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Abstract

:

The sustainability of the transport sector is targeted by various policies adopted by the European Union, and their impact must be constantly monitored in order to maximize the desired objective. This paper, through a two-stage investigation, aims to present a systemic approach of the sustainability dimensions in transport and to introduce an innovative technique to analyze the interdependencies between them. In the first stage, relevant indicators were selected from the Eurostat database for the content of four dimensions: economic, environmental, social and technological. The robustness of the developed dimensions was assessed and validated through a confirmatory factor analysis. In the second stage, a Gaussian graphical model was estimated as a technique integrating graphical and statistical modeling to identify complex structures of linkages between variables (as components of each dimension of sustainability). The structure of the network clearly highlights the dependence of transport on fossil fuel consumption as the main determinant of pollution in the sector (CO2 emissions). In addition, the central role of railways in decarbonizing transport is highlighted, in contrast to the limited, and isolated at one end of the network, role of electric vehicles. The findings support that affordability of this new technology plays an important role in its impact on zero-emission transition. Concentrating on the period 2013–2022, at EU27 level, the results are relevant in the context of decarbonization policies, offering useful insights both for future research and policy makers.
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1. Introduction


Transportation within the European Union (EU) has a critical role, both from a social and an economic perspective. It ensures the mobility of people as well as goods, supplying and connecting all the other sectors of activity. With a contribution of around 5% of the EU GDP and 10 million workers directly employed in transport activities [1], this sector is a key link in the sustainable development of the Member States (MS). However, its transition to climate neutrality is quite difficult to achieve. The transport sector is responsible for a quarter (25%) of greenhouse gas (GHG) emissions at the EU level [2], and its rate refuses to decrease, despite the measures implemented. In fact, transport “is the only sector in the EU where GHG emissions have increased since 1990” [3] (p. 1).



The negative resilience of the transport sector to EU policies may put at risk not only the achievement of the intermediate targets of at least 55% emission reductions by 2030 [4] but, implicitly, the net-zero-emission target set by the Green Deal [5] and closely in line with the Paris Agreement. This “Achilles’ heel” of the Green Deal calls for more effort both from the policy makers and scholars in order to identify vital solutions for the decarbonization of transport modes.



Strongly committed to the climate-neutrality objective, the European Commission (EC) has made consistent efforts to promote policies aimed at creating a sustainable European transport system that ensures effective and resilient mobility and low environmental impact. The main directions of the European transport policies are set out in the White Paper ‘Roadmap to a Single European Transport Area’ [6], and their objectives have been constantly monitored and reinforced as outlined in the Sustainability Smart Mobility Strategy [1].



The transition to sustainable transport has materialized through “many policies, voluntary commitments, strategies, and regulations, with the fundamental principle to curb the energy consumption and carbon emissions, through technological improvements” [7] (p. 4). In this regard, the Directives of renewable energy [8,9], the Directives of energy efficiency [10,11] and the Directive of clean vehicles [12] stand out.



The latest projects are incorporated in the ‘Fit for 55’ package [4] built as the first stage in delivering the Green Deal. More than legal regulations, these projects are strengthening the path towards decarbonization of the transport sector in a smart and fair way by supporting (i) the transition to a transport system consisting of low- and zero-emission vehicles, along with a phase-out of the sale of new vehicles consuming CO2-emitting fuels by 2035 [13]; (ii) an increase in the use of renewable and low-emission fuels in road transport [14], maritime transport [15] and air transport [16]; (iii) improving the efficiency of energy use in transport modes [17] by raising the share of renewable electricity consumed in transport [18] as well as increasing the number of electric vehicles on road, rail and maritime transport and boosting the development of electric charging infrastructure [14]; (iv) expanding rail infrastructure and capacity in order to shift transport of goods and people to a more sustainable mode [19]; and (v) streamlining the transition to a cleaner transport system, at the level of each MS, through additional taxation of transport pollution [20].



A review of European transport decarbonization policies suggests that they are designed to take systematic and simultaneous action across transport modes (road, rail, air, maritime) rather than individual (isolated) action. The same effect (emission reduction) is targeted through different legislative regulations that address its multiple causes (determinants). Moreover, a rebalancing between modes of transport is desired in order to achieve clean mobility. In simple factor analysis terms, all these mean that the causal factors (determinants) can have both a direct influence on the effect and one or more indirect influences generated by the interactions between them, produced by the regulations.



In order to achieve emission reduction from transport, a sector difficult to decarbonize due to its heavy dependence on fossil fuels [7,21], the behavior of its sustainability determinants needs to be monitored using advanced scientific methods capable of taking into account the multiple interactions between factors. Therefore, this research aims to investigate the connection and interdependencies between the dimensions of sustainability and its determinants (as content-related indicators) through an advanced network analysis technique, namely the Gaussian graphical model (GGM). The whole scientific approach is carried out in the context of European policies on decarbonization of transport.



Interest in assessing the sustainability of the transport sector has constantly increased over the past decade, this interest being even higher, at the EU level, as sustainability allows monitoring progress in achieving climate targets [22]. To address this challenge, many studies have approached the sustainability of transport modes in relation to its economic, environmental and social dimensions [3,23]; other papers have included additional dimensions of sustainability, related to political and spatial issues [24,25] or technology aspects [26]; meanwhile, some studies have focused exclusively on its social and environmental pillars [22,27]. With the concept of sustainable development at its core, most commonly in line with the definition of the Brundland Commission report in 1987 [28], a “special attention has been paid to sustainable transport” [29] (p. 1).



Taking into consideration its different dimensions, the progress of transport sustainability has been assessed, from a systemic perspective, through a collection of indicators [3,23] or a composite index [22,29], while another part of the literature has focused on transport emissions as the core of sustainability and investigated the influence exerted on gas emissions by different determinants, such as policies, environmental technologies, value-added and infrastructure investments [30], energy efficiency and decarbonization policies [7], innovations in transport, green taxes and trade globalization [31], GDP, environmental technologies and renewable energy [32]; and economic growth, energy consumption and urbanization [33]. It should be noted that previous studies have approached transport sustainability in a predominantly classical manner, with investigations aimed at identifying appropriate measures for monitoring and improving transport performance [3,22,23,29] or at quantifying the isolated influence of different factors on transport emissions [7,30,31,32,33].



This research offers a new perspective, as it lies at the intersection of the two areas from the literature. By reviewing both fields of knowledge about transport sustainability, this paper draws on the dimensions content in order to investigate the connectivity and linkages between sustainability determinants. Thus, this paper approaches the dimensions of sustainability as component parts of a complex system, whose functioning and evolution, including towards decarbonization, depend on the interdependence and interaction between its components and sub-components. A total of 4 dimensions of sustainability (economic, environment, social and technological) are defined and expressed by a total of 18 indicators extracted from the Eurostat database. The compliance of the indicators with the nature and content of each dimension of sustainability is validated by a confirmatory factor analysis (CFA). In-depth investigation of the direct, indirect and total interdependencies between the 4 dimensions of sustainability (expressed by 18 variables) is carried out through a network analysis based on estimation of Gaussian graphical models (GGMs). The GGM “has become increasingly popular in the social and behavioral sciences” [34] (p. 1) due to its “capacity to estimate complex patterns of relationships, and to reveal core features” [35] (p. 1) of the dependencies structure. The GGM goes beyond classical conditional dependence methods, both in its ability to investigate direct and indirect (mediated) dependencies between variables and in its technique of simultaneously displaying the estimated results in a network structure. Hence, GGM estimation enhances the originality of this paper.



This paper is structured in distinct sections covering the following issues: literature review (Section 2), materials and methodology employed in the research (Section 3), results obtained (Section 4) and discussion of the results (Section 5), followed by conclusions (Section 6).




2. Literature Review


Net-zero transition of the transport sector is an intensely debated issue among scholars, its achievement being appreciated as a growing challenge, in the context of increasing the need for mobility, its significant impact on economic development and the associated negative environmental consequences [29]. In fact, the gap between the importance of transport system development and its negative consequences is rapidly widening [36], with scholars working to identify solutions to limiting the environmental degradation and threat to human health. The concept of sustainable development, which emphasizes the need for balance between the well-being of the present generation and the basic needs of future generations, ref. [28] is the benchmark for assessing progress in this sector. As [23] noted, “a sustainable transport must reflect the various economic, social and environmental objectives in a balanced way” [23] (p. 4). The author approached these three dimensions “from a systemic perspective, in an attempt to identify elements of the sustainable development models, in transport service sector” [23] (p. 1). The dimensions of sustainability have been detailed in six focus areas, reflected by specific actions, according to their importance and positive/negative impact on economy/business, society and environment.



Ref. [3] analyzed the sustainability of EU rail transport by developing a set of indicators corresponding to the economic, environmental and social dimensions. The authors considered their model as a benchmark for monitoring the sustainability of railways, as the key indicators included correspond to the content of each dimension, and the results of the tests performed (Pearson correlation and data envelopment analysis—DEA) showed a “strong correlation between the indicators and their mutual impacts” [3] (p. 1).



A system of indicators to assess sustainability in transport was also proposed by [27]. The research focused on reviewing the literature in the field of urban and regional mobility, selecting the most relevant topic, intelligible and transparent indicators, and with the higher measurable thresholds corresponding to the socio-ecological dimensions of sustainability [27]. They have developed a “strong sustainability framework, by connecting the social and environmental thresholds for the transport sector” [27] (p. 1).



Transport sustainability across the 28 EU countries was assessed, by [22], through a composite index obtained from the aggregation of seven sub-indicators corresponding to the environmental dimension. The analysis carried out through DEA and the Benefit of the Doubt model covered the period 2015–2018 and showed an improvement in environmental performance by the end of the time frame (12 efficient units targeting 6 countries and their environmental performance in different years) [22].



Moving further in the assessment of transport sustainability, refs. [24,25,29] have proposed an extension of the classical dimensions (economic, social, environmental) by including additional categories related to political and spatial aspects of the transport system [29] and, in particular, urban freight transport [24,25]. The same approach was followed by [26] in assessing the sustainability of rail transport. They proposed an integrated performance assessment framework (PAF) by adding to the traditional dimensions new issue related to advanced technologies in transport. The results of the sensitivity analysis performed showed that the technological dimension was the most representative dimension of sustainability in rail transport [26].



For any number of sustainability dimensions taken under consideration, they “must be interconnected and combined to create a stable base” [25] (p. 253) in order to support the net-zero transition. Achieving the ambitious target of reducing transport emissions by 90% by 2050 [1] requires close monitoring of progress or deviations through key indicators and robust modeling. For a sustainable future in transport, it is “crucial to find all factors that are significant determinants of transportation sector emissions” [31] (p. 2). To assist such efforts, there are scholars who approach sustainability through its central point, i.e., emissions from transport modes, and look for solutions to reduce them. The same concept of sustainability is explored from a different perspective.



To support the achievement of the carbon neutrality SDGs, ref. [31] investigated the influence of six determinants (innovation; traffic on road, rail and air; infrastructure development; green taxes, R&D and trade globalization) on demand, transport emissions and greenhouse gas emissions (as dependent variables). Also, “the policy impact of innovation and taxes and renewables are estimated using their interactions” [31] (p. 1). The results of the analysis, based on panel corrected standard errors (PCSEs) and Granger causality, indicated that eco-innovations in transport contribute to reducing pollutant emissions, and traffic increases emissions by 17.5%, while green taxes limit them in the long term to 15.3% and 39.3% in the short term. The research was carried out at the EU25 level and covered the period 1994–2020 [31].



The research of [32] aimed to identify patterns and determinants of decreasing CO2 emissions for a sustainable European transport system. To this end, the scholars investigated the impact of GDP, environmental technologies and renewable energy on CO2 levels. The investigation was performed based on corrected standard error and feasible generalized least squares methods and showed “a significant and variable effect of environmental technologies and renewable energy on CO2 emissions in the EU transport sector, emphasizing the positive correlation between increased renewable energy adoption and emission reduction” [32] (p. 1). Additionally, the study promoted electric vehicles, hydrogen fuel cells, and biofuels as solutions for sustainable transport. On the contrary, ref. [33] found that technological investments have a statistically insignificant impact on CO2 emissions in the EU15 countries (1997–2015), while economic growth and energy consumption lead to an increase in emissions. Another observation of the study indicates that the level of urbanization of the EU countries also did not have a statistically significant influence on pollution from the transport sector [33].



Ref. [7] investigated the impact that key determinants of energy efficiency and decarbonization policies have on energy consumption in European road transport. Within the category of road transport sustainability determinants were included “GDP per capita, population growth, vehicles stock, fleet characteristics, travelled distance, passengers and tonne-kilometres, fuel price” [7] (p. 13). In particular, the research focused on how European transport decarbonization policies have affected the trend in energy consumption and emissions in this sector during the period 2000–2018. The results of the causality tests between variables and the decomposition analysis confirmed the role of increasing energy efficiency in reducing gas emissions from road transport. The scholars have concluded that “overall, the decreases of final energy consumption, and emissions intensity show that the already implemented policies have had an impact even if limited on road transport efficiency and transport overall sustainability” [7] (p. 24).



A summary of the key elements of the literature on which this paper is based and its original contribution to the broadening of knowledge is provided in Table 1.



Examining both areas of the literature has provided us with valuable insights that allow us to investigate the sustainability of European transport in a multifaceted manner, with a focus on the connectivity and interdependencies between variables assessed within decarbonization policies.




3. Materials and Methods


3.1. The Dimensions of Transport Sustainability Included in the Analysis


Summarizing the relevant literature, we can state that sustainability of the transport system has been approached, traditionally, through economic, environmental and social dimensions. The interaction and interdependencies between these three make it “possible to reach a compromise between economic efficiency, social equity and ecological sustainability” [25] (p. 252). We agree with this statement, but, similarly to [26], we aim to go beyond the traditional approach and investigate whether the behavior of the three dimensions, and hence overall sustainability, are also influenced by the state of technology. In fact, even the Brundtlands report (1987), considered the cornerstone of the classical dimensions, stipulates the concept of “new technology, which has the potential for mainspring of economic growth, but also entails high risks, including new forms of pollution” [28] (p. 13). Therefore, technology, as an important factor influencing economic development, rising social standards, but also environmental degradation, must be included in the analysis of sustainability. This is even more necessary in the case of the transport sector, which follows an unprecedented transition towards a “system for future generation” [1], during which technological progress sets the path towards net-zero destination [37].



Considering this background, this research proposes an analysis of transport sustainability in relation to four dimensions: economic, environmental, social and technological. We make the assumption that the four key dimensions are complementary and interconnected. To support this assumption, the literature [24] strongly suggests the existence of a substantial connection between the content of each dimension and the indicators used to express it. Closely related to the connectivity challenge, we have reviewed the definitions given for the sustainability dimensions [3,25,26,27,37] and identified the main content-related issues used in the construction of dimensions for sustainability in the transport sector (Figure 1).



In addition, assessing transport sustainability requires indicators that reflect “different impact, objectives and goals” [3] (p. 3) without omitting “their relative importance and mutual causality” [38] (p. 20).




3.2. Data


Taking into account the fundamental characteristics for the sustainability content-related indicators, together with the “most frequently used method” [24] (p. 3) of starting from previous research knowledge (indicators included in relevant studies), we proceeded to interrogate the Eurostat database in order to construct the sustainability dimensions used in this research. We developed a selection procedure (Figure 2) and applied it in the selection of representative indicators for the transport sustainability in the context of decarbonization policies adopted by the EU.



The Eurostat database, as the body responsible for official statistics of the EC, publishes indicators for five types of transport modes (air, inland waterway, rail, road, maritime-sea) covering aspects related to “infrastructure, transport equipment, investments and maintenance, traffic, transport measurements, and accidents” [39,40]. Given the close relationship between transport and the Sustainable Development Goals (SDGs) [21,31], statistical information on transport is also included in several SD indicators at the EU level: G7–G9, G11, G13, G15 [5,40]. Such a spread of transport indicators underlines the importance of the sector for the EU policy and objectives and supports our decision to extract information from this database in order to obtain a uniform dataset.



The final set of selected indicators, shown in Table 2, is organized into the four dimensions of transport sustainability included in the analysis, based on the conclusion drawn from the literature review (Figure 1).



Data availability was an important criterion in the indicator selection process. For this reason, the period included in the research was standardized to the range 2013–2022, corresponding to the information published by Eurostat. In addition, this timeframe is considered appropriate for the purpose of the present investigation to assess the sustainability of European transport in the context of the net-zero transition. The 18 indicators included in the final dataset represent the variables used in the analysis of European transport sustainability.




3.3. Methodology


In order to assess the sustainability of European transport in relation to its dimensions and the determinants of its progress, this research employs Gaussian graphical models (GGMs) as a particular technique of network analysis. To estimate the total, direct and indirect interdependencies between variables by GGM, we formulate the following scientific hypotheses:



H1: 

All four dimensions of sustainability (economic, environmental, social, technological) are adequately and robustly constructed (contain indicators appropriate to their nature and content).





H2: 

The dimensions of sustainability are complementary, interdependent and strongly interlinked in a meaningful model.





H3: 

The interactions/interdependencies developed between variables reflect the main directions set by decarbonization policies in the transport sector.





Confirmatory factor analysis (CFA) is employed to test the first hypothesis, while Hypotheses 2 and 3 are investigated by GGM estimation.



Confirmatory factor analysis (CFA) is a statistical method that examines the validity of the relationship between a latent variable and the indicators, or factors (observed variables), used in its construction [41]. In the current research, each of the four dimensions of sustainability represents a latent variable that has been defined by a number of observed variables (see Table 1). By using CFA, the degree of fit of the indicators (observed variables) with the content of the corresponding dimension, as they have been placed in each latent variable, will be analyzed. For this purpose, four criteria for testing the fit index [41,42] are mainly used: chi-square test (x2, df and p < 3.00); comparative fit index (CFI) > 0.90; root mean square error of approximation (RMSEA) < 0.1; parsimony normed fit index > 0.50.



The Gaussian graphical model (GGM) is an econometric method that integrates graphical and statistical modeling to identify complex structures of linkages between analyzed data. For this purpose, a GGM models the structure of correlations between a set of variables by estimating the regularized partial correlation between them and displays it as a graph network [43]. Within the network, the observed variables are considered nodes and the links between them are plotted by edges (in classical version, the blue edges indicate positive links and red edges indicate negative links). As the edges represent “the partial correlation left between two nodes after conditioning on all other nodes” [44] (p. 4), the network “maps out multicollinearity and predictive mediation, and allow one to model unique interactions between variables” [45] (p. 4). The GGM provides an intuitive visualization of the direct links between each pair of variables but also reveals indirect pathways of connections, or mediated connection, such as A is correlated with B and B is correlated with C, meaning that A is indirectly correlated with C, or the relationship is mediated by B [44,45]. Another advantage of the method derives from its capacity to organize the network based on the connectivity strength between nodes, thereby allowing robust results. This property of network analysis allows researchers the opportunity to analyze the dependencies between a set of variables “in a manner that other statistical approaches cannot provide” [35] (p. 303). In contrast to classical methods of conditional dependency of relationship analysis (Granger causality, Pannel analysis: corrected standard errors, random and fixed effects, ordinary last square) the GGM provides clear and valuable insights into the structure of dependencies, based on its capacity to explore the overall relationships between a set of items as parts of a “dynamic system that mutually influence and interact with one another” [34] (p. 2). From this perspective, the network structure consists of the estimated partial correlation between a pair of variables derived from the joint distribution of all variables, capturing conditional dependencies and implicit mutual association, which is different and above traditional methods [45]. These advantages have led to a wide use of the method in the social sciences [43,44,45] and implicitly in addressing sustainability issues [46].



An important limitation of the method is represented by its dependence on the normal distribution of the variables, to which are added the difficulties in estimating the correlation coefficient matrix and interpreting the displayed networks in the case of datasets with a large number of variables [45].



Both methods, CFA and GGM, were performed using Jeffreys’ Amazing Statistics Program (JASP) version 0.18.30. JASP is an easy-to-use [43,44], open-source statistical program that relies on R bootnet (version 1.5.5) and qgraph (version 0.3.0.2) packages for performing network analysis and, particularly, Gaussian graphical models [47].





4. Results


The first important aspects to reveal concern the descriptive statistics, which give us an overview of the mean, the standard deviation and the distribution of the 18 variables through the skewness and kurtosis coefficients (Table 3).



Based on these 18 variables, we construct the 4 dimensions of sustainability, i.e., economic, environmental, social and technological, to investigate the progress made by the European transport sector in the context of the transport decarbonization policy adopted at EU level.



The interconnectivity, or closeness, between the observed variables and the content of the sustainability dimensions (latent variables) to which they have been assigned (see Table 3) is controlled by confirmatory factor analysis (CFA). The outputs of the CFA (Table 4 and Figure 3) support the developed sustainability dimensions with a small adjustment, in terms of moving one variable between two dimensions. The data centralized in Table 4 show an improvement in the fit indices of the sustainability dimensions as a result of moving the E_T variable from the economic dimension to the social dimension.



The values of the fit tests (Table 4) and the additional standardized parameters displayed in the model plot (Figure 3) confirm study hypothesis number 1. We note that the CFA method indicates a better placement of the percentage of transport expenditure in total household expenditure (E_T) in the social category than in the economic one, as in the base model, where it was originally integrated. The components of the four dimensions of sustainability, obtained from the CFA application, are shown in the following Figure.



Based on these results, we proceeded to the network analysis by estimating Gaussian graphical models (GGMs) in order to capture in detail the behavior of the four dimensions considered (economic, environmental, social and technological) of the transport sustainability in terms of connectivity, intensity and interdependencies between specific variables. For this purpose, the 18 variables are considered as nodes of the network, the analysis consisting mainly of estimating, in the form of partial correlation coefficients (Appendix A), all the interdependencies established between nodes and representing them simultaneously as a network (Figure 4).



In the network structure of the GGM (Figure 4), the positive links between variables are drawn in blue edges and the negative links in red edges. Also, the strong, or statistically significant, relationships between two variables are graphically represented by thicker edges and displayed in the main plane; meanwhile weak, or statistically insignificant, relationships are represented by thinner edges between nodes and displayed in the secondary plane of the network.



The distribution and positioning of the 18 variables analyzed within the network provide us with relevant information about their power of connection and, implicitly, of influencing the evolution of the sustainability of the European transport system. The more central a variable is in the network, the more important it is in the context of the transition to a green transport system. In this respect, the centrality of the environmental dimension (through the variables Eng, CO2 and Shr), the economic dimension (through Rl_G, and, to a smaller degree, through GDP and Rd_G) and the social dimension (through the variables Rd_P, Rd_S and Rl_S) are clearly distinguished in the network structure and supported by the centrality plot (Appendix B). These positions confirm the importance of the three classical dimensions of sustainability and also the practical connection between them.



The fourth dimension proposed by the present research for transport sustainability, namely the technological dimension, is positioned towards the network extremity through all its four variables (Rl_I, Rd_I, E_vh and E_lc), a position corresponding to a rather low power of influence. However, considering that the technological efforts and therefore the stock of low-emission transport equipment are at an early stage, their position is appreciated as normal. In addition, the location of the technology dimension variables in proximity to the social dimension, especially to the E_T variable, draws attention to the fact that the affordability of new technologies is an important factor in increasing their influence and hence the success of decarbonization policies.



The links between variables and their implications, in the context of the transition to climate neutrality, are analyzed from the center of the network towards the extremities, in relation to the intensity of direct and indirect connections.



In the center of the network structure (Figure 4), the intensity of the linkage between the Eng–CO2 variables stands out. The positive relationship between them indicates that energy consumption from fossil sources (Eng) is the main determinant of CO2 emissions in transport. The second determinant of CO2 increase is economic growth (positive GDP–CO2 link suggesting that any increase in economic welfare at the MS level entails negative consequences on air quality). At the same time, there is also a factor with a negative, or inverse, influence on CO2 levels, namely the share of renewable energy in total transport energy consumption (Shr). The negative CO2–Shr link confirms the direction of the Renewable Energy Directive and the Energy Efficiency Directive, with favorable implications for the intensification of efforts to use green energy in transport.



Further, the variables in the vicinity of the grid center are mainly identified as direct drivers of energy consumption (Rl_G, Rd_P, Rd_S, Rd_G, Rl_S) and indirect drivers of CO2 emissions, but each link must be analyzed in relation to each of its implications.



Thus, the transport of goods by rail (Rl_G) develops a negative relationship with CO2 (Rl_G-CO2), identifying itself as a cleaner mode of transport, but we can appreciate that its contribution to limiting pollution is currently low. We argue this assertion by the fact that it is still based on fossil energy consumption (positive link Eng-Rl_G) and, implicitly, by the practical discrepancy between electrified rail infrastructure capacity and energy from renewable sources, as the negative statistical link with Shr (Rl_G–Shr) suggests. Moreover, the positive link between Rl_G–GDP, generated by the fact that any economic growth implies an increase in the volume of goods (million ton-kilometers) transported, confirms that rail freight transport is still an indirect driver of CO2 growth (its impact being mediated by Eng and GDP). Despite the low progress observed for the period 2013–2022, it should be noted that rail freight transport plays a central role in the greening of the transport sector. However, efforts are needed in order to increase renewable energy technologies and infrastructure. The same cannot be said, however, for rail passenger transport (Rl_P), which is a variable at the periphery of the network and has developed statistically weak dependencies.



Passenger transport on the road (Rd_P), by cumulating transport by cars, motorcycles, buses and trolleybuses, suggests that for a more environmentally friendly mobility, the number of passengers transported simultaneously per kilometer of road should be increased. In other words, public transport is a sustainable mode, with the potential to reduce fossil fuel consumption (Rd_P–Eng negative link) and thus CO2 pollution (Rd_P–CO2 negative link, but with lower statistical significance). At the same time, the sustainability of road passenger transport depends, as indicated by the direct relationships developed in the network, also on the living standards of the population quantified by GDP per capita (Rd_P–GDP positive link) and, implicitly, on the availability to allocate a higher share of transport expenditure in total household expenditure (Rd_P–E_T positive link) but also on the accessibility of new clean technologies (Rd_P–E_vh positive link and Rd_P–E_lc negative link). Judging from these statistical links, it can be appreciated that decarbonization of road transport remains a major challenge for policy makers due to its strong connection with the social aspects and the implications for social status and the right to free mobility. At present, zero-emission vehicles have a low impact on this mode of transport, which is supported by their position at the end of the network and the fact that their CO2 impact is mediated by the variable Rd_P.



Road safety (Rd_S) develops two strong positive relationships in the network: (1) with energy consumption (Rd_S–Eng), suggesting that safer vehicles are also high energy consumers, with indirect implications on CO2 emissions (Rd_S–Eng–CO2, the impact on pollution is mediated by its dependence on fossil fuels); and (2) a link with electric locomotives (Rd_S–E_lc) suggesting that a shift of traffic to rail will lead to an increase in road safety and indirectly to a reduction in CO2 emissions (negative link E_Lc–CO2). Two other positive links can be noted, but with lower statistical significance: the direct association of traffic safety with investments and road maintenance works (Rd_S–Ed_I); and with rail safety (Rd_S–Rl_S) as a reconfirmation of the need to move part of the passenger traffic to rail.



The transport of goods by road (Rd_G) is positively related to the central variable Eng concerning energy consumption from fossil fuels (Ed_G–Eng), a dependency that is an indirect factor on the increase in CO2 emissions (Ed_G–Env–CO2); and there are positive links with the variables on rail safety (Rd_G–Rl_S) and on maritime freight transport (Rd_G–W_G) both pointing to rail transport (Rl_S) as a mediating point towards a reduction in fossil fuel consumption (Rl_S–Eng negative link).



Variables at the extremes of the GGM structure are of low importance in the network context and therefore develop weak relationships from a statistical point of view. A single boundary variable develops more statistically significant relationships. This is the air freight variable which develops a positive link with GDP (A_G–GDP) and a negative link with rail safety (A_G–Rl_S).



We consider that these statistical links confirm, through the dependencies captured between the dimensions and variables (determinants of sustainability), the strong dependence on fossil fuels, doubled by the complexity of the system and its social and economic ambivalence. In some cases, there is a slight framing of these determinants in the direction set by the decarbonization policies for European transport as a validation of the future efforts.




5. Discussion


Meeting the European climate targets depends only on “the ability to make the transport system as a whole more sustainable” [20] (p. 1). To address transport sustainability as a whole, it is useful to have a deeper image of the interdependence between its dimensions and, moreover, to understand the relationships between its relevant sub-components. Even if the components that make up the whole can form a complex system [48], there is a need for research to capture the overall dependencies of the sustainability determinants; there is a need to “understand the relationship between the parts, the way that parts move, what drives the behaviour of the parts” [23] (p. 2). The GGM estimated in this paper allowed such an analysis by simultaneous visualization of total, direct and indirect interdependencies established between the components of the economic, environmental, social and technological dimensions of transport sustainability. The findings not only characterize the state of European transport sustainability but also provide insights into its determinants in relation to decarbonization policies. The relevance of the conclusions drawn is furthermore supported by the results of the CFA test for the development robustness of the four dimensions of sustainability.



The first observation from the overall GGM network analysis is that the variables related to the four dimensions of sustainability do not show a strong clustering tendency. They are distributed in the network in a slightly independent way, determined by their importance and relevance to the topic (the degree of centralization) and the intensity of the links between variables. Such behavior confirms that the analyzed dimensions are independent but also complementary. Complementarity and strong interdependencies were formed, especially between the classical dimensions: economic, environmental and social. These results confirm not only study hypothesis number two but, implicitly, the fact that the transport sector “is a key factor in the European economy” [22] (p. 2) and society, “both in terms of fostering human connectivity as well as acting as a source of significant ecological impact” [27] (p. 2).



The centrality and strong positive link between the variables Eng and CO2 confirm the findings of many previous studies [7,21,33] that, due to its high dependence on fossil energy consumption, transport is a major polluter, as CO2 is the main component of the greenhouse gases causing global warming [49]. Similar to [7], it was observed that road transport is the largest energy consumer and an important determinant of the level of CO2 emissions (through variables related to transport of goods and passenger safety on the road). In addition to the measures taken to increase the standards regarding vehicle pollution [13], more specific attention should be given to the green energy vehicles transition. The current stock of electric vehicles does not play an important role in the network and, therefore, neither in decarbonization. It is particularly important to note that this variable (E_vh) is at the very end of the network and is closely related to the social variable E_T, which reflects the share of transport expenditure in total household expenditure. The positive relationship between these two variables clearly suggests that the new technology needs to be accessible to the broad mass of the population in order to have an impact on reducing transport pollution. Therefore, contrary to the findings of studies [31,32], electric vehicles must be not only efficient technologies but also affordable to cut pollution in the sector. Solving these problems raises difficulties both for car manufacturers (in terms of innovation and production costs) and for the implementation of the clean vehicles directive, which stipulates that the MS will not allow the sale of fossil-fuel-consuming cars from 2035 [13]. Addressing such challenges related to the affordability of clean vehicles, together with gradually limiting the sale of polluting vehicles until 2035, are seen as important directions for future research. To this end, it is necessary to identify appropriate measures to quantify the opportunities and efforts of electrical vehicles manufacturers (such as legislative support, cost structure, R&D expenditure, raw material logistics), consumer behavior (preferences/limits related to price, facilities, access to charging infrastructure), public investment for infrastructure development and pollution taxes. Due to data availability limitations, this paper did not consider variables related to these issues, but they may be included in future investigations aimed at expanding decarbonization pathways. Even in the context of this research limitation, the estimated interdependencies between the analyzed variables represent a robust review of the sustainability of European transport over the period 2013–2022 and a starting point for both researchers and policy makers in their future actions on green transition.



Further, unlike [31], these findings do not support a significant influence of environmental taxes or infrastructure investments on the sustainability of transport modes. However, the results are in strong agreement with previous conclusions regarding the importance of increasing renewable energy for accelerating the transport transition towards climate neutrality [7,32,33], as well as the positive impact of GDP on increasing transport emissions [7,33]. Summarizing all the observed findings based on the interdependencies between variables, hypothesis number 3 of our study is partially confirmed.




6. Conclusions


The transition to clean mobility is a difficult but important process for the future of European societies and economies. The multifaceted approach undertaken in this paper, in terms of connectivity, interdependencies and behavior, of transport sustainability provides both researchers and policy makers with an important perspective and a useful basis for managing the complex information involved in the decarbonization process. The findings support the still very high dependence of transport on fossil fuels, which keeps this sector among the major polluters in the EU. Moreover, this dependence also contributes to the negative resilience of transport to decarbonization policies. Despite a steady increase in vehicle emission standards, additional taxation of pollution and efforts to increase the use of green energy in powering transport vehicles, and thus in the development of electric vehicles, progress over the period 2013–2022 is slow. The impact of decarbonization policies is visible in the behavior of the variables analyzed, but in a random and not consistent way. Although the EU’s aim is for these policies to act simultaneously on the determinants of transport pollution, the visible effect has been isolated, implying a reinforcement of future efforts. The analysis of the GGM structure shows that many aspects need to be improved, in particular the development of the technologies needed for such a transition and the related infrastructure. Even if the interdependencies developed in the network do not support important changes in the transition towards clean mobility, the complementarity and the distribution of the variables analyzed contain key information about the socio-economic aspects that need to be taken into account in the implementation of decarbonization policies.



The simultaneous analysis and the display in a suggestive and easy-to-understand manner of all the interdependencies between the dimensions of European transport sustainability, provided by the GGM network estimation, is a major contribution of this paper through the originality and information provided. It extends the knowledge in the field while reinforcing the conclusions of previous studies on the harmful dependence of transport on fossil fuels [7,21,33] and contradicting the results [31,32] on the significant positive impact of electric vehicles, environmental taxes or infrastructure investments on reducing CO2 emissions from transport.



In addition to the new approach of sustainability through the GGM network estimation, it is worth mentioning the first part of the research aimed at building the dimensions of European transport sustainability and validating, through CFA, the consistency of the chosen indicators with the economic, environmental, social and technological content used in the analysis. However, in spite of these scientific contributions, this paper also has certain limitations. One of the most important is determined by the availability of data, the research being limited to the 18 indicators due to the lack of data availability. The 10-year period included in the analysis can be considered a limit, but the 2013–2022 period concentrates the impact of policies adopted in the context of the Green Deal and European climate neutrality.



Nevertheless, the research represents a starting point for future studies, which can extend both the timeframe and the number of indicators analyzed. Moreover, the relevance of the indicators for transport sustainability and their interdependencies can be further investigated by integrating other techniques and methods alongside those used here.
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Table A1. Weights matrix.
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Variables

	
Network




	
GDP

	
Rl_G

	
Rd_G

	
W_G

	
A_G

	
Env

	
CO2

	
Shr

	
Eng

	
Rl_S

	
Rd_S

	
E_T

	
Rl_P

	
Rd_P

	
Rd_I

	
Rl_I

	
E_vh

	
E_lc






	
GDP

	
0.000

	
0.438

	
−0.069

	
−0.091

	
0.528

	
0.134

	
0.473

	
0.349

	
−0.263

	
0.074

	
−0.177

	
0.155

	
−0.012

	
0.268

	
0.058

	
−0.042

	
−0.118

	
0.055




	
Rl_G

	
0.438

	
0.000

	
−0.133

	
0.142

	
−0.213

	
−0.051

	
−0.385

	
−0.314

	
0.258

	
0.090

	
0.070

	
−0.127

	
−0.126

	
0.017

	
0.037

	
0.187

	
0.121

	
−0.247




	
Rd_G

	
−0.069

	
−0.133

	
0.000

	
0.301

	
0.167

	
0.054

	
−0.225

	
−0.192

	
0.452

	
0.547

	
−0.148

	
0.066

	
−0.092

	
0.144

	
−0.181

	
0.109

	
−0.068

	
−0.050




	
W_G

	
−0.091

	
0.142

	
0.301

	
0.000

	
−0.189

	
0.004

	
0.180

	
0.181

	
−0.149

	
−0.476

	
0.085

	
0.102

	
0.007

	
−0.105

	
0.072

	
0.087

	
−0.070

	
−0.143




	
A_G

	
0.528

	
−0.213

	
0.167

	
−0.189

	
0.000

	
−0.183

	
−0.269

	
−0.142

	
0.240

	
−0.398

	
0.097

	
0.012

	
−0.069

	
−0.052

	
−0.019

	
−0.051

	
−0.053

	
0.051




	
Env

	
0.134

	
−0.051

	
0.054

	
0.004

	
−0.183

	
0.000

	
0.259

	
−0.048

	
−0.210

	
−0.237

	
0.085

	
−0.154

	
−0.048

	
−0.057

	
0.103

	
−0.007

	
0.173

	
0.031




	
CO2

	
0.473

	
−0.385

	
−0.225

	
0.180

	
−0.269

	
0.259

	
0.000

	
−0.269

	
0.806

	
0.120

	
−0.074

	
−0.004

	
−0.162

	
−0.198

	
0.017

	
0.003

	
−0.015

	
−0.287




	
Shr

	
0.349

	
−0.314

	
−0.192

	
0.181

	
−0.142

	
−0.048

	
−0.269

	
0.000

	
0.282

	
0.144

	
−0.208

	
−0.111

	
−0.275

	
−0.006

	
0.043

	
0.135

	
0.061

	
0.070




	
Eng

	
−0.263

	
0.258

	
0.452

	
−0.149

	
0.240

	
−0.210

	
0.806

	
0.282

	
0.000

	
−0.111

	
0.450

	
−0.105

	
0.172

	
0.258

	
0.077

	
0.034

	
0.041

	
0.055




	
Rl_S

	
0.074

	
0.090

	
0.547

	
−0.476

	
−0.398

	
−0.237

	
0.120

	
0.144

	
−0.111

	
0.000

	
0.253

	
0.076

	
0.013

	
−0.316

	
0.052

	
−0.012

	
−0.023

	
0.141




	
Rd_S

	
−0.177

	
0.070

	
−0.148

	
0.085

	
0.097

	
0.085

	
−0.074

	
−0.208

	
0.450

	
0.253

	
0.000

	
0.195

	
−0.095

	
−0.150

	
0.233

	
−0.042

	
0.010

	
0.413




	
E_T

	
0.155

	
−0.127

	
0.066

	
0.102

	
0.012

	
−0.154

	
−0.004

	
−0.111

	
−0.105

	
0.076

	
0.195

	
0.000

	
−0.075

	
0.185

	
−0.004

	
−0.045

	
0.283

	
−0.154




	
Rl_P

	
−0.012

	
−0.126

	
−0.092

	
0.007

	
−0.069

	
−0.048

	
−0.162

	
−0.275

	
0.172

	
0.013

	
−0.095

	
−0.075

	
0.000

	
−0.071

	
0.057

	
−0.047

	
0.239

	
−0.123




	
Rd_P

	
0.268

	
0.017

	
0.144

	
−0.105

	
−0.052

	
−0.057

	
−0.198

	
−0.006

	
0.258

	
−0.316

	
−0.150

	
0.185

	
−0.071

	
0.000

	
0.140

	
0.044

	
0.219

	
0.109




	
Rd_I

	
0.058

	
0.037

	
−0.181

	
0.072

	
−0.019

	
0.103

	
0.017

	
0.043

	
0.077

	
0.052

	
0.233

	
−0.004

	
0.057

	
0.140

	
0.000

	
0.247

	
−0.114

	
0.102




	
Rl_I

	
−0.042

	
0.187

	
0.109

	
0.087

	
−0.051

	
−0.007

	
0.003

	
0.135

	
0.034

	
−0.012

	
−0.042

	
−0.045

	
−0.047

	
0.044

	
0.247

	
0.000

	
−0.020

	
0.107




	
E_vh

	
−0.118

	
0.121

	
−0.068

	
−0.070

	
−0.053

	
0.173

	
−0.015

	
0.061

	
0.041

	
−0.023

	
0.010

	
0.283

	
0.239

	
0.219

	
−0.114

	
−0.020

	
0.000

	
−8.867




	
E_lc

	
0.055

	
−0.247

	
−0.050

	
−0.143

	
0.051

	
0.031

	
−0.287

	
0.070

	
0.055

	
0.141

	
0.413

	
−0.154

	
−0.123

	
0.109

	
0.102

	
0.107

	
−8.867

	
0.000
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Figure A1. Centrality plot. 






Figure A1. Centrality plot.
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Figure 1. Main issues related to the content of the transport sustainability dimensions. 
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Figure 2. The process of indicators selection. 
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Figure 3. The confirmatory factor analysis—model plot. 
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Figure 4. The Gaussian graphical model for sustainability dimensions in transport. 
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Table 1. Summary of relevant elements of the literature and original contribution.
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Research Areas Used from the Existing Literature

	
Originality of the Paper




	
Assessment of Transport Sustainability Performance

	
Causal Dependence Analysis between Transport Sustainability Determinants






	
Research objectives

	
Assess the status (performance) and progress of transport sustainability.

	
Estimate the isolated impact of different determinants on the level of transport emissions.

	
Analysis of the global interdependencies/relationships between the dimensions of sustainability and their determinants in the context of EU decarbonization policies.




	
Inputs

	
Sustainability dimensions: economic, environment, social, political, spatial, technological.

	
Determinants: economic growth; renewable energy; energy efficiency and consumption; green policies; environmental technologies; taxes.

	
Sustainability dimensions: economic, environment, social, technological.

Sustainability determinants: content-related indicators of the four dimensions.




	
Outputs

	
Composite indexes of transport sustainability.

Multiple indicators relevant for sustainability performance assessment.

	
Evidence about the direct links/relationships between different factors of influence and the level of emissions from transport modes.

	
Simultaneous evidence about the overall (direct, indirect and total) relationships between determinant factors of transport sustainability.











 





Table 2. Variables and sustainability dimensions.






Table 2. Variables and sustainability dimensions.





	
Sustainability

Dimensions

	
Symbol

	
Specification

	
Source






	
Economic (Ecn)

	
GDP

	
Gross domestic product, as value of well-being per capita

	
Eurostat database




	
Rd_G

	
Volume of goods, in million ton-kilometer, transported by road

	
Eurostat database




	
Rl_G

	
Freight transported by rail, volume of goods, in million ton-kilometer transported by rail

	
Eurostat database




	
W_G

	
Unitization in maritime of freight transport, as million ton-kilometer

	
Eurostat database




	
A_G

	
Freight transported by air

Volume of goods, in tons, transported by air

	
Eurostat database




	
E_T

	
Percentage of transport expenditure in total expenditure of households

	
Eurostat database




	
Environmental (Envr)

	
CO2

	
Tons of carbon dioxide (CO2) emissions from transportation

	
Eurostat database




	
Eng

	
Final energy consumption in transport, in tons of oil equivalent

	
Eurostat database




	
Shr

	
Share of renewable energy in gross final energy consumption from transport

	
Eurostat database




	
Env

	
Percentage of total revenues from transport taxes and social contributions (excluding imputed social contributions)

	
Eurostat database




	
Social

(Scl)

	
Rl_S

	
Number of rail accidents

	
Eurostat database




	
Rd_S

	
Persons killed in road accidents

	
Eurostat database




	
Rl_P

	
Volume of passengers, in millions of passenger-kilometers, transported by rail

	
Eurostat database




	
Rd_P

	
Volume of passengers, in millions of passenger-kilometers, transported by road

	
Eurostat database




	
Technological (Tch)

	
Rl_I

	
Investments on rolling stock and railway infrastructure

	
Eurostat database




	
Rd_I

	
Investments on rolling stock and road infrastructure

	
Eurostat database




	
E_lc

	
Electrical locomotives

	
Eurostat database




	
E_vh

	
Electrical vehicle, as numbers of new zero-emission vehicles

	
Eurostat database











 





Table 3. Descriptive statistic.






Table 3. Descriptive statistic.





	Variables
	Men
	St. Deviation
	Skewness
	Kurtosis
	N





	GDP
	26,583
	17,289
	1.532
	2.644
	270



	Rl_G
	14,803
	13,630
	1.708
	6.223
	270



	Rd_G
	68,523
	66,730
	2.025
	3.125
	270



	W_G
	10.611
	9.680
	0.923
	0.046
	270



	A_G
	144,113
	214,429
	2.506
	5.580
	270



	E_T
	12.174
	2.066
	−0.569
	1.663
	270



	Env
	1.342
	0.865
	0.696
	−0.289
	270



	CO2
	15,536,143
	15,144,461
	2.021
	3.751
	270



	Shr
	7.661
	5.050
	1.366
	5.746
	270



	Eng
	10,175
	10,037
	1.988
	2.860
	270



	Rl_S
	61.789
	57.590
	1.953
	3.412
	270



	Rd_S
	798
	145
	1.557
	0.981
	270



	Rl_P
	12,637
	11,769
	1.675
	5.998
	270



	Rd_P
	505.689
	93.377
	−0.288
	−0.276
	270



	Rd_I
	4578
	947
	1.009
	2.793
	270



	Rl_I
	2205
	1760
	1.263
	6.367
	270



	E_vh
	15,208
	11,310
	1.658
	3.157
	270



	E_lc
	374
	277
	1.681
	1.768
	270










 





Table 4. Confirmatory factor analysis.






Table 4. Confirmatory factor analysis.





	
CFA

(Four Sustainability Dimensions)

	
Fit Indexes




	
Chi-Square Test

	
CFI

	
RMSEA

	
PNFI




	
x2

	
df

	
p






	
Based (Table 1)

	
4568

	
153

	
≤0.01

	
0.921

	
0.096

	
0.900




	
Fitted (Figure 2)

	
3009

	
149

	
≤0.01

	
0.937

	
0.067

	
0.910
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