, as σ
increases, the ecodesign effort eBS∗ is higher
(Figure 2(a)), qBS∗

n increases (Figure 2(b)), and qBS∗

r

first decreases and then increases (Figure 2(c)).
However, the effect of σ is changed when s is con-
stant and T0 is high (Figures 2(a)–2(c)).

(ii) When T0 is constant and subsidy s is low, as σ in-
creases, the ecodesign effort e first decreases and then
increases (Figure 2(d)), qBS∗

n increases (Figure 2(e)),
qBS∗

r first decreases and then increases (Figure 2(f )).

From the perspective of fund policy design by the
government, we can put forward managerial implications as
follows:

(a) In the BA scenario, the focus of fund policy design by
the government should be the tax dimension and the
reduction dimension. By reducing the tax and in-
creasing tax reduction, the manufacturer can be
encouraged to improve ecodesign efforts and
strengthen the prevention of waste management at
the production stage.

(b) In the BS scenario, the impact mechanism of the tax,
reduction, and subsidy dimensions of fund policy is
complex and changeable, so the government should
integrate design of the three dimensions——tax,
reduction, and subsidy——to create a balanced
guidance of fund policy on ecodesign and rema-
nufacturing behavior. In particular, the reduction
dimension of fund policy must be set carefully in the
BS scenario; otherwise, it will not only weaken
ecodesign and remanufacturing at the supply chain
level, but will also lead to negative impacts from the
tax and subsidy dimensions of fund policy on eco-
design and remanufacturing at the policy level.

4. Impact of Ecodesign Responsibility Transfer

Based on the B-model in Section 3, we will introduce the
manufacturer’s ecodesign responsibility transfer strategy to
explore the impact of ecodesign responsibility transfer
strategy in this chapter.

4.1. Modeling and Solution. Referring to the research of
Cheng et al. [10], the manufacturer’s ecodesign responsi-
bility transfer is reflected in the wholesale price of the key
component, which is set as (w0 + hee) instead of the buyer-
specific wholesale price in the B-model in Section 3, where
he ∈ [0, 1] is the transfer coefficient; the greater the value is,
the more the ecodesign responsibility is transferred.

+e decision model of the ecodesign responsibility
transfer strategy (T-model) is
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Table 3: +e relationship between optimal equilibrium strategies and T0, σ, and s.

(ze∗/zT0) (zq∗n /zT0) (zq∗r /zT0) (ze∗/zσ) (zq∗n /zσ) (zq∗r /zσ) (ze∗/zs) (zq∗n /zs) (zq∗r /zs)

BA scenario − − − + + + × × ×

BS scenario (σ < α/2|σ > α/2) +/− − +/∼ ∼ ∼ ∼ +/− − +/∼
Note. +, − , ∼ and × indicate monotone increase, monotone decrease, and monotone uncertainty, respectively.
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Figure 2: Effects of T0, σ, and s on eBS∗ , qBS∗
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Max πm
e,qn( )

� pn − cn − m( 􏼁qn􏽼√√√√√√􏽻􏽺√√√√√√􏽽
Sales revenue of new product

−
d

2
e
2

􏽼√􏽻􏽺√􏽽
Eco− design cost

+ w0 + hee − m( 􏼁qr􏽼√√√√√√√􏽻􏽺√√√√√√√􏽽
Sales revenue of
key compoment

− T0 − σe( 􏼁qn􏽼√√√√􏽻􏽺√√√√􏽽
Waste tax

,

Max πr
qr( )

� pr − cr − w0 + hee( 􏼁 + αe􏼂 􏼃qr􏽼√√√√√√√√√√√√􏽻􏽺√√√√√√√√√√√√􏽽
Sales revenue of remanufacturing product

+ sqr􏽼√􏽻􏽺√􏽽
Government subsidy

,

0≤ qr ≤ τqn.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(2)

Next, the TA scenario represents the case where the
remanufacturer uses all the collected returns for remanu-
facturing in the T-model, and the TS scenario represents the
case where the remanufacturer uses some of the collected
returns for remanufacturing in the T-model.

+e manufacturer and remanufacturer pursue profit
maximization, and the solution process is similar to Section

3.1. +e detailed proof is omitted. +e optimal solution is as
follows:

(a) TA scenario: when the remanufacturer uses all the
collected returns for remanufacturing:

e
TA∗

�
2 K − T0( 􏼁 + τ w0 − m( 􏼁(2 + δτ)􏼂 􏼃σ + heτ(2 + δτ)K

d(2 + δτ)
2

− 2σ2 − 2σheτ(2 + δτ)
, (3)

q
TA∗

n �
d(2 + δτ) K − T0( 􏼁 + w0 − m( 􏼁τσ2 − τσhe K − T0( 􏼁

d(2 + δτ)
2

− 2σ2 − 2σheτ(2 + δτ)
, (4)

q
TA∗

r �
τ d(2 + δτ) K − T0( 􏼁 + w0 − m( 􏼁τσ2 − τσhe K − T0( 􏼁􏽮 􏽯

d(2 + δτ)
2

− 2σ2 − 2σheτ(2 + δτ)
, (5)

where d(2 + δτ)2 − 2σ2 − 2σheτ(2 + δτ)> 0. (b) TS scenario: when the remanufacturer uses some of
the collected returns for remanufacturing:

e
TS∗

�

2δ(2σ − α) 1 + K − Δ − δ − s − 2T0( 􏼁 +(8α − 4αδ + δσδ) w0 − m( 􏼁

− he 4cr(2 − δ) + δ δ 3 + cn + m + T0( 􏼁 + 2 m + 2s − 3w0( 􏼁􏼂 􏼃 − 8 δ + m + s − 2w0( 􏼁􏼈 􏼉

δ d(4 − δ)
2

− 2(α − 2σ)
2

􏽨 􏽩 − 2(8 − 3δ)h
2
e − 2δ2heσ + 8αhe(2 − δ)

,
(6)

q
TS∗

n �

α − he( 􏼁 he − 2cr + cn(8 − δ) + δ 3 − m − T0( 􏼁 − 2 4 − 3m − s − 4T0( 􏼁􏼂 􏼃 − 2a w0 − m( 􏼁􏼈 􏼉

+dδ(4 − δ) 2 + w0 − 2cn + cr − δ − 2m − s − 2T0( 􏼁

− 2cr(2 − δ)he + 2δ2he + 4αm + 4he 2w0 − m − s( 􏼁 − αδ w0 − m( 􏼁􏽮

+δhe 2cn + m + 2 − 3 + s + T0( 􏼁 − w0􏼂 􏼃 − 4αw0􏼉σ − 2δ w0 − m( 􏼁xgm
2

δ d(4 − δ)
2

− 2(α − 2σ)
2

􏽨 􏽩 − 2(8 − 3δ)h
2
e − 2δ2heσ + 8αhe(2 − δ)

,

(7)

Mathematical Problems in Engineering 9



q
TS∗

r �

8crdδ − 4dδ2 − 4cndδ
2

− 2crdδ
2

+ dδ3 + cndδ
3

+ 4crh
2
e + 4cnδh

2
e − 4 dδ2m

+dδ3m + 4h
2
em − 4δh

2
em − 8dδs + 2dδ2s − 4h

2
es − 4dδ2T0 + dδ3T0 − 4δh

2
eT0

+8dδw0 − 2dδ2w0 − 2α2 2w0 − 2m − δ 1 − cn − m − T0( 􏼁􏼂 􏼃

− δhe cn(4 + δ) − δ 1 − m − T0( 􏼁 + 4 T0 + w0 − 1( 􏼁􏼂 􏼃σ

− δσ2 4cr − 4s + 4w0 + δ w0 − m − 4( 􏼁􏼂 􏼃

− 2αhe 2cr + 4m + δ 1 − 3cn − 3m − 3T0( 􏼁 − 2 s + w0( 􏼁􏼂 􏼃

+2ασδ 2 − 2cn − cr + δ + s − 2T0 − 3w0( 􏼁

δ d(4 − δ)
2

− 2(α − 2σ)
2

􏽨 􏽩 − 2(8 − 3δ)h
2
e − 2δ2heσ + 8αhe(2 − δ)]

,

(8)

where δ[d(4 − δ)2 − 2(α − 2σ)2] − 2(8 − 3δ)h2
e

− 2δ2heσ +8αhe(2 − δ)]> 0.
4.2. *e Impact of Responsibility Transfer

4.2.1. TA Scenario. Based on formulas (3)–(5), the partial
derivative results can be obtained as follows

:
ze

TA∗

zhe

�
τ(2 + δτ) d(2 + δτ)

2
K − T0( 􏼁 + 2σ2 K − T0 + τ(2 + δτ) w0 − m( 􏼁􏼂 􏼃􏽮 􏽯

d(2 + δτ)
2

− 2σ heτ(2 + δτ) + σ􏼂 􏼃􏽮 􏽯
2 > 0,

zq
TA∗

n

zhe

�
τ dσ (2 + δτ)

2
K − T0( 􏼁 + 2σ3 K − T0 + τ(2 + δτ) w0 − m( 􏼁􏼂 􏼃􏽮 􏽯

d(2 + δτ)
2

− 2σ heτ(2 + δτ) + σ􏼂 􏼃􏽮 􏽯
2 > 0,

zq
TA∗

r

zhe

�
τ2 dσ (2 + δτ)

2
K − T0( 􏼁 + 2σ3 K − T0 + τ(2 + δτ) w0 − m( 􏼁􏼂 􏼃􏽮 􏽯

d(2 + δτ)
2

− 2σ heτ(2 + δτ) + σ􏼂 􏼃􏽮 􏽯
2 > 0.

(9)

It can be seen that in the TA scenario, eTA∗ , qTA∗

n , qTA∗

r are
increasing with respect to the transfer coefficient he. So, the
larger the transfer coefficient he is, the more beneficial it is to
the ecodesign andmanufacturing/remanufacturing activities
at the supply chain level.

4.2.2. TS Scenario. +e effects of he on the optimal solutions
eTS∗ , qTS∗

n , qTS∗

r in the TS scenario can be plotted as shown in
Figure 3.

From Figure 3, we can observe the following:

(a) In the production stage, both the manufacturer’s
ecodesign effort and the production quantity of new
products first increase and then decrease with re-
spect to he (Figures 3(a) and 3(b))

(b) In the remanufacturing stage, both the quantity of
remanufactured products and the remanufacturing
rate first decrease and then increase with respect to
he (Figures 3(c) and 3(d))

(c) +ere is a threshold of he (Figure 3(e)), above which
an increase in he has a negative impact on the total
quantity of new and remanufactured products

In conclusion, the manufacturer should comprehen-
sively consider the impact of he on itself, the remanufacturer,
and the overall production activities, and carefully set the
ecodesign responsibility transfer coefficient, which should
stay beneath a certain threshold in the TS scenario.

5. Comparative Analysis

5.1.*eOverall Impact of the Fund Policy. By comparing the
optimal decision expressions (3)–(8) in Section 4 with the
optimal decisions in Table 2 of Section 3, it is evident that
when the responsibility transfer strategy is adopted by the
manufacturer, the impact scope of T0, σ, s on the decision-
making e∗, q∗n , q∗r remains unchanged. However, when the
partial derivatives of the optimal solution with respect to
T0, σ, s are changed, the parameters involved are also
changed. Take the partial derivative of eBA∗ and eTA∗ with
respect to T0 as an example.

ze
BA∗

zT0
�

− 2σ
d(2 + δτ)

2
− 2σ2
>

ze
TA∗

zT0
�

− 2σ
d(2 + δτ)

2
− 2σ2 − 2σheτ(2 + δτ)

. (10)
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Figure 3: Effect of he in the TS scenario. (a) Effect of he on eTS∗ . (b) Effect of he on qTS∗

n . (c) Effect of he on qTS∗

r . (d) Effect of he on qTS∗

r /qTS∗

n .
(e) Effect of he on qTS∗

n + qTS∗

r .

Mathematical Problems in Engineering 11



0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

e∗

0

0 0.1 0.2 0.3 0.4 0.50.2
0.4

eBS∗

eBA∗

eTA∗

eTS∗

he T0

(a)

0.6

0.5

0.4

0.3

0.2

0.1

0

0 0.2 0.4 0.6 0.8 1
0

0.2
0.4

eBS
∗

eTA
∗

eBA
∗

eTS
∗

e∗

σhe

(b)

0.7
0.8

0.6
0.5
0.4
0.3
0.2
0.1

0
0 0.2 0.4 0.6 0.8 1

eBS∗

eTA∗

eBA∗

eTS∗

0 0.2 0.4 0.6 0.8 1

e∗

he S

(c)
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It is evident that the manufacturer’s production decision
behavior is more sensitive to the tax T0 and parameters in
the partial derivative also change when the responsibility
transfer strategy is adopted by the manufacturer. +erefore,
Conclusion 2 can be drawn.

Conclusion 2. When the manufacturer adopts an ecodesign
responsibility transfer strategy, the impact scope of fund
policy does not change. However, both the impact strength
and the impact path of fund policy change when the
manufacturer adopts the responsibility transfer strategy in a
manufacturing-remanufacturing competition system.

5.2. Ecodesign Behavior. +e impacts of the three dimen-
sions of the fund policy T0, σ, s, and transfer coefficient he,
on the ecodesign effort of the manufacturer are plotted in
Figure 4.

From Figure 4, we can observe the following:

(a) In the TS scenario, the transfer coefficient he has a
significant influence on the manufacturer’s ecode-
sign behavior, and the manufacturer’s ecodesign
effort generally declines with the increase of the
transfer coefficient he

(b) eBS∗ > eTS∗ > eTA∗ > eBA∗ when the transfer coefficient
he is beneath a certain threshold; otherwise,
eBS∗ > eTA∗ > eBA∗ > eTS∗

+erefore, the manufacturer’s ecodesign effort is the
highest in the BS scenario under the constraints of fund
policy, while ecodesign effort is relatively low in the BA
scenario. +e ecodesign transfer coefficient he of the man-
ufacturer should be beneath a certain threshold in the TS
scenario to avoid having the responsibility transfer strategy
negatively affect ecodesign.

5.3. Remanufacturing Rate. +e impacts of the three di-
mensions of the fund policy T0, σ, s, and transfer coefficient
he on the remanufacturing rate are plotted in Figure 5.

From Figure 5, we can observe that the remanufacturing
rate has a complex and sensitive response to parameters
T0, σ, s and transfer coefficient he. We can also observe that
the remanufacturing rate decreases with the increase of the
transfer coefficient he in the TP scenario.

+erefore, the ecodesign transfer coefficient he of the
manufacturer should be beneath a certain threshold in the
TS scenario to avoid having the responsibility transfer
strategy negatively affect the remanufacturing rate.

6. Conclusion

+e paper considers a manufacturing-remanufacturing
competition system composed of a single manufacturer and
a single remanufacturer under the constraints of fund policy.
+e government designs the fund policy, which mainly
includes three dimensions, namely, tax, reduction, and
subsidy. +e manufacturer produces a key component and a
new product in the market. +e key component cannot be
remanufactured and can only be sold by the manufacturer at

a buyer-specific wholesale price or through a responsibility
transfer strategy. +e remanufacturer recycles old parts and
purchases key components from the manufacturer for
remanufacturing activities. +e new product and remanu-
factured product are competitive substitutes in the market.

Based on game models and the obtained perfect equi-
libria, the main conclusions of this paper are as follows: (1)
+e impact scope of tax or reduction is larger than that of
subsidy. +e factors of tax, reduction, and subsidy affect all
the decisions in both the BS and BA scenarios. However, the
subsidy for encouraging remanufacturing is ineffective in the
BA scenario. (2) In the BA scenario, the tax and the re-
duction have opposite effects on supply chain decisions,
where the increase of tax will lead to the decline of ecodesign
effort and the reduction of manufacturing and remanu-
facturing quantity. (3) In the BS scenario, the impact
mechanism on decisions of the tax, reduction, and subsidy
dimensions of fund policy changes complexly. In particular,
the reduction dimension of fund policy may not only
weaken ecodesign and remanufacturing at the supply chain
level, but also lead to negative impacts from the tax and
subsidy dimensions of fund policy at the policy level. (4) +e
responsibility transfer behavior of the manufacturer does
not change the impact scope of the fund policy, but changes
its impact strength and impact path. (5) +e impact of the
transfer coefficient on enterprises’ decision-making varies
with different remanufacturing scenarios. +e higher the
transfer coefficient, the higher the ecodesign effort will be,
and the more the manufacturing and remanufacturing
quantities will be in the TA scenario. However, the effect of
the transfer coefficient on enterprises’ decision-making is
generally negative in the TS scenario.

Based on the above conclusions, the following guidelines
are proposed to regulators and manufacturers in this paper:
(1) +e regulator needs flexibility in allocation of the tax,
reduction, and subsidy factors of fund policy according to
market conditions, considering the impact scope, strength,
and path of fund subsidy, and the different remanufacturing
strategies and manufacturer’s ecodesign responsibility
transfer behavior. (2) When the market environment is
extremely favorable for remanufacturing and the remanu-
facturer decides to use all the collected returns for rema-
nufacturing, the subsidy policy for encouraging recycling
and remanufacturing is ineffective. +e focus of fund policy
design by the government should be the tax dimension and
the reduction dimension. By reducing the tax or increasing
tax reduction, the manufacturer can be encouraged to im-
prove ecodesign efforts and strengthen the prevention of
waste management at the production stage. (3) When the
manufacturer uses some of the collected returns for rema-
nufacturing, the impact mechanism of fund policy factors
changes complexly. +us, the government should integrate
the design of the three dimensions, tax, reduction, and
subsidy, of the fund policy to ensure a balanced guidance of
fund policy on ecodesign behavior and remanufacturing
behavior. In particular, the reduction dimension of fund
policy must be set carefully; otherwise, it will not only
weaken ecodesign and remanufacturing at the supply chain
level, but will also lead to negative impacts from the tax and

Mathematical Problems in Engineering 13



subsidy factors of fund policy on ecodesign and remanu-
facturing at the policy level. (4) In order to achieve better
ecodesign and manufacturing/remanufacturing activities at
the supply chain level, the manufacturer should adopt dif-
ferent ecodesign responsibility transfer strategies according
to the remanufacturer’s remanufacturing strategy. When the
remanufacturer uses all collected returns for remanu-
facturing, the manufacturer can adopt the responsibility
transfer strategy to achieve higher ecodesign and remanu-
facturing performance. On the contrary, when the reman-
ufacturer uses some of the collected returns for
remanufacturing, the manufacturer should keep the eco-
design transfer coefficient beneath a certain threshold and
even forgo adopting a responsibility transfer strategy.

Finally, there are still some limitations in the research
process of this paper. +is paper only considers a single
monopoly manufacturer in the manufacturing-remanu-
facturing system. It would be worthwhile to extend our study
to the setting with competing manufacturers and examine
how competition among manufacturers impacts the design
of fund subsidies. In addition, there are various forms of
responsibility transfer. Future studies can explore the effect
of various responsibility transfer strategies in the
manufacturing-remanufacturing system, including ecode-
sign responsibility transfer strategies, recycling, and rema-
nufacturing responsibility transfer strategies.

Appendix

Proof. of Proposition 1. We solve the two-stage game by
backward induction. First, qn, qr are obtained and
substituted back to πm, πr, and then e can be obtained. □

Second Stage

z
2πm

zq
2
n

� − 2< 0,

z
2πr

zq
2
r

� − 2δ < 0.

(A.1)

+erefore, the manufacturer’s profit function πm is a
concave function of new product quantity qn. +e reman-
ufacturer’s profit function πr is a concave function of
remanufactured product quantity qr.

Construct Lagrangian functions: Lr � πr − λ1 (qr − τqn)

− λ2(− qr), (zLr/zqr) � 0.

λ1 qr − τqn( 􏼁 � λ2qr � 0, 0≤ qr ≤ τqn. (A.2)

(a) BA scenario: the remanufacturer uses all the col-
lected returns for remanufacturing.
Let λ1 > 0, λ2 � 0, get qr � τqn, combine (zLr/zqr)

� 0, λ2 � 0, (zπm/zqn) � 0.
+en, qBA

n � ((1 − T0 − cn − m + σe)/(2 + δτ)),
qBA

r � ((1 − T0 − cn − m + σe)τ/(2 + δτ)):

λ1 �

2 αe + s − w0( 􏼁 + δ 1 + cn + m + 2mτ + 2cnτ + T0􏼂

+τ δ + αe + s + m + 2T0 − w0 − 2( 􏼁 − eσ(1 + 2τ)􏼃 − cr(2 + δτ)

2 + δτ
.

(A.3)

(b) BS scenario: the remanufacturer uses some of the
collected returns for remanufacturing.
Let λ1 � 0, λ2 � 0, get 0< qr < τqn, and combine
(zLr/zqr) � 0, (zπm/zqn) � 0; then,

q
BS
n �

2 − 2cn + cr − δ − αe − m − s − 2T0 + w0 + 2σe

4 − δ
,

q
BS
r �

2 αe + s − w0( 􏼁 − 2cr + δ 1 + cn + m + T0 − σe( 􏼁

(4 − δ)δ
.

(A.4)

(c) BN scenario: no remanufacturing.

Let λ1 � 0, λ2 > 0, get qr � 0, and combine (zLr/zqr)

� 0, λ1 � 0, (zπm/zqn) � 0; then, qBN
n � ((1 − cn − m

− T0 + δe)/2), qBN
r � 0, λ2 � cr − αe − s + w0 − (δ(1+

cn + m + T0 − σe)/2).
Since there is no remanufacturing behavior in the BN

scenario, which is not consistent with the main focus of this
paper, it will not be discussed below.

First Stage

(a) BA scenario: the remanufacturer uses all the col-
lected returns for remanufacturing.

z
2πm

z
2
e

� − d +
2σ2

(2 + δτ)
2 �

2σ2 − d(2 + δτ)
2

(2 + δτ)
2 . (A.5)

Let d(2 + δτ)2 − 2σ2 < 0; make (zπm/ze) � 0
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e
BA∗

�
2 − 2cn − m[2 + τ(2 + δτ)] − 2T0 + w0τ(2 + δτ)􏼈 􏼉σ

d(2 + δτ)
2

− 2σ2
,

q
BA∗

n �
d(2 + δτ) 1 − cn − m − T0( 􏼁 + w0 − m( 􏼁τσ2

d(2 + δτ)
2

− 2σ2
,

q
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r �
d(2 + δτ) 1 − cn − m − T0( 􏼁 + w0 − m( 􏼁τσ2􏽨 􏽩τ

d(2 + δτ)
2

− 2σ2
.

(A.6)

(b) BS scenario: the remanufacturer uses some of the
collected returns for remanufacturing.

z
2πm

z
2
e

�
2(α − 2σ)

2
− d(4 − δ)

2

(4 − δ)
2 . (A.7)

Let d(4 − δ)2 − 2(α − 2σ)2 > 0; make (zπm/ze) � 0:

e
BS∗

�
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2

􏽨 􏽩
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,
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(A.8)

Proof. of Proposition 2 (a) BA scenario: the remanufacturer uses all the col-
lected returns for remanufacturing.

ze
BA∗

zT0
�

− 2σ
d(2 + δτ)

2
− 2σ2
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BA∗
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zT0
�
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2 > 0,

zq
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r

zσ
�
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2

− 2σ2􏽨 􏽩
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(A.9)

eBA∗ , qBA∗

r , qBA∗

n expressions have no s, so they are not
affected by s.

(b) BS scenario: the remanufacturer uses some of the
collected returns for remanufacturing (zeBS∗/zT0)
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� (4(α − 2σ)/(d(4 − δ)2 − 2(α − 2σ)2)),
(zeBS∗ /zT0)> 0 when α − 2σ > 0, and vice versa.

zq
BS∗
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�

− 2 d(4 − δ)
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2
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2 < 0, (A.10)

(zqBS∗
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r /zT0)> 0 when α − 2σ > 0, otherwise
uncertain.
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(zeBS∗/zs) � (2(α − 2σ)/[d(4 − δ)2 − 2(α − 2σ)2]),
(zeBS∗/zs)> 0 when α − 2σ > 0, otherwise (zeBS∗/zs)≤ 0

zq
BS∗

n
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�

− d(4 − δ)
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− 2(α − 2σ)
2 < 0, (A.12)

(zqBS∗

r / zs) � (2 + 2σδ(α − 2σ) /δ2[d(4 − δ)2 − 2(α − 2σ)2])

> 0, (zqBS∗

r /zT0)> 0 when α − 2σ > 0, otherwise uncertain.
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During the process of distributing natural gas to urban users through city gate stations, hydrate is easy to form due to the existence
of throttling effect which causes safety risks. To handle this problem, a program to quickly calculate hydrate prediction and
prevention methods for city gate stations is developed. &e hydrate formation temperature is calculated through the Chen–Guo
model, and the Peng–Robinson equation of state combined with the balance criterion is used to analyze the water condensation in
the throttling process. &e Wilson activity coefficient model is used to calculate the mass fraction in the liquid phase of
thermodynamic inhibitors for preventing hydrates. Considering the volatility of inhibitors, the principle of isothermal flash has
been utilized to calculate the total injection volume of the inhibitor. Moreover, the effects of commonly used methanol and
ethylene glycol inhibitors are discussed. In terms of safety and sustainability, the ethanol inhibitor, which is considered for the first
time, exhibited better prevention and control effects under conditions with relatively high temperature and low pressure after
throttling. Combined with the actual working conditions of a gate station, methanol has the best inhibitory effect, followed by
ethylene glycol. From an economic point of view, the benefits of the gas phase of the inhibitor during the delivery of natural gas are
obvious; therefore, the method of methanol injection is recommended for hydrate prevention. If the gas phase benefits of the
inhibitor are not considered, the ethylene glycol injection method becomes more economical.

1. Introduction

Due to the uneven distribution of resources, natural gas is
mainly transported through long-distance pipelines and
distributed to urban users through city gate stations.
Considering the existence of throttling effect, the pressure
regulation on the city gate station will produce a certain
temperature drop. If the water dew point of gas is high, the
water is likely to condensate during the pressure regulation,
leading to the formation of hydrates and triggering a series of
safety accidents to both stations and urban users [1, 2], such
as hydrate blockage in the pressure regulating valve,
resulting in a drop in the gas supply pressure to urban users.
&erefore, in order to ensure safe gas supply to urban users,
it is necessary to study the prediction and prevention

methods of hydrate formation and to obtain a safe, envi-
ronment-friendly, and economical thermodynamic inhibi-
tor for city gate stations.

&e formation of hydrates usually needs to meet three
conditions:① the water condition that indicates enough
liquid water in the system; ② reaching the temperature
and pressure conditions for hydrate formation; and, ③
the gas flow is unstable, and there are hydrate seeds. &e
first condition is mainly based on the phase equilibrium
theory [3]. &e Soave–Redlich–Kwong (SRK) or Pen-
g–Robinson (PR) equation of state (EOS) can be used to
calculate and analyze the water content and water con-
densation in the natural gas transportation process [4, 5].
Temperature and pressure conditions are mainly studied
by the thermodynamic model. Under certain temperature
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and pressure conditions, when the pore occupancy rate
reaches a certain level, hydrate crystals can exist stably.
According to the different structures, hydrate crystals can
be divided into three forms: type I, type II, and type H, of
which type I hydrate and type II hydrate unit cells are
composed of two different sizes of cage cavities, and theH
type hydrate unit cell is composed of three different sizes
of cage cavities [6]. At present, the thermodynamic
models of hydrate formation can be divided into two
main categories: the first is the van der Waals–Platteeuw
[7] model based on the isotherm adsorption theory; the
second is the Chen–Guo model [8] based on the mech-
anism of hydrate formation. In addition to the strict
thermodynamic model and in order to facilitate the
calculation efficiency, many researchers have proposed
the correlation equations of hydrate formation temper-
ature, pressure, and relative density [9–11], but the cal-
culation accuracy is limited.

&e prevention and control of hydrates can be started
by destroying the formation conditions of hydrates. &e
main methods include heating, depressurization,
injecting inhibitors, and dehydration. Injecting ther-
modynamic inhibitors to pipelines is currently the main
method of gas hydrate inhibition in the oil and gas in-
dustry [12]. &e hydrate formation model under the
inhibitor system can be established by modifying the
parameters of the Chen–Guo model [4]. At present, the
more commonly used thermodynamic inhibitors are
methanol and ethylene glycol. Methanol is cheap but has
certain toxicity, and ethylene glycol is relatively less toxic
but more expensive. For the natural gas system with
methanol injected, some scholars [13] established a phase
equilibrium model based on the PR EOS and stochastic-
nonstochastic theory, combined with its improved
Holder–John hydrate model to predict the formation
conditions of the hydrate containing the methanol in-
hibitor system. In addition, some scholars [14] used the
Patel–Teja (PT) EOS combined with the Kurihara mixing
rule to calculate the fugacity of each component in the gas
phase and the water activity for prediction. Some scholars
chose the Stryjek and Vera modification of Pen-
g–Robinson (PRSV2) EOS combined with the non-
density-dependent (NDD) mixing rules to calculate the
fugacity of water in the gas phase and the liquid phase, so
as to predict the formation conditions of the hydrate
containing the alcohol inhibitor system [15].

At present, the software that can be used for hydrate
formation prediction and inhibitor injection volume
calculation mainly includes process simulation software
such as HYSYS and PVTsim software [16–18]. Although
the calculation methods and theories of these commercial
software are quite mature, there are still many limitations
in actual use. In these commercial software, the calcu-
lation of hydrate formation prediction and inhibitor
injection volume only exists as a module, and additional
environmental configuration is required for calculation,
which increases the complexity of software operations.
&erefore, it is necessary to design a software to achieve
the purpose of quick calculation for on-site personnel.

&is article mainly focuses on the actual pressure regulation
on site, carries on the prediction of hydrate formation and the
discussion of prevention and control measures to form a
program to quickly calculate hydrate formation conditions and
prevention measures for city gate stations, provides reference
for on-site operation and management, and realizes the goal of
safe gas transmission. Based on safety and economic consid-
erations, this article also proposes and calculates the possibility
of using ethanol for inhibition.

2. Hydrate Formation Prediction

It can be seen from Section 1 that the formation of hydrates
needs to meet the conditions of water, pressure and tem-
perature, and disturbance at the same time. &is article
mainly studies the prediction of hydrate formation in the
pressure regulation of the city gate station, which obviously
meets the third condition. Hence, this section mainly an-
alyzes the first two conditions.

2.1. Water Condition. &e analysis of water content and
water dew point of natural gas plays an important role in
the safe operation of pipelines. After knowing the cor-
responding water dew point of natural gas under certain
pressure, when the temperature is reduced to the water
dew point during pressure regulation, it is the critical
state of liquid water condensation. When the temperature
is lower than the water dew point, the water vapor in the
natural gas will condense into liquid water. At this time,
the amount of water can be indicated by the change in the
water content before and after the water condensation.
Establishing the relationship between water dew point
and water content can facilitate the analysis of water
condensation by field personnel.

Calculating the water content of natural gas based on the
known dry gas mole fraction, water dew point, and pressure
of natural gas can be done through the calculation of gas-
liquid two-phase equilibrium. When the water reaches
equilibrium in the gas phase and the liquid phase, it is the
critical state of condensate water. At this time, the fugacity of
water in the gas phase is equal to its fugacity in the liquid
phase, namely,

fvw � flw, (1)

where fvw refers to the fugacity of water in the gas phase
(natural gas) and flw refers to the fugacity of water in the
liquid phase.

Fugacity is a function of pressure and temperature and
needs to be calculated using the gas EOS [19].&e cubic EOS
has a wide range of applications in engineering due to its
simplicity and accuracy of calculation, such as the PR EOS
and the SRK EOS. In this paper, the PR EOS is used in
combination with the classic mixing rules for calculation.

&e expression of the fugacity coefficient of water vapor
in natural gas, which is derived from the PR EOS combined
with the mixing rule, can be expressed as follows [20]:
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&e fugacity coefficient of liquid water is expressed as
[20]
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where A, B, a, and awi are parameters in the PR EOS.
&e steps to calculate the water content from the water

dew point are shown in Figure 1.&e steps for calculating the
water dew point from the water content are similar to those
shown in Figure 1, where the input condition is changed
from water dew point to water content, and the iteration
variable is changed from water content to water dew point.

2.2. Pressure and Temperature Conditions. &e Chen–Guo
model proposed by Guo Tianmin and Chen Guangjin is a
thermodynamicmodel of hydrate formation based on statistical
mechanics. Mainly, there are two kinetic processes simulta-
neously in the nucleation process of hydrate [21]: ① the gas
molecule complexes with water to form a stoichiometric basic
hydrate that can be represented by a chemical formula and②
the existence of the void cavity in the basic hydrate formed by
gas and water that adsorbs some smaller gas molecules into it,
resulting in the nonstoichiometry of the entire hydrate.

&erefore, assuming that the mixed basic hydrate is an
ideal solution, Guo et al. established a basic equilibrium
relationship in the natural gas hydrate system [21], namely,

fi � xif
0
i 1 − 􏽘

j

θj
⎛⎝ ⎞⎠

α

, (4)

where fi is the fugacity of component i in the gas phase,
which can be solved by the PR EOS, xi is the mole fraction of
the basic hydrate formed by component i in the mixed basic
hydrate, and α is related to the hydrate structure type; when
the hydrate structure is type I, it is 1/3; when the hydrate
structure is type II, it is 2.

θj is the occupancy rate of the small gas molecule j in the
cavity of the basic hydrate, which can be calculated
according to the following formula [21]:

θi �
Cifi

1 + 􏽐jCjfj

, (5)

where Ci is the Langmuir constant of the small gas com-
ponent i, which can be expressed in the form of the following
formula [21]:

Ci � Xi exp
Yi

T − Zi

􏼠 􏼡. (6)

f0
i is the fugacity of the basic hydrate formed by

component i, which can be calculated according to the
following formula [21]:
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where Aij is the binary interaction coefficient of the type II
hydrate system, the binary interaction coefficient of type I
hydrate is very small and can be ignored, ai, bi, and ci are
parameters in the model, and the values of β and λ2 are
related to the type of the hydrate structure. When the hy-
drate structure is type I, β is 4.242K/MPa and λ2 is 3/23.
When the hydrate structure is type II, β is 10.224K/MPa and
λ2 is 1/17; aw is the activity of water. When the water does
not contain inhibitors or electrolytes, it can be regarded as
pure water, and its value is approximately 1. When the water
contains inhibitors or electrolytes, it needs to be calculated
by the activity coefficient model.

After calculating the above parameters and substituting
them into formula (7), the hydrate formation conditions can
be predicted under the condition that the sum of the mole
fractions of the components is 1 [21].

Based on the above analysis, under a given pressure, the
iterative method can be used to predict the formation
temperature of hydrate. If the error is within the allowable
range, the iteration can be ended; otherwise, the secant
method can be used to adjust the temperature value for the
next iteration. When the temperature is known, the process
of predicting the pressure of natural gas hydrate formation is
similar to this process, except that the known condition
becomes temperature and the iteration variable becomes
pressure.

2.3. Judgment of Hydrate Formation for a Certain City Gate
Station. In a certain city gate station, which has always made
a reduction in gas supply by hydrate formation in the past,
the gas flow is 30×104Nm3/h at the peak of gas con-
sumption; the average inlet pressure is 3.83MPa, the average
inlet temperature is −8°C, the average outlet pressure is
2.05MPa, and the outlet temperature is −19°C; the average
water content measured when the gas enters the gate station
is 79.15mg/Nm3. Based on the previous analysis, the average
operating condition of the gate station, the water dew point
curve (water content of 79.15mg/Nm3), and the hydrate
formation curve are plotted in Figure 2.

It can be seen from Figure 2 that the average operating
condition after pressure regulation at the gate station is in
the hydrate formation zone; the operation point is located on
the left side of the water dew point curve, indicating that
there is liquid water condensation in the throttling process.
At the temperature and pressure point of the curve, if the
actual water content of the gas is higher than 79.15mg/Nm3,
there is also a risk of water condensation. &e gas has the
temperature, pressure, and water conditions for hydrate
formation, and it is in a strong turbulent state during the
throttling process. &erefore, the gate station has the risk of
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hydrate formation, and hydrate prevention measures are
required.

3. Hydrate Prevention and Control Measures

&e method of injecting thermodynamic inhibitors such as
methanol/ethylene glycol is often used in the field to prevent
and control hydrates. Based on safety considerations, the
possibility of ethanol is discussed in this section. &e

injection volume of the thermodynamic inhibitor should
include three parts, some dissolved in the liquid phase, some
volatilized in the gas phase, and the other dissolved in the
liquid hydrocarbon phase. &e inhibitory part is the part
dissolved in the liquid phase. Considering the low content of
heavy hydrocarbon components in the gas entering the gate
station, only a small amount of liquid hydrocarbon pre-
cipitates in the throttling process, and the loss of inhibitors
in the liquid hydrocarbon phase is ignored.

Input gas composition, pressure, and
water dew point

Assume a water content

Calculate the mole fraction of each
component

Output water
content

YesYes

No

Adjust water
content

Calculate the fugacity of water in the
liquid phase fLw

Calculate the fugacity of water in the
gas phase fVw

| fLw – fVw| < ε

Figure 1: Steps to calculate water content based on the water dew point.
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Figure 2: Analysis of hydrate formation in the throttling process of the gate station.
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3.1. Calculation of the Mass Fraction of Inhibitor in Liquid
Phase. By reducing the activity of water in the aqueous
solution, the stable temperature of hydrate phase equilib-
rium can be reduced, which is the main principle of the
inhibitory effect of thermodynamic inhibitors [22]. In
Section 2, the activity of water in the Chen–Guo model was
discussed, as shown in formula (7). &erefore, the
Chen–Guo model can still be used to analyze the prediction
of hydrate formation with inhibitors, so as to calculate the
liquid required amount of the three inhibitors.

&e mole fraction of each component in the ideal so-
lution is the concentration of the component. Considering
the deviation between the actual solution and the ideal
solution, the concept of activity is introduced. It charac-
terizes the effective concentration of the component in the
mixture, which can be expressed by molar fraction and
activity coefficient as follows:

ai � xici, (8)

where ai is the activity for component i, xi is the mole
fraction of component i in the solution, and ci is the activity
coefficient for component i.

&e activity coefficient can be calculated using the
Wilson activity coefficient model [23]. &e formula is as
follows:

ln ck � 1 − ln 􏽘
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where Λij is the Wilson parameter value, which can be
calculated by the following formula:

Λij �
vj

vi

exp −
λij − λii

RT
􏼠 􏼡, (10)

where vi and vj is the molar volume of the component i and j,
m3/mol, and λij − λii is the energy parameter of the binary
interaction between the components.

&e activity of water in the liquid phase can be obtained
using formulas (8)–(10), which is substituted into formula
(7) of the Chen–Guo model to iteratively solve the mass
fraction of the inhibitor liquid phase. &e result obtained
should satisfy the requirement that the temperature at the
most dangerous operating point (when the pressure and
temperature are the smallest after pressure regulation) is
greater than or equal to the hydrate formation temperature
corresponding to the pressure at that point. Due to the high
viscosity of ethylene glycol, 80% concentration is considered
in calculation.

3.2. Calculation of Total Injection Volume. Since methanol
and ethanol have strong volatility, their loss in the gas phase
needs to be considered.&e process of total injection volume
calculation is essentially considered as a gas-liquid iso-
thermal flash calculation.

&e steps for calculating the total injection volume are
shown in Figure 3.

&e initial step is to calculate the required inhibitor
concentration in the liquid phase by combining the Wilson
activity coefficient model with the Chen–Guo model. &en,
set the initial value of the molar amount of the inhibitor
injected to 1mol natural gas, and perform gas-liquid two-
phase isothermal flash calculation at the temperature and
pressure after throttling to obtain the initial value of the
mole fraction of each substance in the water and inhibitor-
containing gas system. Next, judge whether the difference
between the concentration of the inhibitor in the liquid
phase and the required concentration meets the accuracy
requirements; if it meets the requirements, stop the calcu-
lation; otherwise, change the mole amount of the inhibitor
injected until the accuracy meets the requirements. Because
within a certain concentration range, when the mole amount
of the inhibitor injected to 1mol natural gas increases, the
concentration of the inhibitor in the liquid phase also in-
creases; the two are positively correlated, so the dichotomy
method is used for iterative calculation.

Finally, the mole amount of the inhibitor needed to be
injected in 1mol natural gas can be obtained as the output
and converted into the volume of the inhibitor needed to be
injected in each 104Nm3 natural gas by unit conversion.

4. Results and Discussion

4.1. Program Interface. Based on the above analysis, the
hydrate prediction and prevention simulator program can
be developed. &ere are two calculation interfaces in the
program; the first interface is shown in Figure 4, and the
second one is shown in Figure 5.

In Figure 4, the calculation interface of throttling process
parameters can realize the mutual conversion of water dew
point and water content, calculate throttling temperature
drop, and judge whether there is water condensation in the
throttling process. &e actual water content of natural gas

Calculate the required mole fraction of inhibitor
concentration in water phase  1

Set to inject inhibitor W mol

Isothermal flash calculation to obtain the mole
fraction of inhibitor concentration in water

phase  2

Total injection volume

Yes

No
| 1 –  2| < ε

Figure 3: Block diagram of calculation steps for total injection
volume.
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Figure 4: Calculation interface of throttling process parameters.

Figure 5: Calculation interface of hydrate prediction and prevention.
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can be calculated according to the pressure and water dew
point before throttling. &e maximum water content of the
gas can be calculated according to the pressure and tem-
perature after throttling. If the actual water content is greater
than the maximum water content, there will be water
condensation. At the same time, it can also be calculated to
determine the water dew point index of noncondensable
water before throttling, which is to calculate the maximum
water content according to the temperature and pressure
after the throttling, and converge the result obtained to the
water dew point under the pressure before throttling, which
should be higher than the known water dew point value
before throttling to prevent water condensation.

In Figure 5, the hydrate formation temperature can be
calculated according to the Chen–Guo model, and the re-
quired inhibitor concentration in the liquid phase can be
calculated according to the Wilson activity coefficient and
the Chen–Guo model, and then, the volume of inhibitor
injected to prevent hydrate formation can be calculated by
isothermal flash. For the operating condition with water
condensation, it needs to input the water dew point, the
corresponding pressure and dry gas components, the mole
fraction of the inhibitor required for the liquid-phase, and
finally temperature and pressure after throttling. &us, the
inhibitor’s total injection volume can be calculated.

4.2. Result Verification. Taking the typical pressure regula-
tion condition (3.95∼2.10MPa) as an example, the injection
volume of the inhibitor required under different tempera-
ture before throttling and water dew point was calculated by
using the simulator program and compared with the HYSYS
calculation results, as shown in Table 1. Select Ng–Robinson
as the hydrate thermodynamic model in HYSYS.

Table 1 shows that when the pressure before and after
throttling is known and the temperature before throttling is
given, the inhibitor injection volume calculated by the
program is close to the calculation results of HYSYS, and the
absolute value of the error is between 0∼0.09 L/104Nm3. &e
calculation accuracy meets engineering requirements.

Also, among the three inhibitors, the injection volume of
the ethylene glycol inhibitor is the lowest and the injection
volume of ethanol is the highest among the three inhibitors.
&emain reason is that, under the same conditions, the mass
fraction of ethanol required in the liquid phase is much
greater than that of methanol and ethylene glycol. It means
that, under these conditions, the inhibitory effect of ethanol
on hydrates is poor.

4.3. Discussion on the Effect and Economy of Inhibitors.
Considering that the inhibitor in the liquid phase is the main
part of the inhibitor’s inhibitory effect, in order to analyze
and compare the inhibitory effects of the three inhibitors
more vividly, the program is used to calculate the liquid mass
fractions of the three inhibitors in the liquid phase under
different temperature (−8°C∼3°C) and different pressures
(2.1MPa and 4MPa) after throttling, as shown in Figure 6,

where the gas composition used in different working con-
ditions remains the same.

Figure 6 shows that, under the same condition, the mass
fraction of thermodynamic inhibitors required in the liquid
phase increases with the decrease of the temperature after
throttling. When the pressure is 2.1MPa, it can be seen from
the figure that there is an intersection between 2°C and 3°C,
where the temperature value is about 2.4°C. When the
temperature after throttling is lower than the intersection
temperature, the mass fraction of the required methanol-
water solution is the least, and when the temperature after
throttling is higher than this temperature, the mass fraction
of the required ethanol-water solution is the least. When the
pressure is 4MPa, themass fraction of themethanol aqueous
solution is the least at any temperature. &us, only methanol
has the best inhibitory effect among the three inhibitors,
followed by ethylene glycol. Moreover, it can be seen from
the figure that, as the pressure decreases, the amount of
inhibitor decreases, and the amount of ethanol decreases the
most. Ethanol inhibitors have better inhibitory effect mainly
under the conditions of high temperature and low pressure
after throttling.

From the perspective of inhibitory effect, the mass
fraction of methanol required is the least under the same
condition. However, due to the strong volatility of methanol,
its loss in the gas phase is large so that the total injection
amount of methanol in Table 1 is greater than that of
ethylene glycol.

In addition to considering the inhibitory effect, the final
inhibitor selection must also be economical. For the gate
station studied in this article, considering that the operating
conditions after throttling are mostly concentrated in the
pressure range of 2.00MPa∼2.10MPa and the temperature
range of −16°C∼−22°C, the inhibitory effect of ethanol is
poor under this condition, and ethanol is the most ex-
pensive; hence, only the economics of methanol and eth-
ylene glycol will be discussed below.&e price of methanol is
3,000 yuan/ton, and the price of ethylene glycol is 4,800
yuan/ton. &e calculation of the total investment cost within
3 years is considered (the winter supply period is 4 months,
30 days per month, and the calculated flow rate is
30×104m3/h), without considering the use of a glycol in-
hibitor recovery device to reuse it. &e price of natural gas
fuel is 2.5 yuan/m3. &e temperature, pressure, and water
dew point parameters of the three working conditions are
shown in Table 2.

Since methanol will volatilize into the gas phase and mix
with natural gas, when natural gas handover settlement
occurs, this part of the gas may be considered as natural gas
to be sold to the docking downstream users, which will
generate certain benefits to the station. &erefore, when
calculating the total cost of methanol, there are two situa-
tions. Situation 1 is to consider benefits of the gas phase of
the inhibitor, and situation 2 is not to consider.

Finally, the total investment costs of the two inhibitors in
the three-year operation period are shown in Table 3.

It can be seen from Table 3 that when not considering
benefits of the gas phase of the inhibitor, it is more eco-
nomical to choose the method of ethylene glycol injection
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Figure 6: Comparison of inhibitory effect of different inhibitors.

Table 1: Comparison of inhibitor injection volume calculation.

Temperature before throttling
(°C)

Water dew point
(°C)

Injection volume of
methanol L (104Nm3)

Injection volume of
ethanol L (104Nm3)

Injection volume of
ethylene glycol L

(104Nm3)
HYSYS Program Abs. e HYSYS Program Abs. e HYSYS Program Abs. e

−5

−5 3.02 3.01 0.01 3.24 3.26 0.02 0.89 0.87 0.02
−6 2.95 2.94 0.01 3.19 3.19 0 0.77 0.76 0.01
−7 2.88 2.88 0 3.12 3.13 0.01 0.68 0.66 0.02
−8 2.82 2.82 0 3.06 3.07 0.01 0.58 0.56 0.02
−9 2.76 2.77 0.01 3.00 3.02 0.02 0.47 0.47 0

−10

−10 2.76 2.67 0.09 2.86 2.92 0.06 0.95 0.91 0.04
−11 2.69 2.61 0.08 2.81 2.86 0.05 0.84 0.80 0.04
−12 2.63 2.56 0.07 2.75 2.81 0.06 0.75 0.70 0.05
−13 2.57 2.51 0.06 2.70 2.76 0.06 0.64 0.61 0.03
−14 2.52 2.45 0.07 2.65 2.7 0.05 0.56 0.52 0.04

Table 2: Parameters of the three working conditions.

Temperature before throttling (°C) Pressure before throttling
(MPa) Water dew point (°C) Pressure after throttling (MPa)

Condition 1 0 3.95 0 2.10
Condition 2 −5 3.95 −5 2.10
Condition 3 −10 3.95 −10 2.10

Table 3: Total investment costs of the two inhibitors.

Methanol (per 10,000 yuan)
Ethylene glycol (per 10,000 yuan)

Situation 1 Situation 2
Condition 1 80.3 165 89.6
Condition 2 81.7 167 104.4
Condition 3 74.3 152 108.2
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for hydrate prevention and control, and when considering
benefits of the gas-phase of the inhibitor, the method of
methanol injection is economical.

5. Conclusion

In this paper, a quick and convenient program to predict and
prevent hydrate formation for city gate stations is developed.
After inputting the gas composition, pressure and tem-
perature before throttling, and water dew point and pressure
after throttling, hydrate formation temperature can be
calculated. &e required mass fraction of the inhibitor in the
liquid phase and the injection volume of a thermodynamic
inhibitor to prevent hydrate formation for city gate stations
can be obtained. Based on the research, some remarkable
conclusions can be drawn as follows:

(1) Using the developed program, the result of the in-
hibitor injection volume is close to HYSYS, and the
absolute value of the error is between 0∼0.09 L/
104Nm3, which has a certain engineering guiding
significance.

(2) In addition to the calculation of commonly used
methanol and ethylene glycol inhibitors, this article
considers the use of ethanol for inhibition for the
first time from a safety perspective. &e calculation
results show that ethanol is mainly suitable for the
operating conditions with higher temperature and
lower pressure after throttling.

(3) Applying the program to the actual working con-
ditions of a certain gate station, from the point of
view of the suppression effect, methanol has the best
suppression effect among the three inhibitors, fol-
lowed by ethylene glycol. Due to the large loss of
methanol in the gas phase, the total injection volume
of the inhibitor is the least of ethylene glycol. From
an economic point of view, this article highlighted
the benefits brought by the volatilization of inhibi-
tors to the gas phase when natural gas is delivered.
Finally, it is recommended to use methanol injection
for hydrate prevention and control. Moreover, if the
gas phase benefits of the inhibitor are not considered,
the method of ethylene glycol injection is more
economical.
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