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Abstract: This study used a two-stage network data envelopment analysis model to measure the
water use efficiency of 108 cities in the Yangtze River Economic Belt in the initial water use and
wastewater treatment phases from 2009 to 2019. We divided the urban water use efficiency of six
significant urban clusters in the Yangtze River Economic Belt using the Dagum Gini coefficient. We
also tested the convergence characteristics of urban water use efficiency in six significant urban
clusters in the Yangtze River Economic Belt using convergence and convergence kinds. According to
this report, the Yangtze River Economic Zone’s cities often have low levels of water use efficiency,
which is primarily due to ineffective wastewater treatment. The 108 cities in the Yangtze River
Economic Zone are divided into four types based on the average values of water use efficiency in
the initial use and wastewater treatment phases; the highest number of cities are in the double-low
category, with low average values of water use efficiency in the initial use and wastewater treatment
phases. During the study period, spatial differences in urban water use efficiency in the Yangtze River
Economic Zone narrowed, with the differences stemming mainly from hyperdensity, followed by
intra- and inter-regional differences. Meanwhile, there is convergence in urban water use efficiency
in the Yangtze River Economic Belt, significant β convergence in the urban agglomerations of the
Yangtze River Delta, Jianghuai, middle reaches of the Yangtze River, Chengdu–Chongqing, and
Central Yunnan, and insignificant β convergence in the Central Qian urban agglomeration. After
considering control factors, such as industrial structure, financial development level, environmental
regulation, economic development level, and science and education development level, the water use
efficiency of the six major urban clusters in the Yangtze River Economic Belt converges faster, but the
influence of these control factors on the water use efficiency of each urban cluster is heterogeneous.
Research results have reference value for the development of improvement strategies on differentiated
urban water use efficiency in the Yangtze River Economic Belt. By measuring the regional differences
in water use efficiency of urban agglomerations in the Yangtze River Economic Belt and clarifying
their convergence mechanism, it provides a basis for analyzing the spatial pattern of water use
efficiency in urban agglomerations and has reference value for formulating differentiated urban water
use efficiency improvement strategies in the Yangtze River Economic Belt.

Keywords: water use efficiency; regional differences; convergence; network DEA; urban agglomerations;
Yangtze River Economic Belt

1. Introduction

Accelerated urbanization and industrialization, urban water resource demand, and
wastewater discharge increase have resulted in water resources and water environments
becoming rigid conditions that constrain urban development. Under a certain scale of total
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water resources and supply, improving the efficiency of urban water resource utilization
has become the key to alleviating the contradiction between supply and demand [1]. In
2016, the Ministry of Environmental Protection took the lead in the Yangtze River Economic
Zone with a special action for environmental enforcement of drinking water sources; a
total of 490 drinking water source problems were identified in 126 prefecture-level cities in
11 provinces and cities along the river [2]. The Ministry of Ecology and Environment and
Development and Reform Commission jointly released the Action Plan for the Battle of
Yangtze River Protection and Restoration Attack in January 2019, proposing to strengthen
water environment management in cities at the prefecture level and above in response
to water environment issues in the Yangtze River Economic Belt. In September 2022,
17 departments and units, including the Ministry of Ecology and Environment, National
Development and Reform Commission, Supreme People’s Court, and Supreme People’s
Procuratorate, jointly issued the In-depth Battle of Yangtze River Protection Action Plan for
Restoring the Battle of the Yangtze River. This action plan provides measures to strengthen
the construction of municipal sewage networks in cities at the prefecture level and above
and to improve the centralized collection rate of urban domestic sewage. The Yangtze
River basin is where 45.94% of China’s water resources are concentrated [3]. Moreover,
cities along the river depend on it, and the problems of wasteful urban water resources,
low utilization efficiency, prominent contradictions between supply and demand, and
significant differences in regional water resource utilization efficiency still exist owing
to various factors (e.g., water conservation and environmental protection technology,
industrial structure, and economic development level) [4]. Accordingly, the key to solving
these problems lies in improving urban water use efficiency and promoting inter-city
collaborative management. Under the core concept of “ecological priority and green
development”, improving urban water use efficiency in the Yangtze River Economic Zone
is of immense practical significance for the high-quality development of this area.

A nonparametric system analysis technique called data envelopment analysis (DEA)
that is based on the idea of production functions assesses the relative efficiency of decision
units with numerous inputs and many outputs of the same kind [5]. Given that multiple
inputs and outputs can be considered simultaneously and no specific functional forms need
to be set [6,7], the DEA method is widely used for water use efficiency evaluation. The
relevant research results focus on the following five aspects. (1) In the aspect of performance
evaluation of the water sector, Carvalho et al. [8] noted that the performance application of
the water sector includes the optimal scale of water facilities, scope economy of different
service types and water supply production chains. Pinto et al. [9] incorporated the oper-
ating environment and service quality into the analysis framework to measure the water
supply performance of different water systems. (2) Capital, labor, and water resources
are used as input factors and gross regional product as output factors to measure water
use efficiency and analyze its spatial and temporal characteristics and influencing factors.
Francisco et al. [10] evaluated agricultural water use efficiency in Spain using DEA. He Wei
et al. measured the water resource utilization efficiency of cities in the Yellow River basin
by taking the total water supply, domestic water consumption, number of people using
water, number of employed people, and total fixed asset investment as input indicators and
the GDP of municipalities as output indicators. Additionally, they examined the effects of
characteristics, including economic development level, industrial structure, level of marke-
tization, and water resource endowment on the efficiency of water resource utilization [11].
Yao et al. [12] used the DEA model to examine the water utilization efficiency of Beijing,
Tianjin, and Hebei and its spatial and temporal characteristics. They chose six indicators:
water consumption of CNY 10,000 GDP, water consumption of CNY 10,000 industrial
value added, pipeline network leakage rate, per capita daily domestic water consumption,
sewage treatment rate, and crop water utilization efficiency. (3) Wastewater is included as a
non-desired output element in DEA to measure water usage efficiency, taking into account
the effects on the water environment. “Non-consensual” output was initially introduced
into the productivity analysis method by Pittman et al. [13]. Since then, scholars have
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gradually included environmental pollution as a non-desired output in DEA models to
analyze water use efficiency. Yang et al. [14] used the slacks-based model (SBM) to measure
the water resource use efficiency of cities in the Huaihe eco-economic zone by including
wastewater emissions as a non-desired output. Yue et al. [15] measured the green devel-
opment efficiency of cities in the Yellow River Basin by taking real GDP, average urban
residents’ wage, and park green area as desired outputs and industrial wastewater emis-
sions as non-desired outputs. Gao et al. [16] used the super-efficient SBM (SE-SBM) model
based on non-consensual outputs and selected total fixed asset investment, employment,
and total water consumption as input indicators, and selected gross regional product and
wastewater discharge as consensual output indicators and non-consensual output indica-
tors, respectively, to measure the water resource utilization efficiency of 33 prefecture-level
cities in Northwest China from 2010 to 2018. (4) Using a multi-stage DEA model to measure
the efficiency of water resource use, we tried to open the “black box” of water resource use
efficiency. Färe and Grosskopf constructed a multi-stage DEA model in an attempt to open
the “black box” of multi-stage performance assessment. Tone and Tsutsui [17] developed a
relaxation-based network DEA model. Li et al. [18] developed a two-stage network DEA
model. Bian et al. [19] subdivided the entire water use process into an initial water use
stage and a wastewater treatment stage and eventually built a two-stage DEA model to
calculate water use efficiency and wastewater treatment efficiency. M. Moran Valencia
et al. [20] constructed a two-stage DEA model to evaluate the efficiency of water system
management in Mexico. Zhao et al. [21] used two stages to evaluate inter-provincial water
resource efficiency in China. Based on a network SBM-DEA model and Global Malmquist–
Luenberger (GML) index, Deng et al. [22] found large differences in industrial water use
efficiency among Chinese provinces in the production and wastewater management stages.
The hybrid network topology of the water resources system was used by Zhang et al. [23] to
build a DEA model that measures water usage efficiency from two stages: initial water use
and wastewater treatment stages. (5) From the provincial or central city level, the DEA or
SBM model was used to study the water resource utilization efficiency of the Yangtze River
Economic Zone. Ren et al. [24] measured the urban water use efficiency of the Yangtze River
Economic Belt using the super-efficient DEA (SE-DEA) model and the Malmquist index
and examined its influencing factors using the Tobit model. To measure the industrial green
water efficiency of 11 provinces and cities in the Yangtze River Economic Belt from 2005
to 2014, Wang et al. [25] built the epsilon-based measure (EBM)–Tobit two-stage efficiency
analysis model, incorporating industrial water use and water pollution discharge into the
analytical framework. To measure the industrial green water efficiency of 11 provinces
and cities in the Yangtze River Economic Belt from 2005 to 2014, Wang et al. [26] built the
epsilon-based measure (EBM)–Tobit two-stage efficiency analysis model, incorporating
industrial water use and water pollution discharge into the analytical framework. An
et al. [4] used the SE-SBM model to measure the green water resources efficiency of 45 cities
along the Yangtze River Economic Belt from 2010 to 2019. The following shortcomings exist
in the existing studies. First, the scale of research is mainly focused on the provincial level,
but no sufficient research has been conducted on cities with high production and domestic
water consumption, particularly the water use efficiency of urban clusters, which is the
main form of China’s new urbanization. Second, in terms of “black box” research on water
resource utilization efficiency, the relevant research has mainly focused on industrial and
agricultural water resources efficiency. Moreover, the results of “black box” research on
urban water resource utilization efficiency are relatively few.

The existing achievements have made relative progress in terms of research objects,
contents, and methods, but there is still room for expansion. The contributions of the cur-
rent paper are as follows. (1) Given that the Yangtze River Economic Belt is a major national
development region, of immense practical significance for the high-quality economic devel-
opment of this region is to take its urban water use efficiency as the research object and to
provide a new perspective for exploring urban water use efficiency research, to explore its
regional differences and the convergence of urban water use efficiency from the perspective
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of urban clusters. (2) Considering the non-expected output as an intermediate variable into
consideration, a two-stage network DEA model was established, which opened the “black
box” of urban water use efficiency in the Yangtze River Economic Zone and provided a
brand-new idea for evaluating urban water use efficiency, which uncovered the correlation
between inputs and outputs in the urban water use system. These outcomes can more
clearly and objectively reflect urban water use efficiency at different stages and propose
more accurate urban water use efficiency improvement strategies. (3) Using the Dagum
Gini coefficient and its decomposition, it not only describes the size and source of the
difference but also effectively solves the overlapping between samples and reveals the size
and source of the regional difference in water use efficiency of six urban agglomerations in
the Yangtze River Economic Belt. With the help of σ convergence and β convergence, the
convergence mechanism of water use efficiency of six urban agglomerations is explored,
and the strategies to improve the water use efficiency of urban agglomerations are put
forward. The structure of this paper is as follows: the second part introduces the research
area, the third part introduces the research methods and data processing, the fourth part
explores the regional differences and convergence characteristics of urban water use effi-
ciency in the Yangtze River Economic Belt and analyzes the influencing factors of urban
water use efficiency spatial differences, the fifth part discusses and puts forward policy
recommendations, and the sixth part draws corresponding conclusions. The objectives of
this study are: (1) to measure the two-stage water use efficiency of cities in the Yangtze
River Economic Belt, (2) to analyze the regional differences in water use efficiency in urban
agglomerations in the Yangtze River Economic Belt, and (3) to explore the convergence
characteristics and influencing factors.

2. Overview of the Study Area

The Yangtze River Economic Belt is a new economic support belt of China based on the
Yangtze River Golden Waterway, with urban agglomerations as the main form, covering
nine provinces and two cities (i.e., Shanghai, Jiangsu, Zhejiang, Anhui, Jiangxi, Hubei,
Hunan, Chongqing, Sichuan, Yunnan, and Guizhou) (Figure 1). With six urban agglom-
erations of various sizes and phases of development, including the Yangtze River Delta,
Jianghuai, the middle reaches of the Yangtze River, Chengdu–Chongqing, Central Guizhou,
and central Yunnan, this region makes for nearly 40% of the nation in terms of people
and regional GDP [27]. With the advancement of urbanization, urban water consumption
and wastewater emissions in the Yangtze River Economic Zone have been increasing,
which has grown to be a significant element hurting the region’s biological environment’s
ability to develop sustainably. Statistical data show that the total urban water supply in
the Yangtze River Economic Belt from 2009 to 2019 increased from 173,808,568,000 m3

in 2009, accounting for 34.99% of the national proportion, to 239,137,793,000 m3 in 2019,
accounting for 38.06% of the national proportion; urban wastewater discharge increased
from 128,704,430,000 m3 in 2009, accounting for 34.67% of the national proportion rose,
to 2,009,794 million m3 in 2019, accounting for 36.24% of the national proportion; and the
region’s total urban water supply and wastewater discharge exceeded 1/3 of the country.



Water 2023, 15, 2440 5 of 22Water 2023, 15, x FOR PEER REVIEW 5 of 23 
 

 

 

Figure 1. Six major urban agglomerations in Yangtze River Economic Belt. 

3. Research Methodology and Data Processing 

3.1. Two-Stage Network DEA Model 

Urban water use is a long-term process, and its performance evaluation can be di-

vided into two stages: preliminary water use and sewage treatment; therefore, the phased 

assessment of urban water use efficiency is worth investigating. This process starts with 

urban water supply facilities and is transported to each water-using unit through urban 

water supply pipelines. After the initial water use stage, the corresponding economic, eco-

logical, and social expected output is produced, and the corresponding non-expected out-

put of sewage is discharged, so the two must be treated separately. After the initial water 

use stage, each water-using unit in the city collects urban sewage through urban drainage 

pipes to urban sewage treatment facilities and generates the corresponding sewage treat-

ment volume after the sewage treatment stage. The volume of sewage discharge links the 

original water use and sewage treatment processes. Sewage treatment investment is 

added to the sewage treatment process as a second stage input factor. On the basis of the 

aforementioned urban water use, this research constructs a two-stage network DEA 

model of urban water use efficiency and attempts to open the “black box” of urban water 

use systems (Figure 2). In the first stage of initial water use, capital, labor, and water input 

indicators are indispensable. Capital input is characterized by fixed asset investment in 

urban municipal utility construction and the length of water pipelines, labor input is char-

acterized by urban water population, and water input is characterized by total urban wa-

ter supply. The desired output should include economic, ecological, and social aspects, 

and it includes the gross regional product, green area, and the average wage of employees 

on the job; the non-desired output is sewage discharge. In the second stage of wastewater 

treatment, the input elements include the “non-desired output” of the initial water use 

stage and the length of drainage pipes, and the desired output is the total amount of 

wastewater treatment. 

Figure 1. Six major urban agglomerations in Yangtze River Economic Belt.

3. Research Methodology and Data Processing
3.1. Two-Stage Network DEA Model

Urban water use is a long-term process, and its performance evaluation can be divided
into two stages: preliminary water use and sewage treatment; therefore, the phased assess-
ment of urban water use efficiency is worth investigating. This process starts with urban
water supply facilities and is transported to each water-using unit through urban water
supply pipelines. After the initial water use stage, the corresponding economic, ecological,
and social expected output is produced, and the corresponding non-expected output of
sewage is discharged, so the two must be treated separately. After the initial water use
stage, each water-using unit in the city collects urban sewage through urban drainage
pipes to urban sewage treatment facilities and generates the corresponding sewage treat-
ment volume after the sewage treatment stage. The volume of sewage discharge links
the original water use and sewage treatment processes. Sewage treatment investment is
added to the sewage treatment process as a second stage input factor. On the basis of
the aforementioned urban water use, this research constructs a two-stage network DEA
model of urban water use efficiency and attempts to open the “black box” of urban water
use systems (Figure 2). In the first stage of initial water use, capital, labor, and water
input indicators are indispensable. Capital input is characterized by fixed asset investment
in urban municipal utility construction and the length of water pipelines, labor input is
characterized by urban water population, and water input is characterized by total urban
water supply. The desired output should include economic, ecological, and social aspects,
and it includes the gross regional product, green area, and the average wage of employees
on the job; the non-desired output is sewage discharge. In the second stage of wastewater
treatment, the input elements include the “non-desired output” of the initial water use
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stage and the length of drainage pipes, and the desired output is the total amount of
wastewater treatment.
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In the traditional DEA efficiency evaluation system, only initial inputs and final
outputs should be considered, the influence of relevant intermediate inputs and outputs on
the overall efficiency is disregarded, and substantial important information is lost in an
invisible way [28]. In real production activities, the system consists of several departments
that collaborate with each other to complete various production activities. When studying
the system input–output efficiency, the efficiency of different departmental inputs and
outputs should be understood. Thus, Färe and Grosskopf [16] proposed a network DEA
model to open the “black box” of the evaluation system and uncover the correlation
between inputs and outputs in the system. Guo et al. [29] divided haze generation and
treatment into two stages and constructed a two-stage DEA model with intermediate input
and intermediate output, which well measured the emission efficiency of haze generation
and treatment stage in 31 provinces in China. Given that there are various forms of network
structure models [30–32], this research chooses a combination of network structures for
urban water input–output efficiency measurement. The first and second phases of the first
city’s two-stage efficiency are referred to as the first and second stages, and the efficiency of
the decision unit in the first and second stages can be determined by the first of the two
models below [29]: 

E1
k = Max ∑s

r=1 µrY1
rk+∑D

d=1ϕ
1
dZdk

∑m
i=1 viX1

ik
s.t.

∑s
r=1 µrY1

rk+∑D
d=1ϕ

1
dZdk

∑m
i=1 viX1

ij
≤ 1, j = 1, ..., n

µr,ϕ1
d, vi ≥ 0

(1)



E2
k = Max

∑G
g=1ωgY2

gk

∑D
d=1ϕ

2
dZdk+∑P

p=1 ηpX2
pk

s.t.
∑G

g=1ωgY2
gk

∑D
d=1ϕ

2
dZdk+∑P

p=1 ηpX2
pj
≤ 1, j = 1, ..., n

ωg,ϕ2
d,ηp ≥ 0

(2)

where m denotes the number of inputs, s denotes the number of outputs, D denotes
the number of denotes intermediate outputs, n denotes the number of decision units, E1

k
denotes the efficiency of the decision unit in the first stage, E2

k denotes the efficiency of the
decision unit in the second stage, X1

ik denotes the ith input indicator of the kth decision unit
in the urban initial water use phase, Y1

rk denotes the rth output indicator of the kth decision
unit in the urban initial water use phase, Zdk denotes the intermediate product, and vi, µr
and ϕ1

d denotes the weights of X1 and Y1 and Z; X2
pk denotes the pth input indicator of

the kth decision unit in the urban initial water use stage, and Y2
gk denotes the gth output

indicator of the kth decision unit in the urban initial water use stage, and ηp,ωg and ϕ2
d

are, respectively, the weights of X2 and Y2 and Z. The assumption is that the intermediate
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product Zk is the output and input of the first and second stages, respectively, and the
weights of the first and second stages are equal.

3.2. Dagum’s Gini Coefficient and Decomposition Method

Urban clusters’ and their sources’ geographic variations in water consumption effi-
ciency were examined using the Dagum Gini coefficient approach. This method can not
only describe the size and source of difference but also effectively solve the cross-overlap
between samples, making up for the shortcomings of the traditional Gini coefficient and
Theil index. The Gini coefficient G is defined as follows using the Gini coefficient Dagum
proposed and its division into subgroups [33]:

G =
∑k

j−1 ∑k
h−1 ∑

nj
i−1 ∑nh

r−1

∣∣∣yji − yhr

∣∣∣
2n2y

, (3)

where j, h is the different regional subscripts, i and r are city subscripts, n is the total number
of cities, k is the total number of regions, and nj(nh) is the number of cities within the j(h)th
region. In addition, yji(y hr

) is the water use efficiency of city i(r) within region j(h) and y is
the average of the water use efficiency of all cities.

In decomposing the overall Gini coefficient G by region, the k regions were ranked
according to the average of urban water efficiency in each region. Thereafter, the Gini
coefficient G was decomposed into three components: the contribution of intra-regional
(within-group) variation to GGw, the contribution of intra-regional (inter-group) differences
to G, the contribution of inter-regional (inter-group) differences to GGnb, and the contribu-
tion of inter-regional (inter-group) hyper-variance density to GGt. The three components
satisfy G = Gw + Gnb + Gt, where the Gini coefficient of region jGjj and the intra-regional
variance Gw are calculated using Equations (4) and (5), respectively. The Gini coefficients be-
tween regions j and h Gjh and the inter-regional net difference Gnb are Equations (6) and (7),
respectively. The formula for calculating the inter-regional hypervariable density is given
in Equation (8).

Gjj =

1
2yj

∑
nj
i=1 ∑

nj
r=1

∣∣∣yji − yjr

∣∣∣
n2

j
(4)

Gw = ∑k
j−1 GjjPjSj (5)

Gjh = ∑
nj
i=1 ∑nh

r=1

∣∣∣yji − yhr

∣∣∣
njnh

(
yj + yh

) (6)

Gnb = ∑k
j−2 ∑j−1

h−1 Gjh

(
pjsh + phsj

)
Djh (7)

Gt = ∑k
j=2 ∑j−1

h=1 Gjh

(
pjsh + phsj

)
(1 − D jh

)
(8)

In Equation (7), pj =
nj
n ; sj =

njyj
ny ; j = 1, 2, 3. . . In Equation (9), Djh is the relative

impact of urban water use efficiency between regions j and h (see Equation (11)); djh is the
difference in urban water use efficiency between regions (see Equation (10) and represents
the mathematical expectation of all yji − yhr > 0, which is the mathematical expectation of
the sum of the samples between regions j and h; pjh is the hypervariable first-order moment,
which represents the mathematical expectation of all yhr − yji > 0 in regions j and h.

Djh=
djh − pjh

djh + pjh
(9)
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djh =
∫ ∞

0
dFj(y)

∫ y

0
(y − x)dFh(x) (10)

pjh =
∫ ∞

0
dFh(y)

∫ y

0
(y − x)dFj(x) (11)

where Fj(Fh) denotes the cumulative distribution function of urban water use efficiency in
region j(h).

3.3. Convergence Model

An examination of convergence, including σ convergence and β convergence, was
conducted to look at the evolutionary tendency of water use efficiency along the Yangtze
River Economic Zone and urban clusters.

In particular, σ convergence means that the deviation of water use efficiency in dif-
ferent regions shows a decreasing trend with time. The coefficient of variation is used to
measure σ convergence, with the following equation [34]:

σ=

√
∑

Nj
i

(
Fij − Fij

)2
/Nj

Fij
, (12)

where σ denotes σ convergence coefficient, j denotes the number of regions (j = 1, 2, 3. . . ), i
denotes the number of cities in the region (i = 1, 2, 3. . . ), Nj is the number of cities in each
region, and Fij is the average value of urban water use efficiency in region j in period t.

The β convergence model is as follows [29]:

ln
(

Fi,t=1

Fi,t

)
= α+ βFi,t + µi + vt + εit (13)

The left-hand side of the β convergence is the growth rate of urban water use efficiency
calculated using the log-difference. β is the β convergence coefficient, µi is a fixed effect,
vt is the time fixed effect, εit is the random error term, and t is the time of the probation
period span.

By including a number of control variables, the conditional convergence model trans-
forms the convergence model into an absolute convergence model. In this study, other con-
trol variables include population density, economic development level, industrial structure,
financial development level, and levels of science and education. This is the conditional
convergence model:

ln
(

Fi,t=1

Fi,t

)
= α+ βFi,t + δX + µi + vt + εit (14)

The regression takes logarithms for each variable. This research uses a two-way fixed
effects model to improve the coefficient β estimation accuracy. Robust error criteria are used
for clustering to the city level. If β < 0 and significant, then there is convergence in urban
water use efficiency, and if vice versa, then there is divergence. The rate of convergence
b = −ln(1+β)

T .

3.4. Data Sources and Processing

China City Statistical Yearbook is an informative annual publication that comprehen-
sively reflects the socioeconomic development of Chinese cities. This publication contains
the main statistical data on the socioeconomic development of cities above the prefecture
level nationwide. Data on the gross regional product, green area, the average wage of
employees on the job, gross secondary industry, employed population, the balance of
deposits and loans, expenditure on science and technology and education as a percentage
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of public expenditure, among others, are directly obtained from the China Urban Statistical
Yearbook 2010–2020. The China Urban Construction Statistical Yearbook comprehensively
reflects the construction and development of urban and rural municipal utilities in China
and is published publicly once a year. Data on fixed asset investment in municipal utility
construction, the length of water supply pipes, the length of drainage pipes, the population
of water users, total water supply, sewage discharge, and total sewage treatment are directly
obtained from the China Urban Construction Statistical Yearbook 2010–2020. In particular,
investment in fixed assets for the construction of urban municipal utilities is calculated
using the perpetual inventory method, the formula of which is Kit = (1 − δit)·Ki(t−1) + Iit,
where Kit, Iit and δit denote the number of I provinces in the t capital stock, fixed asset
investment, and capital depreciation rate in the period. Capital stock in the base period is
calculated using the formula K0 = I0/(gi + δ), where gi is the geometric average growth
rate of fixed asset investment in the province. Before estimating the stock, fixed asset
investments in urban municipal utility construction have been translated to equivalent
prices for the base period of 2009 alone. Gross regional product is converted to constant
prices using 2009 as the base year based on the resident consumption index.

Among the control variables, population density is measured using the proportion
of the resident population in the land area of the region; industrial structure is measured
using the share of GDP of the secondary industry in GDP and taking the logarithm.
Marketization level is measured using the share of employment in the tertiary industry
in total employment. The level of financial development is measured using the share of
deposit and loan balance in GDP and taking the logarithm. Lastly, the level of science and
education is measured using the share of expenditure on science, technology, and education
in public expenditure. Descriptive statistics are shown in Table 1.

Table 1. Descriptive statistics.

Variables Mean Std.dev. Min Max N

Water use efficiency 0.507 0.220 0.072 1 1188
Industry Structure 0.490 0.103 0.128 0.791 1188

Level of financial development 1.019 0.391 −0.338 3.413 1188
Environmental regulation 1.090 0.894 −3.897 3.210 1188

Population density 6.007 0.978 0 6.990 1188
Economic development level 6.078 0.985 0 7.073 1188

Science and education development level 0.179 0.043 0.528 0.357 1188

4. Results and Analysis
4.1. General Characteristics of Urban Water Use Efficiency in the Yangtze River Economic Zone

From 2009 to 2019, the initial water use stage, pollution control stage, and overall
water use efficiency of cities in the Yangtze River Economic Zone showed the evolution
characteristics of “decline–rise–decline” (Figure 3). Note that after 2017, the initial urban
water use phase, pollution treatment phase, and overall water use efficiency declined. Such
a decline indicates that although the Yangtze River coastline industries are transforming,
upgrading, and developing green, they should also focus on the economical and intensive
use of urban water resources, strengthen urban sewage treatment, and improve urban
water use efficiency. The average values of the urban initial water use stage, sewage
treatment stage, and overall water use efficiency are 0.708, 0.632, and 0.507, respectively.
Compared with optimal efficiency, there is still room for improvement potential of 29.2%,
36.8%, and 49.3% (Table 2), respectively. This result indicates that the overall efficiency level
of urban water use is low, and the problems of urban water waste and water environment
management are prominent. The low overall efficiency level of urban water use mainly
comes from the low efficiency of water use in the urban wastewater treatment stage.
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Figure 3. Urban water use efficiency evolution from 2009 to 2019.

Table 2 shows that the highest mean value of initial water use phase efficiency from
2009 to 2019 is 0.909 for the Central Yunnan urban agglomeration, followed by the ur-
ban agglomerations of the Yangtze River Delta (0.867), Central Qian (0.746), Chengdu–
Chongqing (0.668), Middle Yangtze River (0.649), and Jianghuai (0.624). Shanghai, Nanjing,
Changzhou, Suzhou, Yangzhou, Hangzhou, Ningbo, Zhoushan, Wuhan, Xiangfan, Chang-
sha, Chongqing, Yuxi, Lijiang and Lincang have the best initial water use efficiency of 1.000.
Moreover, the highest pollution control efficiency of 0.682 is in the Central Yunnan urban
agglomeration, followed by the urban agglomerations of the Middle Yangtze River (0.660),
Jianghuai (0.634), Central Guizhou (0.625), Yangtze River Delta (0.623), and Chengdu–
Chongqing (0.597). The average value of water use efficiency in the pollution control stage
in Shanghai reaches the optimal 1.000; those in Nanjing, Changsha, Lincang, and Liupan-
shui exceed 0.900; and those of all other cities are below 0.900. These results indicate that
most cities have low efficiency values in the sewage control stage, which is a key element of
urban water environment control in the future. The highest average value of overall urban
water use efficiency is 0.645 in the Yunnan Central urban agglomeration, followed by the
urban agglomerations in the Yangtze River Delta, Central Guizhou, Yangtze River Central,
Chengdu–Chongqing, and Jianghuai. Except for Shanghai, where the average value of
overall water use efficiency is 1.000, and Nanjing, Pingxiang, Yingtan, Wuhan, Changsha,
Guang’an, and Lincang, where the average value of overall water use efficiency is above
0.800, all other cities are below 0.800, indicating that most cities have low overall water use
efficiency, and it should pay attention to the water efficiency of the vast majority of cities.

From the changes in the average value of urban water use efficiency from 2009 to
2019, the average value of urban initial water use stage efficiency showed an increasing
trend, from 0.648 in 2009 to 0.743 in 2019. The average value of water use efficiency in the
wastewater treatment stage showed a decreasing trend, from 0.645 in 2009 to 0.641 in 2019.
Lastly, the average value of water use efficiency in the wastewater treatment stage was
lower than that in the initial. In comparison to the equivalent period in the initial water
use stage, the average value of water usage efficiency in the sewage treatment stage is
lower. It showed that the water efficiency of the two stages showed uneven characteristics.
From different areas, the average value of water use efficiency in the initial water use stage
of the Yangtze River Delta, middle reaches of the Yangtze River, Chengdu–Chongqing,
and Central Yunnan urban agglomerations relatively increased. Meanwhile, the Jianghuai
and Central Guizhou urban agglomerations decreased relatively. Accordingly, there is
a certain degree of decline. It shows that there are differences in water use efficiency in
different urban agglomerations, and differentiated strategies should be implemented in
future governance processes.
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Table 2. Average urban water use efficiency values from 2009 to 2019.

Initial
Water Use

Pollution
Control

Water
Use Efficiency

Initial
Water Use

Pollution
Control

Water
Use Efficiency

Yangtze
River Delta

Shanghai 1.000 1.000 1.000

Chengdu and
Chongqing

Chongqing 1.000 0.757 0.760
Nanjing 1.000 0.910 0.910 Chengdu 0.882 0.744 0.695

Wuxi 0.986 0.546 0.544 Zigong 0.909 0.774 0.741
Changzhou 1.000 0.557 0.565 Luzhou 0.389 0.517 0.267

Suzhou 1.000 0.626 0.635 Deyang 0.913 0.575 0.553
Nantong 0.856 0.573 0.520 Mianyang 0.336 0.552 0.239

Yangzhou 1.000 0.570 0.580 Suining 0.583 0.605 0.403
Zhenjiang 0.724 0.572 0.452 Neijiang 0.365 0.540 0.269
Taizhou 0.871 0.526 0.485 Leshan 0.898 0.468 0.467

Hangzhou 1.000 0.687 0.692 Nanchong 0.344 0.469 0.223
Ningbo 1.000 0.620 0.639 Meishan 0.402 0.542 0.277
Jiaxing 0.730 0.575 0.464 Yibin 0.678 0.450 0.377

Huzhou 0.479 0.536 0.299 Guang’an 0.971 0.828 0.813
Introduction 0.664 0.624 0.479 Dazhou 0.563 0.507 0.408

Zhoushan 1.000 0.511 0.533 Ya’an 0.644 0.597 0.471
Taizhou 0.567 0.542 0.356 Ziyang 0.815 0.634 0.552

Average value 0.867 0.623 0.572 Average value 0.668 0.597 0.470

Jianghuai

Hefei 0.846 0.887 0.798
Central

Guizhou

Guiyang 0.428 0.602 0.330
Wuhu 0.469 0.546 0.309 Zunyi 0.911 0.684 0.673

Bengbu 0.481 0.786 0.482 Anshun 0.899 0.588 0.552
Huainan 0.566 0.690 0.452 Average value 0.746 0.625 0.518

Ma On Shan 0.844 0.687 0.612

Central Yunnan

Kunming 0.875 0.838 0.771
Tongling 0.636 0.533 0.384 Qujing 0.852 0.598 0.544
Anqing 0.403 0.578 0.291 Yuxi 1.000 0.609 0.620

Chuzhou 0.600 0.557 0.378 Average value 0.909 0.682 0.645

Chizhou 0.526 0.557 0.347
Non-urban
cluster area

Baoshan 0.961 0.801 0.796
Xuancheng 0.869 0.518 0.472 Zhaotong 0.894 0.723 0.691

Average value 0.624 0.634 0.453 Lijiang 1.000 0.701 0.719
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Table 2. Cont.

Initial
Water Use

Pollution
Control

Water
Use Efficiency

Initial
Water Use

Pollution
Control

Water
Use Efficiency

Middle
Yangtze River

Nanchang 0.642 0.717 0.557

Non-urban
cluster area

Pu’er 0.959 0.674 0.702
Jingdezhen 0.481 0.556 0.349 Lincang 1.000 0.991 0.994
Pingxiang 0.960 0.826 0.814 Xuzhou 0.943 0.629 0.618

Jiujiang 0.436 0.664 0.356 Lianyungang 0.850 0.515 0.472
Xinyu 0.738 0.789 0.649 Huai’an 0.501 0.539 0.331

Yingtan 0.912 0.879 0.841 Yancheng 0.669 0.532 0.395
Ji’an 0.386 0.552 0.273 Suqian 0.689 0.535 0.400

Yichun 0.396 0.579 0.285 Wenzhou 0.431 0.560 0.319
Fuzhou 0.332 0.569 0.248 Jinhua 0.691 0.512 0.395

Shangrao 0.508 0.532 0.325 Quzhou 0.959 0.507 0.512
Wuhan 1.000 0.871 0.874 Lishui 0.910 0.550 0.526

Huangshi 0.374 0.568 0.278 Huaibei 0.648 0.814 0.606
Yichang 0.655 0.620 0.457 Huangshan 0.970 0.628 0.619
Xiangfan 1.000 0.659 0.676 Fuyang 0.388 0.590 0.298

Ezhou 0.946 0.580 0.567 Cebu 0.688 0.591 0.484
Jingmen 0.473 0.565 0.331 Lu’an 0.639 0.681 0.498
Xiaogan 0.362 0.608 0.285 Bozhou 0.783 0.590 0.482
Jingzhou 0.455 0.598 0.348 Ganzhou 0.290 0.462 0.199

Huanggang 0.726 0.828 0.653 Shiyan 0.938 0.644 0.644
Xianning 0.572 0.621 0.435 Suizhou 0.810 0.684 0.591
Changsha 1.000 0.903 0.909 Shaoyang 0.289 0.520 0.230
Zhuzhou 0.578 0.709 0.498 Zhangjiajie 0.581 0.643 0.477
Xiangtan 0.712 0.654 0.538 Chenzhou 0.388 0.573 0.292

Hengyang 0.367 0.554 0.302 Yongzhou 0.669 0.564 0.468
Yueyang 0.893 0.599 0.573 Huaihua 0.292 0.599 0.251
Changde 0.845 0.637 0.578 Panzhihua 0.533 0.515 0.387
Yiyang 0.862 0.608 0.570 Guangyuan 0.598 0.580 0.413
Loudi 0.553 0.635 0.429 Bazhong 0.798 0.597 0.534

Average value 0.649 0.660 0.500 Liupanshui 0.727 0.962 0.731
Overall mean value 0.708 0.632 0.507
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4.2. Classification of City Types in the Yangtze River Economic Zone

On the bases of the average values of water use efficiency in the initial water use
and wastewater treatment stages of cities from 2009 to 2019, vertical dividing Line1 was
the average water use efficiency in the primary water use stage, and horizontal dividing
Line2 was the average water use efficiency in the sewage treatment stage. Meanwhile, the
108 cities were divided into four basic types: high–high type (high water use efficiency
values in the initial water use and wastewater treatment stages of cities), high–low type
(high water use efficiency values in the initial water use and low water use efficiency values
in the wastewater treatment stages of cities), low–high type (low water use efficiency values
in the initial water use and high water use efficiency value in the urban initial water use
phase and low water use efficiency value in the sewage treatment phase), and low–low
type (low water use efficiency value in the urban initial water use and sewage treatment
phases) (Figure 4).
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(1) High–high type cities. Shanghai, Nanjing, Wuhan, Chengdu, Chongqing, Kunming,
and 29 other cities belong to the high–high type. That is, the average values of water use
efficiency in the initial water use and sewage treatment stages of cities are high, accounting
for approximately 26.85% of the total number of cities. Most cities in the center of urban
clusters belong to this type. Note that except for Shanghai, other cities belong to the high–
high type, but sewage treatment efficiency is not optimal. In addition, these cities still need
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to increase their sewage treatment effort and improve water use efficiency in the sewage
treatment stage.

(2) High–low type cities. Ningbo, Suzhou, Wuxi, Changzhou, Yueyang, Quzhou,
Nantong, and 26 other cities belong to the high–low type. That is, the average values
of water use efficiency in the initial water use and sewage treatment stages are high
and low, respectively, accounting for approximately 24.07% of the total number of cities.
Although the average value of urban initial water use efficiency in these cities is high,
the average value of water use efficiency in the sewage treatment stage is low owing
to the influence of such factors as urban industrial structure and industrial foundation.
Consequently, urban sewage treatment becomes difficult and exerts considerable pressure
on the water environment.

(3) Low–high type cities. Nanchang, Zhuzhou, Jiujiang, Loudi, Bengbu, Huabei, and
nine other cities belong to the low–high type. That is, the average values of water use
efficiency in the initial water use and sewage treatment stages are low and high, respectively,
accounting for approximately 8.33% of the total number of cities. These cities are mainly
located in the middle reaches of the Yangtze River, and there are still water waste problems
in urban water use.

(4) Low–low type cities. Guiyang, Wenzhou, Yibin, Huaihua, Ganzhou, Panzhihua,
Tongling, and 44 other cities belong to the low–low type. That is, the average value of
water use efficiency in the initial water use and sewage treatment stages of cities is low,
accounting for approximately 40.74% of the total number of cities, with a large number
and high proportion. These cities have many resource-based industries with heavy energy
consumption and high pollution, and their sewage treatment and industrial technologies
are relatively backward [30].

4.3. Decomposition of Water Use Efficiency Differences among Urban Agglomerations in the
Yangtze River Economic Zone

This study calculates and decomposes the Dagum Gini coefficient in order to identify
the variations in water use efficiency between the Yangtze River Economic Zone’s minor
cities and the six largest urban agglomerations.

Table 3 indicates that the overall urban water use efficiency Gini coefficient shows a
downward trend in fluctuation. The Gini coefficient decreased from 0.271 in 2009 to 0.184
in 2019 (a decrease of 0.087), indicating a reduction in overall variation. The mean contribu-
tions of the three types of density—intra-regional, inter-regional, and hypervariable—were
20.42%, 20.01%, and 59.57%, respectively, during the course of the sample period. This
result indicates that the sources leading to the differences in water use efficiency of urban
agglomerations in the Yangtze River Economic Belt were (in order) hypervariable density,
intra-regional differences, and inter-regional differences. Among them, hypervariable den-
sity is the main source of differences among urban clusters in the Yangtze River Economic
Belt. Moreover, its changes show a fluctuating downward trend, indicating that water
resources management and governance among cities in the Yangtze River Economic Belt are
insufficiently integrated and coordinated [31]. In addition, water resource utilization and
pollution crossover problems among cities are serious, making it the main source of urban
water use efficiency differences. The contribution rate of intra-regional differences shows a
slightly increasing development in fluctuation, even though the change is small, which is
within the range of 19.80% to 21.10%. Inter-regional variation initially declines and increases
thereafter, with a greater variation than the intra-regional variation and within the range of
14.58% to 30.92%. From the changing trend, the source of regional difference contribution
rate changes from inter-regional water use efficiency cross-term to inter-regional difference,
indicating that water use system management and water environment management in the
Yangtze River Economic Zone were effective in these years.
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Table 3. Decomposition of the Gini coefficient of urban water use efficiency.

Years
Overall

Differences
Intra-Regional

Variation
Inter-Regional

Differences
Super Vari-

able Density

Contribution Rates (%)

In the Region Inter-Regional Super Vari-
able Density

2009 0.271 0.054 0.059 0.158 19.89 21.96 58.15
2010 0.259 0.055 0.049 0.156 21.06 18.89 60.05
2011 0.276 0.057 0.047 0.172 20.72 17.01 62.27
2012 0.228 0.048 0.035 0.145 21.10 15.45 63.45
2013 0.238 0.047 0.055 0.136 19.80 23.21 56.99
2014 0.230 0.047 0.039 0.144 20.23 16.98 62.78
2015 0.224 0.046 0.033 0.145 20.64 14.58 64.78
2016 0.320 0.063 0.060 0.197 19.83 18.70 61.48
2017 0.203 0.042 0.038 0.123 20.63 18.96 60.41
2018 0.188 0.038 0.044 0.106 20.25 23.40 56.35
2019 0.184 0.038 0.057 0.089 20.50 30.92 48.58

Average value 0.238 0.049 0.047 0.143 20.42 20.01 59.57

The differences within the six major urban agglomerations (i.e., Yangtze River Delta,
Jianghuai, Yangtze River midstream, Chengdu–Chongqing, Central Guizhou, and Central
Yunnan) show a respective decreasing development (Figure 5). In terms of intra-regional
variation, the urban agglomerations of Chengdu–Chongqing, the middle reaches of the
Yangtze River, and Jianghuai are in the top three, with mean values of 0.258, 0.246, and 0.199,
respectively. The urban agglomerations of Central Yunnan, Central Qian, and Yangtze
River Delta are in the bottom three, with mean values of 0.108, 0.169, and 0.171, respectively.
A possible reason is that there are fewer cities in the Central Yunnan and Central Guizhou
urban agglomerations, and most of them are provincial capitals or central cities. Hence,
the mean value of urban water efficiency is higher. In terms of the size of the differences,
the Gini coefficients of the six major urban agglomerations are characterized by staggered
changes (Figure 5), with the largest intra-regional Gini coefficients in the middle Yangtze
River from 2009 to 2013 and the largest Gini coefficients in Chengdu–Chongqing from 2014
to 2018. Overall, the Gini coefficients of the middle Yangtze River urban agglomeration
are relatively large. The differences are consistently smallest and relatively small in the
Central Yunnan and Central Qian urban agglomerations. This result indicates that urban
imbalance within the Chengdu–Chongqing and the middle reaches of the Yangtze River
urban agglomerations is more prominent, and urban imbalance within the Central Yunnan
and Central Qian urban agglomerations is weaker.
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In terms of the evolution of inter-regional differences, the differences among the
six major urban agglomerations all show a decreasing trend in fluctuations (Figure 6).
Among them, the urban agglomerations of JAC and Central Guizhou, Central Yunnan
and Yangtze River Delta, and Central Guizhou and Chengdu–Chongqing ranked in the
top three in terms of decline, decreasing by 78.05%, 49.15%, and 46.57%, respectively. In
terms of the difference values between regions, the largest difference values are found
between the urban agglomerations of Chengdu–Chongqing and middle Yangtze River,
Chengdu–Chongqing and Central Yunnan, and Chengdu–Chongqing and Jianghuai, with
mean values of 0.259, 0.248, and 0.245, respectively, during the sample period. Large
discrepancies between the upper, medium, and lower reaches of urban agglomeration are
indicated by this conclusion. The possible main reason is the differences in socioeconomic
levels and urban development stages between the upper, middle, and lower reaches of
the urban agglomerations, resulting in different water resource utilization efficiency and
wastewater management levels.
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4.4. Convergence Analysis of Water Use Efficiency of Urban Clusters in the Yangtze River
Economic Zone
4.4.1. σ. Convergence Analysis

The convergence coefficient of σ for the water use efficiency of cities in the Yangtze
River Economic Zone decreased from 0.482 in 2009 to 0.338 in 2019 (a decrease of 29.86%).
These results indicate that there is σ convergence in the water use efficiency of cities in
the region. That is, the regional differences in the water use efficiency of cities in the
region have narrowed, which is consistent with the results of the study that the water use
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efficiency of cities in the region as measured by Dagum’s Gini coefficient is on a narrowing
trend. The convergence coefficients of σ for the water use efficiency of the six major urban
agglomerations all decreased to different degrees, indicating that their water use efficiency
converged to σ (Figure 7). That is, the regional differences in water use efficiency of the six
major urban agglomerations decreased.
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4.4.2. β-Absolute Convergence Analysis

Table 4 reports the results of the absolute β convergence test of water efficiency in
urban agglomerations in the Yangtze River Economic Belt. Overall, the global conver-
gence coefficient of the Yangtze River Economic Belt is significantly negative at the 1%
level, indicating that there is an absolute convergence trend β. From difficult areas, the
absolute β convergence coefficients of water use efficiency of the Yangtze River Economic
Belt, Yangtze River Delta, Jianghuai, middle Yangtze River, Chengdu–Chongqing, and
Central Yunnan urban agglomerations are all negative at 1% significance, indicating a β
convergence of urban water use efficiency. In other words, the disparity in urban water use
efficiency is diminished. The absolute β convergence coefficient of water use efficiency of
the Central Guizhou urban agglomeration is negative, but it does not pass the significance
test, indicating an insignificant absolute β convergence. On the basis of the absolute value
of the β convergence coefficient, a comparison of the convergence speeds of urban water
use development efficiency of urban clusters indicated that convergence speed differs
significantly among urban clusters, with the fastest and slowest convergence speeds in the
urban clusters of Central Yunnan (18.71%) and Yangtze River Delta (8.49%), respectively. It
shows that the water efficiency of cities in different urban agglomerations will gradually
tend to the same steady-state level at different convergence speeds.

Table 4. Absolute β convergence of water use efficiency.

Variables All Areas Yangtze River
Delta Jianghuai Middle

Yangtze River
Chengdu–

Chongqing
Central

Guizhou
Central
Yunnan Others

β
−0.736 ***
(−21.560)

−0.607 ***
(−4.790)

−0.846 ***
(−4.840)

−0.769 ***
(−13.330)

−0.862 ***
(−12.420)

−0.450
(−1.570)

−0.872 ***
(−15.780)

−0.673 ***
(−10.850)

Constant term −0.630 ***
(−19.690)

−0.476 ***
(−7.900)

−0.728 ***
(−4.510)

−0.638 ***
(−9.790)

−0.880 ***
(−13.420)

−0.296
(−1.050)

−0.321
(−2.690)

−0.597 ***
(−9.220)

R2 0.214 0.178 0.373 0.234 0.232 0.322 0.481 0.220
Convergence speed 12.12% 8.49% 17.01% 13.32% 17.99% / 18.71% 10.16%

Note: t-statistical parameters; t-values in parentheses; *** represent signifificance at the levels of 1%; / indicates null.
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4.4.3. β-Conditional Convergence Analysis

According to the conditional β convergence results(Table 5), the Chengdu–Chongqing,
Central Yunnan, and Central Guizhou urban agglomerations, Yangtze River Economic Belt,
Yangtze River Delta, Jianghuai, Yangtze River midstream, and Yangtze River are all Yangtze
River urban agglomerations with considerably negative convergence coefficients at the 1%
level. This result indicates that conditional β convergence exists for the entire Yangtze River
Economic Belt and the urban water use efficiency of the six major urban agglomerations.
Compared with the absolute value of the absolute β convergence coefficient, the absolute
values of the conditional β convergence coefficients of the Yangtze River Economic Belt,
Yangtze River Delta, Jianghuai, Yangtze River midstream, Chengdu–Chongqing, Central
Yunnan, and Central Guizhou urban agglomerations are larger. This result indicates that
their urban water use efficiency converges faster after considering the control factors, such
as industrial structure, financial development level, environmental regulation, economic
development level, and science and education development level.

Table 5. Water use efficiency condition β convergence.

Variables All Areas Yangtze
River Delta Jianghuai Middle

Yangtze River
Chengdu–

Chongqing
Central

Guizhou
Central
Yunnan Others

β
−0.775 ***
(−25.710)

−0.745 ***
(−9.890)

−0.946 ***
(−8.750)

−0.863 ***
(−13.940)

−0.939 ***
(−12.310)

−0.851 ***
(−3.920)

−1.065 ***
(−4.020)

−0.699 ***
(−12.790)

Industry Structure −0.005 ***
(−3.070)

−0.012 ***
(−3.060)

0.008
(1.310)

−0.013 ***
(−3.660)

0.000
(−0.030)

0.070 **
(2.190)

0.019
(1.600)

−0.004
(−1.030)

Level of financial
development

−0.054 ***
(−6.410)

−0.135 ***
(−5.160)

−0.022
(−0.210)

−0.025
(−0.510)

−0.064 ***
(−6.410)

0.067
(0.820)

−0.056
(−1.110)

−0.014
(−0.480)

Environmental
regulation

−0.003
(0.004)

−0.002
(−0.270)

−0.005
(−0.370)

0.021 ***
(3.090)

−0.014
(−1.160)

0.071 *
(1.930)

−0.078 *
(−1.820)

−0.009
(−1.370)

Population density 0.000
(−0.260)

0.000
(1.090)

0.000
(−0.900)

0.000
(−0.060)

0.000
(−0.820)

0.000
(−0.730)

0.000
(−0.720)

0.000
(0.350)

Economic
development level

0.000
(−0.070)

0.000
(−1.030)

0.000
(−0.130)

0.000
(−0.620)

0.000
(1.410)

0.001 **
(2.100)

0.000
(−0.080)

0.000
(1.280)

Science and
education

development level

0.556 *
(1.930)

−0.938
(−1.240)

1.063
(1.070)

0.948 *
(1.660)

0.982
(1.250)

3.607
(1.130)

1.488
(0.640)

0.350
(0.680)

Constant term −0.268 **
(−2.450)

0.778 ***
(2.930)

−1.316 **
(−2.170)

−0.145
(−0.500)

−0.745 **
(−2.540)

−4.703 **
(−2.650)

−1.311 *
(−1.740)

−0.435
(−1.570)

R2 0.169 0.090 0.250 0.145 0.240 0.310 0.059 0.161

Note: t-statistical parameters; t-values in parentheses; * and ** and *** respectively, represent signifificance at the
levels of 10% and 5% and 1%.

The industrial structure has a significant negative impact on the improvement of water
use efficiency in the entire Yangtze River Economic Belt and the middle reaches of the
Yangtze River and the metropolitan centers in the Yangtze River Delta and a significant
positive impact on the improvement of water use efficiency in the cities of Central Guizhou
urban agglomeration. This finding suggests that the industrial structure will hinder the
urban agglomerations of the Yangtze River Delta and the middle reaches of the Yangtze
River from converging to a higher steady-state level and the water usage efficiency of
the entire region from increasing. The reason is that the industrial structure of cities in
the Yangtze River Economic Zone is biased toward heavy chemical industries, and the
pressure on water resource utilization efficiency increases owing to energy consumption
and pollutant emissions during industrial structure transformation and upgrading. The
industrial structure will promote the convergence of the water use efficiency of the urban
cluster in Central Guizhou to a higher steady-state level, indicating that the industrial
structure adjustment in Guizhou has been effective over the years, thereby promoting
urban water conservation and sewage treatment.

In the entire Yangtze River Economic Belt, the Yangtze River Delta, and the Chengdu–
Chongqing city clusters, the level of financial growth has a substantial detrimental impact
on the improvement of water usage efficiency. This result indicates that financial develop-
ment levels will prevent urban water use efficiency from converging to a higher steady-state
level. This outcome may be related to the fact that the development of urban financial mar-
kets is still immature, the financial system is not perfect, and financial regulation capacity
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is insufficient. These problems in the financial market restrict the improvement of urban
water use efficiency.

In the middle reaches of the Yangtze River and Central Guizhou urban agglomera-
tions, environmental regulation has a significant positive impact on the improvement of
water use efficiency; however, it has a significant negative impact on the improvement of
water use efficiency in the central Yunnan urban agglomeration. This result indicates that
environmental regulation promotes the convergence of water use efficiency to a higher
steady-state level in the middle reaches of the Yangtze River and Central Guizhou ur-
ban agglomerations, and vice versa in the Central Yunnan urban agglomeration. Strict
environmental regulations can promote water conservation and improve urban water
consumption efficiency and wastewater treatment efficiency in the middle reaches of the
Yangtze River and Central Guizhou urban agglomerations. Meanwhile, urban wastewater
treatment costs increase in the Central Yunnan urban agglomeration under the constraint
of strict environmental regulations, thereby hindering the improvement of urban water
use efficiency.

The middle reaches of the Yangtze River urban cluster and the entire Yangtze River
Economic Belt both benefit greatly from the degree of research and education growth. The
reason is that the development of science and education levels can promote the study and
development of technology that reduces emissions and saves energy, improvement of water
use processes, and improvement of sewage treatment levels.

5. Discussion

(1) The Yangtze River Economic Zone’s “black box” of urban water use efficiency can
be opened by the two-stage network DEA model, which measures the degree of efficiency
in the initial water consumption and wastewater treatment phases. The results of the
study show that the overall efficiency of urban water use in the Yangtze River Economic
Zone is low, which is consistent with the findings of the study in [35,36]. According to
data from the two-stage network DEA model, the low level of water use efficiency in the
wastewater treatment stage is mostly to blame for the low level of overall urban water use
efficiency. Zhang et al. [37] showed that the efficiency of the industrial production water use
phase in the Yangtze River Economic Zone is higher than that of the wastewater treatment
phase, which has some similarities with the findings of the current study. Thus, the key to
improving urban water use efficiency in the Yangtze River Economic Belt currently lies in
improving the efficiency of urban wastewater treatment. On the one hand, urban water
conservation technology and process transformation should be strengthened, and the level
of urban water conservation and intensification must be improved. On the other hand,
there is a need to strictly control urban wastewater discharge, increase urban wastewater
treatment, improve wastewater treatment process and technology, increase the rate of
centralized wastewater treatment, and promote the improvement of urban wastewater
treatment efficiency.

(2) The basin economy has the regional economic and water resources’ common
characteristics [38]. The Yangtze River Economic Belt spans a large geographical area, and
the differences in natural conditions and resource endowments lead to different degrees
and modes of development, which eventually manifest in some form of urban economic
and social–spatial differentiation and segmental variability [39]. Thus, influenced by such
factors as city scale, development stage, and resource endowment, urban water efficiency in
the Yangtze River Economic Belt has significant spatial differences [40], showing the spatial
characteristics of provincial capital cities and central cities with high water efficiency values,
similar to the findings of reference [41]. For the mean values of water efficiency of urban
clusters, the urban cluster of central Yunnan in the upper reaches of the Yangtze River has
the highest mean values of initial water use phase, wastewater treatment phase, and overall
efficiency. Central Qian and Chengdu–Chongqing, two urban centers on the upper reaches
of the Yangtze River, also place highly. The possible reason is that the urban clusters in the
upper reaches of the Yangtze River are mostly composed of provincial capitals or regional
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central cities. Moreover, there are only a few cities with high mean values of urban water
use efficiency. The Central Yunnan urban agglomeration, for instance, only consists of the
three prefecture-level cities of Kunming, Qujing, and Yuxi. A significant factor is also the
superior performance of upstream cities’ municipal wastewater management systems [38].
In view of the significant spatial differences in urban water use efficiency, differentiated
urban water use efficiency improvement strategies should be formulated based on the
technical and economic conditions and resource endowments of different regions. The
technical and economic advantages of provincial capital cities or regional central cities in
water use efficiency should be considered. Through their driving and diffusion effects,
collaborative urban water use efficiency governance should be promoted, particularly
collaborative governance and integrated planning among cities within urban clusters.
Additionally, cities’ water consumption efficiency needs to be increased. Non-provincial
capital cities and non-regional central cities need to take the initiative to absorb regional
spillover funds and technologies from provincial capital cities and regional central cities to
effectively promote the improvement of local water use efficiency.

(3) When improving urban water use efficiency in the Yangtze River Economic Belt,
focus should be given to the heterogeneity of factors, such as industrial structure, financial
development level, environmental regulation, level of economic development, and science
and education development level on urban water use efficiency [42]. Moreover, the posi-
tive effects of these factors must be highlighted. For example, optimizing the industrial
structure, promoting economic transformation, attaching importance to the utilization
efficiency of water resources, and promoting intensive economic development. Increasing
investment in science and technology education and strengthening the innovation of water
resources monitoring technology. Given that the six largest metropolitan agglomerations
in the Yangtze River Economic Belt vary in size and stage of development, the factors
affecting their urban water use efficiency vary. Therefore, in terms of intensive urban water
resource utilization and sewage treatment, differentiated combination strategies should
be formulated based on the factor endowment, socioeconomic development stage, and
industrialization level of the urban agglomerations to promote urban water use efficiency.
For example, the middle reaches of the Yangtze River and Central Guizhou urban agglom-
erations need to strengthen the construction of environmental regulation and play their role
in promoting urban water use efficiency. Urban agglomerations in the Yangtze River Delta
and Chengdu–Chongqing need to tighten control over their financial markets, improve the
financial system, and enhance the financial regulation capacity to encourage greater urban
water use efficiency.

6. Conclusions

From 2009 to 2019, the Yangtze River Economic Belt’s urban water consumption
efficiency was evaluated using the two-stage DEA model. Moreover, the Dagum Gini
coefficient was used to measure and decompose the differences in water use efficiency
between the six largest urban areas in the Yangtze River Economic Belt. Lastly, the σ
convergence, β convergence, and β conditional convergence of the urban agglomerations’
water use efficiency were tested. The main findings are as follows.

(1) The overall efficiency of urban water use in the Yangtze River Economic Zone
shows a trend of growth in fluctuation. However, the overall efficiency level of urban
water use is low, mainly from the low efficiency of water use in the sewage treatment
stage. Urban water use efficiency varies significantly depending on location, with province
capital cities and regional centers generally having high water use efficiency ratings. The
urban agglomeration of Central Yunnan upstream has a high average rating for water use
efficiency. On the basis of the average values of water use efficiency in the initial water
use and sewage treatment stages from 2009 to 2019, 108 cities can be divided into four
types. Moreover, the number of cities with the double-low type, where the average values
of water use efficiency in the initial water use and sewage treatment stages are low, is the
largest, accounting for approximately 40.74% of the total number of cities.
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(2) The Dagum Gini coefficient decomposition for the spatial differences in water use
efficiency of urban clusters in the Yangtze River Economic Belt and their sources reveals that
the differences in water use efficiency of cities in the Yangtze River Economic Belt decreased
over the study period. In addition, the differences mainly originated from super density
differences, followed by intra- and inter-regional differences. The differences in water use
efficiency among the six major urban agglomerations in the Yangtze River Economic Belt
also narrowed, and intra- and inter-urban differences showed a decreasing development.

(3) There is σ convergence in water consumption efficiency for the entire Yangtze
River Economic Belt and the six largest metropolitan agglomerations. Moreover, there is
significant β convergence in the entire Yangtze River Economic Belt, Yangtze River Delta,
Jianghuai, the Yangtze River’s middle reaches, Chengdu–Chongqing, and Central Guizhou
urban agglomerations and insignificant absolute β convergence in the Central Guizhou
urban agglomeration. After considering control factors, such as industrial structure, fi-
nancial development level, environmental regulation, economic development level, and
science and education development level, the water use efficiency of the six major urban
agglomerations converges faster, but its influence on each urban agglomeration differs.
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