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Introduction: In vulnerable environments, accurate and complete assessments of
green water efficiency (GWE) must consider unexpected outputs.

Methods: This study employed the hyper-efficiency SBM-DEA model and SDM
method to investigate the spatial heterogeneity and the determinants of GWE,
respectively, in nine Chinese provinces along the Silk Road Economic Belt (SREB),
which is characterized by a vulnerable ecological and economic system.

Results: Using data from 2008 to 2019, this study found that the green
performance indicator varied in these provinces; GWE showed substantial
spatial heterogeneity, with a negative spatial autocorrelation among the
provinces with a low-to-high or high-to-low distribution. The southwest
provinces had a higher GWE than the northwest, but there was no significant
GWE improvement in the whole region. Both governmental engagement and
environmental protection were the most influential determinants of GWE, which
showed spatial spillover effects, followed by water pollution then economic
growth, demonstrating that the GWE in vulnerable ecosystems may be
changed by any factor depending on unexpected outputs.

Discussion: This study suggests that reducing the side effects of unexpected
outputs in vulnerable environments, because the ecosystemwill be redamaged by
unexpected contaminants when improving the local GWE.
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1 Introduction

Green water efficiency (GWE) has been extensively investigated in various ecological
environments, particularly in water runoff from fields (Huang et al., 2021; Qiu et al., 2022).
However, studies of GWE in vulnerable ecological environments are scarce. As such, with
this study, this study contributes to filling this gap in the literature, examining the spatial
heterogeneity of GWE and its determinants in the Chinese provinces along the Silk Road
Economic Belt (SREB), where both economic and ecological systems are weak.

The entire SREB area is characterized by rainfall shortages and drought, and water resource
shortages and poor water quality are prominent problems. Much of the land is situated in
semiarid and arid regions, where the natural environment is highly vulnerable in terms of water
resources (Libert et al., 2008). The water resources in the region are insufficient for agricultural
irrigation, which weakens the local economy (Varis, 2014). Water quality has been worsened
due to the increasing amounts human activities (Tornqvist et al., 2011). Water shortages are
restraining regional economic development and exacerbating the ecological poverty in the
region. Therefore, GWE in the SREB has become a crucial issue, and advanced studies
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addressing the issue from more perspectives will facilitate regional
water conservation and sustainable development.

The environment in this area is not only ecologically vulnerable,
but also economically vulnerable, because of the critical disparate
economic development between the provinces. Under this complex
circumstances of vulnerable economic and ecological systems,
existing studies on urban, rural, and runoff did not address the
GWE issues, because the majority of studies assessed GWE from the
economic and resource endowment perspectives (Huang et al.,
2021). This study bridges this gap. Building upon the existing
literature, this study builds an updated theoretical framework
considering the social efficiency of water usage to explore GWE
solutions in a vulnerable environment. Social efficiency refers to civil
water usage, which is measured with five factors.

Water resource conservation performance is another aspect of a
comprehensive GWE assessment. The local government should be
involved in water resource conservation through policy-oriented
strategies. For instance, governments should restrict irrational
virtual grain water flow to increase water savings and
environmental benefits through rigorous trading policies (Zhai
et al., 2021). Similarly, Yang and Zehnder (2002) found that the
virtual water trade strategy is important for promoting water-use
efficiency and decreases the pressure on local water resources. In
addition, any other efficient approaches of managing water scarcity
should be encouraged, such as plastic mulch practices (Ingman et al.,
2015). Therefore, government engagement in water conservation is
an integrated perspective from which to assess GWE.

One of this study’s contributions is the use of a novel theoretical
framework to comprehensively assess GWE, which contains
23 factors from 4 decision-making units (DMUs): economy,
resource endowment, social efficiency, and ecological protection.
Because of the vulnerability of the environment, societal water-use
efficiency and governmental involvement in ecological protection
are essential for a comprehensive GWE assessment.

As a major economic and cultural channel connecting the Asia-
Pacific and European economic circles, the SREB has considerable
development potential. However, this area is restrained by its fragile
ecological environment, and water shortages have become a barrier to
the strategic development along the route, particularly in China. This
study evaluated the level of GWE, and identified the most influential
determinants in the Chinese area of the SREB. The findings contribute
to the sustainable development of water resources in China, and
provide reference values for other countries along the SREB.

2 Literature review and theoretical
framework

The relationship between economic development and
ecosystems has been widely examined from three aspects:
economy, natural resource abundance, and environmental
protection. Many researchers have investigated the interaction
between economic development and green water efficiency. For
instance, ecological and socioeconomic systems affect each other
through socioeconomic factors (Arto et al., 2019). The over-
exploitation of natural resources seriously ruins the ecological
system and impacts economic sustainability (Xing et al., 2019).
However, this interaction can be positive in two ways: sustainable

economic development may support the ecological environment
and protect the ecosystem (Vorosmarty et al., 2018), and a healthy
ecosystem generates sustainable resources for human life and
economic development (Chen et al., 2013). Therefore, the
relationship between them is initially negative in a vulnerable
environment, but may be positive if they are treated in balance.

To address this imbalance between economy and environment,
local governments should become engaged by initiating environmental
protection schemes for economic sustainability. In this context, the
green economy has been proposed for sustainable cradle-to-cradle
(C2C) economic growth (McDonough and Braungart, 2002), which
involves recycling and reproducing the outputs (pollutants and waste)
into new materials and energy resources. Sharma et al. (2020) argued
that waste-to-energy techniques can be used to effectively solve
challenges. The positive relationship between waste reproduction,
recycling rate, and economic sustainability was demonstrated (Geng
et al., 2012). Additionally, Zhao et al. (2021) found that industrial
structure advancement strongly promotes the green economy inChina.
Therefore, in a vulnerable environment, this sustainable development
model of a circular economy should be widely promoted to improve
the economy while consuming fewer natural resources.

Resource-consuming economic development is unfeasible in
vulnerable environments. This study argues that social-efficiency-
related development is more efficient and cost-effective than others
in terms of GWE in the fragile SREB, because economic
development may improve social efficiency. For example, the
growing national economy may lead to enhanced civil
infrastructure (Srinivasu and Rao, 2013) and improve residential
living standards. Jalali and Rabotyagov (2020) demonstrated that
sound infrastructure, particularly agricultural infrastructure, can
improve GWE. Additionally, some argued that social efficiency
may affect environmental protection. However, few researchers
have considered social efficiency.

With the aforesaid theoretical underpinning, we included social
efficiency (infrastructure and living standard) in the analysis, and
developed an updated framework as depicted in Figure 1.

FIGURE 1
Theoretical framework assessing green water efficiency from
four DMUs.
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Figure 1 demonstrates the direct (h, i, f, g) and indirect (a, b, c, d,
e) effects on GWE from the perspective of four decision-making
units. The plus symbols refer to the positive effects. In a fragile
ecosystem, for an accurate GWE assessment, the unexpected outputs
(pollutants) must be considered, which may easily damage the
system (Huang et al., 2021). L1s represents the expected outputs;
L2s represents the unexpected contaminants. When L1s > L2s, the
expected outputs are greater than unexpected, and the economic
activities will be conducted. For instance, economic development
potentially contributes social efficiency (a1), but it also generates
some contaminants (a2).

The green routes are acceptable and feasible solutions for water
sustainability, provided outputs are substantially larger than inputs,
as demonstrated in Tables 8, 9. Improved social efficiency
contributes to GWE (f1), which also yields some unexpected
pollution (f2), but is still worthy to promote because f1>f2. This
is a crucial viewpoint but has not been fully discussed in fragile
ecosystems, because the population growth and the associated
growth in consumption exert an ever-increasing pressure on
supply sources (Levova and Hauschild, 2011), which
consequently generates a wide range of social and environmental
problems (Falkenmark, 2008). Additionally, with economic growth
in water-consuming industries, the government and enterprises
should invest more in managing water pollutants (Cucek et al.,
2012), namely, water resource preservation (c), which is not only
beneficial for natural endowment (e), but also improves GWE
provided g1>g2 in an efficient way.

The minus symbols refer to a negative effect and are not
encouraged in the long term. For instance, h1>h2 indicates
unsustainable development sacrificing water resources for
economic growth in the short term, such as in water-consuming
industries (Cucek et al., 2012). Conversely, optimizing the industrial
structure and developing technologies may improve the ecosystem,
such as through the application of remote sensing technology (Zhao
et al., 2017). However, economic growth resulting from natural
resource exploitation (b) along the red route should be discouraged
or prohibited because of its negative effects, regardless of the
outputs. Audirac (2014) named the “shrinking cities” in Latin
America; here, the natural resources are insufficient to support
local economy, so serious problems, such as economic recession,
population loss, and environmental degradation, will occur.

The letter i represents higher natural resource endowments,
higher GWE, and vice versa. Zhao et al. (2021) suggested that
insufficient water resource endowments have restrained the green
development of the Yellow River Basin. The vast literature
demonstrates the interaction between natural resources and water
efficiency. For instance, stream flow in the western United States
depends on the abundance and timing of snow melt that occurs
months in advance (Hostetler and Alder, 2016); vegetation
production is closely related to water deficits (Littell et al., 2008).
Restricted by natural resources, social efficiency is more feasible and
cost-effective in vulnerable environments, although other DMUs
influence the GWE, such as technology innovation for water
conservation and irrigation. Therefore, this study hypothesized
that an association exists between social efficiency and GWE.

As reviewed above, although the related literature has laid a
theoretical foundation for GWE, social-efficiency-related factors
have not yet been fully discussed. This study builds an updated

theoretical framework to bridge this gap, considering a variety of
factors indicating by the theoretical underpinning. This study
adopted a hyperefficiency SBM-DEA model to investigate the
input–output performance considering unexpected contaminants,
and resolved the issue of excess inputs and shortfalls in outputs, to
achieve the efficiency evaluation of unexpected outputs.

3 Methodology and variables

3.1 Hyperefficiency SBM–DEA model

3.1.1 Model development
Based on the hyperefficiency data enveloping analysis (DEA)

and slack-based model (SBM), Tone (2001) developed a
hyperefficiency SBM–DEA model to investigate input–output
performance with unexpected environmental outputs
(contaminants). This method has been widely used to examine
GWE, because it can resolve the issue of excesses in inputs and
shortfalls in outputs (called slacks), and can evaluate efficiency with
unexpected outputs. Therefore, the method can accurately and
comprehensively evaluate the green efficiency of water resources.

Assuming a certain number of DMUs, each one has three
components: input (xik), expected output (yrk), and unexpected
output (btk). Under expected output circumstances, a green
efficiency value can be evaluated using a hyperefficiency SBM-
DEA model group as:

ρ* � min
1 + 1

m
∑m

i�1
s−i
xik

1 − 1
q1 + q2

∑q1

r�1
s+r
yrk

+∑q2

i�1
sb−t
btk

( )
s.t. ∑n

j�1,j ≠ k

xijλj − s−i ≤ xik

∑n
j�1,j ≠ k

yijλj − s+i yrk ≥yrk

∑n
j�1,j ≠ k

btjλj − sb−i ≤ btk

λ, s−, s≥ 0, ∑n
j�1,j ≠ k

λj � 1

i � 1, 2,/m; r � 1, 2/q; j � 1, 2,/n j ≠ k( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

where xik is the input amount (k) for DMU i, yij is the output
amount (j) for DMU i, btk represents the output restraint cone of an
element in row t and column k, and λ is a coefficient of a DMU linear
combination.m, q1, and q2 are the quantity of the three components
(xik, yij, and btk, respectively); s−i , s+i , and b− are the slack variables of
the three components; ρ* is the efficiency value of a DMU. ρ*< 1
indicates the green efficiency shortfall of a DMU, which means the
water resource use is unsustainable, and it should be improved by
optimizing the inputs and outputs. ρ*> 1 indicates the significant
green efficiency of water resource use. This model can
simultaneously and effectively deal with multiple DMUs, and
facilitate evaluation and ranking of the DMUs.

Therefore, considering unexpected contaminants, this study
employed the hyperefficiency SBM-DEA model with four DMUs
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(resource, economic, social, and ecological performance) to
investigate GWE.

3.1.2 Indicator measurement
This study obtained the GWE indicators in this study from four

DMUs: natural resources (A), economic performance (B), social
efficiency (C), and ecological protection (D). Each DMU consisted a
number of indicators in the subordinate and indicator layers.

Supplementary Appendix S1 outlines the 19 hierarchical
indicators grouped into 9 subordinate layers of the 4 DMUs.
This study measured the first DMU (natural resources), divided
into three subordinate layers (A1-3), with six indicators. This study
measured the second DMU (economic performance), which
included two subordinate layers (B1-2), with six indicators as
well. This study measured the third one (social efficiency), with
two layers (C1-3), using five indicators. This study measured the
final one (ecological prevention) with six indicators from two
subordinate layers. The + symbol indicates bigger and better; the
- symbol indicates less and better.

This study calculated the weight coefficients (wj) of these factors
step-wise with the entropy methods in Eqs 2–7. First, this study
standardized these factors to values between 0 and 1 with Eqs 2, 3 to
remove their dimensional disparity, facilitating comparison with
each other.

Positive indicators +( )x’
ij � xij −min xj( )/max xj( ) −min xj( )

(2)
Negative indicators −( ) x’

ij � max xj( ) − xij/max xj( ) −min xj( )
(3)

where x’ij is a standardized value; xij represents an initial value of
indicator i in year j; max(xj) and min(xj) refer to the maximum and
minimum value of indicator i in year j, respectively. After the step-
wise calculations in Eqs 4, 5, this study obtained the discrepancy
coefficients of the indicators (information efficiency values) with Eq.
6. Then, this study calculated the weight coefficients with Eq. 7.

qij � xij∑m
i�1xij

i � j � 1, 2, 3/, m, j � 1, 2, 3/, n( ) (4)

ej � −k∑m

i�1qij ln qij (5)
gj � 1 − ej j � 1, 2, 3/, n( ) (6)

wj � gj∑n
j�1gj

(7)

Finally, this study calculated the total value of the indicators of
all DMUs with Eq. 8.

G � ∑n

j�1ωjxij (8)

3.2 Global spatial autocorrelation analysis

This study adopted spatial autocorrelation analysis to study the
cluster and spatial heterogeneity of the GWE in the nine regions.
Following Qiu et al. (2022), this study employed a global spatial
autocorrelation analysis of Moran’s I to investigate the spatial
clustering significance of GWE attributed to the variables in the

nine provinces. It evaluated the global Moran’s I with Eq. 9,
computed in the statistical software Stata.

It �
n∑n

i�1∑n
j�1wijt xit − xt( ) xjt − xt( )

∑n
i�1∑n

j�1wijt( )∑n
i�1 xit − xt( )2 (9)

where It is the global Moran’s I index of the whole region in period t;
n is the number of spatial observation objects in the study area; xit
and xjt refer to the values of the observation counterparts from
regions i and j in period t, respectively; �x t is the mean value of all
objects in the period; wijt is the spatial weight matrix of regions i and
j in the period, representing the adjacency relationship between the
ith and jth spatial objects. When wijt � 1, the two spatial units are
neighboring; otherwise, they are not when wijt � 0.

Tobler (1970) found a negative relationship, where the
autocorrelation becomes weak as the geographical distance
increases; and an uncoordinated relationship, where strong
economy-based cities have a more substantial impact on the
neighboring cities than others in terms of water resource
performance. Therefore, including economic factors, this study
updated the spatial weight matrix wij as an economic spatial
weight matrix evaluated with Eq. 10.

Wij � a
1
dij

+ 1 − a( ) 1

ei − ej
∣∣∣∣ ∣∣∣∣ (10)

Here, dij refers to the geographical distance between the
provinces measured by the longitudes and latitudes of their
capital cities, which this study calculated using Geoda software; e

−
i

and ej
−

are the mean GDP volume in two different places; 1
|ei−ej| is the

economic distance between them, which this study calculated with
Stata software; A is the ratio of the spatial weight matrix, a ∈ (0, 1).

3.3 Spatial econometric model

Water resources, characterized by liquidity, have various spatial
features that differ in different regions. This study employed spatial
econometric models to investigate the most influential factors
affecting the green efficiency of water resources in the SREB. It
has been used to investigate spatial variables (Elhorst, 2014) and is
expressed as below.

Yit � θ∑n

i�1WijYit + βXit + δ∑n

i�1WijXit + μi + λt + εit (11)

Here, Xit is the independent variable in region i at time t; Yit

refers to a DMU, that is, measured by the rate of inputs to outputs; θ
is the spatial lag term coefficient of the explained variables,
indicating the effect of the explained variables from neighboring
spatial units on the dependent variable Y; δ is the spatial regression
coefficient, showing the effect of the explanatory variables from
neighboring spatial units on the explained variable Y in a specific
unit;Wij is a spatial weights matrix. IfWij � 1, the ith and jth spatial
units are neighboring; when Wij � 1, they are no. t β is a regression
coefficient; μi refers to the fixed effects; λt denotes the time effect; εit
represents random errors.

As the green efficiency of water resources is determined by
various factors (Chen and Bai, 2013), this study included seven
independent variables into the SDM to investigate the GWE, as
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described in Supplementary Appendix S2. Additionally, China has
been undergoing further opening up, with substantial foreign capital
inflows facilitating upgrades in green technology, and improvements
in management practices and environmental standards; thus, the
level of regional opening-up should be reflected by foreign direct
investment (FDI), which potentially facilitates resource conservation
and pollution control (Mielnik and Goldemberg, 2002). This factor
has not been extensively discussed the literature. This study
measured the level of openness in each province with the actual
amount of FDI.

4 Results and analysis

4.1 Descriptive analysis of green indicators

Table 1 shows the hierarchy coefficient weight of the DMUs
according to Eqs 5–7. The resource-endowment-related indicators
(A) were most influential, accounting for 40.39% of the total

contributions, followed by ecological preservation (D) and social-
efficiency-related (C) indicators, which accounted for 24.20% and
20.48%, respectively. This finding imply that these resource-weak
places should enhance their ecological preservation practices, and
then improve their social efficiency to achieve sustainable
development, which would be more efficient than promoting
economic indicators (B).

In particular, resource use (A3) was more important than others,
which means that improving resource use efficiency with fewer
unexpected outputs (contaminants) is crucial for GWE. This study
found that water infrastructure is also critical for water sustainability.

According to Eq. 8 and Figure 2 outlines the indicator values of all
DMUs in the nine provinces from 2008 to 2019. Sichuan ranked first
because of its outstanding performance in four aspects, particularly in
economy (0.1104). Sichuan was followed by Xinjiang and Guangxi.

In terms of ecological preservation (D), Xinjiang was strongly
predominant (0.1840), which may have been due to its favorable
geographical location, that is, featured by a range of snow-
covered mountains, including the Altai, Tianshan, Kunlun,

TABLE 1 Hierarchical indicator values of GWE.

DMU Sublayer Indicator Entropy
value (ej)

Coefficients
(gj)

Indicator
weight (wj)

Sublayer
weight

DMU
weight

Water resource
endowment (A)

Resource
abundance (A1)

A11 0.8992 0.1007 0.0703 0.1421 0.4039

A12 0.8972 0.1028 0.0718

Resource
development (A2)

A21 0.9426 0.0574 0.0401 0.0789

A22 0.9444 0.05557 0.0388

Resource
use (A3)

A31 0.8439 0.1561 0.1090 0.1829

A32 0.8941 0.1059 0.0739

Economic
performance (B)

Economic
scale (B1)

B11 0.9337 0.0663 0.0463 0.1172 0.1493

B12 0.9420 0.0580 0.0405

B13 0.9565 0.0435 0.0304

Economic
structure (B2)

B21 0.9920 0.0080 0.0056 0.0321

B22 0.9865 0.0135 0.0094

B23 0.9755 0.0245 0.0171

Social
efficiency (C)

Infrastructure (C1) C11 0.9112 0.0888 0.0620 0.1616 0.2048

C12 0.9444 0.0556 0.0388

C13 0.9129 0.0871 0.0608

Living
standard (C2)

C21 0.9814 0.0186 0.0131 0.0432

C22 0.9568 0.0432 0.0302

Ecological
preservation (D)

Inputs for
environmental
protection (D1)

D11 0.9233 0.0767 0.0536 0.1305 0.2420

D12 0.9169 0.0831 0.0580

D13 0.9729 0.0271 0.0189

Outputs for
environmental
protection (D2)

D21 0.9806 0.0194 0.0136 0.1115

D22 0.9316 0.0684 0.0478

D23 0.9282 0.0719 0.0502

Total 1.0000 1.0000
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and Karakoram Mountains. In addition, the small population in
Xinjiang may have contributed to this finding. Xinjiang was
followed by Guangxi (0.1549), where the water resources were
insufficient, though the water-saving irrigation practices for
sustainable agriculture in Guangxi have advanced (He et al.,
2021). Ningxia, because of its serious water shortages, has
built advanced infrastructure for water savings.

In terms of social efficiency (C), Sichuan performed well
(0.0848), followed by Yunnan (0.0653) and Shaanxi (0.0634),
because these provinces had a relatively strong economy, which
may have contributed to the development of social
infrastructure. Additionally, the economic structure of
Sichuan is stronger than in other areas, so its economic
performance was the best (0.1104).

FIGURE 2
Estimators of four DMUs in each province.

FIGURE 3
Green performance of water resources in nine provinces from 2008 to 2019.
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Regarding water resource endowment, both Shaanxi and Gansu
provinces had larger resources because the Huanghe River runs
through them. The Yangtze River runs through Sichuan, which has
sufficient runoff water resources as well.

4.2 Results of GWE

After obtaining the weight of all green indicators, this study
calculated the GWE-based on input-output performance using Eq.
1. Figure 3 presents the results of the provincial GWE from 2008 to
2019. In general, the majority of values were larger than one, which
indicated that the majority of provinces had achieved water green
development during the study period. Particularly, Yunnan
province showed the most remarkable change in green
efficiency, followed by Qinghai and Sichuan. However, both
Gansu and Xinjiang were farther from the green target, even
though some of the green indicators in Xinjiang were
outstanding (Figure 2).

As Figure 3 showed, three provinces (Chongqing, Yunnan,
and Qinghai) had the largest amounts of green resources, but
their green efficiency was not remarkable due to the unexpected
outputs (i.e., contaminants) as measured by the hyperefficiency
SBM-DEA model, which suggested that less pollution is required
to increased green water efficiency. Therefore, resource
abundance does not necessarily mean a high GWE, so high
water-use efficiency and the production of fewer contaminants
should be encouraged. Resource-insufficient regions may achieve
sustainable green efficiency if they improve their water-use
performance.

Figure 4 visualizes the spatial distribution of GWE in the nine
provinces. Yunnan was dominant during the period, while both
Xinjiang and Gansu underperformed.

Figure 5 shows the temporal heterogeneity of GWE from 2008 to
2019. Overall, the most notable feature is the insignificant
improvement in GWE during the period. Yunnan performed
well; similarly, this study found no significant improvement in
GWE in Guangxi. Contrastingly, both Xingjiang and Gansu
underperformed every year, and Qinghai fluctuated, performing
better 2013–2015, 2009, and 2019. Another remarkable feature is the
dispersion, rather than cluster, pattern that this study observed
among them.

With the rapid economic growth in China during the study
period, these provinces experienced economic growth as well, but
this growth was partially attributed to remarkable water resource
consumption, which generated tremendous amounts of pollution
and decreased their GWE. Some provincial governments, such as
those of Yunnan and Qinghai, implemented a range of ecological
policies to protect the environment and improve water-use
efficiency, which should have contributed to increasing the GWE,
but others did not. Therefore, this temporal heterogeneity could be
attributed to the differences in local social efficiency and ecological
protection.

4.3 Global spatial autocorrelation results

To further demonstrate the spatial heterogeneity of the results,
this study analyzed global Moran’s analysis to take an insight into it.
Table 2 shows the results of the global Moran’s I index calculated
using the nested weight matrix of economy and distance integration,
which were significant at the 5% level. Negative indices indicate the
dispersion of GWE in the area during the period. In other words,
once a province had higher green efficiency, the efficiency of the
neighboring provinces would be lower, and vice versa. This result is
consistent with that in Figure 5.

FIGURE 4
Geographical distribution of green water efficiency.
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4.4 SDM results

The results in column (1) in Table 3 show that three factors: GOV
(−0.137), PGDP (−0.360), WL (−0.182) had a negative relationship with
GWE. This means that the inappropriate involvement of the local
government restrained the sustainable development of water, because
more unexpected contaminants were generated (g2>g1). The local
economic development also interrupted water sustainability as well,
while water pollution worsened in the region partially due to the
expansion of the local economy. Contrastingly, the increased openness

with increasing investment may have contributed to the local GWE
because of their positive relationship (0.041). However, the remaining
factors did not significantly contribute to water sustainability.

The spillover column (2) shows the spillover effects of these
factors on GWE. The negative effect of governmental engagement
supports the theory discussed in Figure 1, which showed that
government activities undertaken for improving social efficiency
and protecting water resources generated large amounts of
contaminants (unexpected outputs) in the vulnerable
environments, which was not as expected (f1>f2, g1>g2).

FIGURE 5
Temporal heterogeneity of green water efficiency.

Frontiers in Environmental Science frontiersin.org08

Zhang and Long 10.3389/fenvs.2023.1238175

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1238175


Similarly, the negative spillover effect of environmental protection
(ER) indicated that the related policies yielded more pollution than
expected. These findings account for the theoretical framework in

Figure 1. Conversely, three factors (WUS, RES, and WL) had
positive spillover effects on GWE: WL had a negative effect on
GWE, showing spillover contributions to GWE once the polluted
water had been remediated. Therefore, these contrasting results
suggest that the GWE in vulnerable ecosystems may be changed
by any factor, depending on the unexpected outputs.

To examine the spatial spillover effect of GWE, this study employed
the partial differential method to decompose the total effect into direct
and indirect effects. The direct effect demonstrates the impact of these
factors on the local GWE, whereas the indirect effect demonstrates the
spillover impact on the GWE of other provinces.

Table 4 shows that these factors had significant direct and indirect
effects, except for IS and OPEN. This result is consistent with that in
Table 3, confirming that both industrial structure and opening-up level
did no contribute to the GWE in this vulnerable ecosystem. Consistently,
GOV had both a significant negative effect (−1.217) and positive effect
(0.623), which supports the viewpoint that appropriate government
activities contributed to local GWE (f1>f2, g1>g2), and had more
spillover effects on the GWE in other regions rather than on the
neighboring provinces. This study obtained similar results for ER.

This result suggested that governmental engagement in water
conservancy construction and pollution control have directly
improved the local GWE. The investment in industrial pollution
and waste-water treatment had a strongly positive effect on
promoting GWE. However, extensive government intervention
and inappropriate environmental regulations may result in
heavy-industry enterprises transferring their contaminants to
other regions, reducing the GWE in other regions.

The negative coefficient (−2.223) of the WUS indicated a low GWE
in both the agricultural and industrial sectors, because the
underdeveloped irrigation systems in the region led to the substantial
wasting of water resources. The underdeveloped sewage treatment
systems are unable to efficiently deal with industrial waste water. The
negative indirect coefficient (−0.683) showed that these water
contaminants had spatial spillover effects on the neighboring provinces.

The negative interaction (−0.102) between RES andGWE indicated
less awareness of GWE in the regions with abundant resource, where
waste water was considerable in the deficient regions. This result is
inconsistent with the theory that the more abundant the natural
resources, the higher the GWE in the Yellow River basin (Zhao
et al., 2021). Additionally, RES had spillover effects on its
neighboring regions because of the positive interaction (0.139).

TABLE 2 Global Moran’s I from 2008 to 2019.

Year I z p-value*

2008 −0.232 −2.593 0.016

2009 −0.248 −1.804 0.036

2010 −0.249 −1.821 0.034

2011 −0.240 −1.717 0.043

2012 −0.240 −1.714 0.043

2013 −0.244 −1.766 0.039

2014 −0.249 −1.831 0.034

2015 −0.247 −1.801 0.036

2016 −0.235 −1.634 0.051

2017 −0.238 −1.662 0.048

2018 −0.242 −1.718 0.043

2019 −0.248 −1.798 0.036

TABLE 3 Results of SDM.

Variable Main (Z1) Spillover (Z2)

IS 0.253 (1.030) 0.690 (0.670)

GOV −0.137* (-2.320) −2.010*** (-3.470)

ER 0.077* (2.140) −1.121*** (-3.370)

WUS −0.189 (-3.490) 7.776*** (2.610)

RES −0.014 (-0.910) 0.145* (1.590)

PGDP −0.360*** (−4.180) 0.300 (0.460)

WL −0.182*** (−3.600) 0.432** (1.960)

OPEN 0.041* (2.0909) 0.050 (0.230)

***, **, and * indicate significance at 1%, 5%, and 10% levels, respectively; sigma2≈0.

TABLE 4 Direct and indirect spatial effects of the factors.

Variable LR direct p-value* LR indirect p-value* LR total p-value*

IS 0.221 0.339 0.061 0.875 0.282 0.428

GOV 0.623*** 0.005 −1.217*** 0.000 −0.595*** 0.001

ER 0.357*** 0.001 −0.683*** 0.000 −0.326*** 0.003

WUS −3.223*** 0.004 −1.013*** 0.002 −4.236** 0.003

RES −0.102** 0.020 0.139** 0.029 0.037 0.202

PGDP −0.948*** 0.005 0.942** 0.050 −0.006 0.975

WL −0.204*** 0.006 −0.031 0.779 0.173** 0.018

OPEN 0.064 0.425 −0.037 0.779 0.028 0.676

***, **, and * indicate significance at 1%, 5%, and 10% levels, respectively; sigma2≈0.
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Therefore, efficient and effective resource use in this vulnerable
environment was more crucial than in other water runoff regions.

The negative interaction (−0.948) between GDP and GWE
confirmed the result in Table 3, demonstrating the curse theory
where economic growth results from harming natural resources.
Contrastingly, the positive indirect coefficient (0.942) indicated a
spillover effect of the economic activities on neighboring regions,
which could have mutually facilitated the economic growth.

The negative direct effect (−0.204) ofWL is in line with the result
in Table 3, showing that increased water pollution leads to a lower
GWE, but polluted water had no significant spatial spillover effect on
the neighboring regions.

5 Conclusion

Different from other studies of GWE in water-runoff regions,
this study investigated a vulnerable ecosystem range along the
SREB featuring with both fragile ecological and economic systems.
Considering the unexpected outputs in an updated theoretical
framework, this study employed the hyper-efficiency SBM-DEA
model to investigate the spatial heterogeneity of GWE, and
adopted SDM to investigate the determinants of GWE.
According to the data from 2008 to 2019, this study revealed
that the green indicator performance differed in the different
provinces. Additionally, the green indicator structure was
imbalanced; in particular, economic performance and social
efficiency were weak.

This study found significant spatial heterogeneity in the GWE.
The southwest provinces had higher GWE than those in the
northwest, particularly Xinjiang and Gansu, but there was no
significant GWE improvement in the whole region. Additionally,
there was a negative interaction between GWE and governmental
engagement, economic growth, and water pollution, but a positive
interaction between GWE and environmental protection and the
opening-up level. Environmental protection was themost significant
determinant of GWE, which had spatial spillover effects, followed by
water pollution and economic growth. In this vulnerable ecosystem,
the GWE may be changed by any factor depending on the
unexpected outputs.

Moreover, three determinants (governmental engagement,
environmental protection, and water use structure) had spatial
spillover side effects on the GWE of neighboring provinces,
which means that unsustainable water practices generated more
unexpected contaminants flowing into neighboring provinces.
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