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Abstract

:

This study aims to understand the synergistic evolution of the green and digital economies towards sustainable development. Previous research lacked quantitative analysis, which hindered the development of a comprehensive understanding. An evaluation index system is established using the CRITIC and entropy weight combination methods. The TOPSIS model is utilized to evaluate indicators and derive a comprehensive development index for both economies. The LSTM-GM model is employed to predict the evolutionary trends for the next five years. The absolute grey correlation model is applied to analyze historical and future synergistic evolutionary trends. Findings show increasing levels of green and digital economic development. The digital economy promotes green economic development by enhancing efficiency through innovation and upgrades. The green economy facilitates the structural adjustment of the digital economy by reducing emissions and enhancing resource utilization. Predictions indicate a steady growth in both economies and an increasing synergistic evolution. Based on the analysis, policy recommendations are proposed to promote the integration and development of the digital and green economies, facilitating high-quality synergistic growth.
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1. Introduction


Since the reform, the rapid development of China’s economy has driven the progress of industrial intelligence, urban digitization, and industrial greening. This has, in turn, promoted the development of the digital economy and improved resource utilization and the ecological environment to some extent [1,2,3].



As nations worldwide strive to build green and efficient economic development models, China’s green development index has increased by 77.5%, 12.2%, and 27.9% in the areas of sustainable development, resource utilization, and environmental protection, respectively. Meanwhile, the global digital economy has exceeded USD 38.1 trillion, with an annual growth rate of 15.6%, accounting for 45.0% of GDP [4]. Notably, the United States and China collectively represent approximately 90% of the world’s largest digital platform market value, as highlighted by the United Nations Conference on Trade and Development. The expansion of the digital economy provides new pathways for innovation and entrepreneurship in emerging fields such as digital currency, finance, self-publishing, and e-commerce [5].



In the integrated development of the digital and green economies, various challenges arise due to the emergence of new industrial structures, technologies, energy sources, and business models [6]. The previous studies primarily focused on analyzing the digital economy’s impact on the efficiency of green development, but there has been less research on the law of synergistic evolution between the green economy and the digital economy [7,8]. Therefore, it is crucial to effectively reveal the law of synergistic evolution between the green economy and the digital economy in order to promote the rapid and sustainable development [9,10,11].



Considering these factors, our research endeavors to shed light on the intricate dynamics between the digital economy and the green economy within the context of China. In our research, we meticulously curated a comprehensive indicator system comprising 41 green economy (GE) indicators and 23 digital economy (DE) indicators. This selection was not arbitrary but was made with careful consideration of several critical factors. Our choice of indicators was grounded in reputable and authoritative reports, including the “2022 China Digital Economy Development Index Report” and the “14th Five-Year Plan for Digital Economy Development in China.” These reports provide a solid foundation for selecting indicators that are not only up to date but also reflective of the current landscape of China’s digital and green economies. We meticulously assessed their relevance to the study’s core focus, ensuring that each selected indicator could effectively capture essential aspects of both the green and digital economies. This alignment was crucial to enable a comprehensive examination of the intricate interplay between these two vital dimensions of economic development. Finally, we consulted the work of various scholars who have previously developed frameworks to assess green economies. By incorporating a wide array of indicators, we aimed to provide a nuanced and in-depth analysis of the complexities and subtle distinctions within both economic domains. This expansion of the number of indicators was undertaken to facilitate a thorough exploration of the multifaceted nature of these economies.



In summary, based on the selected 41 green economy indicators and 23 digital economy indicators, combined with an authoritative department’s statistical data, this paper established a comprehensive indicator system for the green and digital economies. We applied the TOPSIS method to evaluate the integrated development indices for both economic subsystems from 2008 to 2022. In addition, considering the limitations of the grey prediction model, the LSTM model was used to optimize the results of the grey prediction model and predict the future development trend of the green and digital economies. Finally, by comparing the law of synergistic evolution in history and for the future, we offer specific policy suggestions to foster the integrated development of the green and digital economies.




2. Literature Review


This paper examines the fields of the green and digital economies, making it necessary to sort out the previous research from the perspective of the development status of both economies and their synergistic relationship.



2.1. Green Economy


Carson first proposed the concept of green development in his book Silent Spring (1963) to address the ecological issues caused by industrial pollution [12]. Later, economists such as Pearce coined the term “green economy” to emphasize its social and ecological dimensions [13]. In its 2022 report, the United Nations Environment Programme defines a green economy as a low-carbon, resource-efficient, and social economy [14]. The term “green economy” is also used to describe the effective use of resources in the consumption process [15]. In addition, numerous scholars have developed comprehensive green economic development indices, and their findings consistently indicate the overall growth of the green economy [16,17,18]. This growth can be attributed to the increased awareness and adoption of new green energy, resulting in improvements in the ecological environment. One study constructed a green productivity index based on the global Malmquist–Luenberger productivity index to evaluate the development of the low-carbon economy in China. A panel vector auto-regression model was adopted to further analyze the endogenous interactions and dynamic relationships among aspects of the green economy and its influencing factors [19]. Another study aimed to examine the potential for green economy measures to create green jobs in the agriculture sector [20]. Questions have arisen as to whether the OFDI of China brings green spillovers back home, and whether the government should encourage OFDI to further promote the domestic green economy. To answer these questions, researchers have examined empirically the reverse spillovers of China’s OFDI on its domestic green development [21]. One study investigated how increasing economic development affects the green economy in terms of CO2 emissions, using data from 44 countries in sub-Saharan Africa for the period 2000–2012 [22]. For the case of 278 Chinese prefecture cities, the data envelopment analysis game cross-efficiency model was used to measure the GEE between 2003 and 2017 [23]. Another study employed the well-known framework for strategic sustainable development (the natural step framework) to comparatively identify the relative and integrated contributions of the three narratives for global net sustainability [24]. Other influential work includes [25,26,27,28].




2.2. Digital Economy


The digital economy has experienced significant growth in various industries [29,30]. Nevertheless, the rapid expansion of the digital economy has also brought challenges, such as the digital divide, digital security, and uneven ecological development. The United Nations Conference on Trade and Development (UNCTAD) has highlighted the massive imbalance caused by the data-driven digital economy [5], while the International Monetary Fund (IMF) has emphasized the importance of cybersecurity and resource efficiency to minimize environmental pollution [31]. There is a consensus that digital economy development is generally growing, accompanied by uneven development, inconsistent growth rates, potential crises, etc. [32,33,34]. Some studies have shown that the development of the digital economy accelerates rapidly before gradually slowing down [34]. A few scholars argue that the green economy, an environmentally friendly economic model, can solve the development imbalance caused by the data-driven digital economy [33].



Recent studies have further delved into the complexities of the digital economy. Luna investigates how digital transformation affects the capacity for social innovation, highlighting the multifaceted nature of the digital economy’s impact [35]. Meanwhile, Llop examines the welfare effects of taxing polluting export goods, shedding light on the economic and environmental dimensions of digitalization [36]. Jürgensmeier illustrates these concepts through empirical studies, emphasizing the practical implications of digital economy development [37]. Additionally, Gokhberg provides insights into measuring expenditures for digital economy development, offering a quantitative perspective on its growth [38]. Petrov assess the effectiveness of investments in digitalization within the context of a national program, emphasizing the link between digital initiatives and economic performance [39].



These contributions align with the three-scope approach introduced by Bukht and Heeks, framing our understanding of the digital economy [40]. Furthermore, Baskakova analyzes trust dynamics in Russian society, an essential factor in the digital economy’s success [41]. Chinoracky proposes a measure for assessing the scale and potential of the digital economy [42], while Borowiecki examines digital convergence in the European Union. Collectively, these studies underscore the complexity of the digital economy’s impact on society, economics, and the environment [43].



The digital economy’s rapid growth has led to challenges like the digital divide and ecological imbalances. The UNCTAD highlights data-driven disparities, while the IMF emphasizes cybersecurity and eco-efficiency. While the digital economy generally grows, some studies suggest eventual slowdowns. Scholars have explored how digital transformation affects social innovation, taxing polluting exports, and measuring digital economy expenditures. These contributions add depth to our understanding of the digital economy’s multifaceted impact. Despite the strategic importance of both, a contradiction exists between digital and green development.




2.3. The Relationship between Green Economy and Digital Economy


Research on the green economy and the digital economy has focused on four areas (Economic impacts and sustainable development, Environment and Green Innovation, Digitalization and Policy, Evaluation and Measurement) further subdivided into 10 sub-points. See Appendix A for more details:




	
The impact of the digital economy on green productivity and carbon emissions: Researchers have studied the effects of the digital economy on China’s green total factor productivity (GTFP) or green total factor efficiency (GTFEE) and carbon emissions. The results show that the digital economy significantly impacts green productivity and carbon emissions in China. However, the direction and magnitude of the impact depend on the development stage of the digital economy [18,32,44].



	
The impact of the digital economy on green innovation: Researchers have utilized patent data and other sources of green innovation data to examine the direct and indirect effects. These studies show that the digital economy affects green innovation through various channels, such as economic openness, industrial structure, and market potential [45,46].



	
The impact of the digital economy on green growth: Studies have shown that the digital economy has a positive impact on green growth in China. However, this impact is not uniform or consistent. Studies also show that the digital economy affects green growth through various factors, such as human capital, industrial structure upgrading, energy consumption, environmental pollution, and economic growth [47,48,49].



	
The impact of the digital economy on the circular economy: Studies have shown that the digital economy has the potential to influence China’s circular economy, but this impact has not been empirically or quantitatively measured [50,51,52].



	
Impact of the digital economy on sustainability: Several studies highlight the profound impact of the digital economy on sustainability. Savchenko introduces a typology of sustainable development goals (SDGs) that provides a framework for sustainable urban development via digital solutions [53]. Alenkova delves into eco-innovations in production enterprises, demonstrating how the digital economy fosters innovative green practices [54]. Piao emphasizes the D2D effect, showcasing the synergistic benefits of addressing cross-sectoral sustainability challenges through digital solutions [55]. Nurova argues that the digital economy’s reduced energy consumption inherently contributes to sustainability [56]. These findings collectively underscore the transformative potential of the digital economy in promoting sustainability.



	
Urban sustainability and the digital economy: Delitheou highlights cities’ pivotal role in enhancing citizens’ lives through technology and green growth [57]. The study emphasizes the importance of urban areas in bridging the gap between the digital and green economies. Xing discusses regional strategies for accelerating digital economy development while promoting innovation and green growth, showcasing the regional dimension of this relationship [58]. This research illuminates the urban context as a nexus for digital and green economy interactions.



	
Economic transformations and sustainability: Ciuriak examines the global economic impact of the pandemic and its repercussions for traditional and digital trade, underscoring the evolving landscape of sustainability in a rapidly changing economic environment [59]. These studies underscore the dynamic nature of sustainability within evolving economic frameworks.



	
Knowledge spillovers, innovation, and sustainability: Aldieri and colleagues offer valuable insights into the role of knowledge spillovers, innovation, and environmental considerations in achieving sustainability goals. Their work demonstrates the interconnectedness of knowledge sharing and sustainable development [60,61,62,63,64,65].



	
Environmental considerations in trade and industry: Llop analyzes the welfare effects of taxing polluting export goods, providing insights into the trade-offs between economic growth and environmental sustainability [36]. Zafar investigates how biomass energy consumption impacts environmental quality, emphasizing education and technology as key factors [66]. These studies contribute to our understanding of the economic–environmental dynamics in specific sectors and regions.



	
Carbon emissions and economic interactions: Xu explores spillover effects and correlations between carbon emissions and stock markets [67], while Zhen examines variations in carbon emissions in China’s exports [68]. These studies offer insights into the complex relationships between carbon emissions and economic activities in a carbon-intensive context.








Other studies have evaluated the influence of the digital economy on the development of the green economy. The findings consistently suggest that the digital economy positively contributes to the green economy. However, the relationship between the two economies is nonlinear, and the development of the digital economy can have both catalytic and potentially inhibitory effects on the green economy [3,34,69,70]. The European Green Digital Alliance argues that a certain level of digital intervention can maximize the benefits of green sustainability in the economy.



In summary, prior research has primarily concentrated on examining the influence of the digital economy on diverse aspects like green productivity, carbon emissions, green innovation, green growth, and circular economy. However, there has been a notable gap in comprehensively studying the synergistic relationship between these two economic subsystems. To bridge this gap, this paper introduces a novel green evaluation index system that employs the TOPSIS composite index model and the grey absolute correlation model to evaluate the developmental status and synergy of the digital and green economies. Furthermore, this study incorporates the LSTM neural network to enhance the predictive accuracy of the GM model and ultimately scrutinizes historical and prospective synergies. The research summarized here encompasses a broad spectrum of topics within the nexus of the green economy and the digital economy. These investigations illuminate their multifaceted interactions and their far-reaching implications for sustainability, innovation, and economic advancement. Collectively, these studies underscore the potential of digital technologies as transformative tools in advancing sustainability objectives across various domains.





3. Model Construction


This paper aims to investigate the synergistic evolution of the digital economy and the green economy. To achieve this, a comprehensive index system is constructed for the two economic subsystems, and the overall development levels are quantified using the TOPSIS comprehensive evaluation method. The synergistic relationship is analyzed using the absolute grey correlation model, and the grey prediction model is optimized using the LSTM model to predict future development trends. Comparative analyses of historical and future synergies are conducted to explore the evolutionary trends of synergy between the two economic subsystems. These analyses promote the synergy between the digital economy and the green economy in China. The research process is presented in detail in Figure 1.



3.1. TOPSIS Comprehensive Evaluation Model


This paper constructs a comprehensive indicator model using the TOPSIS method to objectively evaluate the integrated development indicators of the green economy and the digital economy. The modeling process involves the following steps:



Indicator Empowerment: The entropy weight method is used to calculate the information entropy and redundancy of each indicator, reflecting their importance. The CRITIC method assigns weights based on contrast intensity and conflict, with smaller conflicts resulting in lower weights. The combined assignment method is also employed to address contradictions and improve differentiation in the evaluation results of the single assignment method.



(1) The combined assignment method has also been widely used in various fields in recent years. It can solve the problems of contradiction and poor differentiation in the evaluation results of the single assignment method [71,72,73,74]. The steps are as follows:



(a) The calculation of information entropy plays a fundamental role in various fields, including information theory, statistics, communication systems, data analysis, and more [75,76]. The information entropy is calculated, where     p   i j     is the standardized value of the ith sample of the jth indicator, n is the number of samples, m is the number of indicators, and     d   j     indicates the amount of valid information provided by the indicator.


    e   j   = −   1   l n   ( n )     ∑  i = 1   n            p   i j   ∗ l n       p   i j        



(1)






    d   j   = 1 −   e   j    



(2)







(b) The entropy weight of each indicator is calculated. Based on the calculated entropy e(G) and e(D), the information utility values d(G) and d(D) of each indicator are calculated to obtain the weights, i.e., WG-EWM and WD-EWM [77].


    w   j   =     d   j       ∑  j = 1   m            d   j      



(3)







(c) The standard deviation is calculated to represent the comparative strength     S   j    . The correlation coefficient represents the conflict     R   j     between indicators, and the stronger the correlation, the smaller the conflict.     X   i j     is a standardized post dataset.     r   i j     represents the correlation coefficient between evaluation indicators i and j. This paper uses the Pearson correlation coefficient, and finally obtains the comparative strength and conflict between the green and digital economies as SG, SD, RG, and RD, respectively.


           x  ‾    j   =   1   n     ∑  i = 1   n            x   i j         S   j   =      ∑  l = 1   n                x   j   −     x  ¯    j       2     n − 1          



(4)






    R   j   =   ∑  i = 1 , j = 1   n      1 −   r   i j        



(5)







(d) The amount of information Ci is calculated; the greater the amount of information, the greater the role of the jth indicator in the whole evaluation indicator system. It should be assigned more weight; the results are recorded as CG, CD.


    C   i   =   S   j   ×   R   j    



(6)







(e) The CRITIC objective weighting is represented by     W   i    ; the results are recorded as WG-CRITIC and WD-CRITIC.


    W   i   =     C   i       ∑  j = 1   n            C   i      



(7)







(f) The integrated weights are calculated according to formula (8), where   ε   is the coefficient, generally taken as 0.5. Finally, the integrated weights WG and WD are obtained.


    W   X   = ε ×     W   X − C R I T I C   +   W   X − E W M         X ∈   G , D      



(8)







(g) To calculate the composite value, according to formula (9), multiply the composite weight matrix WX with the original sequence Gij and Dij to obtain the composite level values ZG and ZD.


    Z   X   =   W   X   ×   X   i j       X ∈   G , D   , i , j ∈   1,2 , 3 … , n      



(9)







(2) The technique for order of preference by similarity to ideal solution (TOPSIS) is a multicriteria decision analysis method for evaluating and selecting the best decision solution. It is popular in various fields, such as engineering, management, and social sciences, due to its simplicity and effectiveness [78]. This method effectively solves the problem of dynamically adjusting indicators in this paper. Therefore, TOPSIS is a suitable method for use in this paper [79]. The main steps are as follows:



(a) Normalize the matrix. Among them, Z is obtained by multiplying the weight matrix     ω   j     and the normalization matrix     P   i j     to obtain ZGi and ZDk (i and k are the number of first-level indicators).


  Z =       z   i j       n × m   =     P   i j   ×   ω   j      



(10)







(b)     z   j   +     and     z   j   −     represent the positive and negative ideal solutions, indicating that each indicator reaches the best and worst value in the sample, denoted as ZGj+, ZGj−, ZDj+, and ZDJ. Then, the sum of the distances between positive ideal solutions     D   i   +     and negative ideal solutions     D   i   −    ,     z   i j    , is calculated and becomes the current indicator value. The positive and negative ideal distances for the green and digital economies are denoted as DGi+, DGi−, DDi+, and DDi−.


    D   i   +   =    ∑  j = 1   m                z   i j   −   z   j   +       2    , ( i = 1 , … , n )  



(11)






    D   i   −   =    ∑  j = 1   m                z   i j   −   z   j   −       2    , ( i = 1 , … , n )  



(12)







(c) The proximity of the optimal solution     C   i     is calculated. The range of values is [0, 1], and the closer it is to 1, the better the solution. The relative proximity between the green economy CGi and the digital economy CDi is calculated from 2008 to 2022 per year. The results are ranked according to the magnitude of their relative proximity     C   i     to obtain a comprehensive evaluation.


    C   i   =     D   i   −       D   i   +   +   D   i   −      



(13)








3.2. LSTM-GM Prediction Model


LSTM was evaluated against the time-tested ARIMA model in financial and economic time series forecasting, and LSTM emerged as the superior choice, offering remarkable reductions in error rates [80,81]. In sustainable finance, Wang introduced a novel hybrid model, CEEMDAN-LSTM, for accurately predicting the green bond market, shedding light on correlations with the crude oil and green stock markets [82]. Researchers have noted LSTM’s potential in technology forecasting, aiding businesses and researchers in identifying emerging technologies [83]. These studies collectively underscored the transformative potential of LSTM and deep learning, offering actionable insights across economics, finance, sustainable finance, and technology forecasting. LSTM’s adaptability and accuracy make it a powerful tool for tackling complex real-world challenges in these fields. Predicting the development of the digital economy and the green economy has an important guiding value for policy making and industrial planning. So, in this paper, the results of the optimized grey prediction model using the long short-term memory (LSTM) model are used to predict the development trend of the digital and green economies. The GM (1, 1) model is established to predict the values of each index in the next 5 years by using a comprehensive evaluation index of the green and digital economy. The simulation error is predicted according to the grey prediction model, and the prediction results of the GM are optimized by using LSTM. The model construction steps are as follows:



(1) Grey prediction model. The GM (m, n) is a prediction method developed based on the grey system theory, where m is the order of the differential equation and n is the number of variables. This method works best when the data are incomplete, ambiguous, or uncertain [84,85,86]. The main steps are as follows:



(a) Firstly, using the comprehensive evaluation level of the green and digital economies, the 1-AGO generation of the original sequence is calculated. After obtaining the evaluation index sequence     x   ( 0 )     and generating     x   ( 1 )     after accumulation, it is represented as XG(0), XG(1), XD(0), and XD(1), respectively.


    x   ( 0 )   :     x   ( 0 )   ( 1 ) ,   x   ( 0 )   ( 2 ) ,   x   ( 0 )   ( 3 ) , … ,   x   ( 0 )   ( n )    



(14)






    x   ( 1 )   :     x   ( 1 )   ( 1 ) ,   x   ( 1 )   ( 2 ) ,   x   ( 1 )   ( 3 ) , … ,   x   ( 1 )   ( n )    



(15)







(b) The matrix   B   and   Y   is constructed.


  B =      −   1   2       x     1       1   +   x     1       2       1     −   1   2       x     1       2   +   x     1       3       1     ⋯   ⋯     −   1   2       x     1       n   +   x     1       n       1      , Y =        x     0       2         x     0       3       ⋯       x     0       n         



(16)







(c) The parameters     u  ^    are calculated.


    u  ^  =       B   T   B     − 1     B   T   Y  



(17)







(d) The development coefficient a and the amount of action b are calculated. The cumulative sequence     x   1   ( k )   background greyscale, using the initial sequence     x   0   ( k )   greyscale derivative, is added into Equation (18) to solve the parameter greyscale development coefficient a and the amount of action b.


    d   x   1   ( k )   d k   + a   x   1   ( k ) = b  



(18)







(e) The predicted values       x  ^    ( 0 )   ( k + 1 )   are calculated. The parameters a and b are brought into Equation (19) to calculate the sum of predicted values for the green and digital economy.


      x  ^    ( 0 )   ( k + 1 ) =     x  ^    ( 1 )   ( k + 1 ) −     x  ^    ( 1 )   ( k )  



(19)







(2) Long- and short-term transient memory neural network prediction. The LSTM model can handle time series prediction well and solve the problems of gradient disappearance and gradient explosion that exist during the long series training [87]. Since the grey prediction model is weak in capturing the complexity of real-world situations, and it produced certain prediction results with high relative simulation errors in the results of this study, this paper optimizes the grey prediction model using the LSTM model to effectively capture the time series features in historical data in order to improve the accuracy of the prediction results and to solve the problem of low prediction volatility [82]. The main steps are as follows:



(a) Build the LSTM model. The indicator data are divided into training sets, test sets, and validation sets according to a ratio of 10:3:2. The original sequence is normalized as an input, the hidden layer is set to two layers in the LSTM model, and 40 neurons are set in each hidden layer.



(b) When the input is set at     i   t    , forgetting     f   t    , and output gates     o   t    ,   w   is the weight matrix,     h   t − 1     is the output state of the previous moment,     x   t     is the input of the current moment, and     b   c     is the bias. The σ activation function uses a sigmoid function.


    i   t   = σ     W   i   ⋅     h   t − 1   ,   x   t     +   b   i      



(20)






    f   t   = σ     W   f   ⋅     h   t − 1   ,   x   t     +   b   f      



(21)






    o   t   = σ     W   o   ⋅     h   t − 1   ,   x   t     +   b   o      



(22)







(c) The memory cell is set, where     C  ˜  t   is the new candidate value and   t a n h   is the activation function.


    C  ˜  t = t a n h       W   C   ⋅     h   t − 1   ,   x   t     +   b   c      



(23)







(d) The memory cell state is updated, where     C   t     is the memory cell state.



(e) The model is tested for overfitting with the data from the validation set, and the prediction result sequences G-Lt and D-Lt are output for the green economy and digital economy after meeting the requirements.


    C   t   =   f   t     C   t − 1   +   i   t       C  ˜    t    



(24)







(f) The output value is updated, where     L   t     is the output value.


    L   t   =   o   t   ∗ t a n h       C   t      



(25)







(g) Through continuous iterations, the number of model layers and the number of neurons in the hidden layer are adjusted, and the weight matrix W of the model and the coefficient matrix L are output when the value of the loss function reaches the requirement.



(h) The simulation error   k   is calculated from the results of the grey prediction model and set as the optimization coefficient.       X  ^      0       and       L  ^    ( 0 )     are the prediction sequences obtained from the grey prediction model and the LSTM prediction model, respectively, and R is the final prediction result sequence.


  R =   1 − k   ∗     X  ^      0     + k     L  ^      0      



(26)








3.3. Grey Absolute Correlation Model


Grey correlation analysis is a decision-making method for evaluating and ranking alternatives based on multiple criteria. Based on the concept of the grey system theory, it is able to deal with situations where data are incomplete, ambiguous, or uncertain [88,89]. This paper focuses on the study of the degree of synergy between two economic subsystems. The grey absolute correlation model can assess the synergy between the two datasets without considering their relative positions and is more sensitive to outliers, which can well reflect the problems existing between the data. Therefore, the grey absolute correlation model was chosen in this paper to explore the synergy between the green economy and the digital economy [84,90,91]. According to the theoretical mechanism of the grey absolute correlation model, the composite indices CGi and CDi (i = 1,2, 3, …, n), n is the number of years studied, and the grey absolute correlation model is constructed as follows:



(a)     x   0   ( 0 )     is set as the reference sequence and     x   ( 1 )     as the comparison sequence, the normalized matrix X is multiplied by the weighting matrix W, and finally, the initial sequence Y0 and the comparison sequence Y1 are obtained.


    Y   0   :     x   0   ( 0 )   w ( k ) , k = 1,2 , ⋯ n    



(27)






    Y   1   :     x   ( 1 )   w ( k ) , k = 1,2 , ⋯ n    



(28)







(b) The green economy cumulative series aG(0) and the digital economy cumulative series aD(1) are calculated, where k = 1, 2,⋯, n − 1.


    a   0   ( 0 )       y   0   ( 0 )   ( k + 1 )   =   y   0   ( 0 )   ( k + 1 ) −   y   0   ( 0 )   ( k )  



(29)






    a   ( 1 )       y   ( 0 )   ( k + 1 )   =   y   ( 0 )   ( k + 1 ) −   y   ( 0 )   ( k )  



(30)







(c) The degree of correlation is calculated, using Equation (31), and finally the annual synergy RGD is calculated between the green economy and the digital economy.


  R   ξ   k + 1     =   1   1 +     a   0     0         y   0     0       k + 1     −   α     1         y     0       k + 1         ,   k = 1,2 , ⋯ n − 1  



(31)







(d) Then, using the same steps, together with the prediction results, the synergy REGD of the predicted series is calculated.



(e) The combined synergy is calculated, and the historical RGD and future synergy REGD are compared and analyzed.


  r =   1   n − 1     ∑  k = 2   n        ξ ( k )  



(32)









4. Empirical Research


For this paper, we used 2008–2022 data from the China Finance Yearbook, China Statistical Yearbook, China Science and Technology Statistical Yearbook, China Statistical Abstract Ministry of Finance, China Population and Employment Statistical Yearbook, Statistical Bulletin of National Economic and Social Development of the People’s Republic of China, China Education Statistical Yearbook, China Health Statistical Yearbook, World Bank, Ministry of Ecology and Environment, China Environment Statistical Yearbook, IRENA, and other official authoritative statistics. With reference to previous scholars’ studies, some trade-offs and additions were made in the selection of indicators, and finally, 49 green economy indicators and 23 digital economy indicators were constructed, for which some of the missing data were obtained by linear interpolation [92,93,94,95,96].



4.1. Indicator Construction


The construction of the green economy index system considered evaluation indices related to sustainable development, social development, economic development, resource utilization rate, waste recycling rate, social welfare, new energy, pollutant emissions, and government policy. The digital economy indicators were based on reports such as the “2022 China Digital Economy Development Index Report” and China’s “14th Five-Year Plan” digital economy development report, encompassing digital infrastructure capacity building, digital industrialization, digitalization of industry, digitalization of governance, and digital ecosystem construction.



4.1.1. Digital Economy Indicators


The digital economy indicators were categorized into five aspects, resulting in the selection of 23 indicators. Refer to Figure 2 for detailed information.




4.1.2. Green Economy Indicators


The green economy was divided into nine categories, and 49 indicators suitable for China’s green economy development were selected based on previous studies and considering data availability. Linear interpolation was used to fill in missing data. Refer to Figure 3 for a detailed view of the green economy indicator system.




4.1.3. Comprehensive Index


Based on the above TOPSIS model construction content, the entropy values were obtained according to Equation (3), the CRITIC values were obtained according to Equation (7), and comprehensive weights were obtained according to Equation (8), all of which can be seen in detail in Table 1 and Table 2.



Based on the combined weight values in the above table, the indicator dataset used for the comprehensive evaluation of TOPSIS was calculated according to Equation (10), and the positive and negative ideal distances D+ and D− and the relative proximity C of the green and digital economy were calculated according to Equations (11)–(13). The results obtained were as follows (see Figure 4 and Figure 5 for details).





4.2. Green Economy and Digital Economy Forecast


In this paper, we first used GM (1,1) to forecast data for the green economy and digital economy for the next five years; for the forecast results and forecast error table, see Table 3 and Figure 6 and Figure 7 for details. The average simulation relative errors for the green and digital economies were calculated to be 9.07% and 11.882%. The average simulation relative errors for the green economy and digital economy forecasts, calculated by summing the simulation error values from 2009 to 2022 and dividing by 14 years, were found to be 9.07% and 11.882%, respectively. To optimize our model, we derived the optimization coefficients ‘k’ by subtracting these average simulation relative errors from 100%. For the green economy, the optimization coefficient ‘k’ was 0.9093, while for the digital economy, it was 0.8812. So, the optimization coefficients k were 0.9093 and 0.8812, respectively.



Then, the LSTM model was used for training, where the neural network part of the model was set to two layers and the hidden layer was set to 40 neurons and trained 200 times with a learning rate of 0.01. When the model training results ESM met the demand, the same predicted the composite index for the next 5 years with the results which can be seen in detail in Figure 8 and Figure 9.



Finally, the predicted values of the GM model were optimized using the predicted values of the LSTM to obtain the final prediction results (see Table 4 for details).




4.3. Green Economy and Digital Economy Synergy


According to the grey absolute, this paper establishes the correlation analysis of the green economy and the digital economy based on the absolute grey correlation model. The synergy degree of each year is found through the original and cumulative series of green economy and digital economy. The results can be seen in detail in Figure 10.





5. Discussion


5.1. Digital Economy and Green Economy Development Index


We used the TOPSIS method to evaluate the combined development levels of the digital and green economies. The analysis indicates continuous growth in the green economy, starting from 0.261 in 2008 to 0.731 in 2022. The most significant increase occurred between 2011 and 2012, rising from 0.336 to 0.403. The digital economy has also grown and accelerated since 2008, except for decreases in 2013 and 2015. It had the fastest growth rates of approximately 11.2% and 12.7% in 2017 and 2018, respectively. However, in 2019 and 2020, the growth rate of the digital economy index slowed down slightly due to the impact of the COVID-19 pandemic and the full release of the “consumer Internet” dividend. From 2020 to 2022, the growth rate of the digital economy index increased again, indicating that the digital economy’s advantages such as “contactless” and O2O effectively compensated for the shortcomings of the real economy during the pandemic. This further expanded the development space and became a crucial driving force for global economic growth.




5.2. Green Economy and Digital Economy Trend Forecast


The forecast predicts that the digital economy index will grow from 0.860 in 2023 to 1.131 in 2027, indicating significant growth potential. The “industrial Internet” will be a crucial direction for the digital economy’s future development. The forecast also suggests that the digital economy will continue to surpass the green economy and indirectly promote green economy growth by disseminating information and the best practices related to sustainable development. The continuous innovation and development of digital technology will further drive the growth of the green economy. However, it is important to strengthen digital security and privacy protection for the development of the digital economy. The growth rate of the digital economy will continue to outpace that of the green economy. Therefore, as the digital economy becomes more entrenched in society, it is crucial to prioritize green and sustainable development to foster deep integration and development between the digital and green economies.




5.3. Synergistic Evolution Law of the Green Economy and the Digital Economy


The analysis of historical data indicates that the synergy between the green economy and the digital economy increased from 2008 to 2018, reaching its peak in 2018 with a value of 0.995. However, from 2019 to 2022, the synergy index gradually decreased to 0.855 in 2022. By utilizing the grey prediction model and the LSTM model, the synergy between the green and digital economies is predicted to slightly decrease to 0.804 in 2023, followed by a recovery to 0.925 in 2024. From 2025 to 2027, the synergy is expected to gradually decline with values of 0.914, 0.900, and 0.885, respectively. This decline may be attributed to China’s implementation of strategies in the clean energy, energy conservation, emission reduction, and “double carbon” areas. The disorderly expansion of capital in the digital economy subsystem, particularly in the “platform economy,” has led to a period of structural adjustment. The shift in strategic priorities and the emergence of new policies have profoundly impacted the synergistic development of the two economic subsystems. The decrease in synergy from 2019 to 2022 primarily stemmed from the change in policy orientation favoring the development of the green economy subsystem over the digital economy subsystem, highlighting the differences in development connotations between the two economies. The migration of China’s economy from labor- and capital-intensive models to knowledge- and human-capital-intensive models consistently enhances the endogenous dynamics of the two economic subsystems, which in turn affects their synergy. The fluctuation of the synergy index may also reflect the impact of internal industrial restructuring and recombination of the two subsystems on their synergistic evolutionary effects. Additionally, the COVID-19 epidemic has had a significant impact on global trade, supply chains, and economic growth, leading to a reduction in the synergistic evolution process of the green and digital economies and affecting the level of synergistic evolution between the two economic subsystems.




5.4. Implications of Synergistic Evolution Trends


The observed trends in the synergistic evolution of the green and digital economies hold significant implications for policy, industry, and global economic dynamics.



5.4.1. Policy Considerations


The decrease in synergy from 2019 to 2022, driven by a shift in policy orientation favoring the green economy, underscores the profound impact of policy decisions on these economic subsystems. Governments worldwide are increasingly recognizing the importance of sustainable development and environmental conservation. Policies supporting clean energy, energy conservation, emission reduction, and the pursuit of “double carbon” goals have become central in the policy landscape. These shifts reflect the broader global commitment to addressing environmental challenges, including climate change. As the green economy takes precedence in policy agendas, it highlights the need for targeted policies that balance environmental priorities with economic growth and digital innovation. Policymakers must navigate the complex interplay between these two domains to ensure that they complement each other effectively.




5.4.2. Industry Dynamics and Structural Adjustment


The disorderly expansion of capital, particularly within the “platform economy” of the digital economy subsystem, has led to a period of structural adjustment. This adjustment phase is characterized by evolving business models, changing market dynamics, and a recalibration of industry priorities. Companies are reevaluating their strategies to align with new policies and shifting consumer preferences, which can impact their approach to sustainability. In this context, fostering a culture of responsible and sustainable business practices within the digital economy is vital. Companies should consider their environmental footprint, invest in green technologies, and explore synergistic opportunities with the green economy. This alignment can lead to innovative solutions that benefit both economic and environmental objectives.




5.4.3. Global Economic Resilience


The COVID-19 pandemic has underscored the interdependence of global economies and supply chains. It has affected the level of synergistic evolution between the green and digital economies. The pandemic-induced disruptions have necessitated a reevaluation of global economic resilience and risk management strategies. The projected recovery in synergy from 2023 to 2024 highlights the potential for adaptation and resilience in the face of external shocks. It suggests that as economies adjust to post-pandemic realities, they may find ways to enhance synergies between the green and digital sectors, creating more robust economic systems that can withstand future challenges.



In conclusion, the dynamic relationship between the green and digital economies reflects the evolving landscape of global economic development. The interplay between policy, industry dynamics, and global events like the COVID-19 pandemic shapes the synergistic evolution of these economic subsystems. Recognizing the interconnectedness of these domains and fostering a balanced approach to development will be essential for sustainable economic growth in the years ahead.






6. Limitations and Recommendations


To further promote the synergistic development of the green economy and the digital economy, the following suggestions can be considered:




	
The organic connection with the “Digital China” strategy should be strengthened and the comprehensive integration of the green economy and the digital economy should be promoted. The development and adoption of digital technologies that optimize the production, distribution, and consumption of renewable energy should be encouraged, such as smart grid management systems, virtual power plants, and energy storage technologies. The investment in science and technology innovation in the field of digital technology and green environmental protection development should be increased, and breakthroughs in key technologies in the green digital field should be accelerated, such as energy-saving computing and AI-driven environmental monitoring. The integrated development of “government, industry, academia, research, and application” should be promoted to accelerate the promotion and application of green digital technologies. The ecosystem for cultivating innovation and entrepreneurship institutions should be improved in the green digital cross-sector and should guide professional investment institutions, third-party service institutions, results-incubation institutions, and other market entities to increase the support and services for startups in the green digital cross-sector field. We also suggest establishing and improving the system of laws, regulations, and standards in the green digital field, lowering the “threshold” and “barriers” for the synergistic development of the digital economy and green economy. Big data analysis and AI-driven insights should be actively utilized to provide an objective basis and strong support for policies and decisions related to environmental protection and sustainable development.



	
The “double carbon” development goal should be the focus and the sustainable green development of key digital technologies and infrastructure should be enhanced. Supporting the construction of green data centers, the deployment of smart grids, and the development of energy-efficient broadband networks should be a priority. The proportion of green digital infrastructure should be increased, with digital government construction and digital economy headquarters enterprises as the focus. The characteristics and advantages of energy prices, climate, and geographical location in western China should be considered and energy-intensive data processing infrastructure should be deployed in areas with lower energy prices and better climate conditions to improve the efficiency of spatial allocation for green digital infrastructure development. The cultivation of new engines of economic and industrial development in less developed areas of western China should be promoted. Financial support modes should be introduced for the development of green digital technology and industry to expedite the industrialization and application of related technologies. For indirect financing, mainstream debt financing models should be used at home and abroad and tools such as special bonds, supply chain financing, PPP, asset-backed bonds, corporate bonds, and debt REITs should be adopted to provide financial support for major digital infrastructure projects. For direct financing, industry platform companies should be encouraged to diversify financing through debt-to-equity swaps, preferred shares, warrants, equity REITs, and other methods. Priorities should include strengthening talent cultivation in the field of green digital technology; encouraging research institutes, colleges and universities, and leading enterprises to increase the cultivation and recruitment of high-level talents in this field; improving the training mechanism for professional ability and management skills in green digital technology; and continuously enhancing talent levels.









7. Conclusions


This paper examines the synergy between the green and digital economies in China from 2008 to 2022 and predicts the synergistic evolution process from 2023 to 2027. The following conclusions can be drawn:




	
The deep integration of the green economy and the digital economy is a trend for future development. The synergistic development of these two economic subsystems will strongly drive sustainable economic growth. This growth will be fueled by the continuous expansion of digital technologies like artificial intelligence, machine learning, and the Internet of Things, as well as increased reliance on digital platforms and services. The synergy between the green economy and the digital economy will become more prominent, with them playing vital roles in mutual promotion and support.



	
The development level of the green economy and the digital economy will mutually benefit each other and continue to grow steadily. Forecast data suggest that both the digital economy and the green economy will experience growth in the next five years, with the digital economy expected to have a faster growth rate. The growth of the digital economy can contribute to sustainable development and facilitate the transition to a green economy. Meanwhile, the growth rate of the green economy appears relatively stable, with continuous development driven by increased global awareness of environmental issues, policy shifts towards sustainable development, and advancements in renewable energy and clean technologies.



	
This paper discusses the suitability of LSTM (long short-term memory), a type of recurrent neural network, for forecasting time series data. It notes that LSTM performs well in matching real results but may not perform as well in forecasting preliminaries. On the other hand, GM (1,1), a grey model, fits the preliminary data better. Therefore, this paper suggests that combining these two methods can lead to more accurate time series predictions.



	
This paper predicts that the synergy between the green economy and the digital economy will initially rise but may decline in the future. This decline is attributed to the potential competition for resources, such as investment, labor, and government support, which could hinder the realization of synergies. Regional disparities in growth rates between the two sectors and discrepancies in access to digital infrastructure and skills among different groups may also limit the integration and synergy. Additionally, mismanagement of digital technologies could lead to increased energy consumption and e-waste, negatively impacting the environment and undermining potential synergies.



	
This paper concludes by emphasizing the substantial potential for synergies between the digital and green economies. It suggests that future research should focus on collecting sufficient sample data to accurately assess the evolving patterns of synergy between these two economic subsystems. Additionally, exploring the nonlinear relationships and interaction mechanisms between the green and digital economies is deemed crucial. The impact of related measures and policies on the development of these economies should also be considered, and certain factors should be identified to label training samples for LSTM models to enhance research accuracy.








The synergy between the green economy and the digital economy is projected to rise initially and then decline in the future. The expansion of these two sectors may lead to competition for resources such as investment, labor, and government support, which can hinder the full realization of synergies. Additionally, different regions or sectors of China may experience varying growth rates in the green and digital economies, resulting in imbalanced development and reduced integration, thereby limiting potential synergies. Moreover, disparities in access to digital infrastructure, technologies, and skills among different social groups or regions can impede the achievement of synergies between the two economic subsystems. Furthermore, the mismanagement of digital technologies can contribute to increased energy consumption and e-waste, negatively impact the environment, and undermine potential synergies.



In general, there is substantial potential for synergies between the digital economy and the green economy. Future research should ensure that the sample data are sufficient to accurately assess the synergistic evolution patterns between the two economic subsystems. Additionally, exploring the nonlinear relationship and interaction mechanisms between the green economy and the digital economy is crucial. The development of the digital economy and the green economy is likely to be influenced by related measures and policies, and future research should consider screening certain factors to label training samples for LSTM models to enhance the research.
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Table A1. Summary of the current state of research on the relationship between the digital economy and the green economy.






Table A1. Summary of the current state of research on the relationship between the digital economy and the green economy.





	
Categories

	
Topic

	
Authors

	
Variables

	
Year

	
Results

	
References






	
Economic Impacts and Sustainable Development

	
Impact of Internet Development on Energy Consumption

	
Ren, S.; Hao, Y.; Xu, L.; Ba, N.

	
Internet Development, Energy Consumption

	
2021

	
Digital Economy’s Impact

	
[16]




	
Impact on Manufacturing Green Total Factor Productivity

	
Hao, X.; Wang, X.; Wu, H.; Hao, Y.

	
Digital Economy, Manufacturing, Green Total Factor Productivity

	
2023

	
[48]




	
Mechanism of Impact on Green Economic Growth

	
Wang, J.; Wang, W.; Ran, Q.; et al.

	
Internet Development, Green Economic Growth

	
2022

	
[47]




	
Role in Enhancing Citizens’ Lives

	
Delitheou, V.; Meleti, V.; et al.

	
Smart Cities, Green Economy, Quality of Life

	
2019

	
[57]




	
Transition to Circular Economy

	
Aldieri, L.; Brahmi, M.; Bruno, B.; Vinci, C.P.

	
Circular Economy, Innovation, Sharing Economy

	
2021

	
[62]




	
Impact on Economic Development Thresholds

	
Asongu, S.A.; Odhiambo, N.M.

	
Green Economy, Economic Development, Sub-Saharan Africa

	
2020

	
Impact on Economic Development

	
[22]




	
Energy Transition, Digital Economy, and Green Economic Growth: Evidence from China

	
Wang, W.; Yang, X.; Cao, J.; Bu, W.; Dagestani, A.A.; Adebayo, T.S.; Dilanchiev, A.; Ren, S.

	
Energy Transition, Digital Economy, Green Economic Growth

	
2022

	
[34]




	
Transition to Circular Economy

	
Aldieri, L.; Brahmi, M.; Bruno, B.; Vinci, C.P.

	
Circular Economy, Innovation, Sharing Economy

	
2021

	
[62]




	
Effects of Emissions Trading System on Green Total Factor Productivity

	
Wang, S.; Chen, G.; Han, X.

	
Emissions Trading System, Green Total Factor Productivity

	
2021

	
Green Total Factor Productivity

	
[17]




	
Factors Influencing Green Total Factor Productivity

	
Chen, Y.; Miao, J.; Zhu, Z.

	
Green Total Factor Productivity, Non-Point Source Pollution

	
2021

	
[44]




	
Development of the Metallurgical Industry

	
Lin, B.; Xu, M.

	
Green Total Factor Productivity, Carbon Tax

	
2019

	
[32]




	
Green Economy and Sustainable Development: The Economic Impact of Innovation on Employment

	
Aldieri, L.; Vinci, C.P.

	
Green Economy, Sustainable Development, Innovation, Employment

	
2018

	
Impact on Employment

	
[60]




	
Is Green Innovation an Opportunity or a Threat to Employment?

	
Aldieri, L.; Carlucci, F.; Cirà, A.; Ioppolo, G.; Vinci, C.P.

	
Green Innovation, Employment, Industrialized Areas

	
2019

	
[61]




	
Circular Economy Business Models

	
Aldieri, L.; Brahmi, M.; Bruno, B.; Vinci, C.P.

	
Circular Economy, Business Models, Eco-Innovations

	
2021

	
[62]




	
Knowledge Spillovers and Technical Efficiency

	
Aldieri, L.; Makkonen, T.; Vinci, C.P.

	
Knowledge Spillovers, Technical Efficiency, Cleaner Production

	
2022

	
[63]




	
Cleaner Production and Employment Effects

	
Aldieri, L.; Brahmi, M.; Chen, X.; Vinci, C.P.

	
Cleaner Production, Employment Effects, Agriculture Innovation

	
2021

	
[64]




	
Environment and Green Innovation

	
Biomass Energy Consumption and Environmental Quality

	
Zafar, M.W.; Sinha, A.; et al.

	
Biomass Energy Consumption, Environmental Quality

	
2021

	
Environmental Impact

	
[66]




	
Spillover Effects and Nonlinear Correlations

	
Xu, S.; Yang, C.; et al.

	
Digital Economy, Environmental Pollution

	
2022

	
[67]




	
Outward Foreign Direct Investment and Green Spillovers

	
Zhou, Y.; Jiang, J.; Ye, B.; Hou, B.

	
Outward FDI, Green Spillovers, Provincial Data

	
2019

	
[21]




	
Implementing Eco-Innovations at Production Enterprises

	
Alenkova, I.V.; Mityakova, O.I.; et al.

	
Digital Economy, Eco-Innovations, Production Enterprises

	
2020

	
Green Innovation

	
[54]




	
Knowledge Spillovers in Achieving Sustainable Development Goals

	
Aldieri, L.; Makkonen, T.; Vinci, C.P.

	
Environmental Innovation, R&D, Sustainable Development Goals

	
2022

	
[63]




	
Impacts on Innovation and Employment

	
Aldieri, L.; Vinci, C.P.

	
Green Innovation, Employment, Economic Impact

	
2018

	
[60]




	
Transition to Circular Economy

	
Aldieri, L.; Brahmi, M.; Bruno, B.; Vinci, C.P.

	
Circular Economy, Innovation, Sharing Economy

	
2021

	
Circular Economy

	
[62]




	
Green Spillovers and Rural Employment

	
Unay-Gailhard, İ.; Bojnec, Š.

	
Green Economy Measures, Rural Employment, Farms

	
2019

	
[20]




	
Robotic Circular Reproduction

	
Southwest State University; Kolmykova, T.; Merzlyakova, E.; Kilimova, L.

	
Robotic Circular Reproduction, Economic Growth

	
2020

	
[50]




	
China’s Energy Inefficiency

	
Wei, C.; Ni, J.; Sheng, M.

	
Energy Inefficiency, Cross-Country Comparison

	
2011

	
Energy Efficiency

	
[15]




	
Influence of Green Credit on Renewable Energy Investment

	
He, L.; Zhang, L.; Zhong, Z.; Wang, D.; Wang, F.

	
Green Credit, Renewable Energy Investment, Green Economy

	
2019

	
[25]




	
Impact on Economic Development Thresholds

	
Asongu, S.A.; Odhiambo, N.M.

	
Green Economy, Economic Development, Sub-Saharan Africa

	
2020

	
[22]




	
Knowledge Spillovers in Achieving Sustainable Development Goals

	
Aldieri, L.; Makkonen, T.; Vinci, C.P.

	
Environmental Innovation, R&D, Sustainable Development Goals

	
2022

	
Environmental Sustainability

	
[63]




	
Impacts on Innovation and Employment

	
Aldieri, L.; Vinci, C.P.

	
Green Innovation, Employment, Economic Impact

	
2018

	
[60]




	
Impact on Economic Development Thresholds

	
Asongu, S.A.; Odhiambo, N.M.

	
Green Economy, Economic Development, Sub-Saharan Africa

	
2020

	
Sustainable Development

	
[22]




	
Role in Enhancing Citizens’ Lives

	
Delitheou, V.; Meleti, V.; et al.

	
Smart Cities, Green Economy, Quality of Life

	
2019

	
[57]




	
Transition to Circular Economy

	
Aldieri, L.; Brahmi, M.; Bruno, B.; Vinci, C.P.

	
Circular Economy, Innovation, Sharing Economy

	
2021

	
[62]




	
Green and Digital Economy for Sustainable Development of Urban Areas

	
Savchenko, A.B.; Borodina, T.L.

	
Green Economy, Digital Economy, Sustainable Development

	
2020

	
Green Innovation and Sustainability

	
[53]




	
Digitalization and Policy

	
Digital Transformation of the Economy

	
Purnomo, A.; Susanti, T.; et al.

	
Digital Transformation, Economy, Society

	
2022

	
Digital Transformation

	
[30]




	
Building a Better Digital Economy

	
Geoffrey W.S. Okamoto

	
Digital Economy, Sustainable Development, Policy

	
2021

	
[31]




	
Recent Situation and Progress in Biorefining Process

	
Cheng, Y.-S.; Mutrakulcharoen, P.; et al.

	
Biorefining Process, Lignocellulosic Biomass, Green Economy

	
2020

	
[27]




	
How to Evaluate the Digital Economy Scale and Potential

	
Chinoracky, R.; Corejova, T.

	
Digital Economy Scale, Evaluation, Potential

	
2021

	
[42]




	
Developing Digital Economy and Society

	
Borowiecki, R.; Siuta-Tokarska, B.; et al.

	
Digital Economy, Digital Convergence, European Union

	
2021

	
[43]




	
Role in Enhancing Citizens’ Lives

	
Delitheou, V.; Meleti, V.; et al.

	
Smart Cities, Green Economy, Quality of Life

	
2019

	
Digitalization

	
[57]




	
Impact of Digital Economy on Total Factor Carbon Productivity

	
Han, D.; Ding, Y.; Shi, Z.; He, Y.

	
Digital Economy, Total Factor Carbon Productivity, Technology Accumulation

	
2022

	
[18]




	
Impact of Internet Development on Green Economic Growth

	
Wang, J.; Wang, W.; Ran, Q.; Irfan, M.; Ren, S.; Yang, X.; Wu, H.; Ahmad, M.

	
Internet Development, Green Economic Growth, Prefecture Cities

	
2022

	
[47]




	
Impact on Economic Development Thresholds

	
Asongu, S.A.; Odhiambo, N.M.

	
Green Economy, Economic Development, Sub-Saharan Africa

	
2020

	
[22]




	
Pandemic’s Impact on Global Economy

	
Ciuriak, D.

	
Pandemic, Global Economy, Trade

	
2020

	
Policy Impact

	
[59]




	
Impact of New Exchange Rate System on Bangladesh

	
Khan, M.R.

	
Exchange Rate System, Bangladesh, Economic Impact

	
2022

	
[58]




	
Improved Framework for Assessing the Green Economy

	
Pan, W.; Pan, W.; Hu, C.; Tu, H.; Zhao, C.; Yu, D.; Xiong, J.; Zheng, G.

	
Green Economy Assessment, Framework

	
2019

	
[19]




	
Taxing Polluting Export Goods

	
Llop, M.

	
Environmental Taxation, Trade Relations, Economic Impact

	
2023

	
[36]




	
Impact of Green Economy Measures on Rural Employment

	
Unay-Gailhard, İ.; Bojnec, Š.

	
Green Economy Measures, Rural Employment, Farms

	
2019

	
Policy and Regulation

	
[20]




	
Digital Trade in a Post-Pandemic Data-Driven Economy

	
Ciuriak, D.

	
Digital Trade, Post-Pandemic Economy, Data-Driven Economy

	
2020

	
[59]




	
Environmental Sustainability and its Growth in Malaysia by Elaborating the Green Economy and Environmental Efficiency

	
Kasayanond, A.; Umam, R.; Jermsittiparsert, K.

	
Environmental Sustainability, Green Economy, Environmental Efficiency

	
2019

	
[26]




	
Measuring Green Total Factor Productivity of China’s Agricultural Sector

	
Chen, Y.; Miao, J.; Zhu, Z.

	
Green Total Factor Productivity, Agriculture, SBM-DEA Model

	
2021

	
[44]




	
Trust in the Context of Digitalization

	
Baskakova, I.

	
Trust, Digitalization, Economic Development

	
2021

	
[41]




	
Evaluation and Measurement

	
Expenditure in the Development of the Digital Economy

	
Novosibirsk State Technical University; Petrov, S.P.; Maslov, M.P.; et al.

	
Expenditure, Digital Economy, GDP

	
2020

	
Measurement and Evaluation

	
[39]




	
Regional Aspects of Studying the Digital Economy

	
Strogonova, E.; Novikova, N.

	
Regional Aspects, Digital Economy, Economic Growth

	
2020

	
[40]




	
Measuring Fair Competition on Digital Platforms

	
Jürgensmeier, L.; Skiera, B.

	
Fair Competition, Digital Platforms, Measurement

	
2023

	
[37]




	
Green Spillovers of Outward Foreign Direct Investment

	
Zhou, Y.; Jiang, J.; Ye, B.; Hou, B.

	
Outward FDI, Green Spillovers, Provincial Data

	
2019

	
Spillover Effects

	
[21]




	
Heterogeneous Domestic Intermediate Input-Related Carbon Emissions in China’s Exports

	
Zhen, W.; Qin, Q.; Jiang, L.

	
Intermediate Input-Related Carbon Emissions, China’s Exports, Domestic Spillovers

	
2022

	
[68]




	
Knowledge Spillovers in Achieving Sustainable Development Goals

	
Aldieri, L.; Makkonen, T.; Vinci, C.P.

	
Environmental Innovation, R&D, Sustainable Development Goals

	
2022

	
[63]




	
Assessing the Green Economy in China

	
Pan, W.; Pan, W.; et al.

	
Green Economy Assessment, Framework

	
2019

	
Green Economy Assessment

	
[19]











References


	



Song, M.; Zheng, C.; Wang, J. The Role of Digital Economy in China’s Sustainable Development in a Post-Pandemic Environment. J. Enterp. Inf. Manag. 2021, 35, 58–77. [Google Scholar] [CrossRef]

	



Meng, F.; Zhao, Y. How Does Digital Economy Affect Green Total Factor Productivity at the Industry Level in China: From a Perspective of Global Value Chain. Environ. Sci. Pollut. Res. 2022, 29, 79497–79515. [Google Scholar] [CrossRef]

	



Zhang, Z.; Fu, W.K.; Ma, L. The Impact of Digital Economy on Green Development in China. Front. Environ. Sci. 2022, 10, 991278. [Google Scholar] [CrossRef]

	



China Issues White Paper on Green Development in New Era. Available online: http://english.scio.gov.cn/whitepapers/2023-01/19/content_85067675.htm (accessed on 17 April 2023).

	



Digital Economy Report 2021|UNCTAD. Available online: https://unctad.org/publication/digital-economy-report-2021 (accessed on 21 September 2023).

	



Liu, Q. Prospects for China’s Economic Development During the 14th Five-Year Plan Period. In Annual Report on China’s Petroleum, Gas and New Energy Industry (2021); Cai, F., Ma, Y., Jin, Z., Eds.; Current Chinese Economic Report Series; Springer Nature: Singapore, 2022; pp. 3–24. ISBN 978-981-19607-6-5. [Google Scholar]

	



Yu, Z.; Liu, S.; Zhu, Z. Has the Digital Economy Reduced Carbon Emissions?: Analysis Based on Panel Data of 278 Cities in China. Int. J. Environ. Res. Public Health 2022, 19, 11814. [Google Scholar] [CrossRef]

	



Yang, Y.; Liang, Q. Digital Economy, Environmental Regulation and Green Eco-Efficiency-Empirical Evidence from 285 Cities in China. Front. Environ. Sci. 2023, 11, 1113293. [Google Scholar] [CrossRef]

	



Castro, G.D.R.; Fernandez, M.C.G.; Colsa, A.U. Unleashing the Convergence amid Digitalization and Sustainability towards Pursuing the Sustainable Development Goals (SDGs): A Holistic Review. J. Clean. Prod. 2021, 280, 122204. [Google Scholar] [CrossRef]

	



De Felice, F.; Petrillo, A. Green Transition: The Frontier of the Digicircular Economy Evidenced from a Systematic Literature Review. Sustainability 2021, 13, 11068. [Google Scholar] [CrossRef]

	



Sridhar, A.; Balakrishnan, A.; Jacob, M.M.; Sillanpaa, M.; Dayanandan, N. Global Impact of COVID-19 on Agriculture: Role of Sustainable Agriculture and Digital Farming. Environ. Sci. Pollut. Res. 2023, 30, 42509–42525. [Google Scholar] [CrossRef] [PubMed]

	



Carson, R. Silent Spring; Hamish Hamilton: London, UK, 1963. [Google Scholar]

	



Pearce, D.W.; Markandya, A.; Barbier, E.B.; Barbier, E. Blueprint for a Green Economy; Earthscan: Oxford, UK, 1989; ISBN 978-1-85383-066-2. [Google Scholar]

	



United Nations Environment Programme. Adaptation Gap Report 2022. Available online: http://www.unep.org/resources/adaptation-gap-report-2022 (accessed on 21 September 2023).

	



Wei, C.; Ni, J.; Sheng, M. China’s Energy Inefficiency: A Cross-Country Comparison. Soc. Sci. J. 2011, 48, 478–488. [Google Scholar] [CrossRef]

	



Ren, S.; Hao, Y.; Xu, L.; Wu, H.; Ba, N. Digitalization and Energy: How Does Internet Development Affect China’s Energy Consumption? Energy Econ. 2021, 98, 105220. [Google Scholar] [CrossRef]

	



Wang, S.; Chen, G.; Han, X. An Analysis of the Impact of the Emissions Trading System on the Green Total Factor Productivity Based on the Spatial Difference-in-Differences Approach: The Case of China. Int. J. Environ. Res. Public Health 2021, 18, 9040. [Google Scholar] [CrossRef]

	



Han, D.; Ding, Y.; Shi, Z.; He, Y. The Impact of Digital Economy on Total Factor Carbon Productivity: The Threshold Effect of Technology Accumulation. Environ. Sci. Pollut. Res. Int 2022, 29, 55691–55706. [Google Scholar] [CrossRef] [PubMed]

	



Pan, W.; Pan, W.; Hu, C.; Tu, H.; Zhao, C.; Yu, D.; Xiong, J.; Zheng, G. Assessing the Green Economy in China: An Improved Framework. J. Clean. Prod. 2019, 209, 680–691. [Google Scholar] [CrossRef]

	



Unay-Gailhard, İ.; Bojnec, Š. The Impact of Green Economy Measures on Rural Employment: Green Jobs in Farms. J. Clean. Prod. 2019, 208, 541–551. [Google Scholar] [CrossRef]

	



Zhou, Y.; Jiang, J.; Ye, B.; Hou, B. Green Spillovers of Outward Foreign Direct Investment on Home Countries: Evidence from China’s Province-Level Data. J. Clean. Prod. 2019, 215, 829–844. [Google Scholar] [CrossRef]

	



Asongu, S.A.; Odhiambo, N.M. Economic Development Thresholds for a Green Economy in Sub-Saharan Africa. Energy Explor. Exploit. 2020, 38, 3–17. [Google Scholar] [CrossRef]

	



Liu, Y.; Dong, F. How Technological Innovation Impacts Urban Green Economy Efficiency in Emerging Economies: A Case Study of 278 Chinese Cities. Resour. Conserv. Recycl. 2021, 169, 105534. [Google Scholar] [CrossRef]

	



D’Amato, D.; Korhonen, J. Integrating the Green Economy, Circular Economy and Bioeconomy in a Strategic Sustainability Framework. Ecol. Econ. 2021, 188, 107143. [Google Scholar] [CrossRef]

	



He, L.; Zhang, L.; Zhong, Z.; Wang, D.; Wang, F. Green Credit, Renewable Energy Investment and Green Economy Development: Empirical Analysis Based on 150 Listed Companies of China. J. Clean. Prod. 2019, 208, 363–372. [Google Scholar] [CrossRef]

	



Kasayanond, A.; Umam, R.; Jermsittiparsert, K. Environmental sustainability and its growth in malaysia by elaborating the green economy and environmental efficiency. Int. J. Energy Econ. Policy 2019, 9, 465–473. [Google Scholar] [CrossRef]

	



Cheng, Y.-S.; Mutrakulcharoen, P.; Chuetor, S.; Cheenkachorn, K.; Tantayotai, P.; Panakkal, E.J.; Sriariyanun, M. Recent Situation and Progress in Biorefining Process of Lignocellulosic Biomass: Toward Green Economy. Appl. Sci. Eng. Prog. 2020, 13, 299–311. [Google Scholar] [CrossRef]

	



Bergius, M.; Benjaminsen, T.A.; Maganga, F.; Buhaug, H. Green Economy, Degradation Narratives, and Land-Use Conflicts in Tanzania. World Dev. 2020, 129, 104850. [Google Scholar] [CrossRef]

	



Malikh, O.E.; Konovalova, M.E.; Kuzmina, O.Y.; Michailov, A.M. The Problem of Energy Saving and Its Solution in the Conditions of Formation of a New Model of Economic Development. In Digital Transformation of the Economy: Challenges, Trends and New Opportunities; Ashmarina, S., Mesquita, A., Vochozka, M., Eds.; Springer International Publishing: Cham, Switzerland, 2020; pp. 79–87. [Google Scholar]

	



Purnomo, A.; Susanti, T.; Rosyidah, E.; Firdausi, N.; Idhom, M. Digital Economy Research: Thirty-Five Years Insights of Retrospective Review. Procedia Comput. Sci. 2022, 197, 68–75. [Google Scholar] [CrossRef]

	



Geoffrey, W.S. Okamoto Building a Better Digital Economy. Available online: https://www.imf.org/en/News/Articles/2021/06/24/sp062421-building-a-better-digital-economy (accessed on 21 September 2023).

	



Lin, B.; Xu, M. Exploring the Green Total Factor Productivity of China’s Metallurgical Industry under Carbon Tax: A Perspective on Factor Substitution. J. Clean. Prod. 2019, 233, 1322–1333. [Google Scholar] [CrossRef]

	



Li, Z.; Liu, Y. Research on the Spatial Distribution Pattern and Influencing Factors of Digital Economy Development in China. IEEE Access 2021, 9, 63094–63106. [Google Scholar] [CrossRef]

	



Wang, W.; Yang, X.; Cao, J.; Bu, W.; Dagestani, A.A.; Adebayo, T.S.; Dilanchiev, A.; Ren, S. Energy Internet, Digital Economy, and Green Economic Growth: Evidence from China. Innov. Green Dev. 2022, 1, 100011. [Google Scholar] [CrossRef]

	



Luna, R.E.R.; Martinez, J.L.R. Endogenización como mecanismo evolutivo para la transformación digital de las pymes de turismo de naturaleza. Tendencias 2022, 23, 117–138. [Google Scholar] [CrossRef]

	



Llop, M. Environmental Taxation and International Trade in a Tax-Distorted Economy. Economics 2023, 17, 20220038. [Google Scholar] [CrossRef]

	



Jürgensmeier, L.; Skiera, B. Measuring Fair Competition on Digital Platforms. arXiv 2023, arXiv:2303.14947. [Google Scholar] [CrossRef]

	



Gokhberg, L.; Suslov, A.; Kovaleva, G.; Abdrakhmanova, G.; Leven, E. Expenditure on the Digital Economy: What Is It and How to Measure It? Higher School of Economics Research Paper No. WP BRP 115/STI/2020. Available online: https://ssrn.com/abstract=3736608 (accessed on 21 September 2023).

	



Petrov, S.P.; Maslov, M.P.; Karpovich, A.I. Influence of Expenditures in the Development of the Digital Economy on the Volume of Russia’s GDP. J. Appl. Econ. Res. 2020, 19, 419–440. [Google Scholar] [CrossRef]

	



Strogonova, E.; Novikova, N. Regional Aspects of Studying the Digital Economy in the System of Economic Growth Drivers. J. New Econ. 2020, 21, 76–93. [Google Scholar] [CrossRef]

	



Baskakova, I. Trust As a Factor in the Development of the Economy in the Context of Digitalization. KnE Soc. Sci. 2021, 1, 391–398. [Google Scholar] [CrossRef]

	



Chinoracky, R.; Corejova, T. How to Evaluate the Digital Economy Scale and Potential? Entrep. Sustain. Issues 2021, 8, 536–552. [Google Scholar] [CrossRef] [PubMed]

	



Borowiecki, R.; Siuta-Tokarska, B.; Maroń, J.; Suder, M.; Thier, A.; Żmija, K. Developing Digital Economy and Society in the Light of the Issue of Digital Convergence of the Markets in the European Union Countries. Energies 2021, 14, 2717. [Google Scholar] [CrossRef]

	



Chen, Y.; Miao, J.; Zhu, Z. Measuring Green Total Factor Productivity of China’s Agricultural Sector: A Three-Stage SBM-DEA Model with Non-Point Source Pollution and CO2 Emissions. J. Clean. Prod. 2021, 318, 128543. [Google Scholar] [CrossRef]

	



Vukovic, N.; Pobedinsky, V.; Mityagin, S.; Drozhzhin, A.; Mingaleva, Z. A Study on Green Economy Indicators and Modeling: Russian Context. Sustainability 2019, 11, 4629. [Google Scholar] [CrossRef]

	



Zhang, W.; Zhou, H.; Chen, J.; Fan, Z. An Empirical Analysis of the Impact of Digital Economy on Manufacturing Green and Low-Carbon Transformation under the Dual-Carbon Background in China. Int. J. Environ. Res. Public Health 2022, 19, 13192. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Wang, W.; Ran, Q.; Irfan, M.; Ren, S.; Yang, X.; Wu, H.; Ahmad, M. Analysis of the Mechanism of the Impact of Internet Development on Green Economic Growth: Evidence from 269 Prefecture Cities in China. Environ. Sci. Pollut. Res. Int 2022, 29, 9990–10004. [Google Scholar] [CrossRef]

	



Hao, X.; Wang, X.; Wu, H.; Hao, Y. Path to Sustainable Development: Does Digital Economy Matter in Manufacturing Green Total Factor Productivity? Sustain. Dev. 2023, 31, 360–378. [Google Scholar] [CrossRef]

	



Yang, G.; Xiang, X.; Deng, F.; Wang, F. Towards High-Quality Development: How Does Digital Economy Impact Low-Carbon Inclusive Development?: Mechanism and Path. Environ. Sci. Pollut. Res. Int. 2023, 30, 41700–41725. [Google Scholar] [CrossRef]

	



Kolmykova, T.; Merzlyakova, E.; Kilimova, L. Development of Robotic Circular Reproduction in Ensuring Sustainable Economic Growth. Econ. Ann.-XXI 2020, 186, 12–20. [Google Scholar] [CrossRef]

	



Liu, D.; Zhu, X.; Wang, Y. China’s Agricultural Green Total Factor Productivity Based on Carbon Emission: An Analysis of Evolution Trend and Influencing Factors. J. Clean. Prod. 2021, 278, 123692. [Google Scholar] [CrossRef]

	



Han, X.; Zhang, J. Business Model Innovation Paths of Manufacturing Oriented towards Green Development in Digital Economy. Int. J. Environ. Res. Public Health 2022, 19, 16454. [Google Scholar] [CrossRef] [PubMed]

	



Savchenko, A.B.; Borodina, T.L. Green and Digital Economy for Sustainable Development of Urban Areas. Reg. Res. Russ. 2020, 10, 583–592. [Google Scholar] [CrossRef]

	



Alenkova, I.V.; Mityakova, O.I.; Mityakov, S.N.; Ivanov, S.S. Digital Economy: New Opportunities to Implement Eco-Innovations at Production Enterprises. In Proceedings of the III International Scientific and Practical Conference “Digital Economy and Finances” (ISPC-DEF 2020), St. Petersburg, FL, USA, 19–20 March 2020; Atlantis Press: Amsterdam, The Netherlands, 2020; pp. 108–111. [Google Scholar]

	



Piao, X.; Cui, X. Assessing China’s Digital Economy and Environmental Sustainability: A Regional Low-Carbon Perspective. In Proceedings of the EGU General Assembly 2020, Online, 4–8 May 2020. EGU2020-12740. [Google Scholar] [CrossRef]

	



Nurova, O.; Freze, T. Competitive Advantage of the Sustainable Digital Economy. E3S Web Conf. 2021, 250, 06004. [Google Scholar] [CrossRef]

	



Delitheou, V.; Meleti, V.; Athanassopoulos, C.G.E. Green Economy and Smart City. J. Reliab. Intell. Environ. 2019, 5, 235–240. [Google Scholar] [CrossRef]

	



Xing, H.; Ren, Z.; Tang, Q. Accelerating the Formation of the New Development Pattern in Northern Anhui with Higher Quality Development of Digital Economy. Mod. Econ. 2020, 11, 2041–2054. [Google Scholar] [CrossRef]

	



Ciuriak, D. Digital Trade in a Post-Pandemic Data-Driven Economy. 2020, Volume 7. Available online: http://dx.doi.org/10.2139/ssrn.3617251 (accessed on 21 September 2023).

	



Aldieri, L.; Vinci, C.P. Green Economy and Sustainable Development: The Economic Impact of Innovation on Employment. Sustainability 2018, 10, 3541. [Google Scholar] [CrossRef]

	



Aldieri, L.; Carlucci, F.; Cirà, A.; Ioppolo, G.; Vinci, C.P. Is Green Innovation an Opportunity or a Threat to Employment? An Empirical Analysis of Three Main Industrialized Areas: The USA, Japan and Europe. J. Clean. Prod. 2019, 214, 758–766. [Google Scholar] [CrossRef]

	



Aldieri, L.; Brahmi, M.; Bruno, B.; Vinci, C.P. Circular Economy Business Models: The Complementarities with Sharing Economy and Eco-Innovations Investments. Sustainability 2021, 13, 12438. [Google Scholar] [CrossRef]

	



Aldieri, L.; Makkonen, T.; Vinci, C.P. Do Research and Development and Environmental Knowledge Spillovers Facilitate Meeting Sustainable Development Goals for Resource Efficiency? Resour. Policy 2022, 76, 102603. [Google Scholar] [CrossRef]

	



Aldieri, L.; Brahmi, M.; Chen, X.; Vinci, C.P. Knowledge Spillovers and Technical Efficiency for Cleaner Production: An Economic Analysis from Agriculture Innovation. J. Clean. Prod. 2021, 320, 128830. [Google Scholar] [CrossRef]

	



Gatto, A.; Drago, C.; Panarello, D.; Aldieri, L. Energy Transition in China: Assessing Progress in Sustainable Development and Resilience Directions. Int. Econ. 2023, 8. [Google Scholar] [CrossRef]

	



Zafar, M.W.; Sinha, A.; Ahmed, Z.; Qin, Q.; Zaidi, S.A.H. Effects of Biomass Energy Consumption on Environmental Quality: The Role of Education and Technology in Asia-Pacific Economic Cooperation Countries. Renew. Sustain. Energy Rev. 2021, 142, 110868. [Google Scholar] [CrossRef]

	



Xu, S.; Yang, C.; Huang, Z.; Failler, P. Interaction between Digital Economy and Environmental Pollution: New Evidence from a Spatial Perspective. Int. J. Environ. Res. Public Health 2022, 19, 5074. [Google Scholar] [CrossRef] [PubMed]

	



Zhen, W.; Qin, Q.; Jiang, L. Heterogeneous Domestic Intermediate Input-Related Carbon Emissions in China’s Exports. Environ. Resour. Econ 2022, 81, 453–479. [Google Scholar] [CrossRef]

	



Zhang, S.; Ma, X.; Cui, Q. Assessing the Impact of the Digital Economy on Green Total Factor Energy Efficiency in the Post-COVID-19 Era. Front. Energy Res. 2021, 9, 798922. [Google Scholar] [CrossRef]

	



Luo, K.; Liu, Y.; Chen, P.-F.; Zeng, M. Assessing the Impact of Digital Economy on Green Development Efficiency in the Yangtze River Economic Belt. Energy Econ. 2022, 112, 106127. [Google Scholar] [CrossRef]

	



Meng, B.; Chi, G. New Combined Weighting Model Based on Maximizing the Difference in Evaluation Results and Its Application. Math. Probl. Eng. 2015, 2015, e239634. [Google Scholar] [CrossRef]

	



Sahoo, M.; Sahoo, S.; Dhar, A.; Pradhan, B. Effectiveness Evaluation of Objective and Subjective Weighting Methods for Aquifer Vulnerability Assessment in Urban Context. J. Hydrol. 2016, 541, 1303–1315. [Google Scholar] [CrossRef]

	



Odu, G. Weighting Methods for Multi-Criteria Decision Making Technique. J. Appl. Sci. Environ. Manag. 2019, 23, 1449. [Google Scholar] [CrossRef]

	



Qu, S.; Chen, H.; Shen, Z.; Ma, H. The Performance Evaluation of Management Mode of Small Water Resources Projects. PLoS ONE 2023, 18, e0282357. [Google Scholar] [CrossRef] [PubMed]

	



Caticha, A. Information and Entropy. Available online: https://arxiv.org/abs/0710.1068v1 (accessed on 1 September 2023).

	



Jakimowicz, A. The Role of Entropy in the Development of Economics. Entropy 2020, 22, 452. [Google Scholar] [CrossRef] [PubMed]

	



Scharfenaker, E.; Yang, J. Maximum Entropy Economics. Eur. Phys. J. Spec. Top. 2020, 229, 1577–1590. [Google Scholar] [CrossRef]

	



Shamsuzzoha, A.; Piya, S.; Shamsuzzaman, M. Application of Fuzzy TOPSIS Framework for Selecting Complex Project in a Case Company. J. Glob. Oper. Strateg. Sourc. 2021, 14, 528–566. [Google Scholar] [CrossRef]

	



Chen, P. A Novel Coordinated TOPSIS Based on Coefficient of Variation. Mathematics 2019, 7, 614. [Google Scholar] [CrossRef]

	



Hochreiter, S.; Schmidhuber, J. Long Short-Term Memory. Neural Comput. 1997, 9, 1735–1780. [Google Scholar] [CrossRef]

	



Siami-Namini, S.; Namin, A.S. Forecasting Economics and Financial Time Series: ARIMA vs. LSTM. arXiv 2018, arXiv:1803.06386. [Google Scholar]

	



Wang, J.; Tang, J.; Guo, K. Green Bond Index Prediction Based on CEEMDAN-LSTM. Front. Energy Res. 2022, 9, 793413. [Google Scholar] [CrossRef]

	



Noh, S.-H. Predicting Future Promising Technologies Using LSTM. Informatics 2022, 9, 77. [Google Scholar] [CrossRef]

	



Xuemei, L.; Cao, Y.; Wang, J.; Dang, Y.; Kedong, Y. A Summary of Grey Forecasting and Relational Models and Its Applications in Marine Economics and Management. Mar. Econ. Manag. 2019, 2, 87–113. [Google Scholar] [CrossRef]

	



Balochian, S.; Baloochian, H. Improving Grey Prediction Model and Its Application in Predicting the Number of Users of a Public Road Transportation System. J. Intell. Syst. 2021, 30, 104–114. [Google Scholar] [CrossRef]

	



Deng, J. Introduction to Grey System Theory. J. Grey Syst. 1989, 1, 1–24. [Google Scholar]

	



Lin, X.; Zhu, X.; Feng, M.; Han, Y.; Geng, Z. Economy and Carbon Emissions Optimization of Different Countries or Areas in the World Using an Improved Attention Mechanism Based Long Short Term Memory Neural Network. Sci. Total Environ. 2021, 792, 148444. [Google Scholar] [CrossRef] [PubMed]

	



Xie, N.; Liu, S. Research on evaluations of several grey relational models adapt to grey relational axioms. J. Syst. Eng. Electron. 2009, 20, 304–309. [Google Scholar]

	



Chen, N. Analysis of the Correlation between Cross-Border E-Commerce and Economic Growth Based on Hierarchical Multilevel Gray Evaluation Model. J. Math. 2022, 2022, e8455404. [Google Scholar] [CrossRef]

	



Li, X.; Liao, X.; Tan, X.; Wang, H. Using Grey Relational Analysis to Evaluate Resource Configuration and Service Ability for Hospital on Public Private Partnership Model in China. Grey Syst. Theory Appl. 2014, 4, 260–272. [Google Scholar] [CrossRef]

	



Patil, A.; Gaurish, W.; Mahesh, G. Grey relation analysis methodology and its application. Res. Rev. Int. J. Multidiscip. 2019, 4, 409–411. [Google Scholar] [CrossRef]

	



Merino-Saum, A.; Baldi, M.G.; Gunderson, I.; Oberle, B. Articulating Natural Resources and Sustainable Development Goals through Green Economy Indicators: A Systematic Analysis. Resour. Conserv. Recycl. 2018, 139, 90–103. [Google Scholar] [CrossRef]

	



Szeles, M.R.; Simionescu, M. Regional Patterns and Drivers of the EU Digital Economy. Soc. Indic. Res. 2020, 150, 95–119. [Google Scholar] [CrossRef]

	



Brockova, K.; Rossokha, V.; Chaban, V.; Zos-Kior, M.; Hnatenko, I.; Rubezhanska, V. Economic mechanism of optimizing the innovation investment program of the development of agro-industrial production. Manag. Theory Stud. Rural Bus. Infrastruct. Dev. 2021, 43, 129–136. [Google Scholar] [CrossRef]

	



Adamowicz, M. Green Deal, Green Growth and Green Economy as a Means of Support for Attaining the Sustainable Development Goals. Sustainability 2022, 14, 5901. [Google Scholar] [CrossRef]

	



Bikmetova, Z.M.; Degtyareva, V.V.; Makkaeva, R.S.A. Innovative Development of the Digital Economy: A View of Sustainability. In Sustainable Development of Modern Digital Economy: Perspectives from Russian Experiences; Springer International Publishing: Cham, Switzerland, 2021; Available online: https://link.springer.com/chapter/10.1007/978-3-030-70194-9_28 (accessed on 19 April 2023).








[image: Sustainability 15 14156 g001] 





Figure 1. Outline of research on the synergistic evolution of the green economy and the digital economy. 
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Figure 2. Digital economy indicators. 
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Figure 3. Green economy indicators. 
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Figure 4. Green economy TOPSIS evaluation results. 
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Figure 5. Digital economy TOPSIS evaluation results. 
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Figure 6. Green economy grey forecast. The black dots in the graph represent the composite index of the green economy obtained through real data, the red dots represent the composite index predicted through GM (1, 1), and the green dots are the values predicted for the next five years using GM (1, 1). It can be seen from the figure that GM (1, 1) in the time series prediction in the early period works well, but the longer the prediction time, the worse the effect. 
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Figure 7. Digital economy grey forecast. The black dots in the graph represent the composite index of the digital economy obtained through real data, the red dots represent the composite index predicted through GM (1, 1), and the blue dots are the values predicted for the next five years using GM (1, 1). It can be seen from the figure that GM (1, 1) in the time series prediction in the early period works well, but the longer the prediction time, the worse the effect. 
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Figure 8. Digital economy LSTM prediction. The black dots in the figure represent the composite index of digital economy obtained through real data, the red dots represent the composite index predicted through LSTM, and the blue dots are the values predicted for the next five years using LSTM. As can be seen from the figure, LSTM has good overall effect in time series prediction with a high degree of fit and a slightly worse fit in the early period. 






Figure 8. Digital economy LSTM prediction. The black dots in the figure represent the composite index of digital economy obtained through real data, the red dots represent the composite index predicted through LSTM, and the blue dots are the values predicted for the next five years using LSTM. As can be seen from the figure, LSTM has good overall effect in time series prediction with a high degree of fit and a slightly worse fit in the early period.
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Figure 9. Green economy LSTM prediction. The black dots in the figure represent the composite index of the green economy obtained through real data, the red dots represent the composite index predicted through LSTM, and the green dots are the values predicted for the next five years using LSTM. As can be seen from the figure, LSTM has good overall effect in time series prediction with a high degree of fit and a slightly worse fit in the early period. 






Figure 9. Green economy LSTM prediction. The black dots in the figure represent the composite index of the green economy obtained through real data, the red dots represent the composite index predicted through LSTM, and the green dots are the values predicted for the next five years using LSTM. As can be seen from the figure, LSTM has good overall effect in time series prediction with a high degree of fit and a slightly worse fit in the early period.
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Figure 10. Historical future synergy comparison. 
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Table 1. Green economy composite weighting.
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	Indicators
	CRITIC
	Entropy
	Combined Weights





	G11
	0.0647
	0.0625
	6.36%



	G12
	0.0335
	0.0539
	4.37%



	G13
	0.0865
	0.0468
	6.67%



	G14
	0.0298
	0.0507
	4.03%



	G21
	0.0694
	0.0454
	5.74%



	G22
	0.0659
	0.0361
	5.10%



	G23
	0.0334
	0.0486
	4.10%



	G24
	0.0294
	0.0517
	4.06%



	G31
	0.0299
	0.0288
	2.94%



	G32
	0.0619
	0.0400
	5.10%



	G33
	0.0652
	0.0291
	4.72%



	G34
	0.0436
	0.0495
	4.66%



	G35
	0.0395
	0.0289
	3.42%



	G36
	0.0416
	0.0402
	4.09%



	G37
	0.0858
	0.0711
	7.85%



	G38
	0.0326
	0.0517
	4.22%



	G41
	0.0323
	0.052
	4.22%



	G42
	0.028
	0.043
	3.55%



	G43
	0.0393
	0.0427
	4.10%



	G44
	0.0332
	0.0487
	4.10%



	G45
	0.0288
	0.0431
	3.60%



	G46
	0.0259
	0.0351
	3.05%



	G51
	0.0300
	0.0439
	3.70%



	G52
	0.0356
	0.0567
	4.62%



	G61
	0.0315
	0.0553
	4.34%



	G62
	0.0375
	0.0621
	4.98%



	G63
	0.0315
	0.0581
	4.48%



	G64
	0.0526
	0.0392
	4.59%



	G65
	0.0324
	0.0508
	4.16%



	G71
	0.0664
	0.0283
	4.74%



	G72
	0.0971
	0.0333
	6.52%



	G73
	0.0652
	0.0827
	7.40%



	G74
	0.0938
	0.0275
	6.07%



	G75
	0.0426
	0.0245
	3.36%



	G76
	0.0438
	0.0654
	5.46%



	G77
	0.0605
	0.0735
	6.70%



	G81
	0.0523
	0.0509
	5.16%



	G82
	0.0408
	0.0516
	4.62%



	G83
	0.0800
	0.0544
	6.72%



	G84
	0.0335
	0.0506
	4.21%



	G85
	0.0727
	0.0914
	8.21%



	G91
	0.1527
	0.0618
	10.73%



	G92
	0.1264
	0.1053
	11.59%



	G93
	0.1100
	0.0991
	10.46%



	G94
	0.1217
	0.2786
	20.02%



	G95
	0.1532
	0.0584
	10.58%



	G96
	0.1171
	0.2396
	17.84%



	G97
	0.1191
	0.1059
	11.25%



	G98
	0.0998
	0.0513
	7.56%










 





Table 2. Integrated weighting of the digital economy.
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	Indicators
	CRITIC
	Entropy
	Combined Weights





	D11
	0.0474
	0.041
	4.42%



	D12
	0.0298
	0.0334
	3.16%



	D13
	0.0290
	0.0493
	3.92%



	D14
	0.0291
	0.0501
	3.96%



	D15
	0.0280
	0.0262
	2.71%



	D21
	0.0326
	0.0692
	5.09%



	D22
	0.0261
	0.0436
	3.49%



	D23
	0.0967
	0.1136
	10.52%



	D24
	0.0869
	0.0261
	5.65%



	D25
	0.0299
	0.0369
	3.34%



	D26
	0.0257
	0.0288
	2.73%



	D27
	0.0499
	0.0241
	3.70%



	D31
	0.0284
	0.0444
	3.64%



	D32
	0.0305
	0.0629
	4.67%



	D33
	0.0271
	0.0261
	2.66%



	D34
	0.0372
	0.0233
	3.03%



	D35
	0.0294
	0.0437
	3.66%



	D36
	0.0401
	0.0874
	6.38%



	D41
	0.0333
	0.0605
	4.69%



	D42
	0.0243
	0.0259
	2.51%



	D51
	0.1299
	0.0329
	8.14%



	D52
	0.0531
	0.0203
	3.67%



	D53
	0.0555
	0.0302
	4.29%










 





Table 3. Grey prediction model prediction results.






Table 3. Grey prediction model prediction results.





	Year
	Digital Economy

Predict
	Forecast Data
	Residuals Error
	Simulation Error
	Green Economy Predict
	Forecast Data
	Residuals Error
	Simulation Error





	2008
	0
	0
	0
	0
	0.261
	0.261
	0.000
	0.000



	2009
	0.11
	0.178
	−0.068
	0.621
	0.241
	0.319
	−0.078
	0.324



	2010
	0.2
	0.203
	−0.003
	0.016
	0.269
	0.343
	−0.074
	0.275



	2011
	0.293
	0.231
	0.062
	0.210
	0.336
	0.369
	−0.033
	0.097



	2012
	0.321
	0.264
	0.057
	0.179
	0.403
	0.396
	0.007
	0.017



	2013
	0.254
	0.3
	−0.046
	0.183
	0.447
	0.426
	0.021
	0.048



	2014
	0.384
	0.342
	0.042
	0.109
	0.489
	0.458
	0.031
	0.064



	2015
	0.335
	0.39
	−0.055
	0.164
	0.527
	0.492
	0.035
	0.067



	2016
	0.429
	0.444
	−0.015
	0.036
	0.55
	0.529
	0.021
	0.039



	2017
	0.529
	0.506
	0.023
	0.043
	0.591
	0.568
	0.023
	0.039



	2018
	0.589
	0.577
	0.012
	0.021
	0.646
	0.611
	0.035
	0.055



	2019
	0.655
	0.657
	−0.002
	0.003
	0.69
	0.656
	0.034
	0.049



	2020
	0.738
	0.749
	−0.011
	0.014
	0.729
	0.705
	0.024
	0.033



	2021
	0.822
	0.853
	−0.031
	0.038
	0.722
	0.758
	−0.036
	0.050



	2022
	1
	0.972
	0.028
	0.028
	0.731
	0.815
	−0.084
	0.114



	2023E
	-
	1.107
	-
	-
	-
	0.875
	-
	-



	2024E
	-
	1.262
	-
	-
	-
	0.941
	-
	-



	2025E
	-
	1.437
	-
	-
	-
	1.011
	-
	-



	2026E
	-
	1.638
	-
	-
	-
	1.087
	-
	-



	2027E
	-
	1.866
	-
	-
	-
	1.168
	-
	-










 





Table 4. Predicted results.
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	Year
	G-Grey

Forecast
	G-LSTM

Forecast
	G-Comprehensive

Forecast Results
	G-Grey

Forecast
	G-LSTM

Forecast
	G-Comprehensive

Forecast Results





	2023E
	0.875
	0.715
	0.860
	1.107
	1.079
	1.104



	2024E
	0.941
	0.728
	0.922
	1.262
	1.124
	1.246



	2025E
	1.011
	0.739
	0.986
	1.437
	1.161
	1.404



	2026E
	1.087
	0.748
	1.056
	1.638
	1.190
	1.585



	2027E
	1.168
	0.756
	1.131
	1.866
	1.214
	1.789
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