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Abstract

:

Nowadays, sustainability has become an important and widely accepted concept. Energy conservation and emission reduction are closely related to sustainable economic development. Therefore, a 3E efficiency approach, based on the “Energy–Environmental–Economic” (3E) system, can assess the coordination relationships among these three factors from the perspective of energy conservation and emission reduction. The digital economy is a new driving force for economic growth, but few studies have dealt with the question on whether it affects 3E efficiency. The purpose of this paper is to examine the relationship between the digital economy and 3E efficiency in EU countries. The empirical results indicate that: (1) overall 3E efficiency of EU countries showed an upward trend from 2011 to 2019; (2) in terms of the relationship between the digital economy and 3E efficiency, the digital economy has direct and indirect (through economic growth) impacts on 3E efficiency; when GDP per capita exceeds EUR 15,580, the influence coefficient of the digital economy on 3E efficiency changes from negative to positive. This suggests that EU countries with different levels of economic development should adopt different strategies to ensure the simultaneous development of their digital economy and 3E efficiency.
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1. Introduction


Sustainability is a multidisciplinary topic and should cover all countries, without exception [1]. The combination of global resource scarcity, climate change, and increasing resource consumption has made the challenge of sustainable development (SD) a major priority [2]. The topic of SD has become ubiquitous in the last 30 years, yet how to achieve such a goal, or whether it is even possible, remains a major unknown [3]. In modern economies, people consider energy efficiency and pollution emission reduction as being critical to their sustainable expansion [4]. A definition for SD was first proposed in the Brundtland Report in 1987: “Development that meets the needs of the present without compromising the ability of future generations to meet their own needs” [5]. The report highlights the importance of the balance between environmental protection, social development, and the economy of human activities.



The United Nations (UN) has played a key role in promoting sustainable development because it is constantly working to assist countries to overcome current and future sustainability challenges. In 2012, the UN Conference on Sustainable Development (UNCSD) focused on the role of the green economy in sustainable development and poverty eradication. In 2015, the United Nations (UN) General Assembly adopted 17 Sustainable Development Goals (SDGs) as an integral part of the 2030 Agenda for Sustainable Development, serving as a continuation of the Millennium Development Goals (MDGs). The SDGs mark the UN’s historic shift towards a single sustainable development agenda, following a long history of trying to integrate economic and social development with environmental sustainability [6].



Global goals such as the SDGs are believed to create a common vision and incentive for more cooperation among international organizations and institutions, and hence improve policy coherence [7]. To achieve the SDGs adopted by the UN in 2015, the European Commission (EC) has focused on concrete actions to bring about “tangible progress” on the SDGs. In 2019, the EC proposed a “European Green Deal” to make the EU economy more sustainable by turning climate and environmental challenges into opportunities. In July 2022, the EC delivered the Green Recovery Plans (GRPs), aimed at fostering a greener, more digital, more resilient Europe that provides a better fit for the current and forthcoming challenges [8]. In this context, dealing with the coordinated development of the economy, resources, and the environment has become an urgent priority for EU countries. With the expanding research on the dual system of “Energy-Economic”, “Energy-Environmental”, and “Economic–Environmental”, scholars have realized that a more comprehensive, in-depth, and systematic study can only be carried out if the “Energy-Economy-Environment” system is considered simultaneously. Therefore, the 3E efficiency measurement, based on the “Energy–Environmental–Economic” (3E) system, can investigate the coordination relationship among these three factors from the perspective of energy conservation and emission reduction.



The digital economy has developed rapidly in recent years. Supported by the development of big data, 5G technology, cloud computing, and artificial intelligence, all countries in the world regard the digital economy as strategically important and as a new driving force for economic growth in the reconstruction of national core competitiveness. The digital economy originated in the 1990s—it was first proposed by Don [9], who elaborated on the impact of the Internet on the economy and society—and is now becoming an emerging economic system. The EU is one of the most developed regions in the world, and also a region that has had an early start in the digital economy. As a representative advocate of the digital economy, the EU has introduced many policies in recent years to promote its development and address its challenges. Since 2010, the EU has promoted “Digital Europe” and sent out a strong message on the need for a stronger and more coherent Digital Europe through annual events, such as the Tallinn Digital Summit. Over the past decade, the EU has adopted many policy documents related to digitization of the EU economy, such as “A Digital Agenda for Europe” [10], “Age of Artificial Intelligence: Towards a European Strategy for Human-Centric Machines” [11], and “Towards a Thriving Data-Driven Economy” [12].



Data elements/factors, as the core driving force of the digital economy, exist in the form of virtual non-physical entities, with the environmentally friendly characteristics of low natural resource consumption and low pollution emission. In participating in economic activities, data elements/factors break with the traditional high-energy-consuming and high-pollution approach to economic growth, effectively embodying the concept of green development. This also coincides with the concept of using less cost to create greater output in efficiency measurements.



In terms of the digital economy and economic growth, most scholars have recognized the positive effect of the digital economy on economic development, which promotes economic growth by creating job opportunities and changing social structures [13,14]. The promotion of the digital economy will gradually impact on the environment. Under the restrictions of global climate change, more and more digital technologies are being applied in the fields of energy and environment. With the rapid development of Internet technology, some scholars have begun to incorporate the digital economy into the research framework of green and low-carbon development, mainly focusing on the relationship between the digital economy and energy efficiency, carbon emission, circular economy [4,15,16,17], but their views have not reached a consensus. In terms of the digital economy and energy efficiency, some scholars believed that the development of the digital economy will lead to the increase of energy efficiency [18,19,20,21,22], and they still have some different views, arguing that the application of digital technologies and the construction of digital infrastructures stimulate a surge in energy demand [23,24]. In terms of the digital economy and carbon emission, there also exist different views. On one hand, some scholars believed that developing the digital economy is beneficial to reducing carbon emissions [9,25,26,27,28], the digital economy will drive the realization path of carbon emission reduction, which, in turn, leads to a reduction in carbon emissions. On the other hand, others indicated that the developing digital economy exacerbates carbon emissions [29,30,31,32,33,34].



However, there remains a gap in the current research on the relationship between the digital economy and 3E efficiency. The development of the digital economy is an effective approach to promote economic growth, relieve pressure on the environment, and improve 3E efficiency. Therefore, inspired by the intrinsic connection between 3E efficiency and digital economy, we attempt to carry out an empirical analysis on what impact the digital economy has on 3E efficiency, and discuss how this can help to improve the environment through high-quality economic development. The purpose of this paper is to examine the relationship between the digital economy and 3E efficiency in EU countries, including direct and indirect impacts.



The contribution of this paper are as follows: (1) It sets out the construction of a digital economy variable system and measures the level of national digital economic development in EU countries using the entropy method. (2) Most current studies on the digital economy and green economy are focused on carbon emissions and energy efficiency. This paper is the first to focus on the relationship between the digital economy and 3E efficiency, which reinforces the internal requirements of sustainable development. (3) In addition, we take account of the indirect impact of the digital economy on 3E from the perspective of economic growth and explore the mediating role of economic growth. The remainder of this paper is organized as follows: Section 2 presents the Methodology and models used in this study; Section 3 introduces the variable system used for empirical estimation; Section 4 provides the results and discussions; and Section 5 offers some concluding remarks.




2. Materials and Methods


2.1. Slacks-Based Measure (SBM) Model with Undesirable Output


The CCR [35] model (by Charnes, Cooper, and Rhode) and BCC [36] model (by Banker, Charnes, and Cooper) are classical radial DEA measurement methods. However, the radial measure may lead to the absence of information of the decision making unit (DMU), thus to efficiency overestimation [37,38]. Tone proposed a non-radial and non-angular slacks-based measure model in 2001, which directly introduced the slack variable into the objective function [39]. Based on the traditional slacks-based measure (SBM) model, Tone further constructed the SBM model with undesirable outputs in 2004, taking undesirable outputs into account [40]. Therefore, this paper adopts the SBM model with undesirable output to measure 3E efficiency to better reflect the essence of efficiency evaluation.



Supposed that there are n DMUs, each   D M  U j   (  j = 1 , 2 , … , n  )    has m inputs    x j  =    (   x  1 j   ,  x  2 j   , … ,  x  m j    )   ′   ,    s 1    desirable outputs    y j g  =    (   y  1 j  g  ,  y  2 j  g  , … ,  y  s 1 j  g   )   ′   , and    s 2    undesirable outputs    y j b  =    (   y  1 j  b  ,  y  2 j  b  , … ,  y  s 2 j  b   )   ′   . The specific model is expressed as follows:


   min ρ =   1 −  1 m    ∑   i = 1  m     s i −     x  i 0       1 +  1   s 1  +  s 2    (   ∑   r = 1    s 1       s r g     y  r 0  g    +   ∑   r = 1    s 2     s r b  /  y  r 0  b  )        s . t .  x 0  = X λ +  s −      y  r 0  g  =  Y g  λ −  s g      y  r 0  b  =  Y b  λ −  s b       λ ≥ 0 ,    s −  ≥ 0 ,    s g  ≥ 0 ,  s b  ≥ 0   



(1)




where    s −  ∈  R m   ,    s b  ∈  R   s 2     , and    s g  ∈  R   s 1      are all slacks.   0 < ρ ≤ 1  , when   ρ = 1  , means the DMU is on the production frontier, which is completely efficient.




2.2. Benchmark Regression Model


Firstly, to explore the impacts of the digital economy on 3E efficiency in EU countries, we constructed the following static panel data model as our baseline regression model:


  e e  e  i t   =  β 0  +  β 1  d i  g  i t   +  β 2   X  i t   +  ε  i t    



(2)




where   e e  e  i t    ,   d i  g  i t    , and    X  i t     represent the 3E efficiency, the digital economy development level, and control variables, respectively. In addition,  i ,  t ,    β 0   , and ε are region, time, constant term, and random error term, respectively.



Then, we analyzed the indirect efficiency of the digital economy on 3E efficiency. Due to the lack of research on the relationship between the digital economy and 3E efficiency, we studied the relevant mechanisms associated with the impact of the digital economy on the green economy (such as the impact on carbon emissions and energy efficiency). In addition, based on previous literature discussing the mechanism, we hypothesized that the digital economy may indirectly affect 3E efficiency through economic growth.



Intermediate effects are defined as indirect effects of the independent variable on the dependent variable through intermediate variables [41]. Then, in order to examine whether economic growth can play the role of a mediating variable, we used the Bootstrap model [42,43] and the Sobel test for further empirical analysis.


  Y = δ X +  ε 1   



(3)






  M = α X +  ε 2   



(4)






                Y =    δ   ′  X + β M +  ε 3     



(5)







Equations (4)–(6) defined the standardized mediating effects model, where Y is the explained variable, M is the mediating variable, and X is the explanatory variable. The coefficient  δ  is the effect of X on Y, the coefficient  α  is the effect of X on M. After controlling for the effect of X on Y, the coefficient  β  is the coefficient of effect of M on Y and   δ ′   is the effect of X on Y.



In order to examine the mediating role of economic growth, the following models are established:


  e e  e  i t   =  δ 0  +  δ 1  d i  g  i t   + θ  X  i t   +  ε  i t    



(6)






        p g d  p  i t   =  α 0  +  α 1  d i  g  i t   + θ  X  i t   +  ε  i t    



(7)






              e e  e  i t   =     δ   ′  0  +     δ   ′  1  d i  g  i t   + β p g d  p  i t   + θ  X  i t   +  ε  i t    



(8)




where Equations (6)–(8) correspond to the above Equations (3)–(5), respectively,   p g d  p  i t     represents GDP per capita, and the rest of the variables have the same meanings as above.   e e  e  i t    ,   d i  g  i t    , and    X  i t     represent the 3E efficiency, the digital economy development level, and control variables, respectively. In addition,  i ,  t , and  ε  are region, time, constant term, and, respectively, and    δ 0   ,    α 0   , and     δ ′  0    are random error terms.



Finally, to further explore the possible nonlinear impact of the digital economy on 3E efficiency from the perspective of economic growth, we constructed the panel threshold model. The panel threshold model, established by Hansen (1999) [44], is a classical model to investigate the nonlinear relationship between variables. In this paper, we took GDP per capita as a proxy variable for economic growth, which is chosen as the threshold variable, and the specific model is as follows:


  e e  e  i t   =  δ 0  +  δ 1  d i  g  i t   · I  (  p g d p ≤  γ 1   )  +  δ 2  d i  g  i t   · I  (   γ 1  < p g d p ≤  γ 2   )  +  δ 3  d i  g  i t   · I  (  p g d p >  γ 1   )  + θ  X  i t   +  ε  i t    



(9)




where    γ 1    and    γ 2    are threshold values,    γ 1  <  γ 2   ,   I  ( · )    is an indicative function, and   e e  e  i t    ,   d i  g  i t    ,   p g d  p  i t    ,    X  i t     represent the 3E efficiency, the digital economy development level, GDP per capita, and control variables, respectively. In addition,    δ 1   ,    δ 2   ,    δ 3   , and  θ  are the estimated parameters.





3. Variable System


3.1. Dependent Variable


For this paper, we chose 3E efficiency as the dependent variable, using a SBM model with undesirable output to measure the 3E efficiency in EU countries. In the construction of a complete variable system on 3E efficiency, we referred to Li et al. (2020, 2022) by using value output (VO) instead of GDP, which take the value of energy input into account and consider the importance of intermediate input [45,46]. Therefore, capital stock, labor, energy consumption, intermediate materials and services, excluding energy, are chosen as input variables, while value output and greenhouse gas emissions are selected as desirable and undesirable outputs, respectively. The capital stock is measured by the perpetual inventory (PIM) method [47], and the data for capital stock, intermediate materials and services, except for energy, and value output are deflated by the GDP deflator. All data are derived from EU KLEMS database, shown in Table 1.




3.2. Independent Variable


The digital economy development level is chosen as the core explanatory variable in this study. Based on previous studies [9,21,22,25], the digital economy variable system, published by the International Telecommunication Union (ITU), the World Economic Forum (WEF), and other international institutions, as well as the availability of data and the accurate description of characteristics of the digital economy, 14 variables are selected to measure the level of digital economy development. The 14 variables comprehensively measure this from three perspectives: digital economy infrastructure, digital economy innovation environment, and national digital competitiveness. The specific variables and data sources are shown in Table 2.




3.3. Other Variables


3.3.1. Mediating Variable


Economic growth (pgdp): Economic growth intensifies greenhouse gas emissions both directly and indirectly [48], and also drives increasing energy consumption [49]. However, when the growth of GDP per capita exceeds a threshold, it will lead to the reduction of carbon emissions [50]. Therefore, GDP per capita is used as a proxy variable for economic growth and a mediating variable for examining its impact on 3E efficiency.




3.3.2. Control Variables


	(1)

	
Energy consumption structure (es): Energy consumption structure is linked to greenhouse gas emissions [51] and is also closely related to environmental protection. If the share of renewable energy increases, then greenhouse gas emissions will decrease for the same level of energy consumption. It is believed that the use of renewable energy can mitigate against environmental degradation [52]. In this study, we use the ratio of renewable energy consumption relative to total primary energy consumption to measure the energy consumption structure [22,53];




	(2)

	
Environment protection (epi): Generally speaking, the more government investment n pollution control, the higher the completion of the pollution control infrastructure, and the more investment there is in low-carbon technology research [26], the more benefits are seen in environmental protection. Therefore, we used the ratio of environment protection investment relative to GDP to measure the level of environmental protection;




	(3)

	
The level of urbanization (ur): The ratio of urban population in the total population is chosen to measure the level of urbanization;




	(4)

	
The level of government intervention (gov): The government plays a leading role in economic development, energy conservation, and emission reduction [25,54]. The proportions of government consumption expenditure in GDP are employed to measure the level of government intervention.







All the variables used in this study are shown in Table 3.





3.4. Data Sources


According to the availability of data, data from 24 countries in the European Economic Area (EEA) during the period 2011 to 2019 are selected as samples in this study. Cyprus, Croatia, Luxembourg, Malta, Iceland, and Liechtenstein were excluded due to serious data missing.



All the raw data used in this study are obtained from publicly available official data sources, including the EU KLEMS database, World Development Indicators (WDI), International Telecommunication Union (ITU), E-Government Knowledgebase (EGOVKB), and World Intellectual Property Organization (WIPO). Table 4 below presents the descriptive statistical analysis of all variables.





4. Results and Discussion


4.1. Measurement of Digital Economy Development Level


Based on the national digital economy development variable system constructed in Section 3.2, we applied the entropy method to assign weights to each variable and measure the digital economy development level of 24 countries according to the availability of data. The comprehensive levels of digital economy development were obtained after data standardization and accounting for the major economies [25].



Nowadays, there is a growing discrepancy in internet access between countries with low and high digital connectivity. In the least developed countries, only one fifth of their population can connect to the internet, while four fifths of those living in developed countries have access. It can be seen in Figure 1 that the top five countries with the highest levels of digital economy development are Germany, the Netherlands, Sweden, Finland, and France, whose GDP per capita are all above USD 30,000. On the contrary, the five countries with the lowest levels of digital economy development are Romania, Bulgaria, Lithuania, Latvia, and Greece, with much lower GDP per capita.



In addition, as can be seen in Figure 2, the level of digital economy development in EU countries shows an overall upward trend, with a slight decline after 2016.




4.2. Measurement of 3E Efficiency


In this section, the 3E efficiency in 24 countries using a SBM model with undesirable output is measured by using MaxDea 9 software. Figure 3 shows the EU’s 3E efficiency scores during the period 2011–2019. This indicates that 3E efficiency in the EU shows an upward trend, with some fluctuation, during the period from 2011 to 2019. In 2015, the increase of energy consumption and greenhouse gas emissions in EU countries, coupled with slow economic growth, led to a significant decline in 3E efficiency.



There are significant differences in 3E efficiency among EU countries, as indicted in Figure 4.



On one hand, among the countries with higher average 3E efficiency, some countries such as Ireland, Sweden, and Italy have higher GDP combined with lower energy consumption and carbon emissions, which lie on the production frontier. On the other hand, some countries such as Germany, France, and the Netherlands have high GDP, combined with serious problems with energy consumption and greenhouse gas emissions. However, with the continuous advancement of sustainable development requirements, their 3E efficiency has improved substantially as demonstrated in Figure 5. France and the Netherlands, in particular, have shown a rapid improvement in performance, from low ranking, in 2011, to a leading position in 2019. This suggests that these countries have successfully implemented energy conservation and emission reduction policies to sustain economic development. Several Eastern European countries with relatively less economic development, such as Romania and Bulgaria, have seen a decline in their 3E efficiency. These countries should take steps to accelerate the improvement of the 3E system to address this critical issue.




4.3. Benchmark Regression Results


4.3.1. Unit Root and Multicollinearity Tests


Firstly, the multicollinearity test was carried out on the original data of each variable in Table 5, and variance inflation factor (VIF) of each variable is <10, showing that there is no multicollinearity.



Due to the limitations of the dependent variable, Tobit regression was selected in the empirical study. Considering the characteristics of panel Tobit model, logarithms of explanatory variables were taken in the empirical estimation process.



To avoid the spurious regression, the panel unit roots for all variables are tested before proceeding with the panel regression model by using the ADF test and the LLC test, with the null hypothesis assuming the existence of unit roots. As shown in Table 6, the null hypothesis of the ADF test and the LLC test rejected all variables, which means that all variables are stable.




4.3.2. Impact of Digital Economy on 3E Efficiency


In this section, the panel regression model is employed to investigate the impact of the digital economy on 3E efficiency. Model (1) in Table 7 shows the result of the baseline regression model without control variables and Model (2) shows the results with control variables.



According to the regression results of the benchmark model, at a 1% significance level, improvement in the level of digital economy development will reduce 3E efficiency. This is in line with the results reported by previous studies that the use of information and communication technology (ICT) increases carbon emissions [29,30]. Therefore, it is reasonable to believe that the level digital economy development increases carbon emissions and thus impedes the improvement of 3E efficiency. The coefficients of energy consumption structure (es) and environmental protection investment (epi) are positive, indicating that improving environmental protection can improve 3E efficiency, and the use of renewable energy is conducive to energy conservation and emission reduction, so the development and utilization of renewable energy is essential.



The improvement of urbanization level will increase the 3E efficiency, although the process of urbanization is accompanied by the discharge of pollutants and the consumption of resources. However, in terms of the 3E system, an increase in the level of urbanization can improve 3E efficiency. Moreover, the negative coefficient of the level of government intervention indicates that government intervention reduces the improvement of 3E efficiency to a certain extent, and suggests that less administrative intervention is better [25].




4.3.3. Robustness Tests


In this section, the robustness test is carried out by changing the variable and shortening the sample range. Firstly, we replaced the variable, using population density (pd) instead of urbanization for panel regression. Then, we shorten the sample range by using the same model. The results are shown in Table 8, the regression results show that the coefficient for digital economy development level with respect to 3E efficiency is still significantly negative.





4.4. Mediating Effects of Economic Growth


Considering the impact of economic growth, we constructed a mediation effect model to examine the potential mechanism of the digital economy’s impact on carbon emissions. First, the bootstrap test of economic development is carried out with the results reported in Table 9. Both the indirect and direct effects of energy consumption structure are significant at the 1% level, with a 95% confidence interval of [0.025, 0.091] for the indirect effect, which does not contain 0, indicating the existence of a mediating effect.



Then, Models (5)–(7) are estimated with the regression results shown in Table 10. It can be seen that after the inclusion of GDP per capita as an intermediary variable, the negative impact of digital economy development level on 3E efficiency is weakened from −0.071% to −0.053%, indicating that the digital economy directly and indirectly (through GDP per capita) affects 3E efficiency.



In addition, the results of the model pass the Sobel test, and the proportion of the mediating effect of economic growth in the total effect of digital economy on 3E efficiency can be calculated as δ = 0.098 × (−0.170)/(−0.071) × 100% = 23.46%.




4.5. Threshold Effect of Economic Growth


4.5.1. Threshold Effect Significance Test


Before analyzing the panel threshold regression model, we first tested the significance of the threshold effect by the bootstrap method. The results in Table 11 show that both the single and double threshold tests pass the significance test. However, the three threshold fails the significance test, indicating that the mediating variable lnpgdp has two thresholds.




4.5.2. Authenticity Test of the Thresholds


The authenticity test of threshold is mainly used to test whether the estimated value is equal to the true value. The authenticity test is performed by using the likelihood ratio test statistic (LR).



Figure 6 presents two LR maps of the lnpgdp threshold estimates, indicating that lnpgdp threshold estimates have passed the authenticity test within the 95% confidence interval. Therefore, there are two thresholds for lnpgdp, 8.912 and 9.647, respectively.




4.5.3. Results of Panel Threshold Regression


In this study, GDP per capita (lnpgdp) is taken as the threshold variable. The panel double threshold regression model is employed to measure the threshold effect of the digital economy on 3E efficiency. From the analysis above, we can see that there are two thresholds for lnpgdp, 8.912 and 9.647, respectively.



The impact of digital economy on 3E efficiency varies with different stages of economic development, which can be divided into three stages: (1) When lnpgdp < 8.91; that is, pgdp < EUR 7420. In this case, the elasticity of the digital economy development level to 3E efficiency is −0.159, with a significance level of 1%. This indicates that a 1% improvement in the digital economy development level can cause a 0.159% decrease in 3E efficiency. (2) When 8.91 < lnpgdp < 9.65; that is, 7420 < pgdp < 15,580 euro. In this case, the elasticity of the digital economy development level to 3E efficiency is −0.055, with a significance level of 1%. This indicates that a 1% improvement in the digital economy development level can cause a 0.055% decrease in 3E efficiency. (3) When lnpgdp > 9.65; that is, pgdp > 15,580 euro. In this case, the elasticity of the digital economy development level to 3E efficiency is 0.032, with a significance level of 1%. The coefficient at this point changes from negative to positive, indicating that with the development of the economy, when GDP per capita increases, the digital economy development level is not conducive to the improvement of 3E efficiency, but when the GDP per capita exceeds a threshold, the digital economy development level is conducive to the improvement of 3E efficiency.



Economic development will be accompanied by significant energy consumption, as when a country has a low level of economic development, the development of a digital economy requires significant investment in new technologies. This leads to significant energy consumption and carbon emissions, which affect the improvement of 3E efficiency. In addition, when a country has reached a certain level of economic development, the implementation of energy saving and emission reduction policies has matured, and the development of new technologies is relatively easy. At this stage, the development of the digital economy helps to promote green economic development with a positive impact on 3E efficiency. Therefore, different countries should make trade-offs between developing their digital economy and improving 3E efficiency based on their own development contexts.



As can be seen from Figure 7, half of the countries in the EU have a GDP per capita of more than EUR 15,580, and most of these are distributed in central and western Europe. In those countries, the development of the digital economy is conducive to the improvement of 3E efficiency, while the digital economy development in other countries has a negative impact on 3E efficiency.



The findings of this study fill the gap in the current research on the relationship between the digital economy and 3E efficiency. The impact of the digital economy on 3E efficiency is inconclusive according to previous studies. The empirical results of this study indicate that the digital economy has a negative impact on 3E efficiency. This is reinforced by some previous studies. It is believed that the development, diffusion, and application of digital technologies and the construction of digital infrastructures have increased the demand for energy [23,24], which, in turn, has resulted in greenhouse gas emissions [29,30,31,32]. Coupled with the fact that the development of digital technologies is still immature, the economic benefits generated are not obvious. However, when GDP per capita increases, the impact of the digital economy on 3E efficiency changes from negative to positive. This is mainly due to the fact that the digital technology level tends to mature with the improvement of the economic development level. Countries with high economic development level are relatively more amenable to the development of new technologies. At this stage, the stable application of various new technologies and monitoring platforms will not only improve the energy efficiency and detect greenhouse gas emissions, but will also become a new way to achieve green growth gradually. In addition, complete digital infrastructure and stable digital technology will gradually increase its economic benefits. Some scholars believed that the magnitude of the impact of digital technologies on EU countries depended on the differences of digital infrastructure [55]; others considered that the positive impact of the digital economy is more pronounced for countries with a high economic development level [56,57].






5. Conclusions


This study examines the relationship between the digital economy and 3E efficiency. It is assumed that the digital economy affects 3E efficiency directly and indirectly (via economic growth). In order to verify this hypothesis, an empirical analysis on the relationship between the digital economy, economic growth, and 3E efficiency is conducted, using panel data for 24 EU countries for the years from 2011 to 2019. Each country’s 3E efficiency and digital economy development level is measured by using a complete 3E efficiency variable system and a digital economy variable system. The main findings are as follows.



Firstly, EU countries have paid more attention to the sustainable development of the “Energy–Environmental–Economic” system. Therefore, we used the SBM model with undesirable output to measure the 3E efficiency of EU countries. The efficiency score for each country has been estimated by taking economy, environment, and energy into account. Overall, the 3E efficiency of the EU showed an upward trend from 2011 to 2019. Among EU countries, Ireland, Sweden, Poland, Greece, and Italy have achieved the highest 3E efficiency.



Secondly, the digital economy development level of EU countries is measured by using an entropy method with a digital economy development variable system. The digital economy level of EU countries is on the rise, and countries with a high level of digital economy are Germany, the Netherlands, Sweden, Finland, France, Denmark, and Ireland.



Finally, the relationships between digital economy, economic growth, and 3E efficiency are examined by using panel regression, the intermediary effect model, and the threshold model. In terms of the influencing factors, energy consumption structure (es), environmental protection investment (epi), and the level of urbanization (ur) can improve 3E efficiency. The level of government intervention impedes the improvement of 3E efficiency to a certain extent. In addition, digital economy has direct and indirect (through economic growth) influences on 3E efficiency. When GDP per capita exceeds EUR 15,580, the coefficient at this point changes from negative to positive, indicating that with the development of economy, the digital economy development level is conducive to the improvement of 3E efficiency after GDP per capita exceeds a threshold.



Based on the findings above, this implies that EU countries should adopt different strategies in order to attain a balance between economic growth and sustainable development. Those in Central and Western Europe are positioned favorably for digital economy development and therefore can take advantage of the improving 3E efficiency that comes with it. On the other hand, some countries in Eastern Europe may find that developing their digital economies will not necessarily yield better 3E efficiency. Consequently, they should focus on maintaining a delicate balance between both digital economy development and 3E efficiency, while striving towards a sustainable development model that works best for them.



In addition, there is still some limitations of this paper. The scope of this study is limited to EU countries due to the availability and consistency of data. Therefore, it is unclear whether the findings of this study would apply to other countries or regions. In future studies, we can further expand the scope of our research, selecting more regions with different performances in energy, economic, and environmental aspects to explore the difference in the impact of the development level of the digital economy on 3E efficiency in different countries and regions.
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Figure 1. Average digital economy development in 24 countries, 2011–2019. 
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Figure 2. Average development level of digital economy, 2011–2019. 
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Figure 3. Overall 3E efficiency scores from 2011–2019. 
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Figure 4. Average 3E efficiency scores from 2013–2019. 
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Figure 5. Average change of 3E efficiency in EU countries. 






Figure 5. Average change of 3E efficiency in EU countries.



[image: Sustainability 15 05661 g005]







[image: Sustainability 15 05661 g006 550] 





Figure 6. Authenticity test of the thresholds. Source: Own compilation. 
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Figure 7. The regional impact of digital economy on 3E efficiency through economic growth. Source: Own compilation. 
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Table 1. Variable system of 3E efficiency.
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	Variable
	Unit of Measure





	Input
	Capital stock
	Million euro in 2011 constant price



	
	Labor
	number



	
	Energy consumption
	Gigawatt/hour



	
	Intermediate materials and services except energy
	Million euro in 2011 constant price



	Desirable output
	Value of output
	Million euro in 2011 constant price



	Undesirable output
	Greenhouse gases
	Tonnes in CO2 equivalent







Source: EU KLEMS database.
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Table 2. Variable system of digital economy development level.
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Dimensions

	
Variables

	
Data Source






	
Digital economy infrastructure

	
Individuals using the internet (% of population)

	
ITU




	
Fixed-telephone subscriptions (per 100 inhabitants)

	
ITU




	
Fixed broadband subscriptions (per 100 inhabitants)

	
ITU




	
Mobile cellular subscriptions (per 100 people)

	
ITU




	
Active mobile-broadband subscriptions (per 100 inhabitants)

	
ITU




	
Digital economy innovation environment

	
Research and development expenditure (% of GDP)

	
WDI




	
Scientific and technical journal articles

	
WDI




	
School enrollment, tertiary (% gross)

	
WDI




	
Global Innovation Index

	
WIPO




	
National digital competitiveness

	
ICT goods exports (% of total goods exports)

	
WDI




	
Government E-participation index

	
EGOVKB




	
Government online Service index

	
EGOVKB




	
ICT service exports (% of service exports)

	
WDI








Source: ITU, WDI, WIPO, EGOVKB database.
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Table 3. Variable selection and definition.
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Variables

	
Symbol

	
Name

	
Indictor






	
Dependent variable

	
eee

	
3E efficiency

	
Calculated according to the variable system of 3E efficiency




	
Independent variable

	
dig

	
Digital economy development level

	
Calculated according to the variable system of the digital economy




	
Mediating variable

	
pgdp

	
Economic growth

	
GDP per capita




	
Control

variables

	
es

	
Energy consumption structure

	
The ratio of renewable energy consumption relative to total primary energy consumption




	
epi

	
Environment protection

	
The ratio of environment protection investment relative to GDP




	
ur

	
The level of urbanization

	
The ratio of urban population relative to total population




	
gov

	
The level of government intervention

	
The ratio of government consumption expenditure relative to GDP








Source: Own compilation.
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Table 4. Statistical description of variables.
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	Variable
	Obs
	Mean
	Min
	Max
	Std.





	eee
	216
	0.876
	0.694
	1.000
	0.105



	dig
	216
	0.357
	0.119
	0.626
	0.126



	pgdp
	216
	25,833.056
	5320
	69,490
	15,520.250



	es
	216
	23.1
	04.7
	62.4
	13.8



	epi
	216
	0.522
	0.100
	2.100
	0.321



	ur
	216
	72.5
	52.9
	98.0
	12.0



	gov
	216
	45.5
	24.3
	62.8
	7.2







Source: Own compilation.
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Table 5. The multicollinearity test results of variables.
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	Variables
	Symbol
	VIF





	3E efficiency
	eee
	-



	Digital economy development level
	dig
	1.95



	Energy consumption structure
	es
	1.25



	Economic growth
	epi
	1.21



	Environment protection
	ur
	1.68



	The level of urbanization
	gov
	1.32



	The level of government intervention
	pgdp
	2.47







Source: Own compilation.
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Table 6. The unit root and multicollinearity test results of variables.
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ADF

	
LLC (Trend and Demean)






	
eee

	
−11.780 ***

	
−8.0252 ***




	
[0.000]

	
[0.000]




	
lndig

	
−16.155 ***

	
−14.964 ***




	
[0.000]

	
[0.000]




	
lnes

	
−6.477 ***

	
−11.335 ***




	
[0.004]

	
[0.000]




	
lnpgdp

	
−15.082 ***

	
−8.332 ***




	
[0.000]

	
[0.000]




	
lnepi

	
−7.357 ***

	
−9.765 ***




	
[0.076]

	
[0.076]




	
lnur

	
−5.709 ***

	
−4.4603 ***




	
[0.076]

	
[0.076]




	
lngov

	
−9.769 ***

	
−9.215 ***




	
[0.076]

	
[0.076]








*** denotes significance at the 1% level. The figures in [] are the p-values of the corresponding test statistics.
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Table 7. Benchmark regression results.
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Model (1)

	
Model (2)






	
lndig

	
−0.048 * (−1.78)

	
−0.071 ** (−2.47)




	
[0.076]

	
[0.014]




	
lnes

	

	
0.040 * (1.64)




	
[0.100]




	
lnepi

	

	
0.027 *** (2.78)




	
[0.005]




	
lnur

	

	
0.246 ** (1.91)




	
[0.050]




	
lngov

	

	
−0.101 ** (−2.26)




	
[0.024]




	
Constant

	
0.828 *** (23.14)

	
0.892 *** (11.82)




	
[0.000]

	
[0.000]








***, **, and * denote significance at the 1%, 5%, and 10% levels, respectively. The figures in () indicate the t-value; the figures in [] are the p-values of the corresponding test statistics.
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Table 8. Robustness test results.
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Model (3) with Substitute Variable

	

	
Model (4) with Shorten Time






	
lndig

	
−0.065 ** (−2.23)

	
lndig

	
−0.053 * (−1.62)




	
[0.026]

	
[0.096]




	
lnepi

	
0.025 ** (2.53)

	
lnepi

	
0.027 *** (2.83)




	
[0.011]

	
[0.005]




	
lnpd

	
0.058 * (1.84)

	
lnur

	
0.023 * (1.70)




	
[0.066]

	
[0.088]




	
lnes

	
0.061 ** (2.19)

	
lnes

	
0.039 (1.48)




	
[0.026]

	
[0.139]




	
lngov

	
−0.083 * (−1.79)

	
lngov

	
−0.109 ** (−2.32)




	
[0.074]

	
[0.020]




	
Constant

	
0.597 *** (4.15)

	
Constant

	
0.896 *** (11.16)




	
[0.000]

	
[0.000]








***, **, and * denote significance at the 1%, 5%, and 10% levels, respectively. The figures in () indicate the t-value; the figures in [] are the p-values of the corresponding test statistics.
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Table 9. Bootstrap test of economic development.
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Observed

Coef.

	
 p 

	
Bootstrap

Std. Err.

	
Z

	
95% Confidence Interval






	
Indirect Effect

	
0.058 ***

	
0.000

	
0.017

	
3.45

	
0.025

	
0.091




	
Direct Effect

	
−0.079 ***

	
0.004

	
0.029

	
−2.76

	
−0.136

	
−0.023








*** denotes significance at the 1% level.
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Table 10. Regression on the mediating effect of economic development.
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DEPVAR = eee

	
DEPVAR = lnpgdp

	
DEPVAR = eee






	

	
Model (5)

	
Model (6)

	
Model (7)




	
Lndig

	
−0.071 ** (−2.47)

	
0.098 *** (2.64)

	
−0.053 * (−1.84)




	
[0.014]

	
[0.009]

	
[0.066]




	
Lnes

	
0.040 * (1.64)

	
0.144 *** (3.79)

	
0.077 *** (2.64)




	
[0.100]

	
[0.000]

	
[0.008]




	
Lnpgdp

	

	

	
−0.170 ** (−2.40)




	
[0.016]




	
Lnepi

	
0.027 *** (2.78)

	
−0.059 *** (−5.08)

	
0.019 ** (2.02)




	
[0.005]

	
[0.000]

	
[0.043]




	
Lnur

	
0.246 ** (1.91)

	
1.020 ** (2.31)

	
0.636 *** (2.62)




	
[0.050]

	
[0.022]

	
[0.009]




	
Lngov

	
−0.101 ** (−2.26)

	
−0.420 *** (−7.06)

	
−0.149 *** (−2.97)




	
[0.024]

	
[0.000]

	
[0.003]




	
Constant

	
0.892 *** (11.82)

	
10.272 *** (60.76)

	
4.403 *** (6.47)




	
[0.000]

	
[0.000]

	
[0.000]




	
Sobel test

	

	
0.058 *** (z = 3.056)

	




	
[0.002]




	
Aroian test

	

	
0.058 *** (z = 3.047)

	




	
[0.002]




	
Goodman test

	

	
0.058 ***(z = 33.065)

	




	
[0.002]








***, **, and * denote significance at the 1%, 5%, and 10% levels, respectively. The figures in () indicate the t-value; the figures in [] are the p-values of the corresponding test statistics.
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Table 11. Results of the threshold effect significance test.






Table 11. Results of the threshold effect significance test.





	Models
	Threshold Estimates
	F Value
	p Value





	Single threshold
	8.912
	67.49 ***
	0.003



	Double threshold
	9.647
	34.25 *
	0.093



	Triple threshold
	10.359
	30.12
	0.457







*** and * denote significance at the 1% and 10% levels, respectively.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
- pgdp>15.580

W 7420<pgdp<15,580

[ pgdp<7420

o data






media/file4.png
/'—_—7'—'——7\\'

035 - v—""

030 —

I |
2011 2013 2015 2017 2019





nav.xhtml


  sustainability-15-05661


  
    		
      sustainability-15-05661
    


  




  





media/file2.png
digital economy

0.6

0.4

0.3

0.1

0.0

:¢- & & F P 4
%'Q C."EF‘& ::9 \@r é"ﬁ.f .‘F&Q Qg(‘ ¢ {» a?& é 4} _QQF}Q..:.S}&.$6 {,:-c-

Qﬁ’&’





media/file5.jpg
0.90 _

0.89

0.88

0.87]

0.86

0.85 L L L L q
2010 2012 2014 2016 2018 2020






media/file3.jpg
035

030

T T T
2011 2013 2015 2017 2019





media/file1.jpg
digital economy

%,ed‘@

S8 S F

AL

&S, .,xs w

P p"“’*””af





media/file7.jpg
Ireland J

Sweden

‘Poland

Lithuania

Greece

Taly

Norway

Spain

Slovakia

France §

Denmark

Bulgaria

Austria

Caechia | E——
Romani )
Netherlnds Sy
Belgium
Gemiany <)
Porgal J
Linia s mm——
Hungary IR
Finland )
Estonia )
Slovenia —| N

06

09

1.0





media/file10.png
30

20

10

SPURTIIAN
SRR
Jreura(]
uredg
wspRg
puequI g
AueuLnn
BLSY
Aren
[e3nrod
”n UIPIMS
~ puejod
- BIUBIpIT
~ PUB[2I]






media/file12.png
LR Statistics

60 80
1 1 |

40

20

10
First Threshold

30

LR Statistics
20

10

0

5 10
Second Threshold





media/file9.jpg





media/file0.png





media/file14.png
B pedp>15,580

I 7420<pgdp<15,580

L pgdp<7420

BN ) data






media/file8.png
Ireland —

Sweden —

Poland -

Lithuania —

Greece —

Italy

Norway —

Spain —

Slovakia —

France -

Denmark —

Bulgaria —

Austria <

Czechia -

Romania -

Netherlands

Belgium —

Germany

Portugal —

Latvia <

Hungary

Finland -

Estonia —

Slovenia —

0.6





media/file11.jpg
10 105 bt

First Throshold

o5

85

ov

e oz o
Sonsneis ¥1

[

105 b

10
Threshold

95

85





media/file6.png
0.90
0.89| O
0.88| N A /
0.87|

0.86|

0.85 l , | , | . | . |
2010 2012 2014 2016 2018 2020






