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Abstract In this study, 31 provincial-level administrative regions in China from 2011 to 2021 were taken as the
research objects, and the super-SBM model was used to measure the regional eco-efficiency with capital, labor, land
and resource input as input variables, GDP and green coverage as the desirable outputs, and wastewater, waste gas
and solid waste emissions as the undesired outputs. Tobit regression was used to analyze the effects of external
environmental factors on eco-efficiency. The results showed that the average level of eco-efficiency in China was low,
and the eco-efficiency in the eastern region was higher than that in other regions, and there were great differences

in the western, northeast and central regions.
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1. Introduction

As one of the world’s most populous countries, China
faces enormous environmental challenges. Large—scale
industrialization and urbanization have led to severe
problems such as air pollution, water pollution, and soil
degradation. In recent years, the Chinese government
has been increasing its investment in ecological gover—
nance and environmental protection, and governments
at all levels have also continuously emphasized sustain—
able development, and formulated a series of ecological
protection policies, including the construction of ecol-
ogical civilization, emission reduction targets, and the
formulation of environmental protection laws and regul—
ations, in order to cope with environmental problems
and pursue a balance between economic growth and
environmental protection. From this point of view, eco—
efficiency is the eternal theme of sustainable develop—
ment, and how to accurately and systematically meas-
ure, evaluate and improve eco—efficiency has become
the core issue.

After the report of the 18th National Congress of the
Communist Party of China in 2012, the Chinese govern—
ment put the construction of ecological civilization in a
prominent position in the overall work, and the reports
of the 19th and 20th National Congresses of the Com-
munist Party of China once again elaborated on the
specific goals of the construction of "Beautiful China”
and further promoted green and low-carbon develop—
ment. Therefore, in order to measure the changes of
China's regional ecological environment in the past
decade, this paper selects the data of each province from
2011 to 2021, takes 31 provincial-level administrative
regions in China as the research object, constructs a
scientific and reasonable input—-output index system of
eco—efficiency, and uses the undesirable Super-SBM
model to calculate the eco—efficiency of each province.
At the same time, the panel Tobit regression is used to
analyze the impact of economic and social factors on

regional eco-efficiency, and corresponding policy sug-
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gestions are put forward to promote economic growth
and ecological balance from the perspective of optimi-

zing resource use efficiency.

2. Theoretical Background

2.1 Eco—Efficiency

The concept of eco-efficiency was first proposed by
Schaltegger and Sturm (1990) and refers to the effi-
ciency with which ecosystems or human activities use
resources to produce desired products or services and
reduce adverse impacts on the natural environment [1].
Since then, many scholars have defined the meaning of
eco—efficiency, and although the definitions vary, they
all have in common how to maximize economic growth
and resource efficiency while minimizing negative
environmental impacts. At present, scholars’ research
on eco—efficiency mainly focuses on the definition of
concepts, evaluation methods and specific applications.

The relevant previous studies are shown in Table 1.

2.2 Efficiency evaluation and Super—SBM

Efficiency evaluation is a quantitative method used to
measure and evaluate the level of output (or outcome)
of an organization, business, project, or process under
a given input condition to determine its resource
utilization efficiency or technical efficiency. There are
several methods of efficiency analysis, and one of the
main methods is Data Envelopment Analysis (DEA).
Charnes (1978) first proposed this DEA method to
evaluate the efficiency of Decision Making Units
(DMUs) [6]. However, the traditional DEA model is
mainly based on radial perspective, which cannot elimi-
nate the influence of relaxation variables, and the res—
ults may be wrong (Sun et al,, 2021) [7]. In order to
solve this problem, Tone (2001) proposed the Slacks—
Based Measure (SBM) model. This method is a variant
of DEA that is used to assess relative efficiency and

take into account laxity or waste in decision—making
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(Table 1) Previous research on eco—efficiency

Author

Research
interests

Main points

Schaltegger & Sturn
(1990)

Cramer & Loche

(2001)

Huppes & Ishikawa
(2005)

Hahn, Figge, Liesen
et al. (2010)

Matsumoto & Chen

Definition of
the concept of
eco—efficiency

For the first time, eco-efficiency is quantitatively described as the ratio of economic value added
to the environmental impact generated [1], bringing the environment and the economy into the
same conceptual frame work.

The definition of eco-efficiency should be carried out from the perspective of sustainable
development, which mainly refers to the fact that human beings should control the ecological
impact within the carrying capacity of the earth while meeting their own needs [2].

Eco-efficiency mainly describes the relationship between resource use and value production, and
should reduce resource consumption and environmental pollution as much as possible on the basis
of value creation [3].

Eco-efficiency is the ratio between the added value of production and the added value of
environmental impact, and is used to describe the relationship between value and environmental
impact [4].

The concept of eco—efficiency, as a practical tool for promoting sustainable development, is
considered to play an increasingly important role in the study of reducing resource depletion and

2021 . B
(2021) environmental degradation [5].
Aldieri et al. Eco-efficiency was measured in 10 European countries using a single ratio method using

(2019) renewable energy as a percentage of total energy [6].

Mickwitz et al. The index system method was used to measure regional ecological efficiency from three
(2006) dimensions: economic, social, and natural [7].

Ganeghem et al. Six environmental indicators were selected to measure the eco-efficiency of the steel industry
(2010) using the indicator system method [8].

Dyckhoff & Allen
(2001)

Research on
eco-efficiency

Using the data envelopment method, it is pointed out that the use of DEA to measure
eco—efficiency can effectively avoid the problem of clarifying the weights of environmental
performance indicators, and the measurement effect is relatively reasonable [9].

. evaluation Based on the specific efficiencies of three air pollutants (carbon dioxide, sulfur dioxide, and
Gomez-Calvet, Conesa hod . R L. R . L. .
. methods nitrogen oxides), the eco-efficiency was measured using the relaxation free direction distance
et al. (2016) S )
function in the data envelopment analysis framework [10].

Shah et al. The data envelopment method was used to analyze the sustainability transformation of Ulsan
(2020) metropolis in Korea under the 15-year eco-industrial development (EID) (2000-2015) [11].
Mirmozaffari et al. The eco-efficiency of 24 cement companies from five developing countries was compared between

(2020) 2014 and 2019 using the data envelopment method [12].

Moutinho & Madaleno Using a data envelopment analysis (DEA), the ratio of GDP per capita to greenhouse gas
(2021) emissions (GHG) is used to calculate the EU's Phase 1 eco-efficiency score in mid-27 years [13].
Rene Based on examples, the eco-efficiency of the mineral processing industry in Australia has been
(2007) studied, and eco-efficiency is considered to be very important for environmental benefits [14].

Caiado et al. Research on | The study of sustainable development from the perspective of eco-efficiency and the latest
(2017) eco-efficiency | relationship between eco-efficiency and sustainable development have been constructed [15].
applications

Ibanez Forés et al.
(2021)

The purpose of this study was to analyze how to ensure that Brazilian cities achieve medium- and
long-term waste recycling based on the incorporation of feasible and available technologies using
the LCA method [16].

units [8]. In the same year, Tone proposed the super-—

3. Research Design

efficient SBM model to evaluate the effective DMUs of

SBMs, so as to compensate for the lack of calculation
of all DMU efficiency values. This model has also been
widely used in the fields of management, economics,

and operations research, and the relevant research

results are shown in Table 2.

3.1 Data Collection
This paper adopts the sampling method of census
and selects 31 provincial-level administrative regions in

Chinese mainland as the research sample, covering all

Industry Promotion Research | 261



Super-SBM I Tobit ZHIS J|HIOZ 5t £2X|Y AASEA HI} A ekl o7

e

(Table 2) Previous research on efficiency evaluation and SBM model

Author

Findings

m (2015)

The Non-Radial SBM and DEA Window models were used to compare and analyze the efficiency changes and
efficiency stability of community credit cooperatives in different regions of Korea [20].

Jung (2022)

The DEA-SBM model was used to investigate the operational efficiency of the safety management system of 19
subsidiaries of Korean iron and steel enterprises, and improved measures to improve the safety management level were
proposed [21].

Using the DEA-SBM model and EM cluster analysis, the efficiency of the major suppliers in the automotive industry

Park (2016) was analyzed using the three-year financial data and customer evaluation scores of 64 suppliers under the Automotive
Chassis Parts Group as input-output variables [22].
Shi (2019) The Super-SBM-DEA model and the Malmquist index were used to analyze the technical efficiency of China’s cultural
. industry in detail, and a method to measure the efficiency of China’s cultural industry was proposed [23].
The efficiency of 13 tenants in the port logistics complex of Incheon Port and Busan Singang was analyzed using the
Park (2015) CCR and BCC models, as well as the Super-SBM model, and the tenant operation efficiency of the port logistics

hinterland was analyzed [24].

The SBM model was used to measure the agroecological efficiency of 31 provinces in China and analyze its spatial and

Zhao et al. (2022) temporal differences [25].

Sun et al. (2021)

The Super-SBM model was used to measure the ecological efficiency of provincial-level regions in China, and the
Tobit regression model was used to reveal the internal driving factors [18].

provinces in Chinese mainland (except Hong Kong and
Macao), with a total of 341 DMUs. In order to ensure
the accuracy of the sample data, all input-output and
influencing factor data were selected from the China
Statistical Yearbook, China Environment Statistical
Yearbook, China Energy Statistical Yearbook and China
Fiscal Yearbook from 2011 to 2021.

3.2 Research models

3.2.1 SBM Model

In this paper, it refers to the Super-SBM model
(Super Slacks-Based Measure) proposed by Tone (2001)
[8], which is one of the DEA-derived models. Compared
with the traditional DEA model, the undesirable outputs
SBM model not only avoids the deviation caused by
radial and angular measurements, but also considers the
influence of undesired output factors in the production
process, which can better reflect the essence of effi-
clency evaluation. Super-SBM further extends the tradi-
tional SBM model to more fully account for various
efficiency levels and relaxation variables. Based on this,
this study adopts a Super-SBM model based on non-
radial and non-angular directions, and the basic form of
the model is as follows:
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inputs of the decision—making unit, the desirable output

represent the
terms and the undesired output terms, Xy P
represent the relaxation vectors of inputs, desirable
outputs and undesired outputs, 4 is the weight vector,
and the subscript "0” in the model is the unit to be
evaluated. The objective function value P is the
eco—efficiency of the provincial-level administrative
region, which is strictly monotonically decreasing with
respect to, §7+ 94 s” When PZ1 x. y9. y*
are all 0, the decision-making unit is efficient; when
p <1 it indicates that the decision-making unit has an
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efficiency loss, and it is necessary to make corres—

ponding improvements in input-output.

3.2.2 Tobit Model
Eco-efficiency is influenced by other factors in addi-

tion to the input-output indicators chosen. In order to

understand the efficiency evaluation results more com—

prehensively, this paper constructs a regression model
by taking the efficiency values obtained by the SBM
model as the dependent variable and the influencing fac—

tors as the independent variables to explore the relation—-

ship between these efficiency values and various influ-

encing factors. In addition, since the efficiency score
calculated by the SBM model is limited to 0 to 1, a
restricted dependent variable model, the Tobit model, is

used for regression analysis [15]. The basic form of the

model is as follows:

Yie = X + 1

_ [ Vielf ¥i >0
ytt_ 0’ lf y:t <0

Where y; is the dependent variable i.e., the efficiency
value, x; is the independent variable i.e., the influencing
factor, f is the parameter vector, y is the latent vari-
able, perturbation term, g Obeying the normal distribu—
tion of the mean is 0 and the variance is ¢> where i and

t represent the first i province and year i, respectively.

3.3 Variable Selection

3.3.1 Input and output variables

At present, scholars have made a rich attempt to
select variables for eco-efficiency measurement, and
the relevant previous research are shown in Table 3.

Referring to the existing prior research, this paper

(Table 3) Previous research on input and output variables

Outputs
a00res Lol (Desirable outputs; Undesirable outputs) Rodeh
GémezCalvet. Conesa three air-pollutants (COse, SO,, NOy):
et al (2016') [10] Nitrous Oxides (NOy), Sulphur Dioxide (SO»), the Gross Domestic Product (GDP) DEA
) Carbon Dioxide equivalent (COse)
Shah et al. (2020) Land resources, Human resources, Energy Gross Output DEA
[11] resources
Moutinho et al. (2021) GFCF per capita, Labor per capita, Energy GDP per capita/(greenhouse gas emissions DEA. FRM
[13] use/area, Electricity/area, Deviations temp (GHG)/area) oo
Capital input(GFCF) Labor input(The total The gross domestic product (GDP);
Huang et al. (2014) number of employees), Land input(The Chemical oxygen demand (COD), GB-US-SBM
[27] construction land area), Energy input(The total | Wastewater, Exhaust gas, SO, Dust, Solid e
energy consumption) waste, Smoke dust
Zeng et al, (2021) Area of construction land, Number of people | GDP, Comprehensive utilization rate of solid Super-SBM,

(28]

employed, Total water use, Energy
consumption

waste, Urban green space area; SO, Smoke

o L. Malmquist, Tobit
and dust emissions, Wastewater emissions M

Sun et al. (2021)
(18]

Investment in fixed assets, Regional water
consumption, Urban floor area, Urban
employment, Energy consumption

Regional GDP; Total Pollution Emissions
Index

Super-SBM,
Tobit

Chen (2022)
[29]

Number of Jobs, Industrial and Agricultural
Water Consumption, Energy Consumption,
Agricultural Land, Construction Land

Revenue, Gross Domestic Product (GDP);
Total Wastewater Discharge, Total Exhaust
Gas Emissions, Solid Waste Generation

CCR, BCC, SEM,
SAC, SDM, SLM

Ma et al. (2018)
[26]

Total water use, Total energy consumption,
Total number of persons employed in urban
units, private enterprises and self-employed
persons, Total investment in fixed assets, Area
of urban construction land

Regional GDP, Green coverage area; Total
industrial waste discharge, Total investment
in environmental pollution control

Super-SBM,
Malmquist, Tobit

GFCF: Gross fixed capital formation

Industry Promotion Research | 263
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(Table 4) Indicators of input and output variables
Variable types Variables Description of the variables Sign
Capital input Total Investment in Fixed Assets (100 million yuan) I
. Employed persons in urban units, private enterprises and self-employed persons (10,000
Labor input L
Inputs persons)

Land input Built-up area (km?) L

Resource input Electricity consumption (100 million kWh) I

Desirable Economic benefits | Gross Domestic Product (100 million yuan) 0
outputs Environmental benefits |Green coverage rate of built-up area (%) 0,
Water pollution Municipal sewage discharge (10,000 cubic meters) 05

Undesirable - - . .

outputs Air pollution Sulfur dioxide emissions from exhaust gas (10,000 tons) Oy
Solid waste pollution |General Industrial Solid Waste Generation (10,000 tons) Os

selects capital input, labor input, land input and
resource input as input indicators. At the level of
capital investment, the academic community widely
uses the fixed asset investment of the whole society to
measure the investment amount of the current year,
and this paper also follows this method. In terms of
labor input, this paper measures labor input by the sum
of urban employment, private enterprises, and
self-employed people. The built-up area is used to
measure land input. In terms of resource input, since
electricity consumption has become the main form of
energy consumption in China, it is a better choice to

use electricity consumption as energy input, so the total

electricity consumption is selected to represent the
resource input. Since GDP represents the total value of
all final goods and services produced in a given region
over a certain period, it is possible to compare the
economic performance between different regions.
Therefore, at the output level, the GDP at constant
prices and the green coverage rate of built-up areas in
2010 were selected as the desirable output indicators. In
this paper, three indicators of urban sewage discharge,
sulfur dioxide emissions in waste gas and general
industrial solid waste generation were selected as
undesired output indicators from the aspects of

wastewater, waste gas and solid waste.

(Table 5) Previous research on the influencing factors of eco—efficiency

Type Influencing factors
Previous research Ec St Fo Po Fi Ur En In Le
Zeng et al. (2021) [28] o o ¢} o)
Sun et al. (2021) [18] o le]
Chen (2022) [29] ¢] [¢] ¢}
Ma et al. (2018) [26] o o le]
Yang (2021) [30] o o) o) 0 o
Liu et al. (2020) [31] 0 o o
Zhou et al. (2018) [32] ] o ] ¢]
Xue et al. (2021) [33] e} o 0 e} o
Zhu et al. (2019) [34] o o) o o) o)
Ren et al. (2020) [35] o) o) o ¢}
Frequency 9 9 4 5 3 5 4 1

Ec: Level of economic development; St: Industrial structure; Fo: Utilization of foreign capital;, Po: Population density; Fi: Financial
development; Ur: Level of urbanization; En: Energy mix; Go: Government spending; In: Level of informatization; Le: Environmental legislation
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3.3.2 Influencing factor variables

There are many factors influencing the level of reg—
ional eco-efficiency, and from the existing research, the
following factors are generally adopted by the academic
community, as shown in Table 5.

From the analysis of the frequency of influencing
factors, economic development can inject funds into
strengthening regional environmental protection and
ecological civilization construction; industrial structure
represents regional resource allocation and consumption,
which is closely related to resource consumption types
and pollutant emissions; the use of fossil energy such as
coal is the main cause of greenhouse gas emissions;
population distribution makes labor, capital and other
factors accumulate to space, which will also bring pres—
sure to local resources and environment.

Therefore, in order to further explore the influencing
factors of efficiency, this paper uses the Tobit regres—
sion model to analyze the impact of the following four
related variables on eco—efficiency. The first is the fac-
tor of economic development, according to the existing
economic theory, the level of economic development
(Econ) is measured by GDP per capita. The second is
the energy structure, which uses the proportion of total
coal consumption in the total energy consumption of the
region to represent the energy structure effect. The
third is industrial upgrading, and the industrial structure
is a direct factor affecting the ecological environment,
which is measured by the proportion of the added value
of the tertiary industry in the annual GDP of each pro-
vince. The fourth is population distribution, with urban

population density as a proxy variable. The selection

and definition of variables are shown in Table 6.

In summary, this study uses the Super-SBM model
to evaluate and compare the relative efficiency of eco—
efficiency in China'’s provincial-level administrative reg-
ions. Then, the efficiency value obtained by SBM was
taken as the dependent variable, and a series of econo—
mic and social factors expected to have an impact on
the efficiency were selected as independent variables,
and the Tobit model was used to test whether these
factors had a significant impact on the ecological effi-
ciency. A schematic diagram of the research model is

shown in Figure 1.

Input and output vanables

Results

Inputs Desirable outputs Eco-
Capital input Economic  benefits efficiency
Labor input Emvronmental Supae-sd value
Land input benefits I

Resource input Undesirable cutputs:
Water pollution
Air pollution

Super-5BM Solid waste pollution

&Tobit

Stage 2

Eco-efficiency value

Economic development
Energy mix

Ndustrial upgrading obix
Population distribution

[Fig. 1] Research model

4. Analysis of Results

4 1 Eco—efficiency measurement and
difference analysis
In this paper, the Super-SBM model was used to

(Table 6) Influencing the selection of variables

Variable types Variables Definition of variables Sign
Dependent variable Local eco-efficiency The efficiency value measured by Super-SBM EE
Economicdevelopment  |GDP per capita (RMB/person) PGDP
. Energy mix Coal consumption as a percentage of total energy consumption (%) ES
Independent variable
Industrial upgrading Proportion of added value of tertiary industry in GDP (%) TP
Population distribution | Urban population density (people/ km?) PD

Industry Promotion
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summarize the data of 31 provincial-level administrative
regions in China to obtain the eco—efficiency values of
each provincial-level region from 2011 to 2021, and the
results were divided into eastern, central, western, and
northeastern regions to calculate the mean distribution
of the four major economic regions in China, as shown

in Figure 2.

The average value of regional Eco-Efficiency from 2011 to 2021

1.0000
0.9000

0.8000
07000
0.6000 -
0.5000
0.4000
0.3000
0.2000

01000

0.0000
2011 2012 2013 2014 2mb 2018 2017 2018 2013 2020 2021

—e—[ast Central West Mortheast =s+=—national average

[Fig. 2] Trends in regional Eco—Efficiency in China
from 2011 to 2021

In terms of the overall trends, the national average
eco—efficiency has shown an upward trend year by year,
which reflects the Chinese government'’s efforts in the
construction of ecological civilization. However, the effi-
ciency value is still below 1, indicating that there is still
a long way to go to reduce environmental pollution, imp—
rove resource utilization efficiency and promote sus-
tainable development. From the perspective of spatial
distribution, the eco—efficiency gradually converges from
east to west and from coastal to inland, and there are
significant differences in eco-efficiency in different reg—
ions, as shown in Figure 1. In terms of the change trend,
the eco-efficiency in the eastern region is higher than
the national average and is at a high level, the eco—
efficiency in the central and northeastern regions is
gradually rising, which is basically consistent with the
national trend, and the eco-efficiency in the western
region is growing slowly and at a low level, which is
also in line with the current situation of China’s econ-

omic development.

266 | Industry Promotion Research 2024 Jan; 9(1): 259-273

The eco—efficiency of the eastern region continued to
increase from 2011 to 2021, reaching 0.8651, showing a
positive trend. This is due to the fact that the eastern
region usually has a higher level of economic develop—
ment, more resources and technology inputs, and more
investment in environmental protection and sustainable
development projects, so it is more eco—efficient. The
eco—efficiency of the Tohoku region has improved signi—
ficantly over the past few years, especially since 2016, due
to more ecological protection and sustainable develop—
ment measures taken by the region, such as the govern—
ment’s policy to revitalize the Tohoku region. The aver-
age eco—efficiency in the central and western regions is
relatively low and fluctuates greatly over the entire time
period. This is due to the fact that the central region has
experienced rapid economic growth over the past dec—
ade, but the pace of environmental protection measures
and technological upgrades has not kept pace with econ—
omic growth. The relatively low level of economic
development and poor geographical conditions in the
western region have limited resource input and techno—

logical upgrading.

4.2 Analysis of the causes of
eco—efficiency loss

If the redundancy rate of the input item is >0, the
rate of reduction of input needs is > that the
redundancy rate of output needs to increase, and if the
redundancy rate of undesirable output items >0
indicates the rate of reduction of undesirable outputs. In
this study, the mean redundancy rate from 2011 to 2021
in the sample period was used as an example to
analyze the causes of the loss of regional eco—efficiency
in China from the perspective of input and output, and
then to clarify the direction of improvement.

From Table 7, it can be seen that from the input
level, Guizhou, Chongqing, Qinghai and Yunnan
provinces have higher capital redundancy rates among

input factors, indicating that these provinces are overly
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Table 7 Input—output redundancy rate of Eco—Efficiency in 31 provinces in China from 2011 to 2021

Input redundancy rate (%)

Output redundancy rate (%)

Region Province

I L L 1y O, 0, [0 Oy Os
Beijing 6.66 5.26 9.76 880 -6.92 35.35 6.32 90.34 41.96

Tianjin 311 2.77 0.13 398 -348 1.05 0.01 45.40 6.27
Hebei 2372 0.00 0.00 9.60 -0.74 364.94 0.00 7852 28.65

Shanghai 0.00 0.00 1.00 0.95 -2.28 0.00 2.02 2393 1.37

Jiangsu 0.00 0.00 1.05 23.10 -0.42 783.74 0.00 80.42 3.07

Eastern region Zhejiang 20.89 5.13 21.21 35.63 -0.02 35451 0.00 8591 0.00
Fujian 1.29 2.25 524 9.68 -1.06 55.80 0.00 74.06 19.35

Shandong 0.00 0.00 11.97 456 -0.72 356.11 0.00 82.94 3.65

Guangdong 541 0.66 1862 37179 0.00 1311.96 12.79 66.76 0.00
Hainan 41.82 383 2642 41.23 -0.25 0.00 793 7551 17.83
average 10.29 1.99 954 1753 -1.59 326.35 291 70.38 12.22
Shanxi 19.39 1557 19.01 22.86 0.00 23744 0.00 8341 62.84
Anhui 2246 957 6.80 29.73 0.00 760.77 0.00 80.68 51.10
Jiangxi 1249 12.09 22.80 10.68 0.00 139.19 0.00 90.34 69.35

Central region Henan 3.71 0.00 1.02 6.88 -1.44 346.81 0.00 8.77 515
hubei 17.07 4.05 2.24 1754 0.00 1093.04 0.86 80.97 34.89
Hunan 2175 092 0.22 6.49 -0.37 23371 0.63 84.98 43.18
average 17.14 7.03 8.68 15.70 -0.30 46849 0.25 85.19 4442

Inner Mongolia 1394 0.00 1112 0.24 -1.88 25.06 0.00 73.03 5.62
Guangxi 32.17 17.06 091 47.37 0.00 538.34 4.03 87.73 62.87
Chongging 56.26 19.84 4575 16.39 0.00 90.40 0.00 95.86 41.37

Sichuan 449 0.63 398 579 0.00 891.77 0.00 79.20 2.34
Guizhou 59.48 4774 37.06 59.19 0.00 36.32 0.00 97.45 78.10
Yunnan 439 1871 21.9 45.10 0.00 22647 1.05 92.44 76.11
Western region Tibet 479 3.90 5.34 048 -1.86 -7.89 2.90 10.18 13.86
Shaanxi 2531 363 153 19.35 0.00 220.04 0.00 90.85 55.96
Gansu 36.48 33.14 52.34 55.71 0.00 0.00 1.95 94.36 57.18
Qinghai 4547 1597 1.04 67.56 -0.36 0.00 2.81 75.15 83.15
Ningxia 22.95 30.56 46.06 84.66 0.00 0.00 1801 97.62 83.68
Xinjiang 31.72 45.34 4553 76.23 0.00 57.38 425 96.68 7852
average 3142 19.71 2272 39.84 -0.34 173.16 292 8254 53.69
Liaoning 535 0.00 6.79 1812 -1.05 511.76 4.25 79.16 44.33
Northeast egion Jilin 1821 2742 27.90 7.30 0.00 33245 0.00 90.03 57.67
Heilongjiang 0.16 11.55 2997 1598 0.00 378.29 3.69 90.55 6351
average 791 1299 21.56 13.80 -0.35 40750 2.65 86.58 55.17

Note: The values marked in gray indicate the maximum redundancy rate of input-output indicators in each province.

dependent on capitalized assets industries and ignore

other more flexible and efficient industries. Provinces

such as Guizhou, Xinjiang, Gansu and Ningxia have

higher rates of labor input redundancy, which are more

dependent on labor-intensive industries and usually use
large amounts of labor but have relatively low output.
These regions may be more focused on traditional

agriculture or primary industries, lacking advanced
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technology, automated production methods, skills and
knowledge training to improve production efficiency. In
terms of land input redundancy, Gansu, Ningxia,
Chongqing, and Xinjiang provinces are relatively high,
and urban planning and land use in these provinces
may not be efficient enough, resulting in redundancy of
land resources. Provinces such as Ningxia, Xinjiang,
Qinghai and Guizhou may be overly reliant on
energy-intensive industries, lack energy efficiency
mmprovement measures and cleaner production
technologies, and have an energy mix that favors the
use of traditional and unclean energy, resulting in high
energy waste.

From the perspective of desirable output, the
redundancy rate of GDP in each province is not greater
than zero, indicating that there is basically no shortage
of GDP output. In terms of green coverage, Guangdong,
Hubei, Sichuan and Anhui are obviously insufficient,
especially Guangdong and Hubei. Therefore, these
should focus

ecosystems, strengthening urban greening planning,

provinces on protecting wetland
and increasing the positive impact of vegetation cover
on air quality and ecosystems.

From the perspective of undesirable output, air
pollution and solid waste pollution are the main
pollutants  that
environment in China, and they are also important

damage the regional ecological

factors affecting eco-efficiency. Except for Tibet, air
pollution redundancy is generally high, with an average
air pollution redundancy rate of 79.52%.

in  China,

problems exist in all regions. Local governments should

indicating that serious air pollution

strictly supervise, optimize the industrial structure,
strengthen policy incentives, improve the energy
structure, raise environmental awareness, and
encourage enterprises to take the initiative to reduce
emissions to reduce air pollutant emissions. The
provinces with high redundancy of solid waste
pollution are Ningxia, Qinghai, Xinjiang and Guizhou,

which may lack effective solid waste management
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measures, low waste reuse and recycling rates, low
technical

awareness of enterprises and residents, resulting in

level, and insufficient environmental
higher solid waste pollution. Ningxia and Guangdong
provinces with significantly higher water pollution
redundancy may be due to the fact that their urban
wastewater treatment systems are not sufficient to
cope with the growing demand for sewage discharge,
and sewage treatment technology is not advanced or
In  addition,
urbanization are also related to urban sewage
Guangdong’s  well-developed
industry and high degree of

urbanization, which bring greater pressure on water

inefficient. specific  industries and

discharge, such as
manufacturing

pollution.

In general, these input and output redundancies may
be due to different policies and practices in different
regions in terms of resource allocation, industrial
structure, labor market and technological level.
Therefore, further analyze the

influencing factors of eco-efficiency.

this paper will

4.3 Analysis of influencing factors of

eco—efficiency

In this paper, the eco-efficiency values of 31
provinces in China from 2011 to 2021 were taken as the
dependent variables, and the 4 influencing factors in
Table 8 were used as explanatory variables.

In our study, the overall validity of the model was
analyzed, and it can be seen from Table 8 that the
likelihood ratio test p-value was less than 0.05, which
indicated that the original hypothesis was rejected, that
in the model

construction were valid, and the model construction

is, the explanatory variables put

was meaningful.

The specific results can be analyzed:

From the national average, economic development,
industrial upgrading and population distribution have a

positive and significant impact on the national
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Table 8 Tobit regression analysis results

Independent variables Nationwide East Central West Northeast
PGDP 0.163#+ (9.347) 0.196%+ (7.943) -0.004 (-0.109) 0061+ (3.871) 0.041 (1.084)
ES 0.015 (1.095) -0.052 (-1.787) -0.016 (-0.348) 0.053+* (3.339) -0.273#x (-6.527)
TP 0.060== (3.816) -0.017 (-0.526) 0.096=+ (3.722) 0059+ (3.738) 0.110=* (3.369)
PD 0.023+ (2.244) 0.085%+ (5.647) 0.113=* (7.320) -0.013 (-0.871) 0.137=+ (5.090)
log(Sigma) 17120 (-44.697) 1874w (-27.800)  -2.122%x (-24.384)  -1.833#x (-29.789)  -2.327+ (-18.907)
Likelihood ratio test f(?:é?)?)g 2, f(?;):é%?)g & f(i);fgézm xz(i);)?g(‘)%&’ XZ(?:?)%(.)%O&
McFadden R? -18503 4.989 -1.349 -1.945 -7.16

Dependent variable: EE

#p<0.05, **p<0.01,The z-value is inside the parentheses

eco-efficiency, and the energy structure variables do
not pass the significance test. The results highlight the
key role of economic development, industrial upgrading,
and population distribution in improving the country’s
eco—efficiency. However, due to the great differences in
regional characteristics, resource distribution, economic
development level and environmental policies, the
external factors affecting the eco-efficiency of the four

major economic regions in China are also different.

4.3.1 Eastern region

The impact coefficient of per capita GDP and urban
population density on eco-efficiency is significantly
positive, and has passed the significance test at least
5% level, while the proportion of added value of tertiary
industry in GDP and energy structure have no
significant impact on eco-efficiency in eastern China.
As a relatively economically developed region in China,
the eastern region has a high per capita GDP, a dense
urban population and a diversified economic structure,
which

eco—efficiency. More resources are available in the

jointly promote the improvement of
region for environmental protection and technological
innovation, resulting in improvements in environmental

protection and resource efficiency.

4.3.2 Central region
The influence coefficient of the added value of the

tertiary industry in GDP and urban population density
on the eco-efficiency of the central region is
significantly positive, and the per capita GDP and
energy structure do not pass the significance level test.
These results indicate that the relatively diversified
industrial and population agglomeration effects in the
central region are conducive to more efficient use of
resources and environmental management, and improve
eco-efficiency. Therefore, the central region should be
encouraged to optimize and upgrade the industrial
structure and develop to a cleaner, low-carbon, and
high-value-added industry. Through scientific and
rational urban planning and management, the
improvement of urban population density is combined
with sustainable development measures such as urban
greening, which will help to improve the eco—efficiency

of the region.

4.3.3 Western region

The level of economic development, energy structure
and industrial upgrading have a positive and significant
impact on the eco—efficiency of the western region, but
population density has no significant impact on the
eco—efficiency. The western region is rich in material
resources, including Positive

energy  resources.

measures in  economic development, industrial
upgrading and energy structure have led to the

improvement of the overall eco-efficiency of the region.
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The western region has a lower population density
than the eastern region, which means that there is
relatively less population pressure, which reduces the
pressure on resources and the environment, so that the
population density does not have a significant impact

on eco-efficiency.

4.3.4 Northeast region

Industrial upgrading and population density have a
significant positive impact on eco-efficiency in
Northeast region, the proportion of coal consumption in
total energy consumption has a significant negative
impact on eco-efficiency, and per capita GDP has no
significant impact on eco-efficiency. This reflects the
positive results achieved in the development of services
and urbanization in the Northeast region, which
contributes to the improvement of eco-efficiency.
However, the energy structure is still dependent on
highly polluting forms of energy, such as coal, which
may lead to large emissions and environmental
pollution, which will adversely affect the ecological

environment.

5. Conclusion

In this study, we took the panel data of 31 provinces
in China from 2011 to 2021 as the research object, used
the SBM model to measure the eco—efficiency, and
used Tohit regression to test the impact of external
environmental factors on the eco-efficiency. The
results show that the average eco—efficiency of the 31
provinces in China during the statistical period is 0.526,
which is at a low development level. From the regional
perspective, the eco-efficiency is in the east> west>
the northeast > the middle, and the eastern region has
a more developed economic structure and industrial
system, as well as a higher level of urbanization and
environmental management measures, which promote
the use of clean energy and reduce pollution emissions,

so as to achieve a more sustainable and efficient
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ecological environment. Because of its dependence on
resource-intensive industries, excessive exploitation of
natural resources, Irrational energy structure, and
relatively lagging environmental protection policies, the
western region has neglected ecological construction
and has low eco-efficiency. The Northeast region is
affected by heavy industry pollution, high—carbon
energy dependence, problems with old industrial bases,
resource depletion, difficulty in economic restructuring
and population outflow, resulting in high environmental
pressure. The central region has low eco—efficiency due
to its high energy-intensive industries and relatively
weak level of environmental management and
technological innovation. From the perspective of local
space, Shanghai, Tianjin, Fujian, Beijing and other
provinces have better eco-efficiency, which may be
inseparable from their geographical location, higher
economic development level, better environmental
protection policies and more optimized industrial and
energy structure. The average eco-efficiency of Tibet
is also relatively high, which is due to special reasons
such as its relatively low degree of industrialization,

abundant ecological
growth  of

is relatively slow, the

low population density, and

resources. However, the regional

eco—efficiency differences
between regions are significant, and there is still a
trend of uncoordinated and multipolar regional
development. In addition, the results of influencing
factor analysis show that the level of economic
development, industrial upgrading and population
density have a positive effect on the national
eco—efficiency, but the influencing factors vary greatly
in different regions.

In order to improve eco-efficiency, gradually narrow
regional differences, and promote national sustainable
development, the following suggestions are put
forward: First, implement the strategy of sustainable
development, promote the efficient use of resources and
green economic growth through the combination of

economic development and ecological protection, and
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achieve a win-win situation of economic and
eco—efficiency. Second, we should speed up the
adjustment of the energy structure, promote the
increase in the proportion of clean energy, and reduce
the dependence on highly polluting energy, so as to
reduce environmental pollution and improve the
eco—efficiency of the region. Third, promote industrial
upgrading, encourage the development of high-tech
and high value-added industries, reduce excessive
exploitation of resources, and promote industries to be
more environmentally friendly and sustainable, which
will help improve eco-efficiency. Fourth, scientific
planning and urbanization management should prevent
excessive population gathering, reduce the consumption
of land resources and environmental burdens, and
create conditions for the improvement of regional
eco—efficiency.

There are still some shortcomings in this study:
first, in the selection of data, only four indicators with
a greater impact on ecological efficiency are selected as
influencing factors, but there are still some indicators
with greater influence in different regions, which
deserve more in-depth discussion. Second, when
measuring the eco—efficiency value, the dynamic
change and transfer law of the efficiency value have
not been taken into account. Therefore, the next step of
the research is to further expand the time range of the
data, seek more scientific and perfect measurement
indicators, construct a dynamic transfer model and a
spatial regression model of ecological efficiency, and
evaluate the provincial ecological efficiency in China in

a more comprehensive way.
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