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Abstract

:

This study aims to identify sustainable countries within the European Union in terms of renewable energy. The objective is to support renewable alternatives and enhance sustainability in the renewable sector among the top economic countries. The study reviews key drivers of sustainable development, establishes criteria for each dimension, and selects up-to-date indicators. The fuzzy analytical hierarchy process and expert judgments are employed to rank the countries, ensuring unbiased results, and reducing uncertainty. The findings indicate that Sweden, Belgium, Ireland, France, Germany, Spain, the Netherlands, Poland, and Italy exhibit their positions from the most advanced to the lower sustainable countries, respectively. Energy and environmental indicators play a primary role as the most influential drivers. Economic factors contribute as tertiary drivers, while social and institutional indicators have a relatively minor influence. Notably, Sweden, Belgium, and Ireland, despite being among the last three in terms of economic ranking, emerge as the most sustainable countries in renewable energy, surpassing stronger economies such as France, Germany, and Spain. On the other hand, the Netherlands, Poland, and Italy, as middle economy countries, rank lower in terms of sustainability. These results provide insights for harnessing renewable energy in high-growth economies and offer valuable policy advice for implementation.
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1. Introduction


Long-term development plans that address environmental issues require the consideration of RE as the best option, leading to a direct association between RE and SD [1,2]. All nations must guarantee their access to a reliable energy source. Due to continuing power sector adjustments and foreign policy issues, this is especially the case for EU member states [3]. In fact, one of the core areas of SD is sustainable energy, which has ties to the environment, politics, and the economy. Therefore, nations are encouraged to incorporate a common understanding of SD into all aspects of their energy enterprises, financial plans, and decision-making [4].



RE exhibits a profound correlation with several SDGs, making its effective implementation capable of influencing these SDGs positively [5]. To effectively achieve the SDGs, it is evident that additional efforts beyond current policies and strategies will be necessary. The energy sector, being a fundamental enabler of all development activities, requires a thorough analysis of the efforts and energy required to implement these goals, considering the specific context of each country [6]. The integration of the SDGs into local and national development plans, both in the long and medium terms, is expected to have a significant impact on the energy sectors of countries, potentially requiring substantial efforts and energy investments to attain the SDGs [7]. Therefore, it is essential to explore the relationship between the energy sector and the implementation of the SDGs [6]. This analysis carries a significant implication, clearly signaling the future trajectory of investments in the energy sector. It highlights a notable shift towards RE and energy efficiency, offering investors increased confidence and assurance.



RE exhibits a strong synergy with several SDGs, and its successful deployment can have a significant impact on these goals. For instance, Swain and Karimu (2020) examined the synergistic effect of renewable electricity prices on selected SDGs in EU countries [5]. Their findings indicate a strong cooperation between renewable electricity prices and SDG 7 (affordable and clean energy) and SDG 8 (decent work and economic growth). Furthermore, they found that SDG 12 (responsible production and consumption) accounted for a significant portion of future renewable electricity price variation, while SDG 7 (affordable and clean energy) and SDG 13 (climate action) were mainly influenced by SDG 8 and SDG 12, respectively. Additionally, bridging the gap between carbon emissions and economic development is crucial for attaining the SDGs. The role of RE in rebalancing environmental and economic conditions is a topic of considerable discussion. Saidi and Omri (2020) assessed the impact of RE on carbon emissions and economic growth in fifteen major RE-consuming countries. Their results revealed the efficiency of RE in promoting economic growth and reducing carbon emissions, thus contributing to SD [8].



The advancements in new energy technologies utilizing RES have led to rapid improvements and expansions in the field. However, given the diverse configurations and complexities associated with RES, the concept of system optimization has emerged as a tangible approach [9]. Fortunately, the development of computational technologies and new algorithms has facilitated the adoption of various optimization perspectives. Additionally, the recent availability of user-friendly tools specifically designed for energy planners, even with limited software development skills, has greatly assisted energy professionals in the planning and design of hybrid RE systems, alleviating concerns about the underlying mathematical complexities [10,11].



The EU has established challenging goals for lowering GHG emissions in conjunction with expanding the use of RES and raising energy efficiency. However, to further reduce GHG emissions, countries with already constrained fossil fuel power output must take further steps, as the expansion of RES is occasionally impractical due to technological limitations. Institutional frameworks and public views of smart grids are also factors in the promotion of RE. The relevant state structures must contend with various issues that either support or hinder smart grids and energy systems in general. When formulating tactics for increasing the share of RES in the energy mix, these concerns must be taken into consideration [12]. Therefore, it is crucial to evaluate the sustainability of RES to reach the higher stability of the energy system. The usage of these sources has favorable implications on the economy and ecology [13,14].



It has been shown in recent studies that the development of RE has led to economic growth (or vice versa) and the reduction of greenhouse gases (e.g., [15,16,17]). Energy generated using renewable resources has favorable, varied quantities, and short- and long-term economic consequences [18,19]. Therefore, in a few middle-income countries as opposed to a few high-income countries, RE has a bigger impact on the green economy. The establishment of policies to enhance energy production from renewable sources is thus regarded as one of the grounds for pursuing this goal in some nations, along with the improvement of macroeconomic metrics [20]. Additionally, the latest studies in OECD member countries show that the implementation of renewables is critical to reducing fossil fuels and meeting greater environmental sustainability [21]. The stability of an energy system is quite influential in meeting the energy demand in different sectors, including technical characteristics, economic and investment attractiveness, and the existence of diverse energy sources, all of which should be carried out with an emphasis on SD.



Numerous studies have been conducted across various fields related to RE and SD. In the EU, especially, Wang and Zhan (2019) [22] aimed to assess the sustainability of RE by conducting a systematic and quantitative analysis of data from 18 European countries. These countries were carefully selected to ensure they represented a substantial proportion of RE consumption within the EU [22]. Davidson et al. (2021) [23] carried out an investigation into the impact of renewable energy consumption on economic growth in EU countries. Their study revealed a positive relationship between renewable energy consumption and economic growth in these nations. This research offered valuable insights into the potential for developing renewable energy sources while simultaneously fostering economic growth [23]. Marinaş et al. (2018) [14] carried out a study on the relationship between renewable energy consumption and economic growth in central and eastern European countries. The short-term perspective revealed a transition towards a new energy paradigm, while the long-term approach corresponded to the long-term equilibrium of the analyzed factors. The findings indicated that, in the short run, the dynamics of GDP and RE consumption were independent in Romania and Bulgaria. However, in Hungary, Lithuania, and Slovenia, an increase in RE consumption contributed to improved economic growth [14]. Ntanos et al. (2018) [13] investigated the association between energy consumption derived from renewable energy sources and the economic growth of twenty-five European countries, as measured by GDP per capita. The study findings indicated a correlation between GDP (dependent variable) and various independent variables including RES and non-RES energy consumption, gross fixed capital formation, and labor force in the long run. Additionally, the results revealed a stronger correlation between the consumption of RES and the economic growth of countries with a higher GDP compared to those with a lower GDP [13]. Abbasi et al. (2020) [24] investigated the impact of renewable and non-renewable energy on economic growth in Pakistan. Through their empirical analysis, they discovered a notable long-term asymmetric relationship between renewable energy and terrorism, both positively and negatively impacting economic growth. Additionally, they found a significant negative effect of non-renewable energy consumption on economic growth [24].



However, there is a lack of research specifically examining the sustainability of renewables in different countries or energy systems. To determine whether the EU’s most economically influential countries are also the most sustainable in the RE sector, this study examines the sustainability of RE within the top economically performing nations in the EU (Germany, France, Italy, Spain, the Netherlands, Poland, Sweden, Belgium, and Ireland). It investigates significant variables by considering an appropriate sustainable framework to identify their potencies and shortcomings. An energy system’s security of supply can be improved by better understanding how sustainable the RES is in that system, particularly for the EU countries that stand on the side of energy demands. This is while the EU has been emphasizing the reduction of CO2 [25], particularly contemplating significant strategies and emphasizing the need to reduce greenhouse gases [26]. Examining the existing sustainability situation in the selected countries can assist in adopting appropriate policies, moving swiftly to develop strategies, and achieving appropriateness in accomplishing both short-term and long-term goals. The FAHP is used to reduce uncertainty and prevent biased outputs, to analyze the sustainability of RE, and to cope with complex and multifaceted data. Furthermore, the interrelationships between sustainability drivers enable decision-makers to extend the capabilities of top economy nations to others and provide reasonable solutions.




2. Materials and Methods


In this research, a multistep approach is taken to assess the sustainable status of RE in the top economic countries of the EU (Figure 1).



Firstly, the identified countries are evaluated. Then, a set of indicators is selected in step two, through a review of the relevant literature and expert input. Next, in step three, the required data are collected from available databases and the most up-to-date ones are used to provide a better understanding of the sustainable outlook of renewables in the coming future. In addition, the nominated countries for the study are selected considering their economy in the Union. In the fourth step, the experts are utilized to weigh the indicators and consider their importance in the study through a questionnaire. The FAHP method is then used in step five to develop a hierarchical classification of the sustainability status of renewables, incorporating less uncertainty. The obtained ranking determines the sustainable status of renewables in the wealthy countries of the Union (step six), and based on this, the influential factors on sustainability are discussed, and potential ways to improve the conditions of this energy system are proposed.




3. Development


3.1. Case Study (Step 1)


For this study, the countries with the top economies in the EU are selected from the International Monetary Fund (https://www.imf.org/en/Data (accessed on 20 November 2022)). Therefore, Germany, France, Italy, Spain, the Netherlands, Poland, Sweden, Belgium, and Ireland are the top ten economic countries, respectively, and they are alternatives.




3.2. Sustainable Criteria and Framework (Step 2)


3.2.1. Drivers


To evaluate the sustainability of RE in the previously mentioned countries, this study first looks for essential drivers of SD and reviews the criteria for each dimension. Various individuals have different perspectives on sustainability. Therefore, choosing the criteria is not always easy. For example, when all dimensions have the same size and importance, sustainability occurs, according to the Triple Bottom Line (TBL), which measures all drivers and their relative relevance [27,28] (Figure 2, left). On the other hand, the three nexus circles recognize the economy as a community organization, while both are environmentally dependent [29] (Figure 2, middle). Furthermore, some consider the economy as a tool for allocating resources to preserve or improve environmental sustainability and social well-being [30] (Figure 2, right).



However, the literature suggests that SD can be evaluated using more drivers such as technical and institutional ones (e.g., [31,32,33]), which are considered tools for the sustainability assessment in RE [34]. While other dimensions could potentially be defined, these five dimensions collectively offer a robust representation of the multidimensionality of energy sustainability [34].



The primary drivers should be considered to adequately define renewables and integrate the idea of sustainability. The authors of numerous works of literature about the sustainability of RES have focused on different examples. The successful deployment of RE aligns strongly with several SDGs, underscoring its potential impact on achieving these goals. However, integrating the SDGs into local and national development planning demands significant effort and energy, particularly within the energy sector, which serves as a crucial enabler for all developmental activities [6]. Therefore, it becomes imperative to analyze the specific context of each country and determine the necessary effort and energy required to implement these goals. The attainment of the SDGs will undoubtedly influence the energy sector, with certain countries necessitating greater exertion and energy to accomplish these objectives [7,35]. In this study, the main drivers are defined so that they convey the primary objective of analyzing the sustainability of chosen nations from the perspective of renewables, in addition to meeting the criteria for picking indicators.




3.2.2. Indicator Selection


General sustainability indicators should be capable of providing numerical values that accurately reflect the sustainability outcomes and dimensions of the evaluated system. This enables users to compare different systems in terms of their sustainability and make informed decisions by selecting the most sustainable option with the lowest overall costs, encompassing economic, environmental, and resource-related considerations [36]. When selecting a family of criteria, it is essential to consider criteria that are unambiguous, comprehensive, and representative of all perspectives; monotonically related to sustainability; and non-redundant, with each criterion being distinct [37]. Previous research has emphasized the practical usefulness and measurability of indicators in the assessment of RE technologies.



To ensure the relevance of indicators and facilitate effective communication with decision-makers and the public, experts should focus on establishing a clear relationship between the indicators and the underlying facts they represent [38]. Pintér et al. (2005) [39] and Krellenberg et al. (2010) [40] argued that a smaller set of indicators holds greater relevance for decision-making. However, given the diverse range of goals and targets, relying solely on a limited number of indicators that decision-makers can easily comprehend is unrealistic [39,40]. Composite indicators can serve as valuable complements to single indicators without necessitating significant changes to the existing indicator framework. They enable explicit assessments of trade-offs between policies, as policies often impact different indicators in opposing ways [41].



The selection of indicators ideally begins with the identification of a comprehensive set of potential indicators, followed by the application of well-defined and widely accepted methods to select the most appropriate ones [41,42]. Empirical studies examining the historical influence of indicators on desired objectives, the impact of policy measures on indicators, and correlations between various indicators can support this selection process [43].



Techniques described by Dawoud et al. (2018) [44] and Tezer et al. (2017) [45] can be employed using different computational approaches to optimize a sustainability function based on predefined variables and constraints [44,45]. Sustainability objectives incorporate criteria (indicators or KPIs measured with numerical values) to mathematically formulate the function to be maximized (e.g., share of RE) or minimized (e.g., minimum GHG emissions) [11]. Hence, the direction of each indicator (criteria) influences the sustainability measurements positively or negatively.




3.2.3. Principles to Select Indicators of This Study


To choose a suitable set of indicators for the assessment, this study addresses the following requirements: (a) using highlighted criteria that are delivered by institutions, organizations, governments, and in the literature; (b) they must present the country-scale circumstances and move forward from localization to globalization; (c) the direction of the effectiveness of the criteria on RE and SD should be clear (being positive or negative); (d) availability (they could provide enough existing data); (e) understandable (how they can link RE and SD). Further, there are numerous indicators available for evaluating sustainability.



However, to be compatible with the nominated countries, indicator selection requires a suitable proxy to introduce improved information and data. For example, the population of these countries varies from one to another, which affects energy needs. Regarding Bekhrad et al. (2020) [46], per capita or per population measures are commonly used when comparing options or indicators across different populations for several reasons. Firstly, dividing the indicator value by the population size provides an average value per person, enabling fairer comparisons and standardization. Secondly, per capita measures highlight disparities and inequalities between populations, accurately assessing the distribution and impact of factors and promoting equality. Additionally, evaluating indicators on a per person basis helps assess the impact of policies on the intended population, offering insights into relative successes and challenges for a comprehensive policy assessment [46]. In summary, per capita measures facilitate fair comparisons, identify disparities, and support policy evaluation, making them important for analyzing indicators across populations.





3.3. Data Sources, and Information Gathering (Step 3)


This study utilizes the most up-to-date data available on the indicators to ensure the accuracy and relevance of the findings. Therefore, the data are related to the years 2022 (if available) and 2021. To advance the goals of energy sustainability, the study focuses on investigating the current sustainability of RE. The obtained results are expected to contribute significantly to the advancement of energy sustainability objectives. After choosing the pertinent indicators for each driver, the data are extracted and computed. One specific issue that needs to be considered is the varying periodicity of the measurement of some indicators [47].



Most of the data have been picked up from Eurostat (https://ec.europa.eu/eurostat/ (accessed on 25 November 2022)), the World Bank (https://data.worldbank.org/ (accessed on 25 November 2022)), BP Statistical Review (https://www.bp.com/ (accessed on 25 November 2022)), IEA (2022) [48], the World Population Review (https://worldpopulationreview.com/ (accessed on 26 November 2022)), Trading Economics (https://tradingeconomics.com/ (accessed on 24 November 2022)), and the United Nations Development Program (https://hdr.undp.org/ (accessed on 22 November 2022)).



Considering the literature review and the established criteria selection guidelines, a comprehensive sustainable framework is developed (based on drivers in Section 3.2.1). Thirteen indicators are chosen from various databases to align with the established framework.




3.4. FAHP Application, Expert Viewpoints, and Ranking (Steps 4, 5, and 6)


The FAHP methodology is used to rank the selected countries. The objective of this study is divided into hierarchical levels, such as a primary goal, principal drivers, sub-criteria, and alternatives, and then each level is subjected to a pairwise comparison. The hierarchy gives professionals a broad perspective of the intricate links present in the context and enables them to judge if pieces belonging to the same level are equivalent. The weights of the factors are then determined by a pairwise comparison using nine levels-scales. The pairwise comparison, however, creates uncertainty because it depends on expert judgment. The fuzzy theory is added to the basic AHP created by [49], preventing influenced outcomes and lowering ambiguity [50,51].



A framework for solving problems is a methodical process for outlining the components of any issue. By breaking down an issue into its smaller constituent parts, it organizes the core rationality and then just requires straightforward pairwise comparison judgments to establish priorities in each hierarchy [52].



Recent research has focused on fuzzy energy policymaking and a fuzzy RE sustainability assessment. In addition, they considered different scopes of sustainability. For example, some of the authors (e.g., [33,53,54]) evaluated the sustainability of RE as a general tendency. However, from the viewpoints, they selected different initial drivers for their studies with the AHP method. To assess RE sources, Ahmad and Tahar (2014) [53] and Haddad et al. (2017) [55] considered the technical driver plus the three main drivers of sustainability (environment, economic, and social) [53,55]. The information of previous studies is gathered up in Table 1. FAHP is mostly employed in RE technology and system assessments, where researchers used AHP with fuzziness and provided expert judgment ratings to be linguistic phrases, crispy values, or fuzzy numbers to choose amongst RE sustainability studies.



The use of FAHP has many applications. This study pursues Chang’s method to add a fuzzy approach to the AHP [67]. This approach contributes to the issue by selecting the fuzzy priorities of comparison proportions with triangular membership functions (Table 2). It also introduces a way connected to the utilization of triangular numbers in pairwise comparisons. The triangular fuzzy number can be defined by a triplet (l, m, u). The definition of the membership function µ(X) is given in Figure 3.



The FAHP technique using Chang’s method can be briefly explained with the following steps:




	
Making a decision matrix for the alternatives (countries) regarding each criterion








Make a fuzzy questionnaire (using experts’ viewpoints), then define fuzzy numbers for performing the pairwise comparisons (Table 3). In this case, seven experts are invited to fill out the questionnaire with the given weight. Then, all the weights are normalized and used for the evaluation.



	2.

	
Calculating the summation of all levels (lj, mj, uj) (SM), (Equation (1)):


  S M =   ∑  j = 1   m      M     g   i     j     =     ∑  j = 1   m      l   j   ,   ∑  j = 1   m      m   j ,     ∑  j = 1   m      u   j           ,  



(1)




    M     g   i     j     introduces fuzzy numbers.




	3.

	
Calculating the sum of all rows together (SSM), (Equation (2)):


  S S M =   ∑  i = 1   n      ∑  j = 1   m      M     g   i     j     =     ∑  i = 1   n      l   i   ,   ∑  i = 1   n      m   i ,     ∑  i = 1   n      u   i           ,    



(2)




whereas a comparison matrix of criteria must always consist of a square matrix, in our context, n = m.




	4.

	
Calculating the inversion of SSM (ISSM), (Equation (3)):


    I S S M =     ∑  i = 1   n      ∑  j = 1   m      M     g   i     j           − 1   =     1     ∑  i = 1   n      u   i       ,   1     ∑  i = 1   n      m   i       ,   1     ∑  i = 1   n      l   i         ,  



(3)








	5.

	
Calculating the fuzzy scores of each alternative (Si = SM   ⨂   ISSM), (Equation (4)):


    S   i   =   ∑  j = 1   m      M     g   i     j     ⨂       ∑  i = 1   n      ∑  j = 1   m      M     g   i     j           − 1   ,  



(4)




The term Si is known as the fuzzy synthetic extend.




	6.

	
Calculating the superiority (the degree of possibility) of each alternative, (Equation (5)):







For the ordinate of point d, the following equation is obtained if M1 = (l1, m1, u1) and M2 = (l2, m2, u2).


  V     M   2   ≥   M   1     = h g s     M   1   ∩   M   2     =   μ     M   2       d   =       1    if     m   2   ≥   m   1        0    if     l   1   ≥   u   2           l   1   −   u   2         m   2   −   u   2     − (   m   1   −   l   1   )     otherwise       



(5)







Therefore, if M2 ≥ M1 and m2 ≥ m1, the superiority value of fuzzy number M2 will be equal to one. Additionally, if the lower limit of M1 is greater (or equal) than the upper limit of M2, then the superiority value of fuzzy M2 will be zero. Otherwise, the superiority of M2 should be calculated using the third term of (Equation (5)).



As a result, this calculation will yield the fuzzy score. The following formula expresses the likelihood that a convex fuzzy number will be bigger than K convex fuzzy numbers     M   j    , (j = 1, 2, 3, …, k):


  V     M   k   ≥   M   1   ,   M   2   ,   … M   k − 1   ,   M   R   , … ,   M   n     = V       M   k   ≥   M   1   ) a n d     M   k   ≥   M   2     a n d … a n d (   M   k   ≥   M   n        =   min  ⁡  V     M   k   ≥   M   j     =   d     C   j         , j ≠ K  



(6)







Consider that


d(Ci) = min V(Si ≥ Sk),



(7)




for k = 1, 2, …, n; k ≠ i. Then, the weight vector is given by


W′ = (d′(A1), d′(A2), …, d′(An))T,



(8)




where Ai (i = 1, 2, …, n) represents n items, and T denotes transposition. The normalized weight vectors are obtained through normalization:


W = (d(A1), d(A2), …, d(An))T,



(9)




where W is a non-fuzzy number.



However, non-fuzzy superiority scores must be given. This requires first obtaining the minimum of each row in the stated matrix of (Equation (6)). Consequently, to reach the score matrix, the scores are normalized.



	7.

	
Calculating the superiority of criteria over each other (following the same procedure as alternatives (steps 2 to 6)). Then again, a decision matrix should be formed for the pairwise comparison of criteria.




	8.

	
Obtaining the scores for all alternatives. To achieve this, the decision matrix should be normalized, dividing each row by the sum of the rows in that column. The matrix is then multiplied by the corresponding weights. At the end, the obtained points should be normalized to obtain the final points. For more information about the FAHP and its implementation, this study suggests [67,68].







Finally, all the algorithms are coded in MATLAB® to facilitate the calculations.





4. Results and Discussions


4.1. Framework and Drivers


This study creates a sustainable framework with the hierarchy model to evaluate the sustainability of RE (Figure 4).



This evaluation is guided by five drivers and thirteen criteria. The collected indicators represent environmental (C4), economic (C3, C5, C9), social (C1, C2, C6), institutional (C7), and energy (C8, C10, C11, C12, C13) drivers. Table 4 represents the selected indicators with their values through the databases. These indicators and their relationship with SD and RE are extracted through the available literature. However, there exists a limitation when selecting all the possible indicators. For example, in the case of environmental indicators, there are a bunch of indicators that can be employed to evaluate the sustainability of RE (e.g., CO2 emissions [69,70,71,72,73,74,75], land use [76,77,78], NOX emissions [11,56,72], etc.). Furthermore, when it comes to institutional indicators, which have recently gained attention from experts and engineers, their coverage in the literature on sustainable development SD and RE remains limited. For instance, indicators such as compliance with international obligations [32], legal regulation of activities [47,79,80], and government support [32,47,58] have received relatively scarce available data.



However, certain databases lack uniform information or data, such as inconsistencies in the availability of data, variations in the years covered, or incomplete datasets. Addressing these gaps becomes imperative to enhance the robustness and efficacy of these platforms. Therefore, this study adheres to the five criteria outlined in Section 3.2.3 to acquire a comprehensive and suitable set of indicators.




4.2. Expert Judgement and Indicators


A panel of seven experts was invited to assess the weighting of indicators, compare indicators against each other, and evaluate indicators in relation to the alternatives (countries). To enhance the presentation, this study employs the simple arithmetic mean to aggregate the weights obtained from the experts.



As shown in Figure 5, the energy driver category (including the share of renewable energy, general energy production per population, energy intensity, and energy consumption per capita) obtains the highest scores, respectively. However, the dependency on fossil fuels, which is an energy driver, receives a lower score. GHG emissions, representing an environmental driver, are deemed to be of secondary importance compared to the energy driver category. The group of economic indicators (GDP, economic growth, and inflation rate) captures significant attention as the third most crucial driver category. Social indicators (HDI, employment rate, and crime rate) and the institutional driver (corruption) are identified as the two least influential drivers.



In the present case study, the energy driver is assigned a higher weight compared to the other drivers. For example, in the 2020 study conducted by Ghenai et al. environmental indicators were ranked as the top priority [91]. However, when comparing the results of this study to that one, slight changes in the ranking of the drivers are observed. These differences can be attributed to factors such as the knowledge of the experts, the period of the study, and the methodology used for selecting the main drivers. It is worth noting that there are various aspects related to the ranking of drivers or indicators that are beyond the scope of this discussion.




4.3. Assessing the Sustainability of RE in the Top EU Economy Nations


As a result of running the FAHP code in MATLAB®, the rank of sustainable countries regarding the RE is obtained. Sweden, Belgium, Ireland, France, Germany, Spain, the Netherlands, Poland, and Italy scored at higher and lower levels of sustainability, respectively (Table 5).



Finding unsustainable or less sustainable components is one of the key goals of an energy system because an integrated system’s sustainability might be hampered by the presence of imbalanced parts. Accordingly, by ranking the top economic countries in the EU, the investigation concludes that the third group (C), which includes the Netherlands, Poland, and Italy, is considered the least stable group in the field of RE, and the countries of groups (A) and (B) can contribute to enhancing sustainability in the group (C) through scientific, practical, political, and experimental cooperation.




4.4. Key Factors Influencing Sustainability of RE


Based on the average absolute values of the weights in each sustainability driver, it is evident that energy and environmental indicators have a significant impact on sustainability, with values of 8.02 and 8, respectively. Additionally, economic factors play a secondary influential role, with a value of 6.3, making them the third most important factor. On the other hand, social indicators have a relatively lower effect on sustainability, with a value of 4.2, followed by institutional indicators with a value of 3.5, which have the least significant impact (Figure 6). In the following section, the influence of various factors on sustainability rankings is discussed.



4.4.1. Group A (Sweden, Belgium, Ireland)


Considering the economic situation of the studied countries, Sweden, Belgium, and Ireland, despite being among the last three in terms of economic ranking, emerge as the most sustainable in terms of RE.



In terms of four criteria, Sweden achieves the top rank in HDI (positive impact), having less GHG emissions (negative impact), dependency on fossil fuels (negative impact), and general production per population (positive impact). Regarding Table 6, when considering the social factors, Sweden receives an average ranking of 4.6 among nine countries. It excels in minimizing environmental aspects, but it ranks last in the institutional factor. Despite being the leading country in terms of reduced reliance on fossil fuels and high energy production, it scores 4.5 out of 9 for all energy-related factors. Moreover, Sweden demonstrates a commendable GDP; however, it obtains a modest score of 4.3 out of 9 for economic factors.



While Belgium leads the way in terms of energy intensity among the countries, it achieves an average ranking of 7 for its energy-related factors. However, when considering other drivers, Belgium’s performance is more modest across other factors. The average rankings indicate 5.6 out of 9 for social factors, 4.6 for economic factors, 5 for institutional factors, and 6 for environmental factors.



As depicted in Table 6, Ireland emerges as the most sustainable country in terms of economic factors. It also stands as a frontrunner in renewable energy sharing. Additionally, Ireland maintains a stable average ranking of 4 for social factors, placing it among the top performers. However, it appears that Ireland should focus on climate action and enhance its plans to achieve a higher level of sustainability, scoring 9 out of 9 in this regard. In terms of energy, Ireland obtains an average score of 5.4, indicating that it is on the right path towards optimizing its approach to energy drivers. Nonetheless, there is potential for further enhancement in its institutional factor, which currently receives a rating of 6.




4.4.2. Group B (France, Germany, Spain)


An interesting observation is that countries with a stronger economic condition are classified within the second group of sustainability when considering RE.



France achieves the fourth position in the average ranking of factors for economy drivers (3.6), energy (4.2), and institutional drivers (4). This highlights France’s notable strides in implementing sustainable programs focused on RE (almost similar achievements across different drivers). However, there is still scope for improvement in social factors (7.3). As Table 6 illustrates, a further recommendation to enhance a sustainability assessment is to progressively increase the share of RE over time.



The data indicate that for Germany to achieve a high level of sustainability in RE, there is a need to improve its energy factors, which currently have an average ranking of 5.6. Additionally, the economy and institutional factors require attention, as they both rank around 7. However, the social and environmental factors are at an acceptable level.



When considering environmental, institutional, and energy factors, Spain demonstrates strength and achievements in the implementation of sustainability programs and policies for RE. However, there is a need for more attention to be given to social factors and the economy factor, which have an average ranking of 6 and 7, respectively, among other countries.




4.4.3. Group C (The Netherlands, Poland, Italy)


In general, the countries fall within the middle range of the top economy, indicating a relatively lower level of sustainability.



Considering the sustainable drivers, the Netherlands needs to focus on improving environmental, institutional, economic, and energy factors. Specifically, reducing dependency on fossil fuels is crucial. On a positive note, the Netherlands has made remarkable progress in social factors and ranks among the top countries in this area.



In the pursuit of sustainable RE, Poland needs to focus on improving its economic factors, particularly addressing the impact of GDP and inflation rate on RE. Additionally, taking steps to adjust programs aimed at reducing GHG emissions is of the utmost importance. While Poland has an average ranking of 4.8 out of 9 for energy factors, there is a specific need to concentrate on enhancing the share of RE (C13). Elevating the HDI level could lead to a better ranking in terms of sustainable social factors. Furthermore, the impact of institutional factors on RE sustainability is notably commendable.



Italy demonstrates commendable institutional and environmental factors. However, there is a big space for improvement in addressing social and energy factors, specifically focusing on the employment rate (C1) and Human Development Index (C2), enhancing energy intensity (C10), general energy production (C12), and GDP.



This discussion focused on examining the influence of indicators on the measurement process. It is observed that when the ranks of drivers have similar values, it indicates that sustainability in those drivers happened at the same time, as seen in the case of France. In addition, the low averages in the rank of drivers make the alternatives more sustainable.




4.4.4. The Effect of Fuzzy Calculation on the Results


It is evident that weights play a significant role in determining ranks. However, fuzzy studies consider other computational factors that impact the final ranking.



By considering the decision matrix, fuzzy pairwise comparisons, and calculations of superiority for both alternatives and criteria, the FAHP methodology provides a structured framework to evaluate and rank alternatives based on multiple criteria. The results are influenced by the experts’ judgments, the assigned fuzzy numbers, and the calculations that aggregate these fuzzy judgments [52,67]. The methodology allows for incorporating expert knowledge and dealing with the uncertainty and imprecision inherent in decision-making processes, leading to more comprehensive and informed rankings of the alternatives.





4.5. General Discussion and Policy Adjustment


It can be observed from looking at some previous studies that some nations have advanced considerably in RE sustainability. Sweden, for instance, is one of the leading nations in RE that has been able to maintain its position (e.g., [47]). However, there are several factors involved in energy sustainability that need to be considered. Following the concept of integration, we can determine its strengths and weaknesses. Looking at (Table 5) and considering the values of the selected indicators, their orientation towards SD, the scores obtained by the study method, as well as the previous research [92,93,94,95,96] in the field of sustainable development in the EU, the key solutions for greater sustainability of the EU member states in RE are as follows:




	
Developing new mechanisms that can accelerate technological advancements and help achieve carbon neutrality by 2050. This includes establishing medium-term goals for every five-year period.



	
Using financial management tools to identify cost-effective and optimal options.



	
Developing guideline frameworks that can balance rules, spending, and interests.



	
Analyzing the collective responsibility of allocating policy and financial duties across various government levels.



	
Conducting research and development to identify the most important social development and research projects that align with the SD goals and Paris Agreement.



	
Establishing criteria and supervision mechanisms that can provide continuous feedback from metrics to policy and identifying a set of indicators to measure progress towards the 2050 target and intermediate milestones.








However, energy security problems are managed exclusively at a nationwide level without considering the interdependence of member states [97,98]. A functioning internal market and more regional and European collaboration, particularly for coordinating network developments and opening markets, are the first steps toward achieving effective energy security [99,100]. Then, taking more cogent external action assures that the fundamentals are followed by candidate countries and potential candidates through the expansion tools.



However, there are still some gaps that need to be addressed to provide a more comprehensive evaluation. Some of these gaps are:




	
Lack of consideration of social and environmental impacts: The FAHP methodology mainly considers economic and energy factors in its evaluation, such as the availability of resources and the cost-effectiveness of RE technologies. However, there is a need to incorporate social and environmental impacts such as air and water pollution, land use, and biodiversity loss in the assessment to provide a more comprehensive evaluation of sustainability.



	
Data limitations: The availability and quality of data for some countries may be limited, which may affect the accuracy of the assessment. Some countries may also lack transparent reporting on their RE policies, investments, and progress, making it difficult to assess their sustainability accurately.



	
Limited scope: The FAHP methodology focuses primarily on RE, and it does not consider other factors that contribute to a country’s sustainability, such as energy efficiency, energy storage, and demand-side management.



	
Policy and regulatory gaps: There are differences in policies and regulations between EU countries that can affect their RE sustainability. For example, some countries have more supportive policies and regulations for RE, while others may have limited incentives and a less favorable policy environment.



	
Economic challenges: While RE is becoming more cost-competitive, there are still economic challenges in deploying RE technologies, such as the high upfront costs of installations, the intermittency of some RES, and the limited availability of financing.








Addressing these gaps will require more comprehensive and multidimensional approaches that consider a broader range of sustainability factors, data sources, and stakeholder perspectives. This will provide a more accurate and reliable assessment of sustainable countries in RE in the EU.





5. Conclusions


This study aimed to examine the sustainability of RE in the countries with the top economies in the EU, namely Germany, France, Italy, Spain, the Netherlands, Poland, Sweden, Belgium, and Ireland. The primary objective was to determine whether the top economy countries are indeed the most sustainable ones in terms of RE. Additionally, the study sought to identify and analyze the key factors influencing the assessment of sustainability. By utilizing the most recent data available, the study aimed to provide up-to-date recommendations for achieving long-term sustainability in the field of RE. The FAHP method was used to be able to talk with less uncertainty about the sustainability of a part of the EU energy system. The main and influential drivers of RE toward SD were selected from the literature review so that the evaluation criteria benefited from environmental, economic, social, energy, and institutional indicators. Then, by creating a sustainable framework and using expert viewpoints in line with a hierarchical model and coding in MATLAB®, the studied countries were evaluated.



The results indicated that energy and environmental drivers have the most significant impact on the sustainability of RE. Following them, economic, social, and institutional drivers contribute to sustainability at the next level of importance, respectively. Sweden, Belgium, Ireland, France, Germany, Spain, the Netherlands, Poland, and Italy are the most stable countries, respectively. One of the key findings of this study demonstrated that the top economy countries are not necessarily the most sustainable countries regarding renewables. According to the values of the selected indicators and their linkage with SD, effective solutions in the form of a more sustainable RE system were investigated.



For advanced sustainable countries such as Sweden, Belgium, and Ireland, this study identified the strengths of these nations in terms of their reduced reliance on fossil fuels. They also performed well in terms of economic factors (especially Ireland) and social factors (especially Sweden). Furthermore, when considering the weaknesses of these countries, it is notable that Sweden ranks last in terms of the institutional factor. Although Belgium excels in energy intensity, its performance in other areas is relatively modest. Ireland, on the other hand, could prioritize climate action and strengthen its plans to achieve higher sustainability. Additionally, the following recommendations are made:




	
Sweden could prioritize the strengthening of institutional factors and its overall economic drivers’ score.



	
Belgium could concentrate on enhancing performance in non-energy-related aspects, including social, economic, and institutional factors.



	
As for Ireland, further enhancement of climate action plans and continued optimization of its approach to energy drivers are crucial. Lastly, improving the institutional factor to achieve a higher rating is suggested.








In terms of medium sustainable countries (France, Germany, Spain), they exhibit several strengths in their sustainable programs. France demonstrates commendable performance in energy, economic, and institutional factors. Germany and Spain excel in environmental and energy factors. However, weaknesses exist that require attention. For example, France could focus on enhancing social factors, while Germany and Spain need to address their respective weaknesses in the economic and institutional factors. To improve the situation, the following suggestions are proposed:




	
France: place emphasis on gradually increasing the share of RE over time and address areas in need of improvement within the social factors’ category.



	
Germany: enhance energy factors, improve the economic factors, and strengthen institutional aspects while maintaining acceptable levels in social and environmental factors.



	
Spain: give more attention to social and economic factors, with the aim of achieving a better situation amidst other countries.








Regarding the lower-level sustainable countries (the Netherlands, Poland, Italy), they possess notable strengths and weaknesses in various areas. The Netherlands has made remarkable progress in social factors and ranks highly in this aspect. Poland demonstrates a commendable performance in institutional factors, while Italy performs well in both institutional and environmental factors. However, there are weaknesses that require attention. For example, the Netherlands could prioritize improvement in environmental, institutional, economic, and energy factors. Poland needs to address economic factors and the impact of GDP and inflation rate on RE. Italy could focus on social and energy factors, including employment rate, HDI, energy intensity, general energy production, and GDP. To facilitate improvement, the following suggestions are put forth:




	
The Netherlands: it would be better to concentrate on reducing the dependency on fossil fuels; improving environmental, institutional, economic, and energy factors; and maintaining the progress in social factors.



	
Poland: it could address the impact of GDP and the inflation rate on RE, enhance the share of RES, and focus on improving economic factors.



	
Italy: it could work on improving social factors and energy factors (especially energy intensity and general energy production) and addressing employment rate and HDI.








In conclusion, the selected countries can improve their level of sustainability in RE by focusing on the specific areas of weakness mentioned above, such as strengthening institutional frameworks, increasing the share of RE, reducing dependency on fossil fuels, addressing social and economic factors, and enhancing environmental performance. Each country can develop tailored strategies and policies to overcome their specific challenges and move towards a more sustainable energy future.



The study investigated key strategies for the sustainability of renewables in the top EU countries, including the creation of technological pathways, financial planning, policy frameworks, subsidiarity analysis, research and innovation, monitoring, and supervision. Therefore, other EU member states can strengthen and improve their policies by considering the strengths and weaknesses of other economically influential members.



This study also suggests that platforms and databases should strive for unity and a common direction to facilitate the sustainability assessment of RE in an effective manner. Unfortunately, all the required data are not currently available. In this regard, the incorporation of localized indicators can play a crucial role in the comprehensive assessment of the energy system of the Union, leading to more meaningful and integrated evaluations.
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Figure 1. Methodology of study. 






Figure 1. Methodology of study.



[image: Sustainability 15 10084 g001]







[image: Sustainability 15 10084 g002 550] 





Figure 2. Viewpoints of SD regarding to its drivers. 
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Figure 3. Fuzzy membership function and associated numbers. The intersection between M1 and M2. 






Figure 3. Fuzzy membership function and associated numbers. The intersection between M1 and M2.



[image: Sustainability 15 10084 g003]







[image: Sustainability 15 10084 g004 550] 





Figure 4. Sustainable hierarchy model to evaluate alternative countries in RE. 
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Figure 5. Non-fuzzy expert viewpoints on indicator weights (consider 0 is low and 10 is high level). 
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Figure 6. Determinants impacting sustainability of RE. 






Figure 6. Determinants impacting sustainability of RE.



[image: Sustainability 15 10084 g006]







[image: Table] 





Table 1. The literature of RE sustainability assessment using AHP and FAHP.
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	Methodology
	Drivers
	Scope of Sustainability
	Ref.





	AHP
	Environment, Economic, Social
	Assessing Sustainability of RE
	[54]



	AHP
	Environment, Economic, Social, Technical
	RE Technology and Systems Assessment
	[56]



	AHP
	Environment, Economic, Social, Technical
	RE Sources
	[55]



	AHP
	Environment, Economic, Social
	Assessing RE Power Generation
	[57]



	AHP
	Environment, Economic, Social, Technical
	Assessing RE Power Generation
	[33]



	AHP
	Environment, Economic, Social, Institutional
	RE Investment
	[58]



	AHP
	Environment, Economic, Social, Technical
	RE Sources
	[53]



	AHP
	Environment, Economic, Social, Technical
	Assessing Sustainability of RE
	[59]



	AHP
	Environment, Economic, Social
	RE Technology and Systems Assessment
	[60]



	AHP
	Environment, Economic, Social, Technical
	RE Technology and Energy Planning
	[61]



	FAHP
	Environment, Technical, Organizational
	RE Projects
	[62]



	FAHP
	Environment, Economic, Social
	RE Technology and Systems Assessment
	[63]



	FAHP
	Environment, Economic, Social, Technical
	RE Technology and Systems Assessment
	[64]



	FAHP
	Environment, Economic, Social, Technical, Institutional
	RE Projects
	[65]



	FAHP
	Energy, Environment, Economic
	RE Projects
	[66]



	FAHP
	Environment, Economic, Social, Technical
	RE Technology and Energy Planning
	[31]
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Table 2. The relevant triangular fuzzy numbers and linguistic expressions.
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	Saaty Scale
	The Verbal Expression of the Comparative Situation of i with Respect to j
	Fuzzy Triangular Scale





	1
	Preferred equally
	(1, 1, 1)



	2
	In between
	(1, 2, 3)



	3
	Preferred moderately
	(2, 3, 4)



	4
	In between
	(3, 4, 5)



	5
	Preferred strongly
	(4, 5, 6)



	6
	In between
	(5, 6, 7)



	7
	Very strongly preferred
	(6, 7, 8)



	8
	In between
	(7, 8, 9)



	9
	Extremely preferred
	(9, 9, 9)
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Table 3. Pairwise comparison (decision matrix) between alternatives (Aij) and criteria (Cj). j = 1–9 (the number of selected alternatives introduced in the last section).
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For Criteria jth

(Cj)

	
Alternatives




	
A1,1

	
A2,2

	
…

	
Ai,j






	
A1,1

	
1.00

	
1.00

	
1.00

	
1.00

	
2.33

	
5.00

	
…

	
l1,j

	
m1,j

	
u1,j




	
A2,2

	
0.20

	
0.73

	
1.00

	
1.00

	
1.00

	
1.00

	
…

	
l2,j

	
m2,j

	
u2,j




	
.

	
.

	
.

	
.

	
.

	
.

	
.

	
…

	
.

	
.

	
.




	
.

	
.

	
.

	
.

	
.

	
.

	
.

	
…

	
.

	
.

	
.




	
.

	
.

	
.

	
.

	
.

	
.

	
.

	
…

	
.

	
.

	
.




	
Ai,j

	
lj,1

	
mj,1

	
uj,1

	
lj,2

	
mj,2

	
ui,2

	
…

	
1.00

	
1.00

	
1.00
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Table 4. Indicators, their orientation towards SD, and their units.
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	Indicator/(Criteria)
	Germany
	France
	Italy
	Spain
	Netherlands
	Poland
	Sweden
	Belgium
	Ireland
	Direction
	Unit
	Refs.





	Employment rate (C1)
	0.111
	0.097
	0.086
	0.074
	0.117
	0.102
	0.099
	0.095
	0.105
	+
	%
	[31,58,63,73,81,82]



	HDI (C2)
	0.102
	0.098
	0.097
	0.098
	0.102
	0.095
	0.102
	0.101
	0.102
	+
	%
	[11]



	GDP (C3)
	0.355
	0.325
	0.267
	0.235
	0.419
	0.138
	0.448
	0.360
	0.705
	+
	Euro per capita/100,000
	[47]



	GHG emission (C4)
	9.56
	6.01
	6.62
	5.80
	10.29
	10.33
	4.80
	9.56
	12.90
	−
	Ton per capita
	[66,78,83,84]



	Economy growth rate (C5)
	2.60
	6.80
	6.70
	5.50
	4.90
	6.80
	5.10
	7.60
	13.60
	+
	%
	[47,85]



	Crime rate (C6)
	35.79
	51.99
	44.85
	33.32
	27.16
	30.50
	48.00
	44.58
	45.51
	−
	Ratio
	[86]



	Corruption (C7)
	80
	71
	56
	61
	82
	56
	85
	73
	74
	−
	%
	[58]



	Dependency on fossil fuels (C8)
	31,647
	19,916
	23,873
	22,769
	48,688
	30,111
	17,525
	48,104
	28,473
	−
	Terawatt-hours
	[11,87]



	Inflation rate (C9)
	3.2
	2.1
	1.9
	3.0
	2.8
	5.2
	2.7
	3.2
	2.4
	−
	Ratio
	[47,58]



	Energy intensity (C10)
	2.76
	3.29
	2.54
	2.64
	3.05
	3.42
	3.80
	3.87
	1.32
	+
	Kilograms of oil equivalent
	[48,88,89]



	Energy consumption per capita (C11)
	152.00
	144.00
	107.20
	117.40
	198.20
	117.20
	218.90
	235.80
	125.00
	−
	Gigajoules per capita
	[11,74,77]



	General energy production/population (C12)
	48.37
	73.96
	24.53
	30.85
	64.91
	59.75
	136.48
	49.12
	28.92
	+
	Terajoule per population
	[11,74,77]



	Share of RE (C13)
	0.054
	0.013
	0.048
	0.066
	0.035
	0.012
	0.030
	0.040
	0.074
	+
	Ratio
	[85,90]
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Table 5. Countries’ rank and scores and the level of sustainability.
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	Rank
	Country
	Score
	Group
	Level of Sustainability





	1
	Sweden
	0.24493
	A
	advanced



	2
	Belgium
	0.15568
	A
	advanced



	3
	Ireland
	0.11353
	A
	advanced



	4
	France
	0.088433
	B
	moderate



	5
	Germany
	0.08781
	B
	moderate



	6
	Spain
	0.087076
	B
	moderate



	7
	Netherlands
	0.076209
	C
	lower



	8
	Poland
	0.059668
	C
	lower



	9
	Italy
	0.053094
	C
	lower
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Table 6. Ranking countries regarding drivers’ criteria.
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Drivers




	
Social

	
Environmental

	
Institutional




	
Country

	
C1

	
Country

	
C2

	
Country

	
C6

	
Country

	
C4

	
Country

	
C7




	
Netherlands

	
1

	
Sweden

	
1

	
Netherlands

	
1

	
Sweden

	
1

	
Italy

	
1




	
Germany

	
2

	
Ireland

	
2

	
Poland

	
2

	
Spain

	
2

	
Poland

	
2




	
Ireland

	
3

	
Germany

	
3

	
Spain

	
3

	
France

	
3

	
Spain

	
3




	
Poland

	
4

	
Netherlands

	
4

	
Germany

	
4

	
Italy

	
4

	
France

	
4




	
Sweden

	
5

	
Belgium

	
5

	
Belgium

	
5

	
Germany

	
5

	
Belgium

	
5




	
France

	
6

	
Spain

	
6

	
Italy

	
6

	
Belgium

	
6

	
Ireland

	
6




	
Belgium

	
7

	
France

	
7

	
Ireland

	
7

	
Netherlands

	
7

	
Germany

	
7




	
Italy

	
8

	
Italy

	
8

	
Sweden

	
8

	
Poland

	
8

	
Netherlands

	
8




	
Spain

	
9

	
Poland

	
9

	
France

	
9

	
Ireland

	
9

	
Sweden

	
9




	
Energy




	
Country

	
C8

	
Country

	
C10

	
Country

	
C11

	
Country

	
C12

	
Country

	
C13




	
Sweden

	
1

	
Belgium

	
1

	
Italy

	
1

	
Sweden

	
1

	
Ireland

	
1




	
France

	
2

	
Sweden

	
2

	
Poland

	
2

	
France

	
2

	
Spain

	
2




	
Spain

	
3

	
Poland

	
3

	
Spain

	
3

	
Netherlands

	
3

	
Germany

	
3




	
Italy

	
4

	
France

	
4

	
Ireland

	
4

	
Poland

	
4

	
Italy

	
4




	
Ireland

	
5

	
Netherlands

	
5

	
France

	
5

	
Belgium

	
5

	
Belgium

	
5




	
Poland

	
6

	
Germany

	
6

	
Germany

	
6

	
Germany

	
6

	
Netherlands

	
6




	
Germany

	
7

	
Spain

	
7

	
Netherlands

	
7

	
Spain

	
7

	
Sweden

	
7




	
Belgium

	
8

	
Italy

	
8

	
Sweden

	
8

	
Ireland

	
8

	
France

	
8




	
Netherlands

	
9

	
Ireland

	
9

	
Belgium

	
9

	
Italy

	
9

	
Poland

	
9




	
Economic




	
Country

	
C3

	
Country

	
C5

	
Country

	
C9




	
Ireland

	
1

	
Ireland

	
1

	
Italy

	
1




	
Sweden

	
2

	
Belgium

	
2

	
France

	
2




	
Netherlands

	
3

	
France

	
3

	
Ireland

	
3




	
Belgium

	
4

	
Poland

	
4

	
Sweden

	
4




	
Germany

	
5

	
Italy

	
5

	
Netherlands

	
5




	
France

	
6

	
Spain

	
6

	
Spain

	
6




	
Italy

	
7

	
Sweden

	
7

	
Germany

	
7




	
Spain

	
8

	
Netherlands

	
8

	
Belgium

	
8




	
Poland

	
9

	
Germany

	
9

	
Poland

	
9
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