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Abstract

:

The Chinese government has adopted a significant low-carbon transition strategy aimed at enhancing resource efficiency, advancing ecological conservation, and augmenting societal well-being. This research employs the super efficiency SBM model to evaluate the ecological well-being performance (EWP) within the Huaihe River Ecological Economic Belt. Subsequently, it employs the Sys-GMM model and conducts a threshold effect analysis to regressively examine the impact of the low-carbon transition on EWP. The key findings are as follows. The EWP in the Huaihe River Ecological Economic Belt is relatively low; cities with higher economic development levels tend to exhibit lower EWP scores. The impact of the low-carbon transition on EWP is contingent upon the level of regional economic development and exhibits a singular threshold effect predicated on the economic development level as the threshold variable. Specifically, when economic development is at a low level, an intensification of the low-carbon transition results in a decline in EWP within the Huaihe River Ecological Economic Belt. Conversely, when the economic development level surpasses the threshold, the low-carbon transition facilitates the enhancement of EWP. This study’s principal contribution lies in elucidating the intricate relationship between the low-carbon transition and sustainable development.
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1. Introduction


Since the initiation of the reform and opening-up policy, China has witnessed a conspicuous surge in urbanization and industrialization, ushering in notable enhancements in both economic prosperity and the overall societal well-being. Notwithstanding these gains, this multifaceted trajectory has concurrently engendered a set of intricacies characterized by the profligate depletion of finite resources, pervasive environmental degradation, and substantial ecological encroachments. These complexities have consequently impeded the unfaltering pursuit of regional sustainability. The assessment of ecological well-being performance (EWP) diverges from the conventional development model that revolves around “economic growth”. Instead, it offers a comprehensive perspective that considers the intricate interplay between natural ecology (embracing aspects like resource consumption and environmental preservation) and human well-being (encompassing economic output and social progress). This central notion closely aligns with the principles of sustainable development, becoming a pivotal instrument for assessing the feasibility of sustainable progress in specific regions [1,2].



The Huaihe River Ecological Economic Belt constitutes a pivotal domain for the strategic implementation of central region advancement. The area confronts a multitude of ecological and environmental quandaries that have impeded the trajectory of sustainable development within the municipalities along its course, significantly constraining the amelioration of populace well-being. In response to these exigencies, the governmental authorities of China have proactively instituted a series of policy measures aimed at ameliorating the prevailing predicaments. Noteworthy among these measures is the unequivocal commitment of the Chinese administration to effectuate a reduction of over 65% in carbon dioxide emissions per unit of GDP by the year 2030, culminating in the attainment of carbon neutrality by the year 2060. Operating at the national level, the Chinese government has, since the year 2010, spearheaded initiatives pertaining to low-carbon urban pilot projects with the explicit aspiration of configuring a society characterized by judicious resource allocation and an eco-friendly ethos through the prism of low-carbon urban paradigm shifts. Concomitantly, subnational governmental entities have displayed alacrity in their concerted endeavors to proffer coherent ripostes, culminating in the formulation, issuance, and execution of apropos urban low-carbon transition blueprints.



Positioned as a pivotal constituent within the ambit of governmental policy guidance, the objective of urban low-carbon transition is ensconced in the imperative to attenuate the emanation of greenhouse gases and mitigate the intensity of carbon emissions. This process engenders, on the one hand, pronounced prospects wherein the metamorphosis toward urban low-carbon paradigms bespeaks a palpable propensity for substantial reductions in carbon emissions, concomitantly mitigating the burdens weighing upon the environment. This trajectory also bears the potential to confer enhancements upon ambient air quality, therein safeguarding the somatic well-being of inhabitants. Contrarily, the process of effecting low-carbon urban metamorphosis necessitates substantial capital infusion into the refurbishment of infrastructural elements, research and advancement of cutting-edge technologies, and related domains. Such an endeavor could potentially impose an augmented load upon governmental agencies and corporate entities, thereby engendering an upswing in immediate-term fiscal outlays. In light of this formulation, there exists a level of indeterminacy regarding the impact of the low-carbon transition on the regional EWP. Within this context, it is imperative to rigorously delineate the nexus between the low-carbon transition and the paradigm of sustainable development. This imperative arises as an essential antecedent for the advancement of efficacious resource allocation and the safeguarding of the ecological milieu concurrently with the perpetual amelioration of societal welfare.



The structure of this study is outlined as follows: Section 2 provides a literature review. Section 3 outlines the study area, methodologies, and data sources. Section 4 covers the presentation of prefectural EWP and examines the effects of the low-carbon transition on EWP. Finally, Section 5 offers the conclusions of the paper.




2. Literature Review


During the 1990s, researchers engaged in a comprehensive empirical inquiry pertaining to the intricate interplay between economic advancement and the ecological milieu. This endeavor yielded seminal theoretical constructs, which are notably exemplified by the formulation of the Environmental Kuznets Curve [3]. In concomitance with the conceptualization of sustainable development, scholarly investigations pertaining to ecological efficacy have progressively manifested [4,5]. Ecological efficiency elucidates the augmentation in regional Gross Domestic Product (GDP) realized through the deployment of resource input and concomitant environmental perturbation. Regrettably, this construct predominantly attends to economic expansion within the ambit of output, neglecting the confluence of societal developmental variables within its purview. However, it is noteworthy that anterior scholarly elucidations have discerned the nonuniform temporal alignment of economic augmentation and the levels of societal well-being [6], consequently exposing the inadequacy of economic growth as a comprehensive gauge of human welfare [7]. Subsequently, scholarly focus has gradually transmuted toward the metric of EWP [8,9]. EWP epitomizes the efficiency whereby natural resource endowments and ecological inflows are transmuted into indices of human well-being. This construct serves as a salient yardstick in the assessment of regional sustainable developmental prowess and offers insights into the nexus interlinking eco-systemic services with human well-being [10]. The conceptual provenance of EWP traces back to the seminal contributions of Daly in 1974 [11], wherein the characterization of regional sustainable advancement was anchored upon the quantification of welfare amelioration consequent to unitary natural resource consumption. Alas, the embryonic elucidations proffered by Daly lacked the provision of calculative indices and methodological apparatus, resulting in the constrained adoption of the notion of EWP. It was only subsequent to the articulation of the Ecological Footprint Theory by Rees that the trajectory of quantitative inquiry into the realm of EWP underwent acceleration [12].



In recent times, scholarly attention has primarily been directed toward the quantification of EWP, examination of regional disparities, and investigation into determinative factors. Within the extant literature, two principal genres of approaches for evaluating EWP can be discerned. The first pertains to the ratio of societal well-being in relation to the consumption of ecological resources, which is typified by instances such as Common’s establishment of an EWP framework predicated on the ratio between happy life-years and ecological footprint metrics [13]. Nathaniel, alternatively, adopts a distinct perspective by gauging EWP through the proportion of the human development index to individual ecological footprints [14]. However, the assessment of well-being levels and ecological metrics inherent to EWP embodies intricate systems in themselves. Scholars contend that a solitary metric for evaluating EWP is insufficient to encompass the multifaceted dimensions it entails. Consequently, resultant EWP values may diverge from verifiable realities. In response, scholars have shifted emphasis to the second approach, which engenders an evaluative framework for EWP grounded in input–output paradigms. Recent years have witnessed heightened accuracy in EWP computation, which is facilitated by techniques such as Stochastic Frontier Analysis (SFA), Data Envelopment Analysis (DEA), and Super-Efficient DEA models incorporating relaxation variables. For instance, Dietz et al. used the SFA model to assess the efficiency in enhancing the human well-being of 135 nations [15]. Lábaj et al. suggested employing DEA to simultaneously consider economic, social, and environmental objectives, and conducted an analysis of the eco-efficiency and social performance of 30 European nations in 2010 [16]. Bian et al. established an index system to evaluate EWP and use the super-slack-based measure model to assess the performance [1].



In the context of regional differentiation analysis regarding EWP, empirical investigations have been conducted at varying geographic scales, including national, provincial, and urban levels. These studies have revealed the presence of discernible regional disparities in EWP. For example, Common used the ratio of human satisfaction to environmental input as a metric to assess the EWPs of 75 countries, concluding that wealthier nations are less efficient in utilizing environmental resources to meet human needs and desires [13]. Zhang et al. conducted an empirical EWP analysis of 82 countries with populations exceeding 10 million in 2012, revealing that developed nations are generally less ecologically efficient in enhancing human well-being [17]. Xia and Li assessed EWP within the Beijing–Tianjin–Hebei urban agglomeration. They found persistent disparities in EWP among these cities. Additionally, cities exhibiting elevated EWP levels not only benefited from other cities but also exerted a positive influence on neighboring municipalities [18]. Furthermore, EWP manifests distinct developmental trajectories across various stages of economic advancement. Consequently, a multitude of scholars have engaged in comprehensive inquiries into the interplay between EWP and economic development. Behjat and Tarazkar examined the connection between EWP and per capita GDP, finding a positive and statistically significant correlation between economic growth and EWP [19]. Zhu and Zhang empirically analyzed the relationship between EWP and economic growth using ordinary least squares (OLS) regression, revealing an inverted U-shaped correlation [20]. Li conducted a study on EWP in China, observing a substantial disparity in EWP between the northern and southern regions, which contradicts the level of economic development. Specifically, higher economic development corresponds to lower ecological welfare performance [21].



In the examination of determinants influencing EWP, Zhou and Zhang assessed China’s EWP and discovered a negative correlation between EWP and both industrial composition and urbanization level. Conversely, they observed positive associations between EWP and technology level, investment openness, trade openness, and education level [22]. In a separate study, Dong et al. determined that precipitation, educational development level, and industrial composition significantly enhance urban EWP in the Yellow River Basin. Conversely, population density, economic intensity, and financial development level have a notable inhibitory effect on the improvement of urban EWP [2]. In addition, scholars also investigated the effects of technological advancement [23], urbanization [24], foreign direct investment [25], green transformation [26], and digital economy [27] on the regional EWP.



In contrast to the aforementioned factors, limited scholarly attention has been directed toward the influence of low-carbon transition on EWP. Some researchers perceive it as a form of environmental regulation and endeavor to scrutinize its ramifications on EWP. Sugiawan et al. analyzed the impact of carbon dioxide (CO2) emission reduction on sustainable well-being. The results show that overambitious targets to reduce CO2 emissions might not be sustainable, and there may be a trade-off between CO2 emission reduction and wealth gain [28]. Ambrey and Daniels explored the link between an individual’s well-being and their carbon footprint, discovering that higher carbon footprints are linked to slightly lower well-being levels with this relationship appearing to follow a linear pattern [29].



Nevertheless, the prevailing EWP assessment framework predominantly centers on national and provincial dimensions, while endeavors concerning river basins and urban agglomerations contexts remain comparatively limited [30]. Furthermore, the extant literature has yet to comprehensively address the temporal lag effects exerted by diverse factors on EWP.



This study is predicated upon the utilization of panel data emanating from 25 cities at the prefectural level situated within the Huaihe River Ecological Economic Belt, spanning the temporal interval of 2010 to 2022. Employing the super-efficiency SBM model, it endeavors to quantify the magnitude of EWP within the Huaihe River Ecological Economic Belt. Concurrently, the system Generalized Method of Moments (GMM) framework is harnessed to undertake an analytical investigation into the impact of the low-carbon transition on the aforesaid EWP. This scholarly pursuit aspires to elucidate the intricate relationship between the low-carbon transition and sustainable development and proffer valuable insights germane to the advancement of cities within the Huaihe River Economic Belt, contributing to the facilitation of high-quality developmental paradigms while concurrently serving the overarching ambition of attaining the “dual carbon” imperative.




3. Materials and Methods


3.1. Study Area


The Huaihe River Ecological Economic Belt is situated within the transitional geographical zone between northern and southern China. Its economic aggregate constitutes approximately one eighth of the national total. Functioning as a pivotal ecological security barricade, this region plays a crucial role in advancing China’s ecological civilization construction and fostering high-quality economic progress. Over an extended duration, the Huaihe River Ecological Economic Belt has experienced expedited socio-economic advancement attributable to its propitious geographical attributes, innate resources, and human capital reservoir. Nonetheless, the pursuit of economic growth has, over time, engendered a disregard for environmental preservation, resulting in the undue depletion of resources and heightened discharges of pollutants. These predicaments have gravely encumbered the pathway to sustainable development. In November 2018, the National Development and Reform Commission formally issued the developmental blueprint for the Huaihe River Ecological Economic Belt. This initiative accentuates the imperative of vigorously propelling green development endeavors, ameliorating the ecological milieu of the Huaihe River Basin, and propelling regional sustainability. Guided by the tenets delineated within the Huaihe River Ecological Economic Belt development plan, this present study targets 25 cities at the prefecture level for examination. Notable among these are Pingdingshan, Luohe, Zhumadian, Xinyang, Zhoukou, Shangqiu, Lu’an, Huainan, Fuyang, Bozhou, Huaibei, Bengbu, Chuzhou, Suzhou, Xuzhou, Heze, Jining, Zaozhuang, Linyi, Lianyungang, Suqian, Huainan, Yancheng, Yangzhou, and Taizhou (Figure 1).




3.2. Methods


3.2.1. Super-Efficiency SBM Model with Undesirable Outputs


Introduced by Charnes et al., the Data Envelopment Analysis (DEA) model serves as a potent statistical technique for appraising the relative efficiency of a group of comparable decision-making units (DMUs) [31]. Based on the core principle of DEA, a DMU’s efficiency is determined by the ratio of its output to input. The most efficient DMUs establish the efficient frontier, while the efficiency scores of other DMUs measure their relative performance.



This study adopts the super-efficiency SBM model, which incorporates undesirable outputs within the SBM-DEA framework developed by Tone [32], to gauge the EWP in the Huaihe River Ecological Economic Belt. The super-efficiency SBM model not only accounts for the influence of undesired output on EWP but also offers a more accurate portrayal of EWP assessments. Furthermore, this model overcomes a limitation of the traditional DEA approach, which restricts many efficiency values to 1, by allowing decision units to achieve efficiency values greater than 1, thus addressing concerns related to relaxation variables.



Based on this, the super-efficiency SBM model with undesirable outputs can be formulated as follows:


   ρ = m i n    1 +   1   m     ∑  i = 1   m        s   i   −       x   i k         1 −   1     q   d   +   q   u d         ∑  r = 1     q   d          s   r   d       y   r k   d     +   ∑  t = 1     q   u d          s   t   u d       y   t k   u d                 s . t .      x   i k   ≥   ∑  j = 1 , j ≠ k   n      x   i j     λ   j   −   s   i   −   ;        y   r k   d   ≤   ∑  j = 1 , j ≠ k   n      y   r k   d     λ   j   +   s   r   d   ;        y   t k   u d   ≥   ∑  j = 1 , j ≠ k   n      y   t k   u d     λ   j   −   s   t   u d   ;      λ ,   s   −   ,   s   d   ≥ 0    i = 1,2 , 3 … , m ;     j    =  1 , 2 , 3 , … ,  n    j ≠ k    ;    r = 1,2 , 3 … ,   q   d   ;    t = 1,2 , 3 … ,   q   u d     



(1)




where n, m, qd, and qud express the number of DMUs, inputs, desirable outputs and undesirable outputs, respectively. i, r and t represent the type of input, desirable outputs and undesirable outputs, respectively. j denotes an index for DMUs, xij denotes input i for DMUj, and yrk and ytk represent desirable output r and undesirable output t for DMUj, respectively. λj is a vector for projecting the DMUs. The vector sd denotes the shortage of good outputs, and vectors s- and sud correspond to excesses of inputs and undesirable outputs, respectively. ρ denotes the value of EWP. If ρ < 1, the DMU’s EWP is lost, and it can become efficient through adjusting its inputs or outputs, and if ρ ≥ 1, the DMU’s EWP is optimal.




3.2.2. The System-GMM Model


In order to contend with the concerns stemming from autocorrelation in the low-carbon transition and the plausible presence of endogeneity, this study adopted the system-generalized method of moments estimation (sys-GMM) framework, which was originally proposed by Arellano and Bover [33] and further refined by Blundell and Bond [34] to examine the effect of low-carbon transition on the EWP. Ascertaining the potential time lag inherent in the influence of low-carbon transition on EWP entails recognizing that the EWP outcomes from antecedent periods often exert a discernible influence on subsequent periods. To fortify the robustness of the model’s estimations, the inclusion of lagged EWP as an explicative variable becomes imperative. Concurrently, the introduction of the quadratic term corresponding to the low-carbon transition variable is incorporated within the regression model, facilitating an exploration of the nonlinear ramifications associated with low-carbon transition on EWP. The dynamic auto-regressive model is specified as follows:


    EWP   it   = α +   β   0     EWP   it - 1   +   β   1     LnCCT   it   +   β   2        ( LnLCT    it   )   2   + ω   LnX   it   +   ε   it    



(2)




where EWPit and EWPit-1 are the ecological well-being performance for city i in years t, and t − 1, respectively. LnCCT outlines the log-transformed capacity for low-carbon transition, and Ln(X) reflects the log-transformed control variables including industrial composition, technical innovation, opening-up level, and urbanization level. β0, β1, β2 and ω correspond to the coefficients to be estimated for their respective variables. Coefficients α and εit represent the intercept term and error term, respectively.




3.2.3. Threshold Effect Test


As previously noted, the influence of low-carbon transition on EWP could potentially vary depending on the economic development phase of a given city. It was essential to investigate whether a nonlinear relationship exists between low-carbon transition and EWP across varying levels of economic development. Consequently, this study employs the threshold effect test proposed by Hansen [35], utilizing the economic development level as the threshold variable. The panel threshold regression model was established as follows:


    EWP   it   = α +   β   0     EWP    it - 1    +   β   1     LnCCT   it   I   LnGDP ≤ θ    +    β   2     LnCCT   it   I   LnGDP > θ   + ω   LnX   it   +   ε   it    



(3)







The model treated the log-transformed GDP per capita (LnGDP ≤ θ) as the threshold variable. The notation I() denotes the indicator function, where θ corresponds to the threshold value.





3.3. Variable Selection


3.3.1. Explained Variable


The explained variable examined in this research is EWP. Table 1 provides an overview of the indicator framework used within the super-efficiency SBM model to assess EWP. The chosen input indicators included three variables: per capita energy consumption, per capita water usage, and per capita build-up area, while the human development index was selected as the desired output indicator, aligning with established research practices [36]. Considering data availability, the undesired output indicators included per capita wastewater discharge, per capita SO2 emissions, per capita smoke and dust emissions, and per capita solid waste disposed.




3.3.2. Explanatory Variable


In this study, the capacity for effectuating a transition toward low-carbon emissions, denoted as capacity for low-carbon transition (CCT), was adopted as the explanatory variable under examination. Within the framework of the transition toward low-carbon economies, the metric of carbon emission intensity assumes a salient role as a pivotal benchmark [37]. Carbon emission intensity, herein, connotes the quantum of carbon emissions generated per unit of GDP, encapsulating the abatement of carbon emissions through the enhancement of economic growth efficiency and the realization of decoupling between economic advancement and carbon emissions. Noteworthy is the explicit commitment articulated by the Chinese governmental apparatus, wherein an ambitious target of effectuating a reduction exceeding 65% in carbon dioxide emissions per unit of GDP by the year 2030 relative to the baseline year 2005 has been enunciated. Consequently, this study operationalizes the notion of CCT through the utilization of the ratio between realized reductions in carbon emissions and the designated benchmarks for carbon reduction. The structural formulation for this metric is delineated as follows:


          CCT   it   =    1 -     CEI   2030       CEI   it       1 -     CEI   2030       CEI   2005                CEI   it   =      C   it       GDP   it            1 -      CEI   2030       CEI   2005      = 65 %        



(4)




then,


    CCT   it   = 1.538 − 0.538        C   2005       GDP   2005           C   it       GDP   it         



(5)




where CCTit is the capacity for low-carbon transition for city i in year t, CEI donates the carbon emission intensity, and C is carbon dioxide emissions.




3.3.3. Transition Variable


Economic development is the basis and premise of improvement of EWP. The low-carbon transition has differing effects on EWP as economic development progresses through various stages. In this study, economic development is utilized as the transition variable in the threshold effect test, using GDP per capita to measure economic progress. To reduce the influence of price fluctuations, the per capita GDP for each province was adjusted to the constant price level of 2005.




3.3.4. Control Variables


Building on the previous analysis, this paper selects industrial composition (IC), technical innovation (TI), opening-up level (OP), and urbanization (UR) as the control variables for the Sys-GMM model (Table 1).





3.4. Data Sources


The research examined annual data spanning the period from 2010 to 2022 across 25 cities in the Huaihe River Ecological Economic Belt. The pertinent data predominantly originated from China’s statistical systems, which were categorized into four main facets: economic, social, resource consumption, and environment pollutants data. The primary source of the indicators discussed herein is derived from authoritative publications, namely the China Urban Statistical Yearbook (2011–2023), Henan Statistical Yearbook (2011–2023), Shandong Statistical Yearbook (2011–2023), Anhui Statistical Yearbook (2011–2023), and Jiangsu Statistical Yearbook (2011–2023). Supplementary to these, pertinent municipal-level economic and sociocultural developmental statistical reports corresponding to respective temporal periods were also consulted. To mitigate the influence of price factors on the outcomes of the econometric investigation, the data are normalized to 2000 comparable prices through the utilization of regional price indices spanning the observed years. In addition, carbon emission metrics are procured from the China Carbon Emission Accounts Datasets (CEADs) available at https://www.ceads.net/data/county/ (accessed on 6 July 2024). Notably, this dataset is derived from nocturnal luminosity records, affording it the merits of uniform statistical standards and robust temporal continuity. Spatial delineation data at the administrative level originate from the Resource and Environmental Science and Data Center of the Chinese Academy of Sciences accessible at https://www.resdc.cn/ (accessed on 15 July 2024). Individual missing data were obtained through interpolation and extrapolation.





4. Results and Discussion


4.1. Ecological Well-Being Performance


This study employs the super-efficiency SBM model to assess the EWP of 25 cities within the Huaihe River Ecological Economic Belt spanning the period from 2010 to 2022. The evaluation is conducted through the utilization of Matlab 2020a software. The identified input and output indices are integrated into the model with the ensuing outcomes depicted in Figure 2.



Over the span from 2010 to 2022, at the regional level, the EWP of the Huaihe River Ecological Economic Belt displayed a fluctuation encompassing values between 0.7155 and 0.7462. This range implies that the EWP within this belt exhibited subtle and scarcely noticeable improvements during the entire investigation period, following a developmental trajectory characterized by a sequence of “decline—ascend—decline”. Specifically, between 2010 and 2015, the collective EWP of the Huaihe River Ecological Economic Belt showcased a descending trend, which was marked by a noteworthy reduction of 16.73%. This timeframe aligned with the aftermath of the financial crisis, during which regional authorities prioritized swift economic recovery, thus disturbing the prior balance between economic growth and ecological improvement. This disparity, compounded by factors like technological obsolescence and ineffective governance, culminated in an overarching degradation of the EWP within the Huaihe River Ecological Economic Belt. However, a noticeable turn of events unfolded from 2016 to 2019, which was characterized by a substantial surge of 24.29%. This shift coincided with a societal transition from rapid growth to high-quality development. Driven by endeavors in urban ecological civilization construction and the framework for evaluating sustainable development, local administrations began emphasizing environmental preservation, enhancing resource efficiency, reinforcing environmental regulations, and consequently fostering advancements in ecological well-being indicators across diverse municipalities. In the wake of the repercussions of the COVID-19 pandemic, the period after 2020 observed a subdued economic expansion in China with its effects extending to the Huaihe River Ecological Economic Belt. Nevertheless, despite these circumstances, investments in critical sectors such as education and healthcare within urban areas did not diminish, and commitments to environmental protection remained unwavering. Under the amalgamated influence of these multifaceted factors, the EWP of the Huaihe River Ecological Economic Belt exhibited a marginal decline.



From an urban perspective, a notable variance in EWP among cities becomes apparent, with a substantial margin for enhancement prevalent across most urban areas (Figure 3). More precisely, within the examined timeframe, ten cities experienced a decline in their EWP, directly contributing to the limited headway observed in the overall regional EWP. Xinyang emerges as the frontrunner in the realm of EWP during the interval spanning 2010 to 2022, boasting an average metric of 1.2669. Subsequently, Zhoukou and Lu’an follow suit. Ten cities exhibit EWP surpassing the regional mean, which were all positioned within the upper and middle sectors of the Huaihe River basin. These municipalities collectively share the attribute of relatively modest economic advancement, which was juxtaposed with a comparatively favorable ecological milieu. Contrastingly, the lowest ranking provinces in terms of EWP encompass Xuzhou, Lianyungang, and Linyi, which are each situated downstream along the Huaihe River. These cities showcase elevated levels of economic development alongside concomitant heightened emissions of pollutants.



This outcome lends credence to the notion that economic output inadequately captures the nuances of urban EWP. Quite the contrary, dissimilar trajectories in the evolution of EWP are discernible across distinct municipalities due to economic differentials and variations in environmental quality. Hence, it is evident that divergent developmental trends in EWP manifest during differing stages of economic progress. In addressing the imperative of enhancing EWP, the adoption of a uniform strategy is unwarranted. Instead, due regard must be accorded to regional disparities, prompting the formulation of tailored ameliorative strategies contingent upon the degree of economic development specific to each region.




4.2. The Results of the Sys-GMM Estimation


4.2.1. The Panel Unit Root Test Results


To enhance the rigor and reliability of our empirical study and mitigate potential spurious regression due to time-series data, we conducted LLC and IPS tests to assess the stationarity of all variables. This step contributes to bolstering the scientific validity of subsequent empirical research. Table 2 presents results indicating that all sample data are statistically significant at the 1% level and have passed the stationarity test, affirming the scientific precision of our subsequent research findings.




4.2.2. Sys-GMM Model Results


The results in Table 3 reveal that the p-value of AR(1) is below 0.1, while the p-value of AR(2) exceeds 0.1, implying the presence of first-order serial correlation in the random disturbance term and the absence of second-order serial correlation. Additionally, the regression equation successfully passed the Sargan validity test, affirming the effectiveness of the sys-GMM estimation in assessing the impact of low-carbon transition on EWP.



As delineated in Table 3, the impact coefficient attains a value of 0.6231, as discerned through the assessment of the temporal lag pertaining to the explained variable denoted as EWP. Such empirical findings substantiate the unequivocally positive and noteworthy influence exerted by the antecedent period’s EWP upon the contemporaneous manifestation of EWP. This outcome fundamentally underscores the temporal “inertia” inherent within the time series dynamics of EWP, corroborating the notion that the amelioration in such performance reflects an ongoing and cumulative process of adjustment. This perspective concurs with precedent scholarly investigations: notably, the work by Song et al. [38]. Concurrently, this empirical observation further lends credence to the rationality underpinning the formulation of a dynamic model. Additionally, the outcomes derived from the diagnostic assessments, encompassing the Sargan test and serial correlation tests, furnish compelling evidence attesting to the well-structured nature of the implemented model.



The coefficients on the LnCCT and LnCCT square term exhibit notable statistical significance, evincing distinct negative and positive associations, respectively, with EWP. This empirical pattern signifies the existence of a nonlinear, U-shaped relationship between low-carbon transition and EWP. Specifically, heightened endeavors toward low-carbon transition initially yield a reduction in EWP, yet the coefficient assumes a positive value subsequent to the point of inflection denoting low-carbon transition. In the trajectory of urban low-carbon transition, municipal authorities frequently accord priority to curtailing pollutant emissions in the preliminary stages, which is a crucial metric for environmental appraisal. In certain instances, local administrations achieve the objective of mitigating carbon emission intensity through the imposition of constraints on industrial production capacity and reduction in resource utilization. Notably, this paradigm maintains an inclination toward environmental prioritization albeit at the potential cost of economic vitality and societal well-being. However, such an approach may not inherently foster the enhancement of EWP. In later phases, municipal authorities can adopt a multifaceted strategy characterized by technological advancements, industrial optimization, and energy substitution. This approach enables the concurrent preservation of ecological integrity alongside judicious equilibrium among economic and social dividends. By doing so, the progression toward augmented EWP can be propelled, which is underpinned by a harmonized interplay between ecological preservation and sustainable development imperatives.



In Table 3, the conducted data analysis yields the ensuing outcomes elucidating the impact of control variables. Foremost, the coefficient denoting the influence of economic development on EWP is −0.2571. This finding underscores a negative association between economic development and ecological welfare performance, aligning with earlier regional disparities in ecological welfare performance. Cities demonstrating stronger economic development tend to exhibit lower ecological welfare performance, which is a perspective congruent with prior scholarly investigations notably exemplified by the work of Li et al. [21]. This outcome primarily emanates from the prevailing economic growth paradigm within the Huaihe River Ecological Economic Belt, which is characterized by pronounced resource depletion and resultant environmental pollution induced by rapid economic expansion. Consequently, the stimulating impact of economic output on EWP struggles to counterbalance the concomitant inhibitory influence of resource depletion and environmental pollution on EWP.



The coefficient denoting the influence of industrial composition on EWP manifests a value of 0.2664. This observation underscores that a recalibration of the industrial composition augments the propensity for fostering advancements in EWP. Notably, the secondary industry, in contrast to other sectors, exhibits characteristics characterized by elevated resource consumption and pollution proclivities, establishing itself as a principal wellspring of environmental degradation within the Huaihe River Ecological Economic Belt. Consequently, the mitigation of the secondary industry’s proportion and the concomitant augmentation of the tertiary sector proportion materially curtails resource depletion during the course of regional economic expansion. This stratagem assuages the deleterious repercussions of environmental contamination upon both human health and ecosystems, concomitantly engendering the enhancement of EWP.



The coefficient pertaining to technical innovation engendering effects on EWP bears a value of 0.1138. Evidently, the ratio of research and development investment to GDP exercises a significantly affirmative influence upon the EWP within the Huaihe River Ecological Economic Belt. This phenomenon is attributed to the dual impact of technological advancement and the augmentation of innovation capacity. On one facet, such progress furnishes enhancements to resource efficiency and perceptibly amplifies production efficiency. Simultaneously, the robust reinforcement of enterprises’ research and investment activities concerning environmentally conscientious technologies engenders resource conservation and curtailed pollutant emissions. Ergo, these concerted efforts bear a constructive impact upon the advancement of EWP.



The coefficient of opening-up level affecting EWP is −0.0236. This parameter manifests that an upsurge in foreign direct investment ostensibly impedes the trajectory of enhancing EWP, albeit the magnitude of this influence remains modest. The assimilation of foreign direct investment engenders a transient, swift escalation in economic output and per capita income within the purview of the Huaihe River Ecological Economic Belt. Nevertheless, this amelioration is contingent upon certain conditions, including deliberate concessions in the realm of environmental access thresholds or the relaxation of environmental regulatory standards. Regrettably, these actions have engendered the emergence of substantial ecological and environmental quandaries. Such detrimental environmental consequences fundamentally counterbalance the gains witnessed in terms of economic output and the quality of residents’ livelihoods, constituting an impediment to the progression of ecological welfare levels.



Regarding the correlation between urbanization and EWP, a negative relationship is evident, albeit it lacks statistical significance. The urban population’s aggregation ostensibly amplifies resource allocation optimization and bolsters the efficiency of communal amenities such as healthcare and education within urban milieus. Yet, concurrently, this dynamic inexorably encroaches upon residential space, thus impelling substantial ecological pressures and governance exigencies. In instances where the population magnitude exceeds the bounds of ecological carrying capacity, equilibrium within the urban ecosystem becomes disrupted. For instance, the increase in urban population and rising density often result in excessively crowded living conditions, which can elevate individuals’ risk of contracting diseases. This heightened risk may lead to a reduction in life expectancy, impacting overall ecological well-being.




4.2.3. Robustness Check


To ascertain the reliability of our empirical findings, we employ a combination of Sys-GMM, OLS regression, and fixed effects (FE) modeling to estimate the lagged EWP coefficients and make comparisons. As shown in Table 4, the estimated coefficients derived from the system GMM analysis fall between the OLS and FE estimates, thus affirming the robustness of our system GMM estimation results in this study.





4.3. The Results of the Threshold Effect Test


4.3.1. Threshold Test Results


The dynamic panel data model employed in this study reveals that the impact of low-carbon transformation on the ecological welfare performance of the Huaihe River Ecological Economic Belt is characterized by an initial inhibitory phase followed by a promoting phase. To investigate this further, we introduce the level of economic development as a threshold variable and employ Stata 15.0 software to execute panel threshold modeling. Prior to threshold regression, it is imperative to ascertain the presence of a threshold effect within the model. Upon its confirmation, we determine the number of thresholds and their corresponding values using bootstrapping methods. Table 5 presents the outcomes of the threshold test, confirming the existence of a singular threshold as opposed to multiple thresholds. Consequently, this study employs a single-threshold panel model based on the level of economic development for empirical analysis.




4.3.2. Threshold Estimation Results


The outcomes of the threshold regression analysis, as delineated in Table 6, reveal that during distinct phases of economic development, the influence of low-carbon transition on EWP transpires initially as a negative inhibitory impact, subsequently transitioning into a positive fostering effect. When the level of economic development is situated below the threshold (θ = 10.7939, about ¥48,722.68), the regression coefficient linking these factors stands at −0.2799. This coefficient denotes that low-carbon transition yields an initial adverse inhibitory consequence on EWP. This phenomenon can potentially be attributed to the circumstances wherein, within a context characterized by meager economic development, enterprise technological sophistication and urban governance standards remain comparably low. Consequently, the impetus for low-carbon transition predominantly hinges upon emission reduction measures, such as the eradication of outdated industrial capacities and stringent regulation of coal usage among residents. Although these measures yield short-term abatement in pollution levels, they concurrently exact an adverse impact upon economic output and residents’ welfare, ostensibly contravening the amelioration of EWP. Conversely, as economic development attains a heightened quality phase, the associated regression coefficient witnesses an ascent to 0.1271, which is indicative of a positive and promotive influence. This transformation in outcome can be attributed to the fact that advanced economic development corresponds to an elevated level of enterprise technological acumen and urban governance efficacy. Consequently, the focal point of low-carbon transition shifts toward quality enhancement. This entails the incorporation of green and low-carbon technologies and the stimulation of clean energy utilization to curtail carbon emissions stemming from both enterprise production and residents’ day-to-day lives. This approach facilitates the augmentation of EWP without impinging upon customary enterprise operations and residents’ living standards.



In the collective context of the Huaihe River Ecological Economic Belt, the threshold parameter assumes a relatively elevated value. Over the study interval, the bulk of the samples fell within the ambit of the lower threshold range, yielding a lack of significant positive promotive impact arising from low-carbon transition at the higher threshold juncture. With the exception of Yangzhou, Taizhou, Huai’an, Yancheng, Xuzhou, Chuzhou, and Lianyungang, approximately 76% of the cities in the Huaihe River Ecological Economic Belt have not attained the economic development threshold. In these cities, the low-carbon transition predominantly exerts a clear inhibitory influence as opposed to fostering advancements in EWP.






5. Conclusions


Utilizing panel data spanning the period from 2010 to 2022 across 25 cities in the Huaihe River Ecological Economic Belt, this study used the super-efficiency SBM model to ascertain EWP in the Huaihe River Ecological Economic Belt and then used the system GMM model to regression analyze the impact of low-carbon transition on EWP. Given the considerable development disparities among various cities in the Huaihe River Ecological Economic Belt, we used a threshold model to assess the nonlinear impact of low-carbon transition on EWP.



(1) The EWP within the Huaihe River Ecological Economic Belt remains relatively modest not exceeding a value of 0.7462. Over the study period, the entire economic belt witnessed a mere 0.92% increase in EWP with ten cities experiencing a decline. These findings underscore the urgent necessity for enhancing and ameliorating EWP in the Huaihe River Ecological Economic Belt. Geographically, cities with higher EWP averages predominantly reside upstream, while those with lower averages are primarily located downstream—a contrast that mirrors the inverse relationship between EWP and economic development levels.



(2) Ecological welfare performance signifies an ongoing, cumulative adjustment process, wherein the positive impact of preceding periods’ EWP contributes significantly to the contemporary EWP.



(3) This empirical pattern reveals a nonlinear, U-shaped correlation between low-carbon transition and EWP. Moreover, the influence of low-carbon transformation on ecological welfare performance is contingent upon the regional economic development level, demonstrating a single-threshold effect with economic development level as the threshold variable. When economic development falls below the threshold (θ = 10.7939, approximately ¥48,722.68), the corresponding regression coefficient stands at −0.2799, indicating an initial inhibitory effect of low-carbon transition on EWP. Conversely, as economic development surpasses this threshold, the associated coefficient rises to 0.1271, signifying a positive and stimulating impact.



Based on the aforementioned conclusions, local governments must tailor their low-carbon transition strategies to the varying levels of economic growth and natural ecological conditions across different cities. For upstream cities with relatively low economic development but favorable natural ecological conditions, such as Xinyang, Zhoukou, Lu’an, Luohe, and Zhumadian, the primary focus should remain on economic development and improving residents’ livelihoods. In the low-carbon transition, priority should be given to supporting the upgrading of traditional industries while also accelerating urban infrastructure development to continuously enhance the quality of life for residents.



In contrast, for midstream cities with lower economic development levels and average natural ecological conditions, such as Bozhou, Bengbu, and Suzhou, the low-carbon transition should balance economic development with ecological restoration. These cities should actively facilitate the industrial transfer from developed regions while implementing stringent environmental regulations to strengthen the protection and restoration of urban ecosystems.



For downstream cities in the Huaihe River region with higher levels of economic development, such as Xuzhou, Lianyungang, and Linyi, the low-carbon transition should prioritize the improvement of ecological environmental quality. Efforts should be sustained to promote green production and lifestyles, vigorously advocate for clean production technologies, and encourage the adoption of clean energy.
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Figure 1. Location and administrative areas of the Huaihe River Ecological Economic Belt. 
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Figure 2. EWP of 25 cities in Huaihe River Ecological Economic Belt from 2010 to 2022. 
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Figure 3. Average EWP of 25 cities in Huaihe River Ecological Economic Belt. 
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Table 1. Data description, including notation and sources.
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Category

	
Indicators

	
Notation

	
Units






	
Explained Variable




	
ecological well-being performance

	
Input

	
Resource consumption

	
Per capita energy consumption

	
EC

	
Ton of standard coal/person




	
Per capita water use

	
WU

	
Ton/person




	
Per capita built-up area

	
BA

	
m2/person




	
Labor

	
Employed persons

	
EP

	
10,000 persons




	
Capital

	
Per capita investment in fixed assets

	
IA

	
Yuan/person




	
Output

	
Desired output

	
Human development index

	
GDP per capita

	
GDP

	
Yuan/person




	
Number of students enrolled per 10,000 persons

	
ED

	
Year old




	
life expectancy

	
LE

	
Year old




	
Undesired output

	
Environment pollutants

	
Per capita wastewater discharged

	
WD

	
Ton/person




	
Per capita SO2 emissions

	
SO2

	
Ton/person




	
Per capita particulate emissions (smoke and dust)

	
PE

	
Ton/person




	
Per capita solid waste disposed

	
SW

	
Ton/person




	
Per capita volume of municipal domestic garbage collected and transported

	
DG

	
Ton/person




	
Explanatory Variable




	
Low-carbon transition

	
The capacity for low-carbon transition

	
CCT

	
——




	
Economic development level

	
GDP per capita

	
GDP

	
Yuan/person




	
Industrial composition

	
The ratio of the tertiary sector’s output value to the secondary sector’s output value

	
IC

	
%




	
Technical innovation

	
Per capita expenditure R&D

	
TI

	
Yuan/person




	
opening-up level

	
Per capita foreign direct investment

	
OP

	
Yuan/person




	
Urbanization level

	
The urban population proportion relative to the total population.

	
UR

	
%











 





Table 2. Test for linearity.
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Test

	
LLC

	
IPS




	
Statistic

	
p-Val