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Abstract: The Huai River is an important flood control and discharge river in the middle and east of
China, and the development of ecological economy with regional advantages is significant for the
protection and improvement of the resources and environment of the basin. On the basis of defining
the connotation of an ecological economic system, this study constructed an index system, and it
applied the methods of data envelopment analysis (DEA) and exploratory spatial data analysis (ESDA)
to study the ecological economy of the Huai River. This study concluded that (1) the efficiency in
most areas was efficient, but inefficient in a few areas; (2) the causes of inefficiency were unreasonable
production scale and unqualified production technology, which led to redundant input of resources,
insufficient output of days with good air quality, and excessive output of particulate matter with
less than or equal to 2.5 microns in diameter (PM2.5); and (3) the efficiency was different in different
regions, so it was necessary to respectively formulate and implement strategies for protection and
development of resources and environment. The research results can be used as an important
reference for formulating ecological economic policies around the world.

Keywords: the ecological economic mode; the ecological economic system; ecological economic
efficiency evaluation; data envelopment analysis; exploratory spatial data analysis

1. Introduction

The resource depletion and environmental pollution [1–5] caused by the rapid development of
modern society and economy are becoming more and more serious and have been identified as global
public health issues [6]. Water, the basis of all life and an indispensable and irreplaceable element of
natural resources and environment for social and economic development, is often not accessible for
approximately 11% of the world’s population [7]. The global extraction of raw materials has increased
from about 23 billion tons to more than 80 billion tons since 1970 [8], and CO2 concentration in the
global atmosphere has increased from about 325 ppm to more than 410 ppm in this same period [9].
Heavy haze pollution, which mainly comprises PM2.5 with serious exceedance, causes 12–16 thousand
premature deaths every year in China, the world’s second largest economy [5].

The Huai River Basin is a highly polluted river basin in China due to the traditional rapid economic
growth [1]. Several serious pollution incidents occurred in this area, which risked the life safety of
millions of people living alongside the rivers. For a long time, many scholars have paid attention
to the problems of rainfall, flood disaster [10], water resource consumption [2], and water resource
pollution [1] in the Huai River Basin, and there is a lack of research on the transformation of economic
growth mode in the basin.
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People have gradually realized that the conventional economic growth model (Figure 1a),
which isolates humans from nature, while indiscriminately exploiting natural resources, has generated
severe resource crunch and exerted considerable environmental pressure on world development [11].
Just as pointed out in the program “The Economics of Ecosystems and Biodiversity” (TEEB)
commissioned by the G8 + 5 group of nations, living organisms and the non-living environment
in nature provide services such as resource supply, environmental regulation, habitat, and cultural
facilities, which have important use value and non-use value for the development of human society,
but their integrity, health, and resilience are critical thresholds for the service provision. When resources
are depleted or the environment is degraded, high follow-up costs of the loss of natural services
become manifest especially in health effects, production losses, and costs for cleaning and restoration.
From the perspective of economics, nature represents a form of capital whose dividend is paid in the
form of nature services [12–15]. Therefore, the ecological economic mode (Figure 1b), which considers
nature to be an integral part of the human system, is expected to become the most effective way to solve
the contradiction between social economic development and ecological security [5]. The essence of
the eco-economic mode is to develop society and economy on the basis of the ecological environment
by the establishment of a compound ecosystem consisting of economy, society, and nature with a
virtuous cycle, so as to achieve the “win–win” of economic development and ecological protection.
The Venn diagram [16] representing an ecological economic system comprises three basic subsystems:
the economy, society, and ecology (Figure 1b). The economic subsystem receives labor and technology
inputs from the social subsystem and outputs products and services into the social subsystem.
The social subsystem receives environmental resources from the ecological subsystem and outputs
domestic waste into the ecological subsystem. The ecological subsystem receives production waste
from the economic subsystem and outputs resources and environments into the economic subsystem.
These three subsystems form a complex ecological economic system through the interweaving of
material circulation and energy transfer.
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Figure 1. Evolution of the economic system; (a) conventional economic system [11]; (b) ecological
economic system [5,16].

How to speed up the development of social economy and maintain the virtuous cycle of ecological
economic system? Developing an ecological economy and improving its efficiency can achieve the
above two goals at the same time. The efficiency of eco-economy refers to the utilization degree of
various resources and the discharge degree of waste in the eco-economic mode. It reflects the ability to
produce more goods and services, consume less resources, and have less impact on the environment.
Therefore, we should scientifically evaluate the efficiency of eco-economic mode and explore its causes
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and spatial characteristics, so as to provide a factual basis for the regional accurate formulation and
implementation of resources and environment protection and development planning and policies.

2. Literature Review

Ecological economic efficiency can be measured by examining the relationship between human
production activities and regional ecological capacity [17]. The concept of ecological economic efficiency
was first proposed by Schaltegger and Sturm in 1990 [18] and was further developed by the World
Business Council for Sustainable Development in 1992 [19]. Since then, an increasing number of
scholars have conducted research on ecological economic efficiency. Its definition focuses on the
relationship between the economy, society, and ecology, wherein economic outputs meet the demands
of people, resource consumption and environmental pollution are controlled, and ecology and the
economy present coordinated development.

Composite index and data envelopment analysis (DEA) are the most commonly used methods
for measuring regional ecological economic efficiency. A composite index involves constructing
an index system from a composite perspective; different studies have used the ratio method [20],
grey relational analysis [21], analytic hierarchy process [22], and Shannon entropy [23] for measurement.
DEA involves constructing an index system from the perspective of inputs and outputs and uses the DEA
method [11,24,25] for measurement. Both methods can effectively evaluate regional ecological economic
efficiency. The composite index method is simple to use and comprehensive in its consideration of
factors, but data distortion occurs easily because of dimensionless processing. Moreover, because the
index system is not developed in accordance with the law of production function, it only measures the
levels of but not the relationship between inputs and outputs. However, because the DEA method
does not require the dimensionless processing of variables, it can maximize the integrity of original
information. In addition, it can measure the conversion degree between inputs and outputs and
achieve the optimal improved value, which can provide management departments with a scientific
basis for policy-making.

In recent years, the DEA model has been widely used in academia; it has been continuously
improved to meet the requirements for measuring ecological economic efficiency in different situations
(Table 1). The basic form of the DEA model is the Charnes–Cooper–Rhodes (CCR) model [26]. The DEA
model was improved to the Banker–Charnes–Cooper (BCC) [27] and slacks-based measure (SBM) [28]
models on the basis of the CCR model. The comprehensive ecological economic efficiency [29] of the
decision-making units can be measured by constructing multiple input indicators and output indicators
in the CCR model under the assumption that the cone condition is satisfied. The BCC model measures
the technical efficiency of the ecological economics of decision-making units under the assumption
that the cone and convexity conditions are satisfied [27]. The SBM model improves the measurement
accuracy of the ecological economic efficiency of decision-making units by constructing multiple
input indicators and desired and undesired output indicators and directly adding slack variables
to the objective function [28,30]. Thereafter, super-efficiency DEA models (the S-CCR model [24]
S-SBM model [31]) for improving the accuracy and discrimination of ecological economic efficiency,
cross-efficiency DEA models (the C-SBM model [32]), and network-efficiency DEA models that consider
the input–output immediate process (the N-SBM model [25]) were constructed separately to measure
ecological economic efficiency more objectively and comprehensively.
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Table 1. Overview of index systems and methods for evaluating ecological economic efficiency.

Authors

Indicators

Methods Results
Input Indicators

Output Indicators

Desired
Outputs

Undesired
Outputs

A. Bonfiglio, A.
Arzeni, A. Bodini

(2017) [29]

specialization index,
nitrogen balance,

phosphorus balance,
pesticide risk

added value - CCR
to reflect the DMUs’

comprehensive
efficiencies

M. Rybaczewska-
Błażejowska, W.

Gierulski (2018) [27]

a set of impact categories
from the life cycle
assessment stage

economic
indicator - BCC to reflect the DMUs’

technical efficiencies

X. Wang, Q. Wu, S.
Majeed, D. Sun (2018)

[28]

the consumption of
standard coal, the

consumption of fresh
water

industrial added
value I SBM

to reduce deviations
on the DMUs’

efficiency evaluations

Y. Hao, D. Yang, J. Yin,
X. Chen, A. Bao, M.

Wu, et al. (2019) [24]

total water diversion, air
pollutant emission from

fixed sources

GDP per capita,
afforestation,

non-poverty rate
- S-CCR to further distinguish

the significant degrees
of the DMUs in

strongly valid states
J. Yu, K. Zhou, and S.

Yang (2019) [31] labor, capital, energy gross domestic
product

CO2
emissions S-SBM

C. lo Storto (2016) [32] population, land area II III C-SBM

to further distinguish
the significant degrees
of the DMUs in valid

states

R. Kiani Mavi, R. F.
Saen, and M. Goh

(2019) [25]

ecological
efficiency

stage

labor force,
energy use,
land area

GDP GHG
emissions N-SBM

to study the impact of
each link on

ecological efficiency
in the process

ecological
innovation

stage

GDP, GHG
emissions IV -

Note: I indicates the discharge amount of industrial wastewater, the emission amount of industrial waste gas;
II indicates the number of residents enjoying black water purification service, the amount of urban garbage collected
by classification, the total power of photovoltaic power stations installed on the roofs of public buildings, the total
amount of urban green space available to the public, the number of public transport passengers, and the number
of vehicles classified as pollution-free; III indicates household water consumption, unclassified urban garbage
collection, household natural gas consumption, household electricity consumption, days when the air quality
threshold of particulate matter with less than or equal to 10 microns in diameter (PM10) exceeds and the number of
vehicles classified as polluted; IV indicates researchers in R & D, high technology export, electricity production from
renewable sources, and the number of ISO 14001 certificates. GDP: gross domestic product; GHG: greenhouse gas;
CCR: Charnes–Cooper–Rhodes; DMU: decision-making unit; BCC: Banker–Charnes–Cooper; SBM: slacks-based
measure; S-CCR: super-efficiency CCR; C-SBM: cross-efficiency SBM; N-SBM: network-efficiency SBM.

The appropriate DEA model was chosen by scholars to evaluate the efficiency of ecological
economy in various fields. Rybaczewska-Błażejowska and Gierulski [27] built a BCC-DEA model in
which a set of impact categories from the life cycle assessment (LCIA) stage were used as input values
and economic indicator was used as a output value to evaluate efficiencies of agricultural ecological
technology about 28 EU countries. Wang et al. [28] created an SBM-DEA model with a set of indicators
including input and desired output and undesired output to assess the industrial ecological efficiency
of nine cities in Fujian Province, in the model the input index set was made up of the consumption of
standard coal and the consumption of fresh water, and the desired output index set was made up of
industrial added value, and the undesired output index set was made up of the discharge amount of
industrial wastewater and the emission amount of industrial waste gas. Hao et al. [24] took total water
diversion and air pollutant emission from fixed sources as input indicators, and took GDP per capita,
afforestation, non-poverty rate as output indicators, and then used Super-CCR model to evaluate
ecological efficiency in order to evaluate the effect of Kyrgyzstan’s ecological policy and government
governance. Yu et al. [31] selected labor, capital, and energy as input, and selected GDP as ideal output
and CO2 emissions as bad output to investigate the regional heterogeneity of China’s energy efficiency
under the “new normal”, using the method of Super-SBM model. lo Storto [32] constructed a set of
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indicators including input indicators, desired output indicators, and undesired output indicators to
evaluate and rank the ecological efficiency of Italian capital cities with the cross-efficiency SBM model.
Kiani Mavi et al. [25] built a network SBM-DEA model with a public weight considering intermediate
products and bad output to evaluate and rank the comprehensive efficiency of the Organization
for Economic Cooperation and Development (OECD) countries including ecological efficiency and
ecological innovation.

Results of related research on the construction of index system and evaluation methods of
ecological economic efficiency measurement were very valuable. The index system included all aspects
and links of input and output, and the evaluation methods included the CCR-DEA model to measure
the comprehensive efficiency, the BCC-DEA model to measure the technical efficiency, the SBM-DEA
model considering relaxation variables to improve the accuracy of ecological economic efficiency,
the S-SBM model and the C-SBM model to improve the accuracy and differentiation of ecological
economic efficiency, and the N-SBM model considering input–output intermediate process to enhance
the objectivity and comprehensiveness of ecological economic efficiency. These research results have
effectively provided method references for the present study. However, there are several research gaps
in the literature. First, the constructed index systems have failed to fully reflect the connotation of
an ecological economic system, so it was difficult to accurately measure the efficiency of resources
and environment in the ecological economic mode. Second, research on the integrated evaluation of
various efficiencies about ecological economy and their cause analyses is limited. Third, research on
the spatial heterogeneity and correlation of ecological economic efficiency is limited.

Exploratory spatial data analysis (ESDA) is an efficient method for measuring the spatial correlation
of nature and socioeconomic phenomena, including global and local spatial autocorrelations. Lv et al.
used ESDA to analyze the spatial spillover patterns of China’s green growth [33], and Wei et al. used it
to analyze the geographical distribution of cold and hot spots in Africa’s investment potential and
coordinated economic development [34].

Using relevant literature as a foundation, this study constructed an index system and defined the
methodological framework of DEA and ESDA for the efficiency monitoring of ecological economic
mode on the basis of the connotation of an ecological economic system. Subsequently, it verified the
methods’ validity by measuring the ecological economic efficiency of the Huai River Basin in China
and analyzing its causes and spatial relationships.

The remainder of this article is organized as follows: Section 3 presents the construction of the
methodological framework and introduces the case areas and data sources; Section 4 provides an
analysis of the calculation results; Section 5 provides the discussion and suggestions; and Section 6
presents the conclusions. Figure 2 presents the current study’s research process.
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3. Materials and Methods

3.1. Research Methods

3.1.1. Construction of Index System

According to the connotation of an ecological economic system, this study established an index
system for evaluating the efficiency of ecological economic mode from the three aspects of ecology,
economy, and society (Table 2), namely input, desired output, and undesired output indicators.

Table 2. Construction of the index system for evaluating the efficiency of ecological economic mode.

Indicator Type Indicator
Property Indicator Composition Indicator Meaning

Input indicator

Ecological
input

Total water resources (100 million m3) Water input
Total electricity consumption of the

society
(100 million kWh)

Energy input

Total land area (km2) Land input
Economic

input
Number of employees (10,000 people) Labor input

Loans in Renminbi and foreign
currencies of all financial institutions

at year-end (¥100 million)
Capital input

Social input General budget expenditure
(¥100 million) Public service input

Output
indicator

Desired
output

indicator

Ecological
output Excellent air quality (day)

Excellent
environmental

output
Economic

output
Gross domestic product

(¥100 million)
Product and

service outputs

Social output Urbanization rate (%) Urban resident
output

Undesired
output

indicator

Ecological
output PM2.5 concentration (µg/m3) Waste output
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3.1.2. SBM-DEA Model Containing Undesirable Output

This study established the SBM-CCR-DEA and SBM-BCC-DEA models, which contained undesired
outputs, to measure the efficiency of ecological economic mode in the Huai River Basin, China. The
model’s construction steps are as follows:

First, the municipal administrative unit was determined as the decision-making unit for evaluating
the efficiency of ecological economic mode (DMUj, j = 1, 2, . . . , n).

Second, an index system for evaluating the efficiency of ecological economic mode was established.

The input indicator was marked as Xi j =
(
x1 j, x2 j , . . . , xmj

)T
; the desired output indicator was labeled

as Yd
aj =

(
yd

1 j, yd
2 j, . . . , yd

kj

)T
; and the undesired output indicator was labeled as Yu

bj =
(
yu

1 j, yu
2 j, . . . , yu

lj

)T
,

where xi j is the i-th input indicator of the j-th decision-making unit, i = 1, 2, . . . , m; yd
aj is the a-th

desired output indicator of the j-th decision-making unit, a = 1, 2, . . . , k; and yu
bj is the b-th undesired

output indicator of the j-th decision-making unit, b = 1, 2, . . . , l.
Third, the SBM-CCR-DEA model was constructed to measure the comprehensive efficiency of

ecological economic mode, the equation for which is as follows:

minθste =
1− 1

m
∑m

i=1 s−i j0/xi j0

1+ 1
k+l

(∑k
a=1 sd

aj0/yd
aj0+

∑l
b=1 su

bj0/yu
bj0

)
s.t.

n∑
j=1

X jλ j + s−j = θste X j0

n∑
j=1

Yd
jλ j − sd

j = Yd
j0

n∑
j=1

Yu
j λ j + su

j = Yu
j0

λ j ≥ 0, s−j ≥ 0, sd
j ≥ 0, su

j ≥ 0

. (1)

In Equation (1), θste is the comprehensive efficiency of ecological economic mode in the evaluated
unit (DMU j0); j0 = 1, 2, . . . , n; s− is the slack variable of the input indicator; sd is the slack variable
of the desired output indicator; su is the slack variable of the undesired output indicator; and j is the
weight of DMU j.

Fourth, the SBM-BCC-DEA model was constructed to measure the technical efficiency of ecological
economic mode, the equation for which was as follows:

minθte =
1− 1

m
∑m

i=1 s−i j/xi j0

1+ 1
k+l

(∑k
a=1 sd

aj/yd
aj0+

∑l
b=1 su

bj/yu
bj0

)
s.t.

n∑
j=1

X jλ j + s−j = θte X j0

n∑
j=1

Y jλ j − sd
j = Yd

j0

n∑
j=1

Y jλ j + su
j = Yu

j0

n∑
j=1

λ j = 1

λ j ≥ 0, s−j ≥ 0, sd
j ≥ 0, su

j ≥ 0

. (2)

In Equation (2), θte is the technical efficiency of ecological economic mode in DMU j0.
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Fifth, the scale efficiency of ecological economic mode was calculated on the basis of the
SBM-CCR-DEA and SBM-BCC-DEA models. The equation was as follows:

θse =
θste

θte
. (3)

In Equation (3), θse is the scale efficiency of ecological economic mode in DMU j0.

3.1.3. Global Spatial Autocorrelation Index

The global spatial autocorrelation index (Moran I) reflects the overall spatial distribution
characteristics about the efficiency of ecological economic mode in DMU j. An index value >0
indicates that adjacent decision-making units have similar ecological economic efficiency, that is, both
decision-making units with high and low ecological economic efficiencies are clustered together. The
greater the value is, the more obvious the spatial agglomeration phenomenon is. An index value <0
indicates that adjacent decision-making units have different ecological economic efficiencies, where
the decision-making units with high and low ecological economic efficiencies exhibit an interval
distribution. The larger the absolute value, the more obvious the spatial distribution phenomenon. An
index value = 0 signifies that the correlation between adjacent decision-making units is low, and the
decision-making units with high and low ecological economic efficiencies are randomly distributed.
The equation for Moran I is as follows [35]:

I =

∑n
i=1

∑n
j=1 Wi j(xi − x)

(
x j − x

)
S2 ∑n

i=1
∑n

j=1 Wi j
(i, j = 1, 2 . . . n, i , j) (4)

In Equation (4), I is the global spatial autocorrelation index, n is the number of decision-making
units, xi and x j are the ecological economic efficiency of the i-th and j-th decision-making units,
respectively; x is the average ecological economic efficiency, S2 is the variance of ecological economic
efficiency, and Wi j is a spatial weight matrix that conforms to the adjacency rule.

3.1.4. Local Spatial Autocorrelation Index

The local spatial autocorrelation index (Local Moran I) describes the degree of spatial agglomeration
between similar levels of ecological economic efficiency around each decision-making unit. Additionally,
it describes the degree of spatial differentiation between the ecological economic efficiencies of each
decision-making unit and adjacent decision-making units, thereby revealing different forms of spatial
connection. If the index value is >0, the ecological economic efficiency of the decision-making
unit is similar to that of the adjacent units, demonstrating an agglomeration distribution state of
decision-making units with similar attributes. If the index value is <0, the decision-making unit’s
ecological economic efficiency is significantly different from that of adjacent units, exhibiting an interval
distribution state of decision-making units with high attribute values and low attribute values. If index
value =0, then the decision-making unit’s ecological economic efficiency has a low correlation with the
ecological economic efficiency of adjacent units. Additionally, the decision-making units with higher
and lower attribute values exhibit an irregular random distribution. The Local Moran I equation is as
follows [36]:

I j =
(xi − x)

m0

∑
j

Wi j
(
x j − x

)
(5)

In Equation (5), I j is the local spatial autocorrelation index, m0 =
∑
(xi − x)2/n, and

∑
j Wij

(
xj − x

)
is limited to all adjacent units of the i-th decision-making unit.
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3.2. Research Materials

3.2.1. Regional Overview

On 18 October 2018, the Huai River Ecological Economic Zone (Figure 3), based on the Huai
River Basin, was reviewed as part of the State Council of the People’s Republic of China’s national
strategy. The economic zone’s ecological resources are concentrated with low land development
intensity, making it an excellent space for ecological economic development. The planned area of the
Huai River Ecological Economic Zone is 243,000 square kilometers, with a permanent population of
146 million and a regional GDP of 6.75 trillion yuan. It will be built into a demonstration belt for the
construction of ecological civilization in the basin and as the fourth growth pole after the Yangtze River
Delta Economic Zone, Pearl River Delta economic zone, and Bohai Rim Economic Zone in China. The
Huai River’s main stem, primary tributaries, and areas flowing through the downstream Yi-Shu-Si
drainage system fall under the economic zone’s planning scope. This area comprises 25 cities and 4
counties in Jiangsu, Shandong, Anhui, Hubei, and Henan provinces (considering how the consistency
of administrative areas enhances the comparability between spatial sequence data, the scope of the
Huai River Ecological Economic Zone was revised to 25 cities).
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3.2.2. Data Sources

Data on the number of days with excellent air quality and PM2.5 concentration of each city in 2018
were retrieved from the Statistical Bulletin on Environmental Quality and the statistical yearbooks of
corresponding provinces in 2018.

4. Results

In this study, the ecological economic efficiencies of 25 cities in the Huai River Ecological Economic
Zone were evaluated according to Equations (1)–(3) by using the MaxDEA Ultra7 software package
(Beijing revomidi Software Co., Ltd., Beijing, China). Table 3 presents the evaluation results.
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Table 3. Related parameters for evaluating the efficiency of ecological economic mode.

Province City ste te se s− s+

Henan

Xinyang 1.00 1.00 1.00 0 0
Zhumadian 0.82 0.85 0.97 3499 13

Zhoukou 1.00 1.00 1.00 0 0
Luohe 1.00 1.00 1.00 0 0

Shangqiu 0.78 0.80 0.98 2854 10
Pingdingshan 0.81 0.86 0.94 1913 25

Anhui

Bengbu 1.00 1.00 1.00 0 0
Huainan 1.00 1.00 1.00 0 0
Fuyang 0.72 0.79 0.95 458 40
Lu’an 1.00 1.00 1.00 0 0

Bozhou 1.00 1.00 1.00 0 0
Suzhou 0.74 0.82 0.90 2056 52
Huaibei 1.00 1.00 1.00 0 0

Chuzhou 0.78 0.84 0.93 3963 36

Jiangsu

Huai’an 1.00 1.00 1.00 0 0
Yancheng 1.00 1.00 1.00 0 0

Suqian 0.91 0.92 0.99 1080 5
Xuzhou 1.00 1.00 1.00 0 0

Lianyungang 1.00 1.00 1.00 0 0
Yangzhou 1.00 1.00 1.00 0 0
Taizhou 1.00 1.00 1.00 0 0

Shandong

Zaozhuang 1.00 1.00 1.00 0 0
Jining 1.00 1.00 1.00 0 0
Linyi 0.71 0.72 0.98 7239 27
Heze 0.74 0.78 0.96 4279 45

Note: ste is the comprehensive efficiency; te is the technical efficiency; se is the scale efficiency; s− is the slack variable
of input indicator; s+ is the slack variable of the output indicator; and s+ = sd + su.

4.1. Analysis of Urban Ecological Economic Efficiency Types

First, this study divided ecological economic comprehensive efficiency into DEA efficiency and
non-DEA efficiency depending on whether the comprehensive efficiency value was equal to 1 or
less than 1, respectively. Second, it subdivided DEA efficiency into strong and weak DEA efficiency
depending on whether the conditions of s− = 0 and s+ = 0 were satisfied, respectively. Third, this
study subdivided the non-DEA efficiency into scale efficiency > technical efficiency, scale efficiency =

technical efficiency, and scale efficiency < technical efficiency according to the relationship between
scale efficiency and technical efficiency. Finally, it used the urban ecological economic efficiency
evaluation results to determine the types, and then used ARCGIS software for visualization; see Table 4
and Figure 4 for details.

Table 4. Type division of ecological economic efficiency.

Type City

DEA efficiency
(ste = 1)

Strong DEA efficiency (s− = 0, s+ = 0)

Xinyang, Zhoukou, Luohe, Bengbu, Huainan,
Lu’an, Bozhou, Huaibei, Huai’an, Yancheng,
Xuzhou, Lianyungang, Yangzhou, Taizhou,

Zaozhuang, Jining
Weak DEA efficiency (Except

s− = 0 and s+ = 0) -

Non-DEA
efficiency
(ste < 1)

Scale efficiency is greater than technical
efficiency (se > te)

Zhumadian, Shangqiu, Pingdingshan, Fuyang,
Suzhou, Chuzhou, Suqian, Linyi, Heze

Scale efficiency is equal to technical
efficiency (se < te) -

Scale efficiency is less than technical
efficiency (se = te) -
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Figure 4. Types of urban ecological economic efficiencies in the Huai River Ecological Economic Zone.

As presented in Table 4 and Figure 4, the ecological economic efficiency of the cities in the economic
zone could be classified into two categories: strong DEA efficiency and non-DEA efficiency, with scale
efficiency > technical efficiency. The strong DEA efficiency cities were Xinyang, Zhoukou, Luohe,
Bengbu, Huainan, Lu’an, Luzhou, Huaibei, Huaian, Yancheng, Xuzhou, Lianyungang, Yangzhou,
Taizhou, Zaozhuang, and Jining, whereas the non-DEA efficiency cities were Zhumadian, Shangqiu,
Pingdingshan, Fuyang, Suzhou, Chuzhou, Suqian, Linyi, and Heze.

4.2. Projection Analysis of Non-DEA Efficiency Urban Ecological Economic Efficiency

This study projected non-DEA efficiency urban ecological economic efficiency to analyze its
causes and improvement values; Tables 5 and 6 present the results. As seen in these tables, the
input indicators of non-DEA efficiency urban ecological economic efficiency were redundant, the
desired output indicators exhibited both optimal and insufficient conditions, and the undesired output
indicators were in an excessive state.

Table 5 shows that the total redundancy of the non-DEA efficiency urban ecological economic
efficiency input indicators was caused by radial redundancy and slack redundancy, and each input
indicator had a different total redundancy, radial redundancy, and slack redundancy in each city. Total
redundancy refers to the improvement value for the input indicators to reach the comprehensive
efficiency DEA efficiency, radial redundancy refers to the improvement value for the input indicators
to reach the scale efficiency DEA efficiency, and slack redundancy refers to the improvement value
for the input indicators to achieve the technical efficiency DEA efficiency. From the total redundancy
perspective of the input indicators, Linyi witnessed the greatest total redundancy in water, energy,
land, labor, and capital resources, whereas Fuyang had the greatest total redundancy in the resource of
public services. From the perspective of radial redundancy of the input indicators, Linyi exhibited the
largest radial redundancy in the resources of water, energy, land, labor, capital, and public services.
According to the slack redundancy of the input indicators, Zhumadian exhibited the greatest slack
redundancy in water resources, Linyi exhibited the greatest slack redundancy in energy and land
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resources, and Fuyang exhibited the greatest slack redundancy in the resources of labor, capital, and
public services.

Table 5. Analysis of redundant input in non-DEA efficiency cities.

Input Redundancy and Subitems Henan Anhui Jiangsu Shandong

Zhuma
Dian

Shang
Qiu

Pingding
Shan

Fu
Yang

Su
Zhou

Chu
Zhou

Su
Qian Lin Yi He Ze

Ecological
input

Water
resources

Radial
redundancy −4.23 −1.34 −3.08 −9.14 −0.65 −1.86 −0.05 −10.06 −2.73

Slack
redundancy −16.76 0.00 0.00 −2.52 0.00 −0.85 −7.34 −13.01 0.00

Total
redundancy −20.99 −1.34 −3.08 −11.66 −0.65 −2.71 −7.39 −23.07 −2.73

Energy

Radial
redundancy −10.62 −12.18 −28.65 −23.90 −1.70 −6.29 −0.27 −108.35 −26.94

Slack
redundancy −9.82 −56.49 −20.23 0.00 0.00 −37.86 0.00 −120.08 −27.60

Total
redundancy −20.44 −68.67 −48.88 −23.90 −1.70 −44.16 −0.27 −228.43 −54.54

Land
resources

Radial
redundancy −1288 −723 −1323 −1868 −213 −558 −13 −4252 −1609

Slack
redundancy −3444 −2585 −1832 0 −1971 −3878 −1032 −6847 −4098

Total
redundancy −4732 −3308 −3155 −1868 −2185 −4436 −1046 −11099 −5707

Economic
input

Labor

Radial
redundancy −51.74 −39.73 −57.55 −128.71 −8.30 −12.14 −0.44 −170.37 −67.68

Slack
redundancy −28.47 −153.73 −61.10 −291.97 −52.59 0.00 0.00 −258.27 −112.55

Total
redundancy −80.20 −193.46 −118.65 −420.68 −60.88 −12.14 −0.44 −428.64 −180.23

Capital

Radial
redundancy −121.13 −96.71 −289.72 −393.09 −27.23 −70.92 −3.47 −1109.76 −264.32

Slack
redundancy 0.00 0.00 0.00 −50.28 0.00 0.00 0.00 0.00 0.00

Total
redundancy −121.13 −96.71 −289.72 −443.37 −27.23 −70.92 −3.47 −1109.76 −264.32

Social
input

Public
services

Radial
redundancy −40.75 −31.27 −53.29 −98.48 −7.54 −15.87 −0.66 −145.90 −67.08

Slack
redundancy 0.00 −58.95 0.00 −113.20 −32.16 −46.27 −40.36 0.00 −41.14

Total
redundancy −40.75 −90.22 −53.29 −211.69 −39.70 −62.14 −41.02 −145.90 −108.22

Note: Radial redundancy refers to the improvement value for the input indicators to reach the scale efficiency
DEA efficiency, slack redundancy refers to the improvement value for the input indicators to achieve the technical
efficiency DEA efficiency, and total redundancy refers to the improvement value for the input indicators to reach the
comprehensive efficiency DEA efficiency.

As can be seen in Table 6, the desired output deficiency of non-DEA efficiency urban ecological
economic efficiency was caused by slack deficiency, whereas the undesired output excess was caused
by radial excess. Additionally, the total deficiency, radial deficiency, slack deficiency, the total excess,
radial excess, and slack excess of each output indicator were different in each city. Total deficiency or
total excess signifies the improvement values for the output indicators to achieve the comprehensive
efficiency DEA efficiency, radial deficiency or radial excess refers to the improvement value for the
output indicators to achieve the scale efficiency DEA efficiency, and slack deficiency or slack excess
refers to the improvement value for the output indicators to reach the technical efficiency DEA efficiency.
In terms of gross domestic product, the non-DEA efficiency urban output was optimal. Judging from
the urbanization rate, all non-DEA efficiency urban output deficiencies comprised slack deficiencies,
with Fuyang’s presenting the greatest output deficiency. On days with excellent air quality, all non-DEA
efficiency urban output deficiencies comprised slack deficiencies, with Suzhou presenting the greatest
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deficiency. In terms of PM2.5 concentration, all non-DEA efficiency urban output excesses comprised
radial excesses, with Linyi presenting the largest output excess.

Table 6. Analysis of deficient or excessive output in non-DEA efficiency cities.

Output Deficiency (or Excess) and Subitems Henan Anhui Jiangsu Shandong

Zhuma
Dian

Shang
Qiu

Pingding
Shan

Fu
Yang

Su
Zhou

Chu
Zhou

Su
Qian

Lin
Yi

He
Ze

Desired
output

Economic
output

Gross
domestic
product

Radial
deficiency 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Slack
deficiency 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total
deficiency 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Social
output

Urbanization
rate

Radial
deficiency 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Slack
deficiency 5.94 9.93 7.61 14.90 12.02 3.96 1.05 11.80 12.63

Total
deficiency 5.94 9.93 7.61 14.90 12.02 3.96 1.05 11.80 12.63

Ecological
output

Excellent
air quality

days

Radial
deficiency 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Slack
deficiency 7.11 0.00 16.93 25.45 39.62 31.94 4.05 15.08 31.96

Total
deficiency 7.11 0.00 16.93 25.45 39.62 31.94 4.05 15.08 31.96

Undesired output PM2.5
Concentration

Radial
excess −6.40 −5.13 −13.42 −12.80 −1.42 −2.29 −0.08 −19.05 −10.91

Slack excess 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total excess −6.40 −5.13 −13.42 −12.80 −1.42 −2.29 −0.08 −19.05 −10.91

Note: Radial deficiency or radial excess refers to the improvement value for the output indicators to achieve the scale
efficiency DEA efficiency, slack deficiency or slack excess refers to the improvement value for the output indicators
to reach the technical efficiency DEA efficiency, and total deficiency or total excess signifies the improvement values
for the output indicators to achieve the comprehensive efficiency DEA efficiency.

4.3. Analysis of the Spatial Relationship of Urban Ecological Economic Efficiency

According to Equation (4), the global spatial autocorrelation indices of the comprehensive, technical,
and scale efficiencies of the Huai River Ecological Economic Zone were −0.1004, −0.1053, and −0.1063,
respectively. According to the results, the global spatial autocorrelation indices of comprehensive,
technical, and scale efficiencies were all <0, indicating that the differences in comprehensive, technical,
and scale efficiencies among adjacent decision-making units in the economic zone were all large and
exhibited a state of interval distribution.

Furthermore, the local spatial autocorrelation indices of the comprehensive, technical, and scale
efficiencies of the economic zone were calculated using Equation (5), which were then divided into
positive and negative types depending on whether their values were greater than 0. Subsequently,
they were divided into high and low values depending on whether the comprehensive, technical, and
scale efficiencies were equal to 1. Finally, the divided types were superimposed to construct the spatial
relationship between the comprehensive, technical, and scale efficiencies of the economic zone into
high–high, low–low, low–high, and high–low cluster areas, as shown in Figure 5.

As can be seen in Figure 5, the overall spatial relationship trends of the comprehensive, technical,
and scale efficiencies of the economic zone were similar; however, differences existed in the details.
Among the four types, the high–high cluster areas were mainly distributed in the southeast region,
the low–low cluster areas were generally distributed in the central and western regions, and the
low–high and high–low cluster areas were scattered in between the aforementioned two regions. With
respect to comprehensive efficiency (Figure 5a), the high–high cluster areas comprised five cities (e.g.,
Lianyungang), the high–low cluster areas comprised 11 cities (e.g., Jining), the low−high cluster areas
comprised three cities (e.g., Linyi), and the low–low cluster areas comprised six cities (e.g., Suqian).
With respect to technical efficiency (Figure 5b), the high–high cluster areas comprised four cities (e.g.,
Yancheng), the high−low cluster areas comprised 12 cities (e.g., Lianyungang), the low−high cluster



Water 2020, 12, 2162 14 of 18

areas comprised four cities (e.g., Suqian), and the low–low cluster areas comprised five cities (e.g.,
Suzhou). Moreover, regarding scale efficiency (Figure 5c), the high–high cluster areas comprised
eight cities (e.g., Lianyungang), the high–low cluster areas comprised eight cities (e.g., Xuzhou), the
low–high cluster areas comprised six cities (e.g., Suqian), and the low–low cluster areas comprised
three cities (e.g., Shangqiu).
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Figure 5. Analysis of the spatial relationship of ecological economic efficiency; (a) spatial relationship
of comprehensive efficiency; (b) spatial relationship of technical efficiency; (c) spatial relationship of
scale efficiency.
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5. Discussion

This study constructed an index system and defined the methodological framework of DEA
and ESDA for the efficiency monitoring of ecological economic mode on the basis of the connotation
of an ecological economic system. Subsequently, it made an empirical study on the ecological
economic efficiency of the Huai River Basin in China. The technical solutions can provide help for the
government’s decision-making on the development of the basin.

The technical solutions can measure the ecological economic efficiencies of the basin and divide
them into five categories, namely strong DEA efficiency, weak DEA efficiency, non-DEA efficiency
with scale efficiency greater than technical efficiency, non-DEA effective with scale efficiency equal to
technical efficiency, and non-DEA effective with scale efficiency less than technical efficiency. Based on
this, the government can make strategic decisions to promote the ecological economic development of
the basin and formulate comprehensive resource protection and development planning.

The technical solutions can reveal the causes of non-DEA efficiency on the ecological economic
efficiency of the basin and give their optimal improvement values. The causes of non-DEA efficiency
included redundant input, insufficient expected output, and excessive unexpected output. These
results can help the government to make scientific decisions on how to control input and unexpected
output and how to improve the expected output, so as to realize the efficient development of ecological
economy in the basin.

The technical solutions can determine the spatial distribution of the ecological economic efficiency
of the basin. The spatial distribution state included regular agglomeration distribution and irregular
random distribution. The former included high ecological economic efficiency agglomeration area,
low ecological economic efficiency agglomeration area, high ecological economic efficiency with low
surrounding agglomeration area, and low ecological economic efficiency with high surrounding
agglomeration area. According to these results, the government can make appropriate strategies for
resource development and protection in different types of areas in the basin.

To summarize, the results of the empirical study by the technical solutions can provide a factual
basis for the government to make decisions on the development and protection of the basin resources.

6. Conclusions

Considering the critical role of monitoring the efficiency of ecological economic mode in promoting
the healthy development of China and rest of the world, this study constructed an index system on
the basis of how the connotation of the ecological economic system is defined and built a framework
comprising DEA and ESDA to measure the ecological economic efficiency of the Huai River Ecological
Economic Zone in China and analyze its genesis and spatial relationships. The results revealed the
following:

(1) The ecological economic efficiency of the Huai River Basin in China was high as a whole. The
ecological economic efficiencies of all cities respectively belonged to strong DEA efficiency type
and non-DEA efficiency with scale efficiency greater than technical efficiency type, the former
accounting for the majority.

(2) The main causes of non-DEA efficiency in the Huai River Basin in China were redundant input of
resources, insufficient output of days with good air quality, and excessive output of PM2.5, which
were mainly caused by traditional industries with high energy consumption and high pollution.

(3) The regional distribution of ecological economic efficiency in the Huai River Basin in China
was unbalanced, the southeast of which became the agglomeration area of cities with high
ecological economic efficiency by the advantage of coastal resources while the midwest became
the agglomeration area of cities with low ecological economic efficiency due to its location in
the interior.

From the conclusion of this study, several policy implications were obtained.
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(1) The government should promote the construction of green ecological corridor in the Huai River
Basin in China. The ecological economic efficiency of the Huai River Basin is high as a whole,
and its ecological economic development potential is huge. The government can build it into a
green ecological corridor and a demonstration belt of ecological civilization. For a small number
of cities, which are non-DEA efficiency with scale efficiency greater than technical efficiency, the
government can to encourage R & D departments and scientific research institutions to innovate
production technology by formulating policies of subsidy and tax reduction, so as to improve
technical efficiency and then improve comprehensive efficiency.

(2) The government should promote the industrial transformation and upgrading of the Huai River
Basin in China. The traditional industries with large investment, high pollution, and low added
value account for a large proportion in cities with non-DEA efficiency, which makes the ecological
efficiency of these cities relatively low. On the premise of strengthening the protection of ecological
environment, the government should develop their characteristic industries according to local
conditions, and then accelerate the construction of modern industrial system with low energy
consumption, low pollution, and high added value.

(3) The government should make overall plans for the ecological economic development of various
regions in the Huai River Basin in China. The southeast is the agglomeration area with
high ecological economic efficiency while the central and western is the agglomeration area
with low ecological economic efficiency. In order to achieve the common development of
ecological economy in the basin, the government needs to formulate and implement resource and
environment protection and development strategies for different regions. Industrial upgrading
and factor diffusion should be promoted through structural optimization to achieve the leading
of ecological economic efficiency in the southeast, while development efforts should be increased
under the bearing capacity of resources and environment to achieve the improvement of ecological
economic efficiency in the central and western parts.

This study sheds light on the overall level, types, causes, and spatial distribution characteristics
of ecological economic efficiency in the Huai River Ecological Economic Zone in China. Our results
provide useful information for the ecological economic development planning and policy formulation
of the basin. However, this study had certain limitations. First, the selected indicators failed to present a
full view of the ecological economic system. Under feasible conditions, the input and output indicators
should be increased to comprehensively analyze efficiency of the ecological economic mode. Second,
the study did not perform a dynamic analysis for evaluating efficiency of the ecological economic
mode; thus, a time series DEA model should be constructed for dynamic analysis. Further work is
required in these areas in the future.
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