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a b s t r a c t

Manufacturing industrial transfer is an important approach to promote the optimization and upgrading
of industry, as well as leads to the spatial response of environmental pollution. In this paper, we applied
the gravity centre model to measure the changes in pollutant discharge patterns from 2005 to 2015 in
the Pan-Yangtze River Delta, and then investigated the drivers of pollutant discharge patterns changes
with an improved econometric model which integrated the pushepull theory and STIRPAT random
regression model. The results revealed great changes in pollutant discharge patterns due to
manufacturing industrial transfer, with the pollution gravity centre and total discharge transferring from
east to west. We also found indications of a delayed response between the movement of industry and a
corresponding reduction in pollutant emissions. The modelling results suggested that differences in
regional economy, technological innovation, industrial upgrading, and environmental regulation influ-
enced observed changes in pollutant discharge patterns. Specifically, regional economic conditions and
more stringent environmental regulations can push pollution-intensive industry out of developed areas
into developing areas. Meanwhile improved innovation milieu and industrial optimization provided
resistance for pollution-intensive industries to stay in developed areas as well as encouraging movement
into developing areas.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

With increasing economic globalization and worldwide envi-
ronmental awareness, industrial transfer has become an important
approach in promoting economic growth and industrial upgrading
(Lu and Fan, 2012). It occurs under the influences of economic
development, labour cost changes, regional policy discrepancies,
and a variety of other factors (Xu et al., 2017). Besides, industries
transferred are always sunset, or marginal, ones which lag tech-
nologically, or are characteristically human capital intensive,
extensive energy and heavy pollution emitters (Yin et al., 2016),
which can often lead to different degrees of pollution transfer and
raphy & Limnology, Chinese
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expansion. Under the general framework of global industrial
transfer and neo-industrialization, China has increasingly attracted
relocatedmanufacturing industries from developed economies due
to the relatively loose environmental regulations, low production
costs and other regional advantages (Dean et al., 2009). And the
spatial transfer and agglomeration of manufacturing industries
have resulted in associated environmental impacts, especially
pollution transfer and diffusion (Guo et al., 2012). On the other
hand, it has been documented that some areas with relatively strict
regulations have not seen severe environmental degradation, even
if pollution-intensive industries transferred to and concentrated in
them (Yang et al., 2012; Zhao et al., 2015). This suggested that
pollutant discharge may not always greatly change with the in-
dustrial transfer, for some reasons. Therefore, changes in pollutant
discharge patterns as a result of manufacturing industrial transfer
and its influencing factors need to be determined as the basis for
regional environmental management improvement.

Aiming to determine whether, how, and why pollutant
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discharge patterns change during industrial transfer in China, this
study focused on changing patterns of pollutant discharge and their
determinants within the Pan-Yangtze River Delta (PYRD), China
from 2005 to 2015. Applying multiple indicators, spatial analysis
methods, and an econometric model, we investigated three inter-
related research questions: (1) How has the pollutant discharge
pattern changed? (2) How has this change responded to industrial
transfer? (3) What factors have affected the changing patterns of
pollutant discharge at a finer geographical scale? The revealed
relationship between the distribution of industries and environ-
mental pollution in response to industrial transfer can advance
understanding of the restructuring process and mechanism of in-
dustrial transfer at finer geographical scales. Moreover, it can pro-
vide a theoretical basis for governing environmental pollution in
the PYRD during the transformation period and has policy impli-
cations for interregional industrial transfer according to environ-
mental constraints in newly industrialised regional economies.

2. Literature review

The ‘pollution haven’ hypothesis and theory of comparative
advantages have provided theoretical support for changes in the
pollutant discharge pattern from industrial transfer (Candau and
Dienesch, 2017; Millimet and Roy, 2015; Grether and Melo, 2003).
They suggest that pollution-intensive industries tend to shift to
areas with less stringent environmental regulations, emerging
market, and lower production costs (Silajdzic and Mehic, 2017;
Zhao et al., 2015), and as a consequence, the environment of these
areas can be compromised (Zheng and Shi, 2017). Though there is
still not a consensus on the pollution haven, with empirical studies
in Turkey (Akbostanci et al., 2007), China (He and Wang, 2012),
Latin American countries (Sapkota and Bastola, 2017), Sub-Saharan
Africa (Kivyiro and Arminen, 2014) and so on, researchers have
verified the phenomenon of pollution transfer in the process of
international industrial movement, which had a negative impact on
the environment and led to the changes in pollutant discharge
pattern. Other studies also provided strong evidence for pollution
haven hypothesis (Ederington et al., 2005; Zhang and Liang, 2010;
Shahbaz et al., 2015). As for China, since the end of the twentieth
century, eastern China and the Yangtze River Delta (YRD) in
particular have undertaken international industrial transfer and
become the destination for many pollution-intensive industries,
such as chemical engineering, rubber, plastic, and textile industries,
with massive quantities of pollutant discharge (Hou et al., 2013;
Zeng, 2010). Subsequently, under the dual pressure of external
markets and internal demand, pollution-intensive industries are
frequently transferred from the eastern coast to the central and
western regions in China (Liu et al., 2012; Zhao, 2003). Dou and
Shen, 2014 found that the pollutants such as waste water, SO2
tended to shift to the central region due to the transfer of pollution-
intensive industries. Moreover, the destinations of industrial relo-
cation in Jiangsu Province and the ‘cage for a bird’ policy in
Guangzhou also bear the negative consequences of environmental
degradation (Qiu et al., 2013; Shen et al., 2012). On the other hand,
there can be advantages in terms of environmental quality in the
context of industrial transfer, such as Germany’s policy of domestic
containment and international exportation through industrial up-
grades during the middle of the twentieth century allowing an
upward annual trend in domestic environmental quality. And
Mielnik and Goldemberg (2002) pointed that foreign investment
contributed to environmental improvement in destination areas for
the introduction of advanced technology promoted the productiv-
ity and energy efficiency. Environment and pollution are usually
related to industrial transfer, but the resultant environmental
quality and pollutant discharge pattern may vary between different
regions for a variety of reasons. Research on changing patterns of
pollutant discharge in PYRD is expected to make practical signifi-
cance for the regional development.

Previous studies have evaluated industrial and pollution trans-
fer much, but were mostly been confined to isolated instances of
industrial or pollution transfer and did not analyse their relation-
ship and interaction (Zhao and Jiang, 2013; Zhao et al., 2014). And
from a methodological perspective, they have followed similar
research methods including descriptive analysis, evaluative anal-
ysis, clustering analysis, and spatial autocorrelation analysis (Li and
Cao, 2013; Liang et al., 2012; Qiu et al., 2013; Wang and Shi, 2013).
These methods tend to emphasize changes in spatio-temporal
patterns in pollution or industries but reveal less about the inter-
nal mechanisms with which changes are associated. Zhang et al.
(2011) analysed the decoupling between environmental pollution
and economic growth and found the industrial structure has
obvious effect on waste pollution. Wang et al. (2014) and Zhao and
Jiang (2013) respectively elaborated the relationships between
environmental pollution and economic development, direction of
industrial transfer, and distance and path comparison. These
studies have provided an important foundation for further
research. Moreover, pollution transfer inevitably exists alongside
the process of industrial transfer, but there is no final conclusion on
which comes first. The transfer of pollutant discharge may come
before that of manufacturing industries (Li and Cao, 2013) or lag
behind it (Gai et al., 2013). Research on the relationship between
pollutant emission patterns and manufacturing industrial transfer
still needs to be further explored.

The evolution of environmental pollutant discharge pattern is
the result of multi-dimensional driving forces (Wu et al., 2019;
Zhao, 2009). In previous studies, environmental regulation (Dam
and Scholtens, 2008), environmental protection standards (Dong
et al., 2012), and factor price were considered to be important
factors influencing corporate production cost to promote industrial
transfer. In addition, foreign investment (Cole and Elliott, 2003),
international trade (Gao and Fan, 2009; Jungbluth et al., 2011;
Muradian et al., 2002), technical advancement (Shi et al., 2012), and
corporate responsibility factors were also major determinants of
pollution-intensive industrial transfer leading to further changes in
discharge patterns. While research in this area is active, it remains
fragmented, and lacks a holistic approach (Shen et al., 2012; Wu
et al., 2019), through which driving forces can be more rigorously
examined and clarified. An econometric model can better indicate
the degree of influence of each factor (Zhao, 2009), such as
regression model, which is commonly applied for analysing the
influencing factors with respect to data correlation. Lehmijoki and
Rovenskaya (2010) and Moussiopoulos et al. (2004) discussed the
influencing factors of atmospheric pollution transfer and analysed
associated economic factors. But with evaluating the correlation
among data given to obtain values reflecting the impact of human
behaviour, this kind of model are therefore often overly dependent
on data and could not provide a sufficient explanation of the
mechanisms (Hoekstra and Van der Bergh, 2006; Hou et al., 2013;
Xu and Zhang, 2009). Besides, the modified Todaro model and
pushepull theory can analyse the driving effects of each factor in
principle and their driving mechanisms, which has been discussed
by Ye and Zhou (2008) and Wang and Shi (2013). However, only a
few studies have analysed these concerns, and even fewer have
done so quantitatively. It is therefore important to qualitatively as
well as quantitatively determine the mechanism that drives
pollutant discharge patterns during industrial transfer.

With the implementation of policies pertaining to industrial
transformation and transfer of the YRD, as well as the rise of a
central economy in China, the scope and strength of internal in-
dustrial transfer in the PYRD are intensifying. At present, industrial
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transfer is mainly characterised by the transfer of traditional
manufacturing industries, such as nonferrous metal and non-
metallic mineral production, mechanical equipment
manufacturing, chemical engineering, food processing, and textile
and garment industries, or partial production transfers from
Shanghai, Zhejiang, and Jiangsu to northern Suzhou, western
Zhejiang, and even Anhui and Jiangxi (Li and Cao, 2013). Moreover,
pollutant discharge patterns have changed (Zhao and Jiang, 2013).
The emission loads of urban and industrial wastewater and gaseous
emissions in Shanghai, Nanjing, and Hangzhou have been reduced,
whereas those of Wuxi, Hefei, and other secondary cities have
increased, showing a trend of pollution expanding from centre to
the periphery of the country (Fan, 2004). However, the relationship
between the response and internal mechanisms of the pollutant
discharge patterns resulting frommanufacturing industrial transfer
has not been established, which is a motivation behind this
research.

3. Materials and methods

3.1. Study area

This study was conducted in the PYRD, a region characterised by
large gradient differences in regional development. The PYRD has
been widely studied for its close regional links within the frame-
work of regional division, cooperation, and integration with the
YRD at its core (Zhu et al., 2010). Quantifying the economic attri-
butes of the PYRD was first proposed by the Study on Cooperation
Framework Agreement of the Pan-Yangtze River Delta in 2006. The
spatial zoning of the PYRD is not currently unified, but there are
four definitions in terms of scope: (1) ‘3 þ 2’ mode, comprising
Jiangsu, Zhejiang, and Shanghai, plus Anhui and Jiangxi; (2) ‘5 þ 1’
mode, comprising Jiangsu, Zhejiang, Anhui, Jiangxi, and Fujian, plus
Shanghai; (3) ‘6 þ 1’ mode, namely Jiangsu, Zhejiang, Shanghai,
Anhui, Jiangxi, and Fujian, plus Taiwan; and (4) ‘7 þ 1’ mode,
namely the areas under the ‘6 þ 1’ mode and Shandong. In this
study, the ‘3 þ 2’mode was adopted, and the location, sub-regions,
and sample cities are presented in Fig. 1.

The PYRD is one of the most developed areas in China. It spans
an area of 5.76� 105 km2, accounting for approximately 6% of
China’s total area. By the end of 2015, the total population in this
region was 2.66� 108, accounting for 19.4% of China’s total popu-
lation, with a gross domestic product (GDP) of USD 2.85� 1012,
accounting for 26.1% of China’s GDP. Driven by global industrial
transfer, the PYRD will usher in a new turn in industrial restruc-
turing and optimization, and industrial transfer is likely to expand
considerably. In this context, the PYRD, with abundant labour re-
sources, a mature market, and good industrial matching is suitable
for an empirical study. This paper analyses the changes in pollutant
discharge patterns and associated mechanisms in response to
manufacturing industrial transfer in 2005e2015. Our investigation
is based on industrial transfer processes and environmental
pollution impacts which are considered to be typical for the study
region.

3.2. Method

3.2.1. Measuring changes in pollutant discharge pattern
The regional gravity centre represents a certain point in the

space of a regional economic society, and ‘power’ of certain attri-
butes in each direction of the certain point can be kept in balance
(Huang and Feng, 2006). It is usually applied to feature the spatial
distribution characters of economic and environmental attributes
(Ding and Li, 2009; Zhao et al., 2009; Zhang et al., 2012), and pro-
vide a more quantitative way compared with other descriptive
analysis methods. In this study, gravity centre method was adopted
to calculate the geometric gravity centre of regional pollutant
discharge, and its movement reflected the spatial changes of
pollutant discharge pattern. Unevenly distributed attributes of
economy and pollution in urban areas makes the centroid of a city
may not represent the gravity centre well (Zhao and Jiang, 2013),
thus the centre position of each province or city was set to its
capital. It can be calculated by Eq. (1):

X¼

Pn
i¼1

XiWi

Pn
i¼1

Wi

; Y ¼

Pn
i¼1

YiWi

Pn
i¼1

Wi

(1)

where Xi and Yi respectively indicate the coordinates of the longi-
tude and latitude of the capital of each province i, and Wi indicates
the generated wastewater, gaseous emissions, and solid waste from
2005 to 2015 in the PYRD for province i.

Changes in the regional gravity centre can clearly reflect modi-
fications in the trend of spatial differences in changing pollutant
emission patterns. Supposing that d is the movement of the centre
of gravity in terms of distance from year k to kþ1, the specific
equation is as follows:

dðkþ1Þ�k ¼C �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXkþ1 � XkÞ2 þ ðYkþ1 � YkÞ2

q
(2)

where the constant C, equal to 111.111, is a coefficient to convert
geographic coordinates to distances in kilometres, and (Xkþ1 - Xk)
and (Ykþ1 - Yk) indicate the size of the change in the centre’s co-
ordinate from the year k to k þ 1.

3.2.2. Analysing response of pollutant discharge pattern to
industrial transfer

Pollution-intensive manufacturing industries usually have
larger scale and higher pollutant emission intensity, and if not
controlled properly, can generate a significant amount of pollution,
either directly or indirectly, during manufacturing processes (Wu
et al., 2019). Besides, their spatial distribution and evolution are
basically in line with the pollution discharge pattern (Zou et al.,
2016). Therefore, pollution-intensive manufacturing industries
were chosen to be studied in this research.

Adopting the pollutant industry categories provided in the Na-
tional 1st Pollution Source Survey Proposal issued by the Chinese
State Council, 10 types of pollution-intensive industries were
selected and shown in Table 1, including food manufacturing,
textile, papermaking and paper products, chemical materials and
chemical products, ferrous metal smelting and rolling processing,
etc. Meanwhile, the fluctuations of polluting industries as well as
the industrial transfer were characterized by changes in gross in-
dustrial output value, and the environment pollution patterns
changes are represented by changes in pollutant discharge and
gravity centre. Complemented by relevant statistical data of
pollutant and economy, analysis on the spatio-temporal relation-
ship between polluting industries and pollutant discharge will
indicate a space-time response of the pollutant discharge pattern to
manufacturing industrial transfer.

3.2.3. Mechanism of pollutant discharge pattern

3.2.3.1. Pushepull theory framework. Push-pull theory is a basic
theory usually applied on population migration research, and point
that themigration is the result of the interaction of two forces: push
force and pull force (Xu et al., 2013). Similarly, the phenomenon of
pollution-intensive industrial transfer, which to some extent re-
sults in pollutant discharge pattern changes, can also be explained



Fig. 1. Location of the study area.

Table 1
List of pollution-intensive industries.

Number Name

1 farm and side-line food processing
2 food manufacturing
3 textile
4 leather, fur, and feather and their products shoe making
5 papermaking and paper products
6 chemical materials and chemical products manufacture
7 ferrous metal smelting and rolling processing
8 oil processing, coking, and nuclear fuel processing
9 non-metallic mineral products
10 non-ferrous metal metallurgy and rolling processing
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using the push-pull theory (Wang and Shi, 2013). Various factors
will act on the industrial transferal as either push forces or pull
forces, and then drive the pollutant discharge pattern change.
Pushepull theory is supposed to provide theory support for the
mechanism study of pollutant discharge pattern changes.

According to the theory, the spatial transfer of pollution-
intensive industries is a result of the interaction between
transfer-out impetus (F1) and transfer-out resistance (F2) in the
transfer-out place as well as the transfer-in pull (F3) and transfer-in
repulsive force (F4) in the transfer-in place. Enhanced environ-
mental awareness, improved environmental standards, and the
local government have been encouraging pollution-intensive in-
dustries to export, thus create the main driving force F1. However,
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F2, in the form of good locations with good facilities, strong tech-
nical research and development (R&D) strength, and enormous
sunk cost of enterprise and trans-regional labour flow, hinder in-
dustrial transfer. F3 includes low factor costs, poor environmental
governance, large potential market, and strong investment possi-
bilities by the government. However, F4 in the form of insufficient
innovative ability, weak scientific R&D capacity, poorly equipped
industrial facilities, and poor investment environment at the
transfer-in location hinders enterprises’ transfer-in.

Based on syntagmatic relations among transfer-out impetus,
transfer-out resistance, transfer-in pull, and transfer-in repulsive
force, the driving model for industrial transfer from developed to
developing areas was constructed (Fig. 2). The drive for industrial
transfer (F power) refers to the combined force of F1 and F3. The
resistance of industrial transfer (F resistance) refers to the com-
bined force of F2 and F4. Only when the impetus is larger than the
resistance can the industry be relocated from the transfer-out to the
transfer-in place. For region III, the pull is strong and the repulsive
force weak in the transfer-in place, and the impetus is strong and
the resistance weak in the transfer-out place (F impetus is larger
than F resistance). The industry in the transfer-out location sub-
sequently begins to transfer, and the transfer-in location begins to
undertake the activity. Simultaneously, marginalised industries in
the developed area will settle in the underdeveloped area. For
Region I, the impetus is weak and the resistance strong in the
transfer-out place, and the pull is weak and the resistance strong in
the transfer-in place (F impetus is smaller than F resistance). Under
these circumstances, the power of industrial transfer in the
transfer-out place is weakened, and as the circumstances at the
transfer-in location are not advantageous, industries will not
transfer out and will continue operating in the developed area. For
region II, the pull is strong and the repulsive force weak in the
transfer-in location, whereas the impetus is weak and the resis-
tance strong in the transfer-out location. Finally, for Region IV, the
pull is weak and the repulsive force strong in the transfer-in loca-
tion, and the impetus is strong and the resistance weak in the
transfer-out location. It is hard to determine the strength of F
impetus and resistance, and the industry will therefore maintain
the status quo and wait for suitable conditions before transferring.
Fig. 2. System model of
As the tendencies for transfer-out or -in have already been indi-
cated for Regions II and IV, regional industrial transfer will occur
with an enhancement of the industrial driving forces.
3.2.3.2. Selection of factor index. Prior research has shown that the
pollutant discharge pattern in the PYRD has changed considerably
over the past three decades (Li and Cao, 2013; Zhao and Jiang,
2013). This may have been influenced by various factors, such as
economic development, industrial structure, technical effect, and
government policy (Zhao and Jiang, 2013), represented by GDP per
capita, ratio of tertiary industry, environmental governance in-
vestment, utilisation rate of industrial solid waste and so on.
Considering the comprehensiveness of factor characteristics and
data availability, we selected several indicators from the perspec-
tive of four factors above to analyse the driving mechanism of
pollutant discharge pattern change, which are shown in Table 2.
3.2.3.3. Empirical model of driving mechanism. When it comes to
researches on driving factors of environmental change, the ‘STIR-
PAT’ model, reformulated from the ‘IPAT’ model, has been widely
utilized in existing studies (Shi, 2003; Wang and He, 2008; Liddle,
2013; Zhang et al., 2015). Overcoming the limitation that IPAT
model don’t readily allow for non-monotonic or non-proportional
effects, the STIRPAT model allows for a more precise specification
of the sensitivity of environmental impacts to the forces driving
them (York et al., 2003), and has higher abilities on interpreting and
analysing various driving factors. To better measure the impact and
pressure of human activity on the environment, we adopted the
STIRPAT model and made some modifications.

After considering the basic factors in the model and the regional
features of the case study area in hand, we modified the model by
adding typical influencing factors. The proportions of industrial
wastewater discharge, gaseous emissions, and solid waste emis-
sions in the national emission loads were used to balance the
pollution transfer in the PYRD. Also, to eliminate the interference of
heteroscedasticity on model estimation, the logarithmic model of
pollutant discharge pattern evolution and influencing factors was
established. The modified STIRPAT model is as follows:
industrial transfer.



Table 2
Definition of indicators.

Name Index Code Remark Possible Strength

Economic development Wealth per capita REGDP Per capita GDP (yuan) Positive
Factor cost AWAGE Average salary of staff (yuan) Negative
Urbanisation rate URBAN Proportion of city and town population in total population (%) Positive

Industrial structure Ratio of tertiary industry IS Proportion of tertiary industry output in GDP (%) Negative
Technical effect Innovative ability ICA Proportion of R&D expenditure in GDP (%) Negative

Environmental governance efficiency DEA Overall utilisation rate of industrial solid waste (%) Negative
Government policy Environmental governance power EGI Proportion of environmental governance investment volume in GDP (%) Negative

Local fiscal expenditure GOV local fiscal expenditure (billion) Negative
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lnYit¼b0þb1 lnREGDPitþb2 lnAWAGEitþb3 lnURBANitþb4 lnISit
þb5 lnICAitþb6 lnDEAitþb7 lnEGIitþb8 lnGOVitþεit

(3)

where the explanatory variable Yit refers to the proportion of
pollutant emissions in region i in year t to represent the pollutant
discharge of the manufacturing industrial transfer; REGDPit refers
to GDP per capita in region i, reflecting wealth per capita; AWAGEit
refers to the average salary of staff, reflecting the state of regional
labour cost; URBANit refers to the proportion of the city or town
population in relation to the total population of the region i,
reflecting the regional urbanization level; ISit denotes the propor-
tion of tertiary industry output in GDP of the region i, reflecting the
industrial structure level and standard; ICAit denotes the proportion
of R&D expenditure in GDP, reflecting technical innovation ability;
DEAit refers to the overall utilisation rate of industrial solid waste,
reflecting environmental governance efficiency; EGIit refers to the
amount of investment in environmental governance, reflecting the
power of environmental governance; GOVit denotes local fiscal
expenditure, reflecting the government’s degree of influence on
pollution-intensive industrial transfer; eit is the residual error item;
b0 is the intercept; and the other b values are regression coefficients
of the various variables.
3.3. Data collection and processing

The data used in this study were geographic coordinate and
socio-economic data collected to build the basic geographical
database. Firstly, the geographic coordinate data of capitals used to
calculate the regional gravity centre were obtained from Google
Earth. Secondly, the pollutant discharge patterns are influenced by
multiple socio-economic factors, and the data, such as GDP per
capita, environmental investment, environmental regulation, and
R&D, were collected from the China Statistical Yearbook and
2005e2016 statistical yearbooks of Jiangsu, Zhejiang, Shanghai,
Anhui, and Jiangxi. Manufacturing and other socio-economic data
used were obtained from the China City Statistical Yearbook and
statistical yearbooks of sample cities from 2005 to 2016. Mean-
while, the regional environmental data, such as industrial waste-
water discharge, gaseous emissions, and solid waste emissions,
came from the China Environmental Statistics Yearbook as well as
the statistical yearbooks and Environmental Statistics Yearbook of
the four provinces and one city. These officially published statistical
yearbooks and other authoritative departments are viewed as the
most reliable and available sources of data for studies on China’s
economy and industries (Wu et al., 2019).

Finally, a geographical database of economic, technological,
regulation, and environmental attributes of four provinces and one
city was established. Additionally, based on the ArcGIS distance
calculation tool, relevant analyses and plotting of the movement
distance of the pollution centre were carried out to establish how
locations evolved over time. After the data on economic develop-
ment, such as GDP per capita, were adjusted for inflation, a pooled
regression model was constructed to examine how economic,
technological, and regulation factors affect the pollutant discharge
pattern.
4. Results

4.1. Changes in pollutant discharge pattern

As shown in Fig. 3, the pollution gravity centre of the
manufacturing industry had a tendency to move toward the west
from 2005 to 2015. The industrial wastewater centre continuously
moved westward by 0.23�, showing a larger movement of 0.17�

from 2005 to 2010. The industrial gaseous emissions centre also
moved toward the west by 0.48� and the industrial solid waste by
0.14�. The increase in industrial pollutant emissions was affected by
the development of steel, heating power, electric power and other
pollution-intensive industries in Jiangxi and Anhui. The overall
movement of the industrial gaseous emissions centre was 0.08�

northward. The results indicate that the pollutant discharge pattern
in the study area has undergone great changes.

In terms of the total amount of discharge (Fig. 4), the overall
changes in the pollutant discharge pattern in the PYRD indicates
transfer from the developed eastern area to the developing western
area. Industrial SO2 emissions over the past decade showed a
decreasing trend, except in 2009 and 2011. The total amount of
industrial wastewater emissions declined by rates of 8.2%, 30.4%,
and 23.4% in Shanghai, Jiangsu, and Zhejiang, respectively, from
2005 to 2015, whereas emissions in Jiangxi and Anhui increased by
12.4% and 41.5%.

Fig. 5 shows that the intensity of pollutant discharge in the PYRD
declined greatly from 2005 to 2015. The spatial patterns of indus-
trial wastewater and gaseous emission intensity of Shanghai and
Zhejiang were the lowest, that of Jiangsu ranked in the middle, and
those of Anhui and Jiangxi were the highest. There was a trend of
greater decline in the developed eastern area than in the devel-
oping western area. However, the superimposition of pollution
occurring in each region and that caused by industrial transfer may
impact the spatial pattern of pollutant discharge.
4.2. Response to industrial transfer

Due to differences at the economic level, production factor
endowment, and industrial division in the PYRD, interregional
competition and cooperation inevitably accompany the gradient of
industrial transfer. Along with the optimization and adjustment of
the industrial structure in the YRD represented by Shanghai,
Jiangsu, and Zhejiang, more attention was paid to developing
emerging high-tech and high value-added industries. On the other
hand, the peripheral developing areas tended to undertake
pollution-intensive and low value-added sunset industries.



Fig. 3. Track changes in the pollutant gravity centreNote
The numbers in the graph denote the year.

Fig. 4. Total discharge of industrial waste water and SO2.
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Currently, traditional manufacturing industries tend to transfer
from developed cities, such as Shanghai, Jiangsu, and Zhejiang, to
developing areas, such as Anhui and Jiangxi.

From 2005 to 2015, the centre of the pollution-intensive in-
dustries in the PYRD moved toward the west by 0.73�. As a result,
the proportion of pollution-intensive industries in Shanghai,
Jiangsu, and Zhejiang declined gradually by 7.08%, 5.05%, and 2%,
respectively. A similar trend was observed in the manufacturing
industry in that the centre of pollutant discharge moved westward,
and that of industrial wastewater, gaseous emissions, and solid
waste shifted by 0.23�, 0.48�, and 0.14�, respectively. The ratios of
pollutant discharge amounts of industrial wastewater, gaseous
emissions, and solid waste in Jiangsu and Zhejiang decreased
respectively from 10.98%, 36.67%, and 21.85% in 2005 to 7.16%,
35.92%, and 18.45% in 2015. In contrast, the pollutant discharge
amounts of Anhui and Jiangxi gradually increased from 14.12% to
16.38% in 2005 to 21.33% and 17.14% in 2015, respectively. There-
fore, developing areas, such as Anhui and Jiangxi, are becoming
highepollutant discharge areas. However, the ratios of decreasing
pollution-intensive industries are not equivalent to those of
pollutant discharge in Shanghai and Jiangsu, which indicates a time
lag in pollutant discharge. Otherwise, manufacturing industrial
transfer and pollutant emissions patterns were strongly spatially
correlated.
4.3. Driving mechanism of pollutant discharge pattern

As stated earlier, regional economic difference, industrial
structure adjustment, technological progress, and government
regulation are important socioeconomic factors influencing



Fig. 5. Discharge intensity of waste gas and waste water.
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pollutant discharge both jointly and individually. The effect degrees
of these factors were evaluated with a pooled regression model,
and Table 3 presents the regression results for the driving mecha-
nism of the pollutant discharge pattern. The results of the stepwise
regression analysis were tested using procedures in R and were
found to be appropriate for the estimation. Overall, the goodness-
of-fit of the model adjustment was 0.939, the standard error of
the residual was 0.1189, the F-statistics of the regression model was
95.34, and the P value was close to 0, which indicates that the
regressionmodel is highly significant. The regression coefficients of
the model also passed the t-test, indicating that there are influ-
encing factors and their impacts on changes in pollutant discharge
patterns, which accords with the theoretical expectations.

4.3.1. Regional economic difference
The differences in the economic development levels of the re-

gions promoted the transfer of pollutant discharge from highly
developed to poorly developed areas. There was a significant pos-
itive correlation between GDP per capita and changes in pollutant
discharge pattern. In terms of the whole region, the GDP per capita
increased by 1% and the proportion of pollutant discharge by 1.45%.
That is to say, although the PYRD actively adjusted its industrial
structure, its dependence on pollution- and energy-intensive in-
dustries was still high. In areas with higher GDP per capita, such as
Shanghai, Jiangsu, and Zhejiang, the proportion of pollutant
discharge to that of the country decreased dramatically, but the
total amount remained high. In the provinces with lower economic
Table 3
Model results.

Variable Estimate Std. Error t value Pr (>|t|)

Intercept 9.54169 0.67496 14.137 < 2� 10�16***
REGDP 1.45004 0.19252 7.532 2.95� 10�9***
AWAGE �1.65446 0.14239 �11.619 1.5� 10�14***
URBAN 2.51815 0.4296 5.862 6.81� 10�7***
IS �0.23951 0.27469 �0.872 0.038831*
ICA �0.27531 0.09669 �2.848 0.00686**
DEA �0.44773 0.08597 �5.208 5.73� 10�6***
EGI �0.04532 0.07747 �0.585 0.56178
GOV �0.36696 0.14172 �2.589 0.01325*

Notes: Estimate shows estimation regression coefficient; Std. Error shows standard
error; t value shows statistical magnitude of t; Pr (>|t|) shows value of P; Intercept
shows intercept. ***, ** and * enote significance at 0.001, 0.01, and 0.05, respectively.
development, such as Anhui, the rates of economic and industrial
development were high, and the amount of pollutant discharge
increased. Moreover, the factor cost greatly influenced the
pollutant discharge transfer, and the regression results are signifi-
cant at a P value of 0.001. Influenced by increasing labour costs in
the YRD, labour-intensive industries gradually transferred from
Shanghai to south Jiangsu, north Zhejiang, and then to north
Jiangsu, Anhui, and Jiangxi, resulting in increased pollutant
discharge in the transfer-in areas (Zhao and Jiang, 2013).

A significant positive correlation existed between the level of
urbanization and pollution transfer. When urbanization level
increased by 1%, the proportion of pollutant discharge increased by
2.52%. This indicates that the acceleration of urbanization may lead
to the aggravation of environmental pollution from pollution
intensive industries. Since 2005, urbanization in Anhui and Jiangxi
has entered the stage of accelerated development. The urbanization
rate has increased rapidly from 35.5% to 37% in 2005 to 50.5% and
51.6% in 2015. Large-scale population migration has increased the
density of the urban population, the demand for various materials,
and waste discharge in cities and towns. The industrial wastewater
discharge and gas emissions in Anhui and Jiangxi increased from
1.17 to 1.1339 trillion m3 in 2005 to 1.48 and 4.6243 trillion m3 in
2015, respectively. While Shanghai and Jiangsu are at the third level
of high urbanisation and steady development, the improvement of
residents’ quality of life and changes in consumption have pro-
moted environmental protection and gradually downscaled pollu-
tion. Overall, the higher level of economic development and factor
cost in the transfer-out area encouraged the transfer of pollution-
intensive industries to other areas. The lower factor cost in the
transfer-in area and the urgency of prioritising economic devel-
opment attracted the transfer of pollution-intensive industries,
thus promoting inter-regional transfer of pollutant discharge.
4.3.2. Industrial structure adjustment
Industrial restructuring and upgrading are important measures

to reduce pollutant emissions and improve environmental quality.
The simulation results show that the industrial structure signifi-
cantly impacted the evolution of manufacturing industries in the
PYRD, and the regression coefficient was negative. The proportion
of tertiary industries in GDP increased by 1%, whereas pollutant
emissions decreased by 0.24%. This shows that the optimization
and upgrading of industrial structure in Shanghai, Jiangsu, and
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Zhejiang restrained the total amount and intensity of pollutant
emissions and promoted the transfer of pollutant emissions to
developing areas, such as Anhui and Jiangxi.

The adjustment and upgrading of industrial structure greatly
reduced pollutant emissions through the improvement of produc-
tion technology, resource utilisation efficiency, and pollution pre-
vention and control capability. Furthermore, it reduced
environmental pollution by eliminating some pollution-intensive
and low value-added industries and increased some emerging
high-tech and high value-added industries. This was the impetus
for promoting the transfer of pollution-intensive industries to
western regions. Along with boosting the integration process in the
PYRD, Anhui and Jiangxi now lead industrial transfer from
Shanghai, Jiangsu, and Zhejiang. Some pollution-intensive in-
dustries in Jiangsu, Zhejiang, and Shanghai have gradually trans-
ferred to Anhui and Jiangxi, driving the pollutant discharge towards
the developing areas.

4.3.3. Technological progress
Technological progress is an important approach to driving

pollutant discharge transfer. Technological innovation capability is
negatively correlated with changes in pollutant emission pattern,
which indicates that the improvement of innovation capability is
beneficial for reducing pollutant emissions. However, its effect was
only 0.27, indicating that technological innovation capability has
less influence on pollutant emission transfer than other factors do.
Shanghai, Jiangsu, and Zhejiang are among the densest areas in
terms of scientific research institutions, scientific and technological
talent, and high-tech industries in China. There are also more in-
vestments in scientific technology than in the other regions.
Generally, industries with high R&D have higher added-value and
tend to offset part of the cost growth caused by increasing labour.
Therefore, there is little possibility for industrial transfer, and in-
dustries with high R&D intensiveness are still concentrated in the
core of the PYRD. Because of technological progress, energy effi-
ciency improvement, and low pollution from high-tech industries,
pollutant discharge in the PYRD gradually decreased.

Similarly, the efficiency of environmental governance is nega-
tively correlated with changes in pollutant discharge pattern and
the manufacturing industry, that is, the higher the efficiency of
environmental governance was, the lower the total amount and
intensity of pollutant discharge was. Highly efficient environmental
governance in Shanghai, Jiangsu, and Zhejiang caused the
decreased pollutant discharge in the area to some extent. The
improvement in technological level and innovation ability was not
only the resistance to pollution-intensive industries remaining in
the eastern region but also the impetus to promote the transfer of
pollution-intensive industries towards the western region. Overall,
the direction of pollution transfer due to manufacturing industrial
transfer is the direction of decreasing technological innovation
capability.

4.3.4. Government regulation
Government regulation is an important factor influencing the

changes in pollutant discharge pattern due to manufacturing in-
dustrial transfer. The intensity of environmental governance is
negatively correlated with the transfer of pollutant discharge, but
the correlation coefficient was only 0.045. Investment in environ-
mental protection increased, and the intensity of industrial
pollutant control increased in the core of the PYRD, which plays an
important role in controlling environmental pollution. In western
areas, such as Anhui and Jiangxi, the prevention of and control over
industrial pollution were weak, and the environmental protection
infrastructure was insufficient, which was not conducive to the
control of industrial pollution and promoted the transfer of
pollutant discharge towards Anhui and Jiangxi to some extent.
As an important means for the government to control the layout

of pollution-intensive industries, local fiscal expenditure reflects
the extent of the government’s influence on pollutant discharge
transfer. Empirical evidence shows that for every 1% increase in
local fiscal expenditure, the proportion of pollutant discharge de-
creases by 0.37%. Developed cities in Shanghai, Jiangsu, and Zhe-
jiang are increasingly stringent on industries, and constantly
improving environmental policy is the driving force behind the
transfer of pollution-intensive industries from the eastern part of
the country. While Anhui and Jiangxi, in the context of the rising
central economy, is developing rapidly at lower costs to drive the
economy, their relatively loose industrial policy is a driving force for
attracting the transfer of peripheral industries. This inevitably leads
to the transfer of pollution-intensive industries and increased
pollutant discharge. Consequently, western areas with weaker
environmental regulation have become the primary region for the
transfer of pollutant discharge.

5. Discussion

Improvements in the economy of the PYRD still largely depend
on pollution- and energy-intensive industries. Therefore, as found
in this study, the manufacturing industry has transferred for coor-
dinating regional economic development, accompanied by the
transfer of pollution-intensive industries, and this finally influ-
enced the changes in pollutant discharge pattern of the
manufacturing industry. This conclusion is consistent with previ-
ous studies. For example, Yin et al. (2016) confirmed that the
transfer of pollution-intensive industries promotes economic
development while also causing pollution transfer and diffusion.
Wang et al. (2014) and Zhao et al. (2014) identified that environ-
mental pollution had a similar spatial pattern to that of the
geographic industrial concentration, that is, high in eastern China
and low in the west. Meanwhile, with evaluating the shifting of
pollution gravity centre, this study will contribute to the literature
with a more quantitative result. Furthermore, the findings also
indicated a delayed response between the movement of industry
and the changes in pollutant emissions, which demonstrated the
opinion of delayed response pointed out by Gai et al. (2013),
making it not only true in theory but also in practice. This provided
a macro-analysis of the pollutant discharge pattern in response to
industrial transfer, which expands and deepens understanding of
the relationship between these processes.

In PYRD, the changes in pollutant discharge patterns caused by
manufacturing industry are currently influenced by factors
including economic development, industrial structure, and envi-
ronmental governance. These findings verified the results of the
early-stage qualitative analysis by Zhao et al. (2014). Although the
conclusions of the studies are consistent, it should be noticed that
the influencing factors and degree of action in different regions at
different stages of development usually differed. Zhang et al. (2011)
suggested the industrial structure has more obvious effect onwaste
pollution. And our results have further interpreted how different
factors worked positively or negatively in varying degrees. This
verified and further explained the findings from previous study
that the effects of different environmental regulations, as well as
the changes in regional and industrial characteristics, on the dis-
tribution of pollution-intensive industry are complicated (Zhou
et al., 2017). Besides the general factors of economic develop-
ment, industrial upgrading, technological progress, and govern-
ment regulation, natural endowment, population migration and
other factors can also make great impact. For example, Heras-
Saizarbitoria et al. (2015) pointed that the effects of regional fac-
tor endowments probably surpassed that of policies, such as
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environmental regulations, although regulations may have a
greater impact at the micro industrial sector levels. This indicates
the demand of a more comprehensive driving mechanism research.
Moreover, considering the findings above and the situation that
some local governments in developing regions still pursue indus-
trial developments at the expense of the environment with the
deepening of fiscal decentralization (Dong et al., 2015), here we
recommended properly designed environmental regulations to
stimulate technological innovation and cleaner production, as well
as contribute to industrial upgrading.

In this study, the modified STIRPAT random regression model
was constructed with the analysis framework of the pushepull
theory, and was combined with GIS-based spatial analysis methods
to study the driving mechanism of pollutant discharge pattern
change due to industrial transfer. Although the methods are by no
means perfect, they do help to target our subjects more precisely
and ensured the robustness of the research. However, in this study,
only economic development, industrial structure, technical effect,
and policy were considered, as these factors are known to influence
the spatial patterns of pollutant discharge in the manufacturing
industry. This inevitably overlooked some factors that are impor-
tant to some regions. And the changes in industrial and pollutant
transfer within the PYRD are complex, because Shanghai, Zhejiang,
Jiangsu, Jiangxi, and Anhui are considered to be a single unit, the
intra-provincial transfers and the specific industries transfer were
not considered. Therefore more detailed investigations into
pollutant transfer in sub-regions and different pollution-intensive
industries are still required.

6. Conclusions

A large number of literatures have investigated the redistribu-
tion of pollution-intensive industry and the accompanying change
in pollution (Dean et al., 2009; Wang et al., 2019). Nevertheless, it is
still unclear how the pollutant discharge pattern responds to in-
dustrial transfer and its drivingmechanism. To fill this research gap,
we focus on the changes in pollutant discharge pattern and its
spatio-temporal response to industrial transfer, with particular
attention to regional driving forces.

We find that the pollutant discharge pattern of the
manufacturing industry in China has changed and has undergone a
process of geographical transferal from the eastern developed area
to the western developing area. Between 2005 and 2015, rates of
total pollutant discharge declined to different extents in Shanghai,
Jiangsu, and Zhejiang, whereas they showed an increasing trend in
Jiangsu and Anhui. During the same period, the pollutant discharge
intensity declined sharply in Shanghai, Jiangsu, and Zhejiang but
slightly decreased in Anhui and Jiangxi. The pollution gravity centre
generally moved westward.

As expected, the pollutant discharge pattern of the
manufacturing industry was influenced by multiple factors,
including regional economic differences, industrial structure
adjustment, technical effect, and government policy. Differences in
interregional economic development level drove the pollutant
discharge transfer from more to less developed regions. Cheaper
factor costs and loose macro-environmental policies in developing
areas attracted pollution-intensive industrial transfer from devel-
oped areas. Moreover, rapid technical advances and industrial
structure optimization and adjustment, amongst others, were a
resistance to the development of pollution-intensive industries in
developed areas. It was also an impetus for driving pollution-
intensive industries to transfer towards developing areas.

In addition, the pollutant discharge pattern of the
manufacturing industry showed certain spatial correlations with
industrial transfer and indicated a time lag. While pollution-
intensive manufacturing industries were transferred to devel-
oping areas, highly polluted areas showed the same expansion
trend. For developing areas, it is important to avoid a pollution
build-up resulting from the transfer of pollution-intensive
manufacturing industries from developed areas and the risk of
development of further ‘pollution havens’, which may sometimes
be developed in environmentally sensitive zones providing
important ecosystem functions.
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