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Abstract

:

The sustainable development of the Yellow River Basin (YRB) is regarded as a national strategy for China. Previous literature has focused on the green efficiency measurement of YRB, ignoring its evolution process and influential mechanism. This paper tries to disclose the spatial-temporal evolution of green efficiency and its influential mechanism of the YRB region by proposing a novel integrated DEA-Tobit model to fill the gap. Based on the development path of the YRB region, the multi-period two-stage DEA model is adopted to evaluate the green development efficiency (GDE) from provincial and urban dimensions. In addition, the panel Tobit model is developed to investigate the influential factors of the GDE for the YRB region. The GDE in the YRB region shows an unbalanced state where the downstream is best, followed by the middle and upstream. The unbalanced development also exists within the province. Both Henan and Shandong Province achieved the optimal value, while cities in these two provinces show lower green efficiency. The results also show that economic development, technological innovation and foreign capital utilization obviously affect the GDE of the YRB region positively, while industrial structure, urbanization levels and environmental regulation have negative effects.
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1. Introduction


Driven by industrial achievement, technical improvement and global trade, China has witnessed rapid economic and social development. From the initial stage of reform and opening up to 2021, the GDP has increased by about 309 times. At the same time, the extensive production mode has caused indelible damage to the environment over the years, and the total energy consumption is as high as 5.24 billion tons of standard coal in 2021 [1]. In order to protect the environment, as early as 2007, the report of the 17th National Congress of the Communist Party of China (CPC) included the basic state policy of conserving resources and protecting the environment. The report of the 18th National Congress of the CPC in 2012 called for building a resource-conserving and environment-friendly society, and emphasized fully implementing the overall plan for promoting economic, political, cultural, social and ecological progress, laying a solid foundation for green development. As an important ecological barrier and economic zone in China, the YRB accounts for more than 25% of China’s GDP, and the population accounts for more than 30% of the country [1]. With continuous economic growth, however, the process of industrialization and urbanization is facilitated; excessive exploitation of resources and the discharge of industrial waste water have caused many environmental problems in the YRB. The green transformation and upgrading of high pollution industries in the Yellow River basin are vital [2,3,4].



The YRB has been the mainstay of economic, social and cultural development in the long history of China. However, the early YRB sought economic development at the expense of the environment. For decades, the extensive production mode has resulted in expensive resource costs and environmental costs, and the pursuit of GDP increase has led to serious ecological problems such as water and sediment imbalance [5,6,7], industrial pollution [7], river siltation [8], etc. Years of poverty and weakness have hindered the sustainable development of the Yellow River basin [9,10]. Different from the superior geographical position of the Yangtze River basin, which has seven top ten cities in GDP, the geographical position of the Yellow River basin is far less than that of the Yangtze River basin, and there are only two national central cities, Xi’an and Zhengzhou. In addition, the upper, middle and lower reaches of the Yellow River have a huge span. The western part of the Yellow River is vast and sparsely populated, far away from the coast, and its development is limited due to geographical location and a lack of leadership from big cities, resulting in uneven development [11,12].



Compared with the Yangtze River basin [4,13,14,15], there is little research on the YRB, especially on the green development measurement from the different dimensions of provinces and cities [1,8]. As a crucial strategic area that is related to the overall development of the nation, the YRB economic belt has a prominent ecological status, and plays an important role in the process of the green transformation of China [1,2,5,6]. With the development strategy and planning of the national government, the development of the YRB is progressively being paid attention. For example, in 2015, the fifth plenary session of the 18th Central Committee of the CPC raised green development to a new level as one of the five development concepts. In 2021, the 14th Five-Year Plan adheres to the concept that lucid waters and lush mountains are invaluable assets, emphasizing once again to promote ecological protection and the high-quality development of the YRB [16,17]. Recently, academic researchers have gradually paid attention to study of the YRB, but have mainly focused on the qualitative analysis and the theoretical basis [1,2]. This paper tries to analyze the green efficiency of the YRB region and its driving factors considering the heterogeneity of YRB development, providing policy suggestions for its future development. Nine provinces and 16 key cities along the YRB are selected as the research objects of this paper, as shown in Figure 1.



Driven by the requirements of sustainable development achievements, the YRB has aroused great attention from industrial practitioners and academic researchers. There are litter studies focusing on sustainable development issues of the YRB, comparing with the Yangtze River Basin and the Beijing–Tianjin–Hebei Region. Several studies have investigated the current status of the YRB [1], and some have used DEA models to measure the eco-efficiency of the YRB. DEA is a technique to analyze the efficiency of multiple decision-making units with multiple inputs and multiple outputs by a linear programming method. Its basic formula assumes that there is a monotonous linear proportional relationship between inputs and outputs, and the efficiency score from 0 to 1 is obtained. The closer the score is to 1, the higher the efficiency of DMU, and the closer it is to 0, the lower the efficiency of DMU [18]. Wang et al. formulated a super SBM model to study the ecological efficiency of YRB cities, measured by the Moran’s I value of ecological efficiency [6]. Hao et al. extended the DPSIR-SBM model to measure the tourism ecological efficiency in the Yellow River Basin, analyzing the convergence characteristics and driving factors of tourism ecological efficiency [5]. The above-mentioned literature focuses more on qualitative analyses of the YRB, and the proposed countermeasures are based on the experiences of the reference areas (such as the YRB). All these studies focus on the YRB cities, ignoring the heterogeneity of different regions from a provincial dimension. In addition, these studies fail to help investigate the evolution of green development of the YRB.



To address these gaps, this study aims at developing a multi-period two-stage DEA model to help discover the green efficiency of the YRB. The two-stage DEA decision making framework is based on the development path experience of the YRB region. In addition, spatial-temporal evolution and the influential mechanism green development efficiency for the YRB is studied to help promote sustainability achievement from a theoretical viewpoint. The theoretical contributions of this study are threefold. Firstly, a novel multi-period two-stage DEA model is formulated to describe the green efficiency of the YRB, considering the development path experience of the YRB (economic development first and environmental governance later). Secondly, the green development efficiency of nine provinces and key cities in the YRB is investigated, and the heterogeneity and imbalance between regions are studied. Furthermore, the spatial-temporal evolution of green development efficiency along the Yellow River Basin is portrayed and addressed. Thirdly, the panel Tobit model is constructed to disclose the influence mechanism of green development in the YRB, facilitating policy making on the green development promotion of the YRB. In this study, the research objects and the formulated model are homogeneous and homomorphic with practical developments of the YRB, and the formulated model accords with the development law of economic development–environmental governance in the Yellow River Basin.




2. Literature Review


2.1. Efficiency Measurement Method and Research


In existing studies, the statistical and operational research methods are widely developed to the efficiency measurement, such as principal component analysis (GPCA) [13], entropy method [13] and the DEA model [19,20,21,22,23,24], etc. Data envelopment analysis (DEA) [19] has advantages over other methods because its measurement results are not affected by human subjective factors, and it has gradually been officially applied to efficiency measurements in academic fields. For example, Iram et al. employed the DEA model to measure the energy use efficiency of OECD countries [25]. Neykov et al. proposed a DEA–Malmquist productivity index to evaluate the economic efficiency of forestry enterprises and the main factors that affect the differences of efficiency scores [26]. However, the traditional DEA model based on radial efficiency does not take into account the slackness of input and output variables, and has the disadvantage of overestimating efficiency. Tone proposed a non-radial, non-angular SBM model, which includes not only proportional improvements between input and output variables, but also relaxation improvements between variables [27]. The SBM model [5,28,29,30,31] can break through the radial limitation of traditional models and overcome the efficiency problem of decision units on the production frontier. Some scholars began to use the improved SBM model to measure efficiency, such as environmental efficiency [14,28,29], energy efficiency [24,30,32] and carbon emission efficiency [29,33]. However, the improved SBM model ultimately measures the overall efficiency, and does not go deep into the internal structure of the decision-making unit, so it is difficult to explore the real reasons for the inefficiency and limits the effectiveness of internal subsystems. Kao et al. proposed different connection methods and efficiency decomposition methods for a two-stage DEA, and found that the overall efficiency under sequence structure is the product of different stages, and the relaxation improvement of the overall system under the parallel structure is the sum of the relaxation improvement of each sub-stage, which makes up for the deviation of the efficiency measurement caused by the traditional DEA’s emphasis on the whole while ignoring the local [34]. Liang et al. combined game theory ideas with the two-stage DEA model to evaluate the performance of supply chains and their members in cooperative and non-cooperative game situations, which realized the methodological innovation of the DEA model [35]. The two-stage DEA model is widely used in scenarios such as eco-efficiency [36,37], port operational efficiency [38] and technological innovation efficiency [39]. Therefore, this paper uses an improved multi-period two-stage DEA model based on the two-stage green development law of economic input–environmental governance in the YRB, which is able to perform dynamic analysis of the efficiency measures and spatial-temporal evolution characteristics of each stage in the YRB.



Regional studies on efficiency measurements mainly focus on national perspective [25,40], a river basin perspective (Yangtze River [14,15,33], Pearl River predominates [41]), a provincial perspective [42,43,44], etc. For example, Shuai and Fan measured the green economic efficiency of all provinces in China [21]. Chen and Jia measured the industrial environmental efficiency in different regions of China [28]. Wang et al. empirically quantified the CO2 emission efficiency in the Pearl River Delta [41]. Zhang et al. used an SBM model to analyze the formation mechanism and spatial correlation complexity of the carbon emission efficiency network in the Yangtze River Economic Belt [33]. In the choice of measurement, Liu et al. used labor, water and energy as input indicators [14]. Chen et al. and Wilson et al. incorporated innovation into the input indicators [45,46]. Datta et al. and Zhang et al. thought that a low-carbon economy can also be included in the input indicators [47,48]. In addition, Shua et al. and Chen et al. took economic development and environmental pollution as expected output and unexpected output indicators, respectively [21,28]. Previous publications mostly focused on the spatial-temporal heterogeneity of development efficiency at the spatial scale of provinces and urban agglomerations. However, due to the significant differences among cities, it is difficult to scientifically carry out research on the performance evaluation of green development only at the scale of cities. Therefore, this paper not only measures the green development efficiency of provinces in the YRB, but also measures the efficiency of important cities along the Yellow River. The development of the YRB is studied from both horizontal and vertical dimensions.




2.2. The Influencing Mechanism of Regional Development


Under the interaction and coupling of the system of economy–society–environment, the imbalance of natural resource conditions and human and social development factors interlace and influence each other, which leads to the spatial-temporal differentiation of regional development efficiency. The international research on the factors affecting the efficiency of regional development mainly focuses on geographical factors [41,42,49,50], economic factors [15,51,52] and so on. In terms of traditional geographical factors, the research focuses on urban form [41], policy heterogeneity [21,49,50], spatial influence [42] and other factors [45] that affect the region. For example, Wang et al. included the urban form into the influencing factors of CO2 emission efficiency of the Pearl River Delta [41]. Liu, Li and Zhong measured the innovation efficiency of 30 Provinces in China, and analyzed the impact intensity of innovation efficiency on energy consumption based on the spatial Dubin model [42]. With the development of the economy and society, the government has gradually attached importance to ecological protection, and has issued a series of environmental regulation policies, and related research has gradually increased. For example, Ren et al. classified environmental regulations into command-and-control regulation, market-oriented regulation, and voluntary regulation [49], and applied a STIRPAT model to test the impact of three kinds of environmental regulations on eco-efficiency in eastern, central and western China. Fan et al. computed the green innovation efficiency of 235 cities in Mainland China considering the heterogeneity of environmental regulations, and constructed a spatial measurement model based on a geographical weight matrix to verify the influence mechanism of environmental regulations on regional green innovation efficiency [50].



In terms of economic factors, the research focuses on industrial agglomeration [51], technological innovation [52], economic structure [15] and other factors affecting regional development efficiency. Guo, Tong and Mei measured the green development efficiency of Northeast China and used the Tobit Regression model to discuss the impact of industrial agglomeration on it [51]. Chen studied the impact of technological innovation, shadow economy and economic structural transformation on energy efficiency [52]. Yang et al. found that the per capita GDP and consumption level are the main driving factors of the ecological footprint of the Yangtze River Economic Belt [15]. Hou et al. found that the level of economic development in the Yangtze River Delta region has a positive impact on economic output, industrial structure and the level of foreign capital utilization have a negative impact on environmental governance performance, while the positive impact of R&D investment intensity is not obvious [13]. Thus, the formation of regional green development pattern differentiation is essentially economic development, technological innovation, industrial structure, urbanization level, environmental regulation, foreign capital utilization level and the interaction of other factors, so this paper selected the above factors to study the green development influence mechanism of the Yellow River basin.





3. Research Method


3.1. Data Sources and Index Selection


3.1.1. Index Selection for Green Efficiency Measurement


In this study, the novel multi-period two-stage DEA model is developed to measure the GDE of the YRB. Firstly, the related indexes should be established to describe the regional green efficiency. Three dimensions including resources, labor force and environmental pollution are usually to be taken into account in previous publications. For example, Iram et al. took primary energy consumption (PEC) and population as two basic inputs, and gross domestic product (GDP) and carbon dioxide emissions (CI) as expected output and unexpected output, to construct the evaluation index system of energy use efficiency for some countries’ Organization for Economic Co-operation and Development (OECD) economies [25]. Shuai and Fan selected economic, resource, social, industrial pollution and other related indicators, and used the super-efficient DEA model to measure the efficiency of China’s regional green economy [21]. Zameer et al. considered the status quo of natural and socio-economic development, constructed a coordinated development index system of natural resources, financial development and ecological efficiency, and discussed the coupling degree of eastern, central and western China [53]. Referring to the above literature, this paper chose the resources, labor, economic development and environmental pollution in the efficiency of the green development index evaluation along the Yellow River basin, and according to China’s national conditions and current situation of the development of the basin to increase the scientific and technological innovation and low-carbon economy into index evaluation. Table 1 shows the variables (inputs and outputs), their interpretation and descriptive statistics.



Based on the existing studies and considering the availability of data, nine provinces and sixteen crucial cities along the YRB were selected as samples in this paper (Upstream cities: Xining, Yinchuan, Shizuishan, Lanzhou, Baiyin, Hohhot, Baotou, Aba; Mid-stream cities: Xi’an, Yan’an, Yuncheng, Luliang, Zhengzhou, Luoyang; Downstream cities: Jinan, Liaocheng). The panel data from 2012 to 2020 are used to measure the green economic efficiency, green innovation efficiency and total efficiency. The data are from “China Statistical Yearbook”, “China Urban Statistical Yearbook”, “China Energy Statistical Yearbook”, “Environmental Statistical Bulletin”, “Water Resources Bulletin”, “National Economic and Social Development Statistical Bulletin”, etc.




3.1.2. Variable Description Influencing Green Development of YRB


This paper studies the factors that hinder green development of the YRB by the Tobit model. On the basis of studying the availability of existing literature and data, six indicators including economic development level, technological innovation, industrial structure, urbanization level, environmental regulation intensity and foreign capital utilization level were selected as explaining variables. GDE of provinces in the YRB from 2012 to 2020 was taken as the explained variable. The specific description of variables is as Table 2.



	(1)

	
Explained variable







Green development efficiency (GFE): the explained variable of Tobit model is used to the GDE of provinces in the YRB from 2012 to 2020 measured by multi-period two-stage DEA model.



	(2)

	
Explaining variables




	①

	
Economic development level (lnEDL): Regions with strong economic strength can provide substantial financial support for environmental governance. Due to the great financial capability, these regions could support energy conservation and pollutant emission reduction by adopting clean energy and innovative technologies. In order to promote the sustainable development of the economy and green transformation of industry while developing the economy, environmental governance should be taken into account. In this paper, log of per capita GDP is taken as the specific index of economic development level, the unit is yuan.




	②

	
Technological innovation (lnTI): The progress of science and technology can innovate enterprises’ green production and emission reduction technology, and improve the utilization rate of resources. Improve pollutant conversion and reduce environmental stress. In this paper, the log of proportion of internal R&D expenditure in GDP of provinces in the Yellow River Basin is used to reflect the level of technological innovation, the unit is %.




	③

	
Industrial structure (lnIS): Industrial structure is not only an important factor affecting the ecological environment, but also reflects the relationship between various industries in a region, and plays a significant role in economic development. As the main source of pollution emissions, the increase of the secondary industry proportion will aggravate pollution emissions and affect green development. This paper takes the log of proportion of the secondary industry in GDP as the specific index of the industrial structure, the unit is %.




	④

	
Urbanization level (lnUL): The improvement of urbanization construction can promote the spatial agglomeration of labor and resources, and the resource dependence of cities gradually increases, while increasing the pressure borne of local environment. The impact of urbanization on regional green development may be positive, only the improvement of environmental awareness brought by urbanization is greater than the environmental pressure. This paper takes the log of proportion of urban population in total population as the specific index of urbanization level, the unit is %.




	⑤

	
Environmental regulation (lnER): Promoting environmental regulation policies can speed up the elimination of high-polluting and energy-intensive industries, and encourage enterprises to develop and innovate to reduce energy consumption. This paper takes the log of proportion of regional industrial pollution control investment in regional GDP as a specific index of environmental regulation intensity, the unit is %.




	⑥

	
Foreign capital utilization level (lnFCU): The introduction of foreign enterprises may lead to the formation of “pollution paradise”, the relevant environmental protection supervision mechanism is not soundness, environmental awareness and industry standards are relatively weak. Therefore, improving the level of opening up may hinder the green development of provinces. This paper takes the log of proportion of actually utilized FDI in regional GDP as the specific index of foreign investment utilization level, the unit is %.















3.2. The Integrated Research Framework


This study is based on the current unbalanced situation in the development process of the YRB. Firstly, the multi-period two-stage DEA model is used to measure the green economic efficiency and green innovation efficiency of the YRB, and the development efficiency at different stages and comprehensive efficiency are obtained. The division of the two stages is consistent with the regional development law of “economic development and environmental governance” of the YRB, so as to grasp the evolution trend of the development of the YRB more accurately and look forward to future development. Secondly, after the analysis of efficiency measurement and empirical results, this paper also analyzes the factors affecting the development of the YRB through the Tobit model. Finally, scientific and reasonable policy suggestions are put forward after systematic research on the GDE and influence mechanism of the YRB. The research framework is as Figure 2.




3.3. Implementation Steps


3.3.1. Green Development Efficiency Measurement Based on Two-Stage DEA


In this section, we built a multi-period two-stage DEA model to measure the GDE of the YRB. The model includes green economic efficiency (first stage), green innovation efficiency (second stage) and comprehensive efficiency (total efficiency). There are  n  DMUs and  p  periods in the model, and each input is transformed into desirable output and undesirable output in the first stage. Then, in the second stage, the final output is produced based on the the desirable output of the first stage and additional inputs of the second stage. Indicators and variables in the formulated model are shown in the following Table 3.



By modifying the traditional data envelopment analysis model, a multi-period two-stage DEA model is established as shown in Model (1). The optimal overall efficiency of the DMU  ο  is    θ  o *    ,the    θ 1 o    and    θ 2 o    is the efficiency of the first and second stages, respectively. The maximum value of model (1) is that the efficiency in each stage and cycle cannot exceed 1. We define    x  i j  1  =   ∑  p = 1  q    x  i j   1 p      ,    y  r j   =   ∑  p = 1  q    y  r j  p     ,    z  d j   =   ∑  p = 1  q    z  d j  p     ,    b  k j   =   ∑  p = 1  q    b  k j  p     , and    x  h j  2  =   ∑  p = 1  q    x  h j   2 p      , which indicate data aggregation over different periods.


     θ  o *   = max  θ 1 o  ×  θ 2 o      s . t .  θ 1 o  =     ∑  d = 1  D    w d   z  d o     −   ∑  k = 1  K    t k   b  k o         ∑  i = 1  m    v i   x  i o  1           θ 2 o  =     ∑  r = 1  s    u r   y  r o         ∑  d = 1  D    w d   z  d o     +   ∑  h = 1  H    a h   x  h o  2              ∑  d = 1  D    w d   z  d j  p    −   ∑  k = 1  K    t k   b  k j  p        ∑  i = 1  m    v i   x  i j   1 p       ≤ 1 ; ∀ j , ∀ p         ∑  r = 1  s    u r   y  r j  p        ∑  d = 1  D    w d   z  d j  p    +   ∑  h = 1  H    a h   x  h j   2 p       ≤ 1 ; ∀ j , ∀ p      θ 1 o  ,  θ 2 o  ≤ 1 ∀ j      v i  ,  u r  ,  w d  ,  t k  ,  a h  ≥ 0 , ∀ i , r , d , k , h ;    



(1)







The input of the second stage makes model (1) become a nonlinear model. In order to obtain the optimal solution of the nonlinear model, two sets of constraint conditions in model (2) are added to measure the first-stage efficiency. The maximum overall efficiency of DMU  o  in the first stage is    θ 1  o +    .


     θ 1  o +   = max   ∑  d = 1  D    w d   z  d o     −   ∑  k = 1  K    t k   b  k o         s . t .   ∑  i = 1  m    v i     x  i o  1  = 1       ∑  d = 1  D    w d   z  d j  p    −   ∑  k = 1  K    t k   b  k j  p    −   ∑  i = 1  m    v i   x  i j   1 p     ≤ 0 ∀ p , ∀ j ,       ∑  r = 1  s    u r   y  r j  p    −   ∑  h = 1  H    a h   x  h j   2 p     −   ∑  d = 1  D    w d   z  d j  p    ≤ 0 ∀ p , ∀ j ,      v i  ,  u r  ,  w d  ,  t k  ,  a h  ≥ 0 , ∀ i , r , d , k , h ;    



(2)







The optimal efficiency of the first stage would be    θ 1  o *   ∈  [  0 ,  θ 1  o +    ]   . Use     θ ^  1 o  =   θ ^  1  o +   − k Δ ε   to estimates it, where   Δ ε   refers to the step size and  k  is the iteration index.  k  is set to be the maximum integer which should be less than the value of the first stage efficiency divided by step size. Therefore,   k =  θ 1  o +   / Δ ε   value of  k  increases from 0 to the maximum possible value in order to achieve the optimal overall efficiency. Let    v i *  ,  u r *  ,  w d *  ,  t k *  ,  a h *    represent the optimal solution obtained from model (2), and    θ 1  j p     represents the efficiency of DMU  j  in the first stage of period  p , as shown in Equation (3).


   θ 1  j p   =     ∑  d = 1  D    w d *     z  d j  p  −   ∑  k = 1  K    t k *     b  k j  p      ∑  i = 1  m    v i *   x  i j   1 p        



(3)







Due to the error of    θ 1 o    and    θ 1  o p    , formula (4) is introduced to assign the same weight to the first efficiency value of each period in order to maintain consistency.


     θ 1 o  =   ∑  p = 1  q       ∑  i = 1  m    v i *     x  i o   1 p       ∑  i = 1  m    v i *     x  i o  1      ×  θ 1  o p       =   ∑  d = 1  D    w d *     z  d o   −   ∑  k = 1  K    t k *     b  k o      



(4)







To solve the problem that (4) has multiple solutions, Equation (5) allocates the same weight to the first stage efficiency   θ ^  1 o  of each period and decomposes the first stage efficiency into  q  single efficiencies.


    θ ^  1  o p   =   θ ^  1 o      ∑  i = 1  m    v i *     x  i o   1 p       ∑  i = 1  m    v i *     x  i o   1 p     ×  1 q   



(5)







In order to measure the total efficiency and second stage efficiency,     θ ^  1 o    and     θ ^  1  o p     are added to model (1) in Equation (3) as constraint conditions of model (6). First, the efficiency of the first stage is regarded as a constant and the total efficiency of all period is estimated. The focus of the first stage is to measure the efficiency of the green economy and multiplying it by the objective function. As the first stage efficiency, we measure the period efficiency by taking the first stage efficiency of cycle  p  as a constant.


      θ ^  o  = max   θ ^  1 o  ×     ∑  r = 1  s    u r   y  r o         ∑  d = 1  D    w d   z  d o     +   ∑  h = 1  H    a h   x  h o  2          s . t .     ∑  d = 0  D    w d   z  d o     −   ∑ k K    t k   b  k o         ∑  i = 1  m    v i   x  i o  1      =    θ 0 0   ^          ∑  d = 1  D    w d   z  d j  p    −   ∑  k = 1  K    t k   b  k j  p        ∑  i = 1  m    v i   x  i j   1 p       =    θ 1 p   ^  ; ∀ j , ∀ p         ∑  d = 1  D    w d   z  d j  p    −   ∑  k = 1  K    t k   b  k j  p        ∑  i = 1  m    v i   x  i j   1 p       ≤ 1 ; ∀ j , ∀ p         ∑  r = 1  s    u r     y  r j  p      ∑  d = 1  D    w d     z  d j  p  +   ∑  h = 1  H    a h     x  h j   2 p     ≤ 0 ; ∀ j , ∀ p      v i  ,  u r  ,  w d  ,  t k  ,  a h  ≥ 0 , ∀ i , r , d , k , h ;    



(6)







The optimal solution    v i *  ,  u r *  ,  w d *  ,  t k *  ,  a h *    obtained from model (6), and defined     θ ^  2 o  =   θ ^  o  /   θ ^  1 o    under the optimal weight. The efficiency of the second stage is measured by Equation (7).


    θ ^  2  o p   =     ∑  r = 1  s    u r *     y  r o  p      ∑  d = 1  D    w d *     z  d o  p  +   ∑  h = 1  H    a h *     x  h o   2 p      



(7)







Finally, the overall efficiency of individual periods (    θ ^   o p    ) is determined by     θ ^   o p   =   θ ^  1  o p   ×   θ ^  2  o p    . After     θ ^   o p   =   θ ^  1  o +   − k Δ ε   is updated, the optimal efficiency is chosen by    θ 1  o *   =   max  k    θ ^  1  o , k    .




3.3.2. Tobit-Based Regression Model


In this paper, the efficiency measured by the multi-period two-stage DEA model ranges from 0 to 1, which is a restricted dependent variable. If ordinary least square method is used for regression, parameter estimation may be biased and inconsistent. The issue of a restricted dependent variable can be perfectly addressed by the Tobit regression model. Therefore, this paper adopts the panel Tobit model to analyze the strength and direction of the factors influencing GDE in the Yellow River Basin. The basic model is as follows:


   Y  i p   =  {     Y  i p  *  = α + β  X  i p   +  μ  i p   i f    Y  i p  *  > 0     0 i f    Y  i p  *  ≤ 0      



(8)







In Formula (8), where  i  denotes city,  p  denotes year,    Y  i p  *    is latent variable,    Y  i p     is restricted dependent variable (GDE of the ith province in the p year measured by the multi-cycle two-stage DEA model),    X  i p     is the main influencing factor of GDE,  α  is constant term,  β  is regression coefficient vector, and  μ  is stochastic disturbance.



When    Y  i p  *  > 0  , the following Tobit regression model is constructed based on the influencing factors:


   E  i p   =  β i  +  β 2  ln E D  L  i p   +  β 3  ln T  I  i p   +  β 4  ln I  S  i p   +  β 5  ln U  L  i p   +  β 6  ln E  R  i p   +  β 7  ln F C  U  i p   +  ε  i p    



(9)




where    E  i p     represents the GDE of the Yellow River Basin; lnEDI, lnTI, lnIS, lnUL, lnER and lnFCU, respectively, represent the economic development level, technological innovation, industrial structure, urbanization level, environmental regulation intensity and foreign capital utilization level;    β i    is constant value constant;    ε  i p     is stochastic disturbance.






4. Results and Analysis


4.1. Spatial-Temporal Evolution Characteristics of GDE in YRB


Firstly, the time series characteristics of green development efficiency in the YRB are analyzed from the dynamic and static aspects. As shown in Table 4, the dynamic efficiency value of the YRB was calculated by MaxDEA Pro 7.16.0 software. When the efficiency value is equal to 1, it indicates that DMU is efficient.



From the overall perspective, the YRB showed a fluctuating upward trend of the GDE from 2012 to 2020. It increased from 2012 to 2016 gradually, declined from 2016 to 2017, and rose again from 2017 to 2019. In 2020, due to the impact of the global COVID-19 epidemic, it decreased by 1.89%, presenting an “M” shaped dynamic evolution. From the perspective of regional differences, the spatial distribution is “poor in the upper reaches, average in the middle reaches and excellent in the lower reaches”. In the upper reaches of the Yellow River, only Sichuan province has a higher efficiency over the years, with an average of 0.9701. It is lower in other provinces, with Qinghai, Gansu and Ningxia being 0.2354, 0.2773 and 0.2068, respectively. This paper holds that the economic development capacity of the upstream region is limited, but it carries a large number of enterprises with high pollution and high energy consumption. Government’s planning and control are also inadequate, which leads to excessive emissions and the difficult treatment of industrial pollutants. Therefore, these provinces should promote transformation and upgrading of industries and the rational regulation of resources.. In the middle reaches of the YRB, only Henan province has achieved DEA effectiveness, while the average value of Shanxi province is relatively low, which is 0.4402. Shanxi province is a resource-based city with abundant coal resources. Its economic development is at the cost of the ecological environment, so the level of green development continues to be low.



The lower reaches of the Yellow River are economically developed, and economic transformation and ecological protection are emphasized. For example, Shandong province’s eight development strategies, innovation-driven development strategy, and the transformation strategy of old and new driving forces, leading the GDE has reached DEA effectiveness over the years. It is worth noting that, although the overall efficiency of Henan and Shandong has reached the optimal value, the urban efficiency value has shown the contrary trend. The average efficiency of Jinan and Zhengzhou is relatively high, while that of Luoyang and Liaocheng is only 0.2624 and 0.3922, respectively. Therefore, the environmental problem in the development of medium-sized cities cannot be underestimated. While leading the development of cities, all provinces should also pay attention to their own ecological problems and industrial structure adjustments. The results show that improving the level of green development in the middle and upper reaches plays a key role in promoting the sustainable development of the whole region. Therefore, while maintaining economic development, the government should strengthen environmental protection for the middle and upper reaches of the Yellow River, implement the green development promoting plans, improve the quality and stability of the ecosystem, continuously improve environmental quality and accelerate the green transformation of the development mode.



Taking the provinces and cities’ GDE of the YRB in 2020 as an example, to evaluate the static evolution, according to Ma’s study [54], the level of green development is divided into four grades: excellent, good, average and poor, and the corresponding efficiency values are 1, 0.8–1, 0.6–0.8 and 0–0.6, respectively, as shown in Table 5.



Taken as a whole, the GDE of the YRB is in a general state in 2020, with the spatial layout of “poor in upstream, average in middle, and excellent in downstream” among the provinces. Most medium-sized cities have space for improvement, among which seven cities have achieved excellent green development, namely Sichuan, Henan and Shandong, as well as Baiyin, Aba prefecture, Yan’an and Luliang. As a demonstration province of green development in the upper reaches of the Yellow River, Sichuan is an important source of water protection and supply. In 2020, the Political Consultative Conference of Sichuan, Gansu and Qinghai provinces and Aba, Gannan, Guoluo and Huangnan (the border areas of the three provinces) held the “Seminar on the Development of the Upper Reaches of the Yellow River”, emphasizing the need to continuously boost the high-quality development of ecological protection and the conservation of water. In 2019, Aba Prefecture proposed to build a new development pattern of “building a solid ecological barrier, taking the green development demonstration belt as the leader and promoting the whole ecology”. These require scientific control and management of the ecological environment in order to achieve the construction of a national ecological demonstration area.



Yinchuan and Xi’an’s green development level is not bad; Xining, Shizuishan, Hohhot, and Zhengzhou are at a general level. They are all provincial capitals except Shizuishan, the provincial capital city of the province’s economic, political and cultural center. Environmental governance is often taken into account while developing the economy. With the high pollution enterprise gradually moving out, its GDE is also higher. Since 2016, Shizuishan has focused on drainage into the Yellow River. While focusing on the treatment of industrial wastewater and urban and rural sewage, the whole region and the whole process of agricultural water pollution control have been promoted, striving to improve the water quality and protect the ecological environment. Several ecological protection projects and documents have been continuously promoted, such as “Comprehensive Regulation Plan for Diannong River Watershed in Shizuishan” and “Rectification Plan for Implementing the Feedback opinions of Ecological environmental protection Supervision in Shizuishan Municipality”, and have achieved considerable results. Xining, Hohhot, Baotou, Xi’an, Yuncheng and Jinan urgently need to improve their green development level while developing their economies, and there are also many environmental problems. The model of “pollution first, treatment later” is not desirable. In order to pursue all-round, sustainable and stable development, it is necessary to take into account environmental protection and treatment while developing the economy, and adhere to the path of green low-carbon development.



After a detailed analysis of the green comprehensive development efficiency in various provinces and cities in 2020, it is found that there are three different situations in which the efficiency does not reach 1.0000, as shown in Table 6.



In the provinces and cities of type I, when the efficiency of Shizuishan, Xi’an and Zhengzhou are less than one in both stages, the levels of green development are not low, reaching 0.7419, 0.8022 and 0.6175, respectively. It is self-evident that the provincial capital cities attach great importance to environmental governance, and Shizuishan’s governance and planning for the ecological environment and water resources improvement are also very constructive. Type II and III cities are located in the upper reaches of the Yellow River, and their green development level is low. In the process of economic development, the upper reaches received many enterprises with high energy consumption and high pollution, which have a great impact on the environment. In type II cities, the second-stage efficiency of Xining and Yinchuan is 0.6639 and 0.7202, respectively, and the total efficiency is 0.7728 and 0.8308. Therefore, the second stage efficiency value will affect the green development level of the city. On the basis of achieving DEA effectiveness in economic efficiency in the first stage, the city should focus on increasing input in green innovation efficiency of the second stage, and promoting the transformation of scientific and technological achievements. Similarly, on the premise that the efficiency of type III cities reaches DEA effectiveness in the second stage, they should strengthen the economic input and the disposal of pollutant emissions in the first stage.



Secondly, the temporal and spatial characteristics of green development efficiency in the Yellow River Basin are analyzed. The GDE of nine provinces in the YRB in 2012, 2014, 2016, 2018 and 2020 are visualized by ArcGIS10.6 software, as shown in Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7. Its GDE can be divided into five categories: 0.0000–0.2000, 0.2001–0.4000, 0.4001–0.6000, 0.6001–0.8000 and 0.8001–1.0000. Different colors represent different levels of green development, and the higher in the saturation, the higher the GDE is.



After the release of several Opinions of the CPC Central Committee and The State Council on Promoting the Rise of the Central Region on 31 August 2012, a large amount of capital and labor poured into the lower reaches of the Yellow River. However, the rapid economic growth has also brought some environmental problems, so the 18th CPC National Congress in 2012 proposed to strengthen the construction of ecological civilization. This has promoted ecological and environmental governance in the YRB, and is also the reason for the increasing efficiency in Qinghai and Ningxia provinces. From Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7, the most obvious change among provinces is that from 2012 to 2020, the efficiency of Qinghai and Ningxia increased, while the efficiency of Shaanxi decreased. The decline in the level of green development in Shaanxi is not only related to the decline of green technology development and progress, the insufficient control of ecological issues and the insufficient intensity of environmental regulation from 2018 to 2020. In contrast to neighboring provinces such as Sichuan and Henan, which attach great importance to environmental governance, Shaanxi province blindly pursues the increase in GDP and neglects the protection of the ecological environment. It is necessary to strengthen government guidance, industrial layout, resource allocation and enterprise transformation and upgrading from the development model of other provinces. As is known to all, cities with strong economic strength and sound technological development have the ability and consciousness to actively improve the efficiency of green development. Therefore, some regions with low GDE are mostly due to the pursuit of economic development and the vigorous development of industry and energy consumption, resulting in poor green development level.



The spatial and temporal pattern of GDE among provinces has changed inconspicuously, but the pattern of urban efficiency has changed obviously. As shown in Figure 8, Figure 9 and Figure 10, the green development level in most cities was improved in 2020, showing a stepwise upward trend, which is the same as that in the whole basin, showing an unbalanced distribution. From 2012 to 2020, GDE in Qinghai and Ningxia provinces increased significantly, while Xining, Yinchuan and Shizuishan, in the lower reaches of the Yellow River in Qinghai Province, also saw a rapid increase. On the contrary, the efficiency of Xi’an, Zhengzhou, Jinan and Liaocheng fell, especially in Liaocheng, where the GDE fell the most, even less than that in 2014. If the development of cities and provinces along the Yellow River is consistent, it is necessary to lead the development of other cities; if the development is inconsistent, it is necessary to focus on improving the development efficiency of cities along the Yellow River. Thus, the ecological and economic development of the Yellow River basin will be coordinated and the development level of the whole basin will be improved.




4.2. Regression Analysis of Tobit Model


Through measuring and evaluating the GDE of the YRB, we find that the green development between provinces is not balanced. In order to further explore the influencing mechanism of green development in the YRB, we used Stata17.0 software to conduct Tobit regression on the influencing factors. The specific measurement results are as Table 7:



According to the regression results in Table 7, the influencing mechanism of each factor is analyzed as follows:




	①

	
Economic development level (lnEDL): Consistent with the expected conjecture of this paper, the improvement of economic development level can effectively promote the improvement of the GDE of the Yellow River Basin, which coincides with the conclusion of Yang et al. [15]. Although the regression result did not pass the significance test of 5%, its regression coefficient was the highest among the influencing factors. If other conditions remain unchanged and per capita GDP increases by 1%, the GDE of the Yellow River Basin will increase by 0.2707 units. Economic progress is the core driving force of green development. The higher the level of economic development, the more sufficiently the government will invest in environmental protection. Therefore, capital, talent and technology will be available at the same time, boosting the GDE of the Yellow River basin.




	②

	
Technological innovation (lnTI): Similar to the conclusion of Wang et al. [6] and Chen et al. [52], technological innovation has a positive effect on GDE. The results are consistent with what were expected, and are significant at a 5% level with strong influence. A 1% increase in technological innovation can increase the GDE of the Yellow River basin by 0.0657 units. High-end scientific personnel, solid scientific research foundation and sound supporting policies can provide a good environment and conditions for the promotion of technological innovation in the Yellow River Basin. Promoting scientific and technological innovation is conducive to industrial optimization and upgrading, eliminating enterprises with high energy consumption and high pollution, and promoting the green development of the Yellow River basin.




	③

	
Industrial structure (lnIS): As expected, because the upper and middle reaches of the Yellow River basin are located in the central and western regions, it is dominated by the secondary industry and has a single industrial structure. The industry’s energy-consumption and pollution will hinder the green development of the Yellow River basin. It is consistent with the research of Guo, Tong and Mei [51] and Chen and Jia [28]. The larger the proportion of secondary industry, the more difficult it is to improve the level of green development. This further indicates that it is necessary not only to speed up the green transformation of enterprises in the YRB, but also to promote the development and optimization of the service industry and high-tech industry, and to increase the proportion of tertiary industry in the total economic.




	④

	
Urbanization level (lnUL): Consistent with the conclusion of Deng and Gibson [44], the study found that the urbanization level in the YRB had a negative impact on GDE, which is inconsistent with expectations. The process of urbanization is the various factors to urban agglomeration and the evolution of land use structure. In the process of agglomeration, various factors obtain external benefits, leading to the agglomeration and development of cities on a larger scale. In this process, land, energy, water and other resources are consumed in large quantities, and a large number of “Three Wastes” are discharged, resulting in many environmental problems. It puts pressure on local development, exceeding the upper limit of environmental carrying capacity, thus hindering the green development of the YRB.




	⑤

	
Environmental regulation (lnER): The “Porter Hypothesis” holds that the “Compensation-effectiveness” of reasonable environmental regulation is enough make up for the “Cost-effectiveness”. Consistent with the conclusions of Zhang et al. [48], this study found that the environmental regulations are in the stage of hindering GDE in the YRB. On the one hand, it may be that the environmental regulation policy is not soundness, the governance mechanism is not perfect, and the regulation intensity is not strict enough. Therefore, strengthening environmental regulation has not promoted green development in the YRB. On the other hand, it may be that the proportion of provincial investment in industrial pollution control in regional GDP was selected as the proxy variable of environmental regulation. In general, the lower the level of green development, the greater the investment in pollution control so that the GDE and environmental regulation intensity have a reverse change relationship.




	⑥

	
Foreign capital utilization level (lnFCU): Contrary to expectations, higher levels of foreign investment will boost the GDE of the YRB and passing the 1% level significantly, the impact is fortissimo. The utilization of foreign investment increased by 1% and the efficiency of green development increased by 0.1124 units. This is consistent with the conclusion of Shuai and Fan [21], and denies the existence of the hypothesis of “pollution havens”. While using foreign investment, it can also introduce advanced technology, accelerate the integration of innovation resources and strengthen the competition of technological innovation by stimulating innovation and promoting local economic development and technological innovation.











5. Conclusions


In this study, a multi-period two-stage DEA model is developed to measure the green development efficiency of the YRB. In addition, the spatial-temporal evolution of GDE on the YRB was portrayed to help better understand the green development evolution of this region. According to the empirical result, the spatial layout presents an unbalanced state where the downstream is excellent, and then follows the middle and upstream. From the dynamic analysis, results show that the GDE of the YRB is generally in a state of progress, while the green development level is not high. From the provincial perspective, the GDE of the central provinces of the YRB is in a state of regression. From the municipal perspective, the green development efficiency in most cities has improved. Based on the analysis of GDE and influencing drivers of the YRB during 2012–2020, the improvement measures are proposed as follows.



	①

	
Under the guidance of the central green development strategy, provincial and municipal governments coordinate in governance. For the situation that the GDE at the provincial level is high but at the municipal level is poor, it is necessary to play the guiding role of provincial governments to strengthen coordinate green development. GDE is low at provincial level but excellent at a municipal level, therefore it is necessary to learn from the development experience of these cities to act as the guide for development, and promote the green sustainable development of the whole basin.




	②

	
For regions with high economic efficiency, relatively low green development efficiency and bottlenecks in environmental governance, the innovation system should be improved based on the current development situation. Financial support should be given to enterprises to encourage scientific and technological innovation to promote the transformation of scientific and technological achievements and drive the green development of the YRB. The government should construct a new tax policy to control the discharge and treatment of enterprise pollutants, to guide high energy consumption and high pollution enterprises to transform into green enterprises, and to pay attention to green technology innovation, encouraging science to enable low-carbon development.




	③

	
All levels of governments in the YRB should rationally lay out the industrial structure, actively guide emerging strategic industries, and speed up the introduction of high-quality foreign-funded enterprises. The level of urbanization in the YRB is constantly improving, and the industrial structure among provinces and cities is extremely similar. It will not only fail to give full play to regional advantages, but also increase the pressure on regional resources. In the future, economic development will enhance the allocation of resources and the effective combination of resources, appropriately adjust the city scale, break through regional restrictions, open up multi-channel green development mode, and improve the efficiency of urban green development.







The YRB ecological protection and green development is the national strategic plan. From “Symposium on Ecological protection and High-quality development in the Yellow River Basin” to “Symposium on In-depth promotion Ecological Protection and High-quality development in the Yellow River Basin”, the Yellow River basin has made great progress with the promotion of national policies and the implementation of regional support. This study also has some limitations due to the limited sample data and specific index system. How to deeply excavate the primary industry receipts of the YRB, and continuously promote the environmental protection with high-quality development is the direction of further research. At the same time, how to achieve the balance of regional economic development, social consumption, industrial production and environmental load is a further problem to be considered. In the future, we will continue to pay attention to the bottlenecks of regional green development, promoting the green and high-quality development of Yellow River Basin.
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Figure 1. The location map of the Yellow River Basin in China. 
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Figure 2. Research framework. 
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Figure 3. Spatial pattern of green development in the Yellow River Basin in 2012. 
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Figure 4. Spatial pattern of green development in the Yellow River Basin in 2014. 
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Figure 5. Spatial pattern of green development in the Yellow River Basin in 2016. 
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Figure 6. Spatial pattern of green development in the Yellow River Basin in 2018. 
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Figure 7. Spatial pattern of green development in the Yellow River Basin in 2020. 
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Figure 8. Dynamic change of city first stage efficiency in Yellow River Reach from 2012 to 2020. 
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Figure 9. Dynamic change of city second stage efficiency in Yellow River Reach from 2012 to 2020. 
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Figure 10. Dynamic change of city total efficiency in Yellow River Reach from 2012 to 2020. 
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Table 1. Descriptive statistical characteristics of input–output index system of GDE.
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Indicators

	
Variable

	
Variable Explain

	
Unit

	
Min

	
Max

	
Mean

	
Std. dev






	
Input indicators

	
Resource input

	
Water resources include agriculture, industry, residential life and ecological environment water

	
100 million cubic meters

	
0.97

	
276.50

	
57.54

	
79.57




	
Energy consumption is measured by the energy consumption of the whole society over the years

	
Million tons

	
532.03

	
41,390.00

	
7460.20

	
9858.36




	
Labor input

	
The labor input is the number of people employed in labor, which is expressed by the number of people employed in the whole society in past years

	
Million per

	
13.40

	
6767.00

	
1138.42

	
1861.99




	
Innovation input

	
The innovation input is R&D expenditure, which is calculated from the R&D internal expenditure of the whole society in past years

	
100 million yuan

	
0.35

	
1949.72

	
171.73

	
320.22




	
Low carbon economic

	
The low-carbon economy is dominated by the proportion of the tertiary industry in GDP of the whole region

	
%

	
17.63

	
76.30

	
47.78

	
11.28




	
Expected outputindicators

	
Economic development

	
Regional industrial added value

	
100 million yuan

	
80.31

	
23,111.00

	
3412.93

	
5288.94




	
Economic development for the total regional GDP

	
100 million yuan

	
188.93

	
73,128.99

	
9684.79

	
14,864.20




	
Unexpected output indicators

	
Environmental pollution

	
Environmental pollution is industrial pollution such as industrial waste water, SO2, smoke, solid and other emissions

	
Million tons

	
373.99

	
205,551.00

	
25,894.95

	
44,174.65
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Table 2. Specific description of each variable.
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Variable

	
Variable Description

	
Variable Representation






	
Explained variable

	
GDE

	
Green development efficiency

	
Obtained by multi-period two-stage DEA model




	
Explaining variables

	
lnEDL

	
Economic development level

	
Log of GDP Per Capita




	
lnTI

	
Technological innovation

	
Log of R&D investment/GDP




	
lnIS

	
Industrial structure

	
Log of secondary industry GDP/GDP




	
lnUL

	
Urbanization level

	
Log of urban population/total regional population




	
lnER

	
Environmental regulation

	
Log of investment in industrial pollution control/GDP




	
lnFCU

	
Foreign capital utilization level

	
Log of actual utilized foreign direct investment/GDP
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Table 3. Index collection and interpretation.
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	Indicators, Sets and Variables
	Interpretation





	  θ  
	Efficiency value of decision-making unit



	   D M U   
	decision-making unit, refers to provinces or cities



	   j ∈  {  1 , 2 , 3 , … , n  }    
	index of DMUs,  n  denote the number of DMUs



	   i ∈  {  1 , 2 , 3 , … ,    m }    
	index of inputs in the stage 1,  m  denote the number of input indicator



	   d ∈  {  1 , 2 , 3 , …   ,  D }    
	index of desirable output in the stage 1,  D  denote the number of desirable output



	   k ∈  {  1 , 2 , 3 , … ,    K }    
	index of undesirable output in the stage 1,  K  denote the number of undesirable output



	   h ∈  {  1 , 2 , 3 , … ,    H }    
	index of inputs in the stage 2,  H  denote the number of input indicator



	   r ∈  {  1 , 2 , 3 , … ,    s }    
	index of outputs in the stage 2,  s  denote the number of output indicator



	   p ∈  {  1 , 2 , 3 , … ,    q }    
	index of periods,  q  denote the number of period



	    x  i j   1 p     
	the amount of input  i  consumed by DMU  j  in the period  p  in the stage 1



	    z  d j  p    
	the amount of desirable output  d  produced by DMU  j  in the period  p  in the stage 1



	    b  k j  p    
	the amount of undesirable output  k  produced by DMU  j  in the period  p  in the stage 1



	    x  h j   2 p     
	the amount of input  h  consumed by DMU  j  in the period  p  in the stage 2



	    y  r j  p    
	the amount of final output  r  produced by DMU  j  in the period  p  in the stage 2



	    v i    
	weights for input  i 



	    w d    
	weights for desirable output  d 



	    t k    
	weights for undesirable output  k  in the stage 1



	    a h    
	weights for input  h  in the stage 2



	    u r    
	weights for final output  r  in the stage 2
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Table 4. Green development efficiency of Yellow River Basin.






Table 4. Green development efficiency of Yellow River Basin.





	
Region

	

	
2012

	
2013

	
2014

	
2015

	
2016

	
2017

	
2018

	
2019

	
2020

	
Mean

	
Rank






	
Upper

	
Qinghai

	
0.1377

	
0.1419

	
0.1774

	
0.2253

	
0.1881

	
0.1810

	
0.2357

	
0.3645

	
0.4670

	
0.2354

	
8




	
Gansu

	
0.2231

	
0.2255

	
0.2346

	
0.2568

	
0.3999

	
0.2021

	
0.2144

	
0.3610

	
0.3781

	
0.2773

	
7




	
Sichuan

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
0.9181

	
0.8128

	
1.0000

	
1.0000

	
1.0000

	
0.9701

	
3




	
Ningxia

	
0.1337

	
0.1320

	
0.1591

	
0.2096

	
0.2256

	
0.1571

	
0.2261

	
0.2781

	
0.3401

	
0.2068

	
9




	
Neimenggu

	
0.5761

	
0.5681

	
0.5526

	
0.6119

	
0.5219

	
0.6084

	
0.5936

	
0.6791

	
0.5589

	
0.5856

	
5




	
Middle

	
Shaanxi

	
0.6977

	
0.7105

	
0.7083

	
0.7458

	
0.7177

	
0.6670

	
0.7142

	
0.7872

	
0.5699

	
0.7020

	
4




	
Shanxi

	
0.5418

	
0.4674

	
0.4042

	
0.3641

	
0.4509

	
0.4004

	
0.4022

	
0.4504

	
0.4967

	
0.4420

	
6




	
Henan

	
1.0000

	
0.8340

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
0.9816

	
2




	
Lower

	
Shandong

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1




	

	
Mean

	
0.5900

	
0.5644

	
0.5818

	
0.6015

	
0.6025

	
0.5588

	
0.5985

	
0.6578

	
0.6456

	
0.6001

	
--




	
Upper

	
Xining

	
0.1593

	
0.1518

	
0.1899

	
0.3005

	
0.3049

	
0.2827

	
0.3131

	
0.4675

	
0.7728

	
0.3269

	
13




	
Lanzhou

	
0.2062

	
0.1996

	
0.2138

	
0.2747

	
0.3054

	
0.2775

	
0.2848

	
0.4228

	
0.4901

	
0.2972

	
14




	
Baiyin

	
1.0000

	
1.0000

	
0.5107

	
0.5448

	
0.6588

	
1.0000

	
0.7010

	
1.0000

	
1.0000

	
0.8239

	
4




	
Aba prefecture

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1




	
Yinchuan

	
0.4581

	
0.4332

	
0.4823

	
0.4963

	
0.4848

	
0.4523

	
0.6650

	
0.7383

	
0.8308

	
0.5601

	
7




	
Shizuishan

	
0.3500

	
0.3277

	
0.5187

	
0.4689

	
0.3073

	
0.3929

	
0.4893

	
0.7794

	
0.7419

	
0.4862

	
9




	
Hohhot

	
0.2182

	
0.2106

	
0.1992

	
0.2864

	
0.3128

	
0.2961

	
0.3156

	
0.4503

	
0.6710

	
0.3289

	
12




	
Baotou

	
0.1936

	
0.1861

	
0.1983

	
0.2324

	
0.2315

	
0.2456

	
0.3108

	
0.4014

	
0.5065

	
0.2785

	
15




	
Middle

	
Xian

	
0.2589

	
0.3209

	
0.5667

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
0.8022

	
0.7721

	
5




	
Yanan

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
0.4745

	
0.4667

	
1.0000

	
1.0000

	
1.0000

	
0.8824

	
3




	
Yuncheng

	
0.4271

	
0.4261

	
0.4247

	
0.5060

	
0.6096

	
0.3824

	
0.4180

	
0.4955

	
0.5327

	
0.4691

	
10




	
Lvliang

	
1.0000

	
1.0000

	
0.7749

	
1.0000

	
0.8609

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
0.9595

	
2




	
Zhengzhou

	
0.3275

	
0.2963

	
0.4635

	
0.5898

	
1.0000

	
1.0000

	
0.6181

	
0.9428

	
0.6175

	
0.6506

	
6




	
Luoyang

	
0.1462

	
0.1440

	
0.1659

	
0.1977

	
0.2464

	
0.2258

	
0.3537

	
0.4804

	
0.4013

	
0.2624

	
16




	
Lower

	
Jinan

	
0.3111

	
0.2593

	
0.3736

	
0.5065

	
0.6055

	
0.6588

	
0.8549

	
0.8210

	
0.5075

	
0.5442

	
8




	
Liaocheng

	
0.3383

	
0.3316

	
0.3650

	
0.4249

	
0.3485

	
0.5149

	
0.5868

	
0.2650

	
0.3550

	
0.3922

	
11




	

	
Mean

	
0.4622

	
0.4554

	
0.4655

	
0.5518

	
0.5469

	
0.5747

	
0.6194

	
0.7040

	
0.7018

	
0.5646

	
--
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Table 5. Green development efficiency of provinces and cities in 2020.
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Spatial Distribution

	
Upper Region






	
Provinces

	
Qinghai

	
Gansu

	
Sichuan

	
Ningxia

	
Neimenggu




	
First stage

	
0.2248

	
0.1240

	
1.0000

	
0.1474

	
0.2809




	
Second stage

	
1.0000

	
0.9139

	
1.0000

	
0.7715

	
1.0000




	
Overall

	
0.4670

	
0.3781

	
1.0000

	
0.3401

	
0.5589




	
Level

	
Poor

	
Poor

	
Excellent

	
Poor

	
Poor




	
Cities

	
Xining

	
Lanzhou

	
Baiyin

	
Aba prefecture

	
Yinchuan

	
Shizuishan

	
Hohhot

	
Baotou




	
First stage

	
1.0000

	
0.5964

	
1.0000

	
1.0000

	
1.0000

	
0.8705

	
0.5166

	
0.5316




	
Second stage

	
0.6639

	
0.6190

	
1.0000

	
1.0000

	
0.7202

	
0.8265

	
1.0000

	
0.6848




	
Overall

	
0.7728

	
0.4901

	
1.0000

	
1.0000

	
0.8308

	
0.7419

	
0.6710

	
0.5065




	
Level

	
Average

	
Poor

	
Excellent

	
Excellent

	
Good

	
Average

	
Average

	
Poor




	
Spatial distribution

	
Middle region

	
Lower region

	
Whole region




	
Provinces

	
Shaanxi

	
Shanxi

	
Henan

	
Shandong

	
Mean




	
First stage

	
0.5014

	
0.3087

	
1.0000

	
1.0000

	
0.5097




	
Second stage

	
0.8505

	
0.8603

	
1.0000

	
1.0000

	
0.9329




	
Overall

	
0.5699

	
0.4967

	
1.0000

	
1.0000

	
0.6456




	
Level

	
Poor

	
Poor

	
Excellent

	
Excellent

	
Average




	
Cities

	
Xian

	
Yanan

	
Yuncheng

	
Lvliang

	
Zhengzhou

	
Luoyang

	
Jinan

	
Liaocheng

	
Mean




	
First stage

	
0.6541

	
1.0000

	
0.4223

	
1.0000

	
0.7235

	
0.4439

	
0.4661

	
0.2471

	
0.7235




	
Second stage

	
0.9732

	
1.0000

	
0.8438

	
1.0000

	
0.8183

	
0.6152

	
0.7563

	
0.7675

	
0.8183




	
Overall

	
0.8022

	
1.0000

	
0.5327

	
1.0000

	
0.7018

	
0.4013

	
0.5075

	
0.3550

	
0.7018




	
Level

	
Good

	
Excellent

	
Poor

	
Excellent

	
Average

	
Poor

	
Poor

	
Poor

	
Average
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Table 6. Evaluation types of provinces and cities in Yellow River Basin in 2020.
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	Types
	Provinces
	Cities
	Standard





	Type I
	Gansu, Ningxia, Shaanxi, Shanxi
	Lanzhou, Shizuishan, Baotou, Xian, Yuncheng, Zhengzhou, Luoyang, Jinan, Liaocheng
	   θ 1 o    < 1,    θ 2 o    < 1



	Type II
	--
	Xining, Yinchuan
	   θ 1 o    = 1,    θ 2 o    < 1



	Type III
	Qinghai, Neimenggu
	Hohhot
	   θ 1 o    < 1,    θ 2 o    = 1
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Table 7. The regression result of Tobit model.
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	GDE
	Coefficient
	Robust Std. Err.
	t
	p > |t|





	EDI
	0.2707
	0.2050
	1.32
	0.191



	TI
	0.0657 **
	0.0278
	2.36
	0.021



	IS
	−0.0296
	0.1592
	−0.19
	0.853



	UL
	−0.4582
	0.3722
	−1.23
	0.222



	ER
	−0.0449
	0.0343
	−1.31
	0.194



	FCU
	0.1124 ***
	0.0235
	4.78
	0.000



	C
	−2.0484
	1.9190
	−1.07
	0.289



	Number of obs
	81
	
	
	



	Pseudo R2
	1.1796
	
	
	



	Log pseudolikelihood
	10.1422
	
	
	



	F
	54.48
	
	
	







Notes: *** and ** represent the significance level of 1% and 5%, respectively.
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