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Abstract: Identifying the evolutionary patterns and drivers of regional water use is a prerequisite for
achieving the strictest water resource management system. This study used the Tapio-LMDI model
to analyze the decoupling state and driving factors between economic development and production
water use in Jiangsu Province from 2004 to 2020. The results show that: (1) From the evolution
of the water use structure, the total water use in Jiangsu Province shows a decreasing trend from
2004 to 2020. Among them, the production water use decreased by 9.59%. From the characteristics
of economic development (constant prices), the growth of Jiangsu’s gross regional product (GDP)
from 2004 to 2020 reached 363%. (2) In terms of the decoupling status, economic development and
production water use in Jiangsu Province underwent a “weak decoupling—strongly decoupling”
transition and achieved “strongly decoupling” in 2020, with a decoupling elasticity coefficient of
—2.30. (3) From the perspective of the decoupling drivers, the reduction in production effects has
contributed to the decoupling between economic growth and water use in Jiangsu Province. By
sector, the decline in the water use intensity effect and the industrial structure effect in the primary
and secondary sectors were the main reason for the decline in its water use, while the increase in the
industrial structure effect and economic scale effect of the tertiary sector has effectively contributed to
the increase in water use in the tertiary sector. Therefore, there is an urgent need to improve the water
use efficiency of the primary and secondary sectors, accelerate the transformation and upgrading of
the tertiary sector, and realize a “strongly decoupling” pattern between economic development and
production water use in Jiangsu Province.

Keywords: production water; LMDI model; Tapio decoupling state; driving factors; Jiangsu Province

1. Introduction

Water resources are the material basis for human survival. It is irreplaceable in
promoting economic development, maintaining social stability and guaranteeing ecological
security [1]. The continuing economic development has increased the demand for water
resources, leading to a constant imbalance between water supply and demand [2—4]. The
water resources in China are uneven in distribution and face serious water shortage, with
per capita water resources ranking low globally. In recent years, with the increasing level
of economic development, some of China’s regional water resources have become out of
balance, and the conflict between water supply and demand has become prominent.
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There are many river networks in Jiangsu Province, with abundant water in transit;
however, the amount of available water resources is relatively small and difficult to manage.
The average annual precipitation in the province is 996.0 mm, and the average annual
surface runoff is 27.05 billion m>. The specific performance is as follows: Firstly, the
per capita water resource is low. The province’s multi-year average water resources are
36.34 billion m?, and the per capita water resources occupancy is 458 m?® per person,
only 21% of the national per capita water resources occupancy. Secondly, the spatial
and temporal distribution of water resources is uneven. In terms of time, most of the
water resources in Jiangsu Province are distributed during the flood season, with large
inter-annual variations in runoff; in terms of space, the overall water resources in Jiangsu
Province are less in the north than in the south, with the average water resources per unit
area rising from north to south. In addition, the province lacks the construction conditions
of large and medium-sized reservoirs for water storage and regulation. Thus, reservoir
storage cannot meet the demand for water utilization during the year. At the same time,
Jiangsu Province is a major economic center in China, with an average annual GDP growth
rate of 12% in 2020, and an economic structure that has been transformed into one where the
tertiary sector is the most prominent, the secondary sector next, and the primary sector is
the lowest. Therefore, clarifying the evolution of production water use in Jiangsu Province
and its driving factors in alleviating water shortage is important.

Production, domestic, and ecological water constitute the “Production-Domestic-
Ecological” water use structure. Understanding the water use structure of a country or
region is vital for water resources management. However, the “Production-Domestic-
Ecological” water use structure is highly concentrated on production water; thus, opti-
mizing the structure of production water to realize the optimization of the “Production-
Domestic-Ecological” structure, and providing a guarantee of water resources for the
domestic and ecological sectors. The structure of production water use refers to the man-
ner of mutual combination and proportional relationship among primary, secondary and
tertiary sector water use; the production water use structure is closely related to regional
economic development. Analyzing the evolving structure of production water and its
driving factors makes it significant to rationally allocate regional water resources.

Many studies have been performed on the evolution of water use. Sun analyzed the
evolution of the water use structure in the Yellow River basin using information entropy,
the Lorenz curve, Gini coefficient and the Mann-Kendall (MK) test [5]. Wang analyzed
the evolution of the water use structure in Qingyang City based on Renyi’s alpha order
function, identified the key drivers of different types of water use through standardized
information flow, and explained the abrupt changes in the water use structure [6]. Bao used
theoretical methods, such as information entropy and the equilibrium degree, to analyze
the water use structure of the Yangtze River Economic Zone and its driving factors [7].
Matthew used a multi-layer model to compare the attitudinal, demographic, and structural
drivers of indoor and outdoor residential water use in a northern Utah household [8].
Scholars have mainly used information entropy theory, the Gini coefficient and the MK test
to explore regional water-use changes. However, the above methods are difficult to use to
explore the relationship between changes in water use and economic development.

In the 1960s, the hot issue of “decoupling economic development from resources
and environment” was raised for the first time [9]. In the 21st century, the decoupling
relationship between water resources and economic development has attracted the attention
of scholars worldwide [10,11]. Tasbasi used the Tapio model to calculate the income
elasticity of water demand in Bulgaria, measured the effects of population, per capita
income and intensity on water demand through the WPAT equation, and finally, studied
the spatial variation of water use based on the local dissimilarity index [12]. Zhao applied
environmental Kuznets curve pairs and decoupling models to analyze the textile industry’s
water footprint and economic development in China [13]. Pan analyzed the decoupling
relationship between economic development and the water use of food and energy in
northwest China, and the driving factors, by using the Tapio-LMDI model [14].
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In the process of analyzing the driving factor, the factor decomposition method is often
dominant. Among the methods used are index decomposition analysis (IDA), structural de-
composition analysis (SDA), and production-theoretical decomposition analysis (PDA) [15].
IDA can quantitatively analyze the direction of each factor on the dependent variable; the
decomposition model, simply with fewer amounts of data [16]. The IDA method includes
the AMDI (arithmetic mean divisia index) and the LMDI (logarithmic mean divisia index).
Based on its strong applicability and flexibility, the LMDI method has become an effec-
tive tool for analyzing the drivers, carbon emission, and water use impact factors [17,18].
Therefore, the LMDI method was chosen to analyze the factors influencing the production
water in Jiangsu Province. However, in terms of the decomposition of the driving factors,
scholars mainly analyze the driving factors from the perspective of economic development
and total water consumption [19-21], or economic growth and agriculture or industry
water use [22,23], neglecting the water consumption of the tertiary sector. With the trans-
formation and upgrading of the industrial structure in Jiangsu Province, the output value
of the tertiary sector gradually surpasses the secondary sector in the process of economic
development. In addition, its water consumption has become less than the secondary
sector, which is a part of the decomposition of the driving factors of industrial structure
development and production water decoupling that cannot be neglected.

In summary, the decoupling trend of production water use in Jiangsu Province from
2004 to 2020 and its driving factors are analyzed based on the LMDI-Tapio model, which
is a two-stage approach, namely the LMDI logarithmic decomposition method and the
Tapio decoupling model. This paper uses the Tapio decoupling model to initially analyze
the relationship between production water use and economic development in Jiangsu
Province. Subsequently, it combines the LMDI model to establish a decomposition model
of the driving factors to further explore the underlying causes of the decoupling effect
between production water use and economic development in Jiangsu Province. Using the
LMDI-Tapio model to quantify the decoupling relationship between production water use
and economic development, the dynamic changes in the correlation between them can
be more intuitively reflected. This is important to rationally allocate water resources and
establish a water-saving society in Jiangsu Province.

2. Materials and Methods
2.1. Study Area

Jiangsu Province (30°45'-35°20" N, 116°18'-121°27" E) is located in the center of the
eastern coast of China. The proportion of plain and water surface is the highest in China, a
major geographical advantage of Jiangsu Province. The 2021 China Statistical Yearbook
showed Jiangsu Province’s GDP in the top three of China in 2020, with the total economic
output exceeding one billion yuan. At the same time, according to the 2004-2020 Water
Resources Bulletin of Jiangsu Province, the precipitation in Jiangsu Province from 2004 to
2020 was as shown in Figure 1 below. It can be seen that the overall precipitation in Jiangsu
Province fluctuated from 2004 to 2020. The maximum precipitation of 1410.50 mm occurred
in 2016, and the minimum of 784 mm in 2004.

Jiangsu Province has dense water systems and is relatively rich in transit water re-
sources; however, the water endowment conditions are not optimistic, with the average
annual water resources at 36.34 billion m® and the per capita water resources at 458 m3,
about 1/5 of the national per capita water resources, far below the world level. Water
resources are unevenly distributed in the region, with a gradual upward trend from north to
south. The water resources bulletin of Jiangsu Province in 2020 showed that the total water
consumption in Jiangsu Province was 45.27 billion m3, with production water accounting
for 89.1%, while the proportion of domestic and ecological water consumption was 9.8%
and 1.1%, respectively. The primary, secondary and tertiary sectors’ water consumption
accounted for 66.1%, 30.0% and 3.9%.
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Figure 1. Trends in precipitation in Jiangsu Province from 2004 to 2020.

2.2. Sources and Transformation of Data

The total water use, and primary, secondary, and tertiary sector water use, data
were obtained from Jiangsu Water Resources Bulletin from 2004 to 2020. The water supply
sources in Jiangsu Province mainly include surface water sources, groundwater sources and
water supply from non-conventional sources. The GDP data and the primary, secondary
and tertiary sector output were obtained from the Jiangsu Statistical Yearbook from 2005
to 2021. The output value of the three sectors and the GDP of Jiangsu Province have been
adjusted according to the constant prices in 2000 to eliminate the influence of price factors.

In this study, production water is subdivided into primary, secondary and tertiary
sector water use; the specific sectors are shown in Table 1 below.

Table 1. Production water use classification and its hierarchy.

Level 1 Level 2 Level 3 Level 4 Notes
Planting Water field Paddy, etc.
Watered land Wheat, corn, cotton, vegetables, oilseeds, etc.
Primarv sector Irrlgatlon.of forest Fruit trees, nurseries, economic forests, etc.
y and fruit land
water use
Forestry, livestock . Artificial pasture, irrigated natural pasture,
and fisheries Irrigated pastures fodder base, etc.
Livestock Large and small livestock
Fishponds Fishpond replenishment
High water use Textile, paper, petrochemical, metallur
Production industry , paper, p , gy
water use

Secondary sector
water use

Industrial

General industry

Extraction, food, timber, building materials,
machinery, electronics; other (including
non-fire (nuclear) power part of the power
industry)

Thermal (nuclear)
power industry

Circulation type, DC type

Construction sector

Construction sector

Construction sector

Tertiary sector water
use

Commercial
beverage

Commercial
beverage

Commerce, catering sector

Service sector

Service sector

Freight, post and telecommunications, other
service industries, urban firefighting water,
public service water and special urban water
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2.3. Measures

(1) Based on the Kaya constancy equation for production water
In order to explore the driving factors of production water use in Jiangsu Province, the
Kaya constant equation constructed in this paper, based on the Zhang study [24], is as follows:

Wproa= Ws+Ws+W; @
Wprod: Tf'Qf‘G+Ts’Qs'G+Tt’Qt'G (3)

Wprod = 2?21 T;-Qi-G 4

where W4 is production water use (billion md); f, s and t are the primary, secondary and
tertiary sectors, respectively; W; is i sector water use (billion m3); G; is i sector output,
respectively (billion yuan); T; is the water intensity effect, which is the ratio of water use to
the output value for the sector (m3/billion yuan); Q; is the industrial structure effect, which
is the ratio of the output value to the regional GDP for the sector; G is the regional GDP
(billion yuan).

(2) Decomposition of LMDI model factors

Based on the Kaya constant equation for production water use constructed above, the
LMDI decomposition method is used to analyze the driving factors of production water.
The LMDI decomposition method mainly includes additive and multiplicative decom-
position forms. The multiplicative form mainly reflects the magnitude of the influence
of the different drivers; the additive form focuses on the amount of the different drivers’
influence [17]. The concept of additive decomposition is clear and has some physical
meaning, so the LMDI additive decomposition form is chosen.

0
Awprod: W;rod - Wprod ®)
Amed = AWf + AW + AW, (6)

The effects of each driving factor of water use in the sector are as follows:
AWZ' = ATZ' + AQZ' + AGI (7)
Water use intensity effects:

0
Wi — W xznTi (8)

AT, = i = i
' InW! — aniO T?

Industrial structure effects:

wt — wo t
AQ; = % xln% 9)
InW; — InW; Q;
Economic scale effect:
Wt — WO
AG; =W S (10)

=1L i yp =t
InW! — ZnWi0 Go

where AW, is the production effect; AW; is i industrial effects (i stands for primary, sec-
ondary and tertiary sector); AT;, AQ;, AG; are the water use intensity effects, industrial
structure effects, and economic scale effect. W! and WY are the water use of each sector in year
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t and the base year, respectively; Tf-, Qf and G; are the water use intensity effect, industrial
structure effect, and economic scale effect of each sector in year t, respectively; T?, QY and Go
are the water use intensity effect, industrial structure effect, and economic scale effect of each
sector in the base year, respectively. The rest of the explanation is as above.

(3) Tapio decoupling models

Decoupling was originally developed by the Organization for Economic Cooperation
and Development (OECD), to explore how to break the link between environmental quality
damage and economic development and to measure the state of economic development
and resource consumption. Decoupling between water resources and economic develop-
ment means achieving optimal economic growth with minimal water use within a given
economic scale and technological level. Referring to related scholars [25], the types of
decoupling were classified into three types and eight states, as shown in Table 2.

Table 2. Relationship between the decoupling state and decoupling index.

Decoupling Decoupling . .
Classification Status AW/W  AG/G D Meaning of Representation
Weak decoupling >0 0 D<08 Production water is growing slower than
the economy
Decoupling Strongly decoupling <0 >0 D<0 Economic growth with re.duced water use
for production
Recession decoupling <0 <0 D>12 Production of Water. deceler:fltes faster than
economic recession
Water for production and economic
Expansive coupling >0 >0 08<D<1.2 development grow simultaneously and
. change similarly
Connections
Water for production and economic
Recession coupling <0 <0 08<D<1.2 development declined at the same time
and changed at a similar rate
Expansive nfegatlve 0 >0 D>12 Economic growth at .the cost of accelerated
decoupling production water
Negative . . Water production grows while the
decoupling Strongly negative decoupling >0 <0 D<0 economy declines
Weak negative decoupling <0 <0 D<08 Water production decelerates slower than

an economic recession

Based on previous studies [13,26,27], the decoupling relationship between economic
development and production water use in Jiangsu Province was constructed.

AW yoq /WL

o prod
D(Wirot,G) = —1 &/t (1)
(AWf -+ AW, + AW ) /WL
D (WProd/ G) = AG/thl
AT+ AQf + AGy ) + (AT + AQ, + AGs) + (AT, + AQ; + AGy)
_ f f f thl (12)
= — .
W;rod'AG

The decoupling relationship between primary, secondary and tertiary sector develop-
ment and the each sector’s water use was constructed as follows.

AW;/Wi™! (AT +AQ; + AG) i1 13

D(W;,G;) = =
( i l) AG,‘/Gfil Wffl.AGl. f
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where D (med, G) is the decoupling elasticity coefficient between the regional GDP and
production water use; D (W;, G;) is the decoupling elasticity coefficient between the output
value of sector 7 and its water use; Wlt-_1 and Gf_l are the value of water use and the output
value of sector i in year t — 1; other definitions as above.

Figure 2 shows a summary of the research methods used in this paper. Based on
the analysis of the changes in water use structure and economic development in Jiangsu
Province from 2004 to 2020, using the Tapio decoupling model, the relationship between
production water use and economic development in Jiangsu Province is initially analyzed.
Then, the LMDI decomposition model is combined to establish a decomposition model
of the driving factors to further explore the underlying causes of the decoupling effect
between production water use and economic development in Jiangsu Province.

Analysis of the Decoupling State and Driving Effects of Economic Devel-
opment and Production Water Use in Jiangsu Province

Evolution of production water structure Characteristics of economic development

L J

Decoupling economic development \
> Tapio decoupling models
and production water
Decomposition of driving factors for
decoupling economic development LMDI decomposition method
and production water /

Figure 2. A method for analyzing the state of decoupling and the driving factors of production water
and economic development.

3. Results
3.1. Analysis of the Evolution of Production Water Structure in Jiangsu Province

The changes in water use in different sectors in Jiangsu Province from 2004 to 2020 are
shown in Figure 3. The total water use in Jiangsu Province decreased from 51.46 billion m?
in 2004 to 45.27 billion m? in 2020, with a 13.67% decrease in water consumption. Among
them, the total water use in Jiangsu Province showed a slight upward trend from 2004 to 2011
and a significant decrease in 2013. In 2012, the State Council implemented the strictest water
resources management system in Jiangsu Province, promoting water use efficiency in Jiangsu
Province. Production water use was consistent with the trend in total water consumption,
showing a slight upward and downward trend, from 48.20 billion m® in 2004 to 40.36 billion m?
in 2020. Specifically, the primary sector’s water use was declining, from 29.15 billion m® (2004)
to 26.60 billion m3 (2020), reaching a maximum of 31.03 billion m3 in 2011. Water use in the
primary sector began to show a downward trend in 2012. The secondary sector’s water use
showed a trend of rising (2004-2007) and then falling (2008-2020), and the variation from 2014
to 2020 was relatively stable, remaining at 12~13 billion m>. The tertiary sector’s water use
was on the rise from 2004 to 2020. With the transformation and upgrading of the industrial
structure in Jiangsu Province, tertiary sector water steadily increased from 630 million m® in
2004 to 1.58 billion m? in 2020.
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Figure 3. Changes in production water in Jiangsu Province from 2004 to 2020.

The water use structure of Jiangsu Province from 2004 to 2020 is shown in Figure 4.
The proportion of production water in the total water use decreased from 93.66% in 2004 to
89.15% in 2020. The proportion of other water (domestic and ecological water) increased
steadily from 6.34% (2004) to 10.85% (2020). Specifically, the primary sector is the main
water sector in Jiangsu Province, accounting for 56.65% of the total water use in 2004 to
58.89% in 2020. The following is the secondary sector, the share of water use gradually
decreased during the study period, from 35.79% in 2004 to 26.77% in 2020. Tertiary sector’s
water use increased year by year from 2004 to 2020; however, the proportion of water used
remained low, although it rose from 1.22% in 2004 to 3.49% in 2020. Overall, the primary
sector’s water use was on a decreasing trend, its proportion was still large. The primary
sector was still the main water consumer. Therefore, improving the water use efficiency of
the primary sector is the key to controlling the total water use and is a prerequisite for the
sustainable and efficient utilization of water resources in Jiangsu Province.

- Primary sector water |:| Secondary sector water

I:I Tertiary sector water - other

%
S

N
S

s
S

20

Proportion of water consumption by industry (%)

2004 2006 2008 2010 2012 2014 2016 2018 2020
year

Figure 4. Change in the proportion of production water in Jiangsu Province from 2004 to 2020. (Note:
Other refers to the sum of domestic and ecological water use).



Sustainability 2023, 15, 10258

9o0f 16

3.2. Analysis of the Characteristics of Economic Development in Jiangsu Province

The GDP of Jiangsu Province and the output value of each sector from 2004 to 2020
are shown in Figure 5. The output value in the figure was adjusted according to the
constant price in 2000. The GDP of Jiangsu Province grew rapidly from 2004 to 2020.
Specifically, the primary sector showed a slight increase, but its proportion of GDP was
small. The output value of the secondary sector increased from 765.91 billion yuan in
2004 to 2720.99 billion yuan in 2020. The tertiary sector’s output value also increased
significantly, its proportion also increased steadily, and in 2015, its output gradually began
to exceed that of the secondary sector.

Tertiary sector Output I:] Secondary sector Output
Primary sector Output

2020 | .
2019 |
2018 |
2017 |
2016
2015
2014
2013
2012
2011
2010
2009
2008
2007
2006
2005
2004

year

WL I JL T

e e e L e e e e e o e e e e
5,000 10,000 15,000 20,000 25,000 30,000 35,000

o

Primary/Secondary/Tertiary sector Output (X 10®Yuan)
Figure 5. The regional output value characteristics in Jiangsu Province from 2004 to 2020.

3.3. Empirical Analysis of Decoupling Economic Development and Production Water in
Jiangsu Province

The Tapio decoupling model was used to measure the decoupling status of economic
development and production water use in Jiangsu Province from 2004 to 2020. The re-
sults are shown in Table 3. Economic development and production water use changed
from a “weak decoupling” to a “strongly decoupling” type. Among them, the primary
sector’s output and its water use moved through “strongly decoupling—weak decoupling—
strongly decoupling”. The secondary sector’s output and water use changed from the
“expansive coupling” type in the early stage to the “strongly decoupling” type in the later
stage. The tertiary sector’s output and water use constantly changed between the “weak
decoupling—strongly decoupling” types.

Specifically, in 2005, the primary sector’s output and its water use were “strongly
decoupling”. During the “11th Five-Year Plan (2006-2010)”, there were more years of
“weak decoupling” between primary sector output and water use, indicating that the
output of the primary sector in Jiangsu Province was based on high water consumption at
this time. There were more years of “strongly decoupling” between the primary sector’s
output and its water use in the “12th Five-Year Plan (2011-2015)”, which indicates that the
management of water use in the primary sector in Jiangsu Province strengthened with the
economic development. During the “13th Five-Year Plan (2016-2020)", the decoupling state
between primary sector output and water use in Jiangsu Province changes significantly,
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with “weak negative decoupling” and “expansive negative decoupling” between 2017
and 2019, and decoupling elasticity coefficients of —1.18 and —2.33, respectively, in an
undesirable decoupling state. In addition, the “strongly decoupling” type was achieved
again in 2020.

Table 3. Decoupling status of industrial development and production water use in Jiangsu Province
from 2004 to 2020.

Decoupling DW., Gy) Decoupling DW;, Gy) Decoupling  D(W,,,4,  Decoupling

Year bWy, Gp) Status Status Status G) Status
2002005 w7 R 09 9 doupling P decoupling
Expansive
2005-2006 0.71 Weak 0.40 Weak 1.81 negative 0.30 Weak
decoupling decoupling decoupling decoupling
2006-2007 ~0.07 Strongly 0.17 Wealk 0.72 Weak 0.06 Wealk
decoupling decoupling decoupling decoupling
2007-2008 0.72 Weak ~0.62 Strongly 0.17 Weak 0.05 Weak
decoupling decoupling decoupling decoupling
2008-2009 051 Weak ~0.67 Strongly 063 Weak ~001 Strongly
decoupling decoupling decoupling decoupling
2009-2010 0.24 Weak ~0.14 Strongly 0.51 Weak 0.04 Wealk
decoupll(mg decoup11<1ng decoupll(mg decoupll<1ng
Wea Wea Wea Wea
2010-2011 0.05 decoupling 0.07 decoupling 0.17 decoupling 0.06 decoupling
2011-2012 —0.14 Strongly 0.02 Weak 0.23 Weak —0.08 Strongly
decoupling decoupling decoupling decoupling
20122013 —0.19 Strongly ~3.95 Strongly 0.05 Weak ~1.08 Strongly
decoupling decoupling decoupling decoupling
20132014 034 Strongly ~175 Strongly 0.66 Weak ~045 Strongly
decoupling decoupling decoupling decoupling
20142015 076 Strongly ~027 Strongly 042 Weak ~053 Strongly
decoupling decoupling decoupling decoupling
20152016 215 Strongly ~0.13 Strongly 037 Weak ~0.27 Strongly
decoupling decoupling decoupling decoupling
Weak
2016-2017 ~118  negativede- 0.04 Weak 0.95 Weak 0.41 Weak
coupling decoupling decoupling decoupling
Expansive
2017-2018 ~3.95 Strongly ~0.16 Strongly 128 negative ~0.23 Strongly
decoupling decoupling decoupling decoupling
Expansive Expansive
2018-2019 2.87 negative ~0.10 Strongly 0.74 Weak 1.24 negative
decoupling decoupling decoupling decoupling
20192020  -2.33 Strongly ~2.70 Strongly —4.04 Strongly ~2.73 Strongly
decoupling decoupling decoupling decoupling

The secondary sector’s output and its water use underwent a “weak decoupling—
strongly decoupling” change in the remaining years, except for 2005. At the same time,
in the “13th Five-Year Plan”, the “strongly decoupling” type featured in most years. The
water use efficiency gradually improved in parallel with the economic development of the
secondary sector.

From 2005 to 2019, the decoupling between the tertiary sector’s output and its water
use in Jiangsu Province was mainly with “weak negative decoupling” in 2006 and 2018,
and the decoupling elasticity coefficients were 1.81 and 1.28, which were an undesirable
state of development. In 2020, the output of the tertiary sector and its water use were
“strongly decoupling” for the first time, with a decoupling elasticity coefficient of —4.04.
The economy of the tertiary sector continues to develop, and its water use efficiency also
begins to improve.
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During the “11th Five-Year Plan” (2006-2010) and before 2005, there were more
years of “weak decoupling” between economic development and production water use,
indicating that economic development and water use in Jiangsu Province had not yet
reached developmental balance. The number of years with the “strongly decoupling” type
during the “12th Five-Year Plan (2011-2015)” increased significantly, and the primary and
secondary sectors began to show the “strongly decoupling” type, indicating that Jiangsu
Province began to pay more attention to production water use in parallel with economic
development. During the “13th Five-Year Plan (2016-2020)”, the decoupling type of Jiangsu
Province experienced the decoupling state of “weak—expansive negative—strongly”. In
2019, the decoupling type of Jiangsu Province showed “expansive negative decoupling”. In
2020, all three industrial development and water use results showed a “strongly decoupling”
pattern. The elasticity coefficient of the decoupling of production water use and economic
development reached —2.73, which began to show a stable “strongly decoupling” trend.

3.4. Decomposition of Driving Factors for Decoupling Economic Development and Production
Water in Jiangsu Province

The LMDI additive model was used to measure the driving factors of decoupling
economic development and production water use in Jiangsu Province. The results are
shown in Table 4 below.

Table 4. Decomposition of the decoupling drivers of economic development on production water
use in Jiangsu Province, 2004-2020.

Production Effects
Year Total Effect
Primary Sector Effect Secondary Sector Effect Tertiary Sector Effect

2004-2005 —24.20 25.40 0.81 2.01
2005-2006 6.80 12.60 2.24 21.64
2006-2007 —2.00 5.00 1.22 422
2007-2008 19.00 —15.90 0.27 3.37
2008-2009 13.00 —14.80 1.08 —0.72
2009-2010 410 —2.70 1.08 2.48
2010-2011 2.10 1.10 0.30 3.50
2011-2012 —5.00 0.30 0.40 —4.30
2012-2013 —3.30 —50.80 0.10 —54.00
2013-2014 —4.20 —14.90 1.10 —18.00
2014-2015 —18.70 —2.20 0.70 —20.20
2015-2016 —9.00 —0.70 0.70 —9.00
20162017 10.50 0.40 1.20 12.10
2017-2018 —7.20 —1.20 1.80 —6.60
2018-2019 29.70 —0.40 1.20 30.50
2019-2020 —36.50 —4.20 —4.70 —45.40

The decrease in the effect of the primary sector in 2005 inhibited the growth of produc-
tion water use. However, the increase in the effect of secondary production was the main
reason for the growth of production water use in Jiangsu Province in 2005.

During the “11th Five-Year” Plan, the increase in the tertiary sector effect was the
main reason for the increase in production water use. The effect of the primary sector still
fluctuated and increased except for 2007, and the increase in the primary sector was the
main reason for the rise in production water use in Jiangsu Province in 2008 and 2010. The
effect of the secondary sector gradually decreased in 2010, and the decrease in the effect of
the secondary sector in 2009 offset the increase in production water use in Jiangsu Province
and caused a decrease in the total effect of water use in Jiangsu Province.

During the “12th Five-Year Plan”, the effect of the primary (2012-2015) and secondary
(2013-2015) sectors gradually began to decline. However, the effect of the tertiary sector
still played a role in promoting production water use. Specifically, the increase in the
production effect in 2011 led to increased total water consumption in Jiangsu Province;
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while in 2012-2015, the decline in the effect of the primary and secondary sectors inhibited
the growth of production water use in Jiangsu Province. It was also the main reason for the
decline in total water consumption.

During the “13th Five-Year Plan”, the three production water use sectors experienced
a continuous shift from “promotion to suppression”. Specifically, the decrease in the effect
of the primary and secondary sectors in 2016 and 2018 was the main reason for the decrease
in the total production effect in Jiangsu Province. The increase in the effect of the primary
sector in 2017 and 2019 was the main reason for the rise in the total production water use in
Jiangsu Province. The decrease in the effect of the primary, secondary and tertiary sectors
in 2020 effectively inhibited total production water use growth in Jiangsu Province. It was
also the main reason for the “strong decoupling” between economic development and
production water use in Jiangsu Province.

By industry, the economic scale effect was the main reason for the primary sector’s
water use growth. The water use intensity (except in 2017 and 2019) and the industrial
structure (except in 2011, 2012 and 2020) inhibited the increase in the primary sector’s water
use in Jiangsu Province in most years (Figure 6a). More specifically, from 2004 to 2016,
the water use intensity effect of the primary sector in Jiangsu Province showed an overall
inhibiting effect. It went through a “pulling (1.98 billion m*)—inhibiting (—0.90 billion m3)—
pulling (1.90 billion m3 )—inhibiting (—5.09 billion m3)” pattern from 2017 to 2020. From
2004 to 2010, the industrial structure had a negative inhibiting effect on primary sector water
use. The industrial structure adjustment made the primary sector’s water use gradually
increase from 2011 to 2012. In summary, the reduction in the water use intensity effect and
the industrial structure effect was the main reason for the decline in water consumption in
the primary sector and was the reason for the “strongly decoupling” type in the primary
sector.

:E‘ 50 Primary sector effect 40 = 40 Secondary sector effect 30
- 40 30 F il 20 —
A3l TITTTTSIN 2.
& 0% & | 1080000 &
g 10 i = = O FJTFF X
R j Il 5% ] I'T "%
) | = £ g
<10 -10g 20 -20 .8
& -20 £ g | s
5 -20% ¢ -30 ¢
« =30 —  0-40 <
=N 308w -40 €
o —40 o © ﬁ
2 50 ~40 Y60 | -50
S g2 50 § 2 ~60
DL LD DDAV AD AN A0 D D > PO PO DDAV ABAXAL A0 A2 D
RSN DS TS S TS S TS 2 S TR EE DD
DX TUTRSERI R B ISR U
— Tertiary industry effect
"’E 2 3
% bl LU L B E
X 0 1 I ﬂl . -Water use intensity effects
= i N —
g F TH T 0 %
= 9 1% :|Industrial structure effects
& 3 -2 v
o 4 3 = I:]Economic scale effect
2 =
]
B 5 | -4 — Total effect
S g (c) 5
P L LDV AD AN O DD D
ST ETE LD
R RN NS

Figure 6. Decomposition of water use drivers by sub-sector.

The economic scale effect promoted the increase in secondary sector water use. Still, the
decrease in the water use intensity effect was the main reason for inhibiting the secondary
sector’s water use (Figure 6b). More specifically, the water intensity effect of the secondary
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sector’s output (—6.15 billion m®) had the greatest inhibiting effect on its water use in 2013.
The effect of the industrial structure of the secondary sector mainly played an inhibiting
role in the increase in the secondary sector’s water use from 2005 to 2016, which changed
from an “inhibiting to pulling” effect in 2017 and continued to inhibit the increase in the
secondary sector’s water use in 2018. In summary, the reduction in the water intensity and
industrial structure effects were the main reasons for the decline in the secondary sector’s
water use. It was also why the secondary sector’s output and water use were “strongly
decoupling”.

The industrial structure and economic scale effect promote increased tertiary sector
water use, while the water intensity effect negatively inhibits the tertiary sector’s water use
in most years (except for 2005 and 2018) (Figure 6¢). More specifically, during 2006-2017,
the water use intensity effect in the tertiary sector improved. It was sufficient to offset
the promotion of the tertiary sector’s water use by the industrial structure effect and the
economic scale effect. In 2018, the water intensity effect of the tertiary sector was increased,
causing an “expansive negative decoupling” between its output and water use. The water
use intensity effect in the tertiary sector began to decline in 2019. In 2020, the reduction in
water use intensity offset the increase in the industrial structure and economic scale effect
for the first time, which was the main reason for the “strongly decoupling” type shown by
the tertiary sector and its water use.

4. Discussion

Water resources in Jiangsu Province have an uneven spatial-temporal and inter-annual
distribution, and the water endowment is not optimistic. The province’s annual total water
resources are 36.34 billion m3, and the per capita water resources holdings are 458 m?/per,
only 21% of the national per capita water resources [1]. Therefore, to achieve a “strongly
decoupling” state between economic development and the production water in Jiangsu
Province, it is necessary to continuously strengthen the water resources development and
utilization technology. On the one hand, this strengthens the collection of various types of
basic water resources data using big data platforms and other technical means of analysis;
on the other hand, it enhances the intensity of the development and use of unconventional
water sources, as far as possible, to include unconventional water sources in the study of
the optimal allocation of water resources.

The proportion of production water use in Jiangsu Province is large, and controlling it
is a prerequisite for achieving the strictest water resource management system. In recent
years, the primary sector’s water use in Jiangsu Province has been declining; however,
its proportion is still large. To improve water use efficiency and reduce the water use
intensity effect in the primary sector, it is vital to vigorously develop water-saving irrigation
technology. The water use of the secondary sector has been stabilizing in recent years, and
its industrial structure effect has shown a downward trend. The secondary sector, with high
water consumption and high emissions, is not conducive to the sustainable development
of Jiangsu Province’s economic society; thus, importing high-tech systems is the key to
achieving the secondary sector’s economic growth and improving its water use efficiency.
The tertiary sector in Jiangsu Province has been in stable development in recent years
and has a certain pulling effect on the growth of the regional GDP. At the same time, the
water use efficiency of the tertiary sector has been improving, which is the main reason for
Jiangsu Province achieving a “strongly decoupling” state between economic development
and production water use. In conclusion, it is important to carry out water conservation
during production to guarantee other water uses (domestic and ecological environment
water use) and to realize the decoupling of economic development and water use in Jiangsu
Province.

Previous studies on the decoupling status and driving factors between economic
development and production water use focused on agriculture or industry water use. The
decoupling status and driving factors between economic growth in the tertiary sector and
its water use were ignored. As primary and secondary sector development in Jiangsu
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Province has slowed down, the tertiary sector has gradually become the leading force of
economic development in Jiangsu Province, promoting the restructure and upgrade of the
industrial structure. At the same time, in 2020, the economic development of the three
sectors in Jiangsu Province and their industrial water use have been “strongly decoupling”
for the first time, gradually forming a balanced development pattern.

The fifth assessment report of the IPCC showed that the global surface temperature
would rise by 0.9~1.3 °C from 2016 to 2035. Under climate change, the spatial and tem-
poral distribution of water resources will be increasingly mismatched with the layout of
socioeconomic development, and global water security will face greater challenges [28,29].
Jampanil et al. showed that industrial water use in the UK would change by 3.6-6.1% under
a medium-high climate scenario. Jampanil showed that industrial water use in Thailand
would increase by 0.2% in the mid-21st century due to climate change [30]. Zhang showed
that climate change affects different sectors of industrial water use differently, with 22 of the
34 industrial water use sectors in Hebei Province being affected by rainfall and temperature
change rates, with the changes ranging from —15.11% to 37.36% [31]. Wang constructed a
statistical model to predict the changes in domestic water use in the Huaihe River basin
based on the effects of climate change. The results showed that as the average temperature
increased by 1 °C, the domestic water use in each sub-basin of the Huaihe River increased
by 0.549 x 108~5.759 x 108 m3 [32]. In summary, not only will agricultural water use be
affected by climate change, but water use in the industrial and domestic sectors will also
change. However, the impact of climate change has not been considered in the analysis of
the changes in production water use and the driving factors. The impact of climate change
upon water use in the primary, secondary and tertiary sectors needs further improvement.

5. Conclusions

The Tapio-LMDI method was used to quantitatively analyze the decoupling status
and driving factors between economic development and production water use in Jiangsu
Province. The conclusions are as follows:

(1) From 2004 to 2018, the overall decoupling type between economic development
and production water use in Jiangsu Province was in a “strongly-weak decoupling” type,
with an “expansive negative decoupling” type in 2019, and a stable “strongly decoupling”
state beginning in 2020. The primary sector’s output and its water use experience “strongly
decoupling—negative decoupling—strongly decoupling”, respectively. The secondary
sector’s output and its water use change from the “expansive coupling” type in the early
years to a “strongly decoupling” type at the later stage. The tertiary sector’s output and its
water use are constantly maintained as the “weak decoupling” type, until achieving the
“strongly decoupling” type in 2020.

(2) From 2004 to 2020, the decrease in water use intensity and industrial structure
effect in the primary and secondary sectors had a suppressive effect on the increase in
total water consumption in Jiangsu Province. Water use efficiency in the tertiary sector has
improved gradually, and the intensity effect of water use has been reduced. The increase in
the industrial structure effect and economic scale effect of the tertiary sector was the main
reason for the increase in water use in the tertiary sector.

The following policy recommendations are made based on the above conclusions:

(1) Jiangsu Province should implement high-quality development, strengthen indus-
trial transformation and upgrading, and improve its water use efficiency to control total
regional water use.

(2) Work should be carried out to conserve water in the production sector in Jiangsu
Province, such as improving the irrigation water use efficiency for farmland and the reuse
rate for industrial water while also strengthening water conservation in the domestic water
use sector.

(3) Industrial structure effects should be further reduced and attention paid to the
contribution of the water use intensity effect, especially in the primary sector, in achieving
the transformation and upgrade of the industrial structure required to ensure food security.
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