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Abstract

:

Today, the issue of economic circularity is certainly not a new concept. It represents an essential issue in any production system since it is an alternative to the current production and consumption model. The importance of the topic is confirmed worldwide. However, there is still a “circularity gap” that can be bridged in the short and medium term, probably with the use of innovative and digital technologies. In fact, many researchers agree that the sustainable future can be achieved in the long term thanks to digital technologies (i.e., IoT, artificial intelligence, quantum computing etc.) which, thanks to their speed of calculation, are able to identify the right solutions at the right time. The challenge, therefore, will be to develop innovative technologies and tools for the efficient use of resources in industries for sustainable production. Thus, the aim of this study is to define the current state of the art and future research developments in this very promising field. To achieve this goal, the integration of a “set” of tools, based on the AHP method and the PRISMA protocol, is proposed. The results aim to be a guideline for decision makers and researchers interested in this topic.
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1. Introduction


1.1. Circular Economy in the Digital Age


Digitalization is an enabling factor for the transition to a circular economy. In fact, already today’s technologies such as artificial intelligence, Internet of Things, big data, and blockchain are the “enablers” of different production processes to improve the use of natural resources and optimize designs, production, and repair and recycling phases of certain products [1,2]. This means that digitalization can strengthen and improve different segments of the circular economy. However, digitalization alone will not automatically lead to greater principles of sustainability. Political tools and strategies are needed to promote digitalization and innovation to manage complex sustainability problems. One of the main critical issues is the unavailability of data [3]. From this perspective, the European Council finally and only recently adopted a regulation confirming EuroHPC (European high performance computing) for the development in Europe of the next generation of supercomputers. The Luxembourg-based EuroHPC Joint Undertaking was created in October 2018 with the aim of “developing, implementing, extending and maintaining a federated, secure and hyper-connected supercomputing and quantum computing ecosystem in the EU”, as well as global data services and infrastructures. It is important to highlight a fundamental principle of the regulation, which adds to the doctrine of digital sovereignty. The fundamental principle should be to ensure a green technology solution of the supercomputing platform in line with the EU’s green transition goals. In fact, the current energy equation of supercomputing, which generates extremely high computing power in localized points, but absorbs an equally large amount of energy, will be deeply revised in EuroHPC projects. As shown in Figure 1, eight sites were selected for supercomputing centers located in eight different EU Member States that will host the new high-performance computing machines. The hosting sites will be located in Sofia (Bulgaria), Ostrava (Czech Republic), Kajaani (Finland), Bologna (Italy), Bissen (Luxembourg), Minho (Portugal), Maribor (Slovenia), and Barcelona (Spain).



European policy confirms the awareness that decisive technological discoveries can be useful in the field of sustainability.




1.2. Motivation of the Research


Sustainability, understood as environmental, economic, and social sustainability, is a complex system based on an inferential logic [4]. To manage the complexity that comes from sustainability, we need an economic-social-political “system” to handle this complexity. So, if we really want to create a sustainable system, we need to use a “tool” that supports it. In this regard, innovation and digitalization are becoming a priority to drive the transformation of a linear to circular economy. Therefore, many continents and nations have developed indicators to monitor and to measure the growth of innovation and the circular economy at the national level [5]. For example, in Europe, the eco-innovation index is used. Its purpose it to analyze five dimensions: eco-innovation inputs, eco-innovation activities, eco-innovation outputs, resource efficiency and socio-economic outcomes. If, from our point of view, we consider the Italian situation, it emerges that Italy is in tenth position among the EU28 Members, classified as average Eco-I performers. In addition, it is possible to analyze the country profiles to better understand the trends at a European level (Figure 2).



For a better understanding of all the indicators that are monitored, Figure 3 shows the comparison among three typical countries: Luxembourg (reaching 1st place), Italy (as 8th), and Bulgaria (last of the 28 member countries).




1.3. Aim and Structure of the Research


Nowadays, in our opinion, there is no point in asking whether technology is good or bad. Instead, we must understand how technology is functional to the needs of mankind. Thus, the aim of this study is to investigate if digital technologies might be useful to achieve the principles of a circular economy. How are new technologies applied? What are the main areas of application? The research aims to answer these questions. The results aim to identify existing gaps. In addition, the findings aim to be a guide for policy makers and researchers to define strategic choices and future studies.



The rest of the paper is organized as follows. Section 2 outlines the rationale of the research and the context of the analysis. In Section 3 the methodological approach is explained. In Section 4 the main results are summarized. Section 5 points out the empirical evidence and main challenges that emerged from the analysis. Finally, Section 6 summarizes the main conclusions of the study.





2. Rationale


The main objective of this study is to explore the theme of the circular economy in the digital age. Achieving this goal is not easy. It is a complex problem. In the management of complex problems, it is necessary to use tools that allow to solve problems quickly, often having little information available. Based on this consideration we decided to develop a systematic literature review (SLR). In fact, systematic reviews are increasingly numerous and widely used for the definition of management/policy decisions and strategies [6]. A SLR aims to provide a transparent and complete report on a types of research (i.e., clinical studies, social studies, etc.). Given the importance of identifying high quality systematic reviews, numerous tools have been proposed (i.e., PRISMA, AMSTAR 2, etc.), but only a few of them allow to conduct an adequate critical evaluation. In the present study, the PRISMA protocol (preferred reporting items for systematic reviews and meta-analyses) is applied [7]. PRISMA is a guideline and an essential tool for conducting systematic reviews. It helps researchers in the process of drafting a survey, underlining its essential aspects. It can be used to perform a critical analysis of reviews already published. The items of the PRISMA protocol provide for indicating: eligibility criteria for articles; the sources of information database and time period of search execution; how the studies were selected; how the data from the individual studies were extracted; and a summary of the results. Finally, an integral part of the protocol is the discussion of the results and any limitations. A very important assumption from our point of view is that the definition of an effective search strategy is essential to conduct a good literature analysis [8]. Typical questions underlying a literature review are, for example, how to define the research questions; how to define the search terms; and how the results obtained should help to precisely outline the contribution of current research. However, these questions are often not well reasoned and justified. In general, the reader must accept them. Furthermore, a SLR could be influenced by numerous biases, increasingly include non-randomized studies. The quantity of articles and their heterogeneity can be confusing and disorienting. For this reason, the present study is focused on integrating the traditional PRISMA protocol with a multi-criteria approach based on analytic hierarchy process (AHP). Otherwise, in our opinion, the risk could be that of delineating a generic framework not useful from a practical and managerial point of view. In addition, it should be noted that in the field of engineering systematic literature review is an approach recently implemented, unlike traditional sectors where they are well established. Thus, this study is performed using a “set” of tools to avoid obtaining “unattractive”, not significant, and too general results already analyzed in the literature. Therefore, we intend to propose a method to have a more objective evaluation of the information available than the traditional revisions.



With this premise we have developed the Analytical-PRISMA (A-PRISMA) methodological approach proposed in the present study. More details are provided and explained in the following sections. In particular, in Section 3 a description of theoretical basis of AHP technique is provided. In addition, the integration of AHP and PRISMA, the A-PRISMA approach, is described to allow readers to replicate and build it.




3. Materials and Methods


3.1. Analytic Hierarchy Process (AHP) Method


AHP is a multi-criteria decision support technique developed in the 1970s by naturalized Iraqi American mathematician Prof. Thomas L. Saaty [9]. AHP allows experts to compare multiple alternatives in relation to a plurality of criteria, either quantitative or qualitative. Briefly, the meaning of AHP can be summarized as follows [10]:




	
‘Analytic’ or decompose the problem into its elementary components



	
‘Hierarchy’ or design the decision problem in a hierarchy defining the goal, criteria and the sub-criteria



	
‘Process’ the data and evaluations in order to achieve the final result








Thus, from a methodological point of view, the following steps are carried out. Firstly, the experts team define the decision hierarchy. Secondly, the experts team express judgments on pairs of elements with respect to a controlling element in order to derive ratio scales that then are synthesized throughout the structure used to select the best alternative. The elements are compared in pairs by assigning a relative importance score to the other according to the Saaty’s semantic scale (from 1 to 9 with increasing values of importance). For a general AHP applications, we can consider that A1, A2,…, Am denote a set of elements, while aij represents a quantified judgment on a pair of Ai, Aj. Through the pairwise comparisons, an [m × m] matrix A is built as follows:
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A is a positive reciprocal matrix. The result of the comparison is the so-called dominance coefficient, aij, that represents the relative importance of the component on row (i) over the component on column (j), i.e., aij = wi/wj. If A is a consistency matrix, the relationships between weights wi, wj and judgments aij are simply given by aij = wi/wj (for i,j = 1, 2, …, m) and:











	
	
	w1/w1
	w1/w2
	
	w1/wm



	
	A1
	w2/w1
	w2/w2
	
	w2/wm



	A=
	A2
	
	
	
	



	
	…
	…
	…
	…
	…



	
	Am
	wm/w1
	wm/w2
	…
	wm/wm








If matrix w is a non-zero vector, there is a λmax of Aw = λmaxw, which is the largest eigenvalue of matrix A. After all, pairwise comparisons are completed, the priority weight vector (w) is computed as the unique solution of Aw = λmaxw, where λmax is the largest eigenvalue of matrix A. Finally, a consistency index is estimated. Saaty proposed the consistency index (CI) to verify the consistency of the comparison matrix. The consistency index can be calculated by: CI = (λmax − n)/n − 1. In general, if CI is less than 0.10, the judgments can be deemed to be satisfactory. It has been scientifically demonstrated that in the case of perfect consistency of judgments, the matrix of comparisons that is formed has particular properties: it is symmetrical, reciprocal, and consistent.




3.2. Analytical-PRISMA (A-PRISMA) Approach


The proposed procedure is based on the assumption of applying a multi-criteria decision-making approach as a basis for a systematic literature review. Figure 4 aims to summarize the main logical steps of the methodological approach A-PRISMA. As highlighted, a focal point is the definition of an experts team with the aim of identifying the research questions (RQ) and search criteria (SC) in order to select the documents to be investigated for literature analysis. An AHP decision model was designed and built by the experts team for the definition of search criteria (SC) in order to support their identification in a rigorous and scientific way. Obviously, the principles established by the PRISMA protocol were taken into consideration for the definition of the final list of documents to be analyzed. More details on A-PRISMA modeling are provided in Section 3.3.




3.3. A-PRISMA Modeling


In order to develop a robust and scientifically rigorous literature analysis, an experts team belonging to different sectors (public, business, academic, etc.) with a diverse cultural background was set up. In particular, it was made up of two experts in circular economy; one expert in multi-criteria decision methods; three digitalization experts; and one expert in business strategy. The experts team applying the well-known decision-making technique AHP defined the following elements of analysis:



Research questions identification (RQ). The main goal of the study was to investigate “How can digital technologies support a circular economy?”. To answer to this point, the experts team identified the most representative research questions as follows:




	
RQ1. How relevant is the EU policy on circular economy in the digital age?



	
RQ2. What digital technologies might promote the benefits of circular economy?



	
RQ3. In a digital age how business models could impact on CE?



	
RQ4. What is the contribution coming from RESOLVE framework?



	
RQ5. Which SDGs are more involved on CE?








Search criteria definition (SC). After the analysis of the several information sources (websites, reports, database, etc.) and after some coordination meetings, the seven experts to better address the SLR identified the five dimensions or criteria (C1. RESOLVE framework; C2. EU Eco-Innovation Plan; C3. Digital Technologies; C4. Business Models and C5. SDGs) that represent the bibliometric search criteria. In addition, to better characterize the literature survey 37 sub criteria have been identified as shown in Figure 5. The 37 sub criteria represent the investigation keywords to be used in the scientific database.



The weight of importance for each criterion was defined through the AHP as shown in Table 1. The experts’ judgments were aggregated using the geometric mean as it better represents the variability of judgments expressed by different experts, as suggested by Prof. Saaty. Of course, the consistency index was also checked (CI < 0.10).



It is important to remember that the bibliometric search criteria summarized in Table 1 represent the main research topics used to define the keywords to carry out the SLR. In particular, the experts team identified 37 specific keywords characterizing each criterion to perform the bibliometric analysis. Obviously, the experience and knowledge of the experts team are two focal points which were helpful to identify all keywords to select the most representative documents. Table 2, Table 3, Table 4, Table 5 and Table 6 show the pairwise comparison matrices and weights for each criterion (C1; C2; C3; C4; C5).



Analyzing the results in detail, it emerges that the most important criterion is C2. “European Eco-innovation Action Plan” (39.3%) followed by C3. “Digital Technologies” (25.8%). While, among the sub criteria the most important is SC2.5 “GHG emission” (34.7%) followed by SC1.1 “Regenerate” (32.7%). Figure 6 summarizes the most important results.



Selection and Data collection process (SD). The experts team selected the documents using SCOPUS, one of the largest databases of scientific literature used worldwide in the scientific community and beyond. The documents were extracted by using the identified keywords (shown in Table 2, Table 3, Table 4, Table 5 and Table 6) of the topic under study using the logical operators AND and OR (supported by SCOPUS). In addition, only documents whit keywords included in the title were considered. Furthermore, for the definition of the final list of papers to be analyzed, the following exclusion, inclusion and quality criteria were considered as detailed below:



	
Exclusion criteria definition (E). Documents were excluded according to the following exclusion criteria:



	
E1: Documents not related to digital technologies.



	
E2: Documents not related to CE.



	
E3: Duplicate documents.



	
E4: Documents in press.






	
Inclusion criteria definition (I). Documents were included according to the following inclusion criteria:



	
I1: Documents published only in English.



	
I2: Documents published only in peer-reviewed international journals (not included conference proceedings; editorials, chapter books, etc.).






	
Quality criteria definition (Q). Documents were analyzed according to the following quality criteria:



	
Q1: Documents proposing different methodologies and approaches.



	
Q2: Documents proposing different Enabling technology.



	
Q3: Documents with impact factor, SJR or CiteScore.









Table 7 summarizes the number of items (without exclusions) identified according to the previous considerations.



PRISMA 2020 flow diagram is shown in Figure 7. The PRISMA diagram is very useful since it provides an overview of the documents selected and analyzed according to the chosen parameters. As can be seen, the final number of documents analyzed was 104.





4. Results


4.1. Studies Selected and Characteristics


In this section we provide a concise description of the main results obtained through A-PRISMA approach. The analysis of the results points out, as shown in the Figure 8, that the time span of the publications is quite recent. It is a result that is not surprising given the topicality of the topics analyzed.



It is interesting to note that the most cited documents (1650 citations) belong to the “SDGs” criterion. In fact, although the lowest number of selected publications belong to this criterion, the number of citations is the highest as shown in Figure 9. However, it should be noted that 89% of the citations are attributable to a single paper published by Ghisellini et al. [11]. The manuscript, published in 2016, provides a detailed literature review on CE (origins, principles, advantages and disadvantages). This would explain that it was taken as a reference on CE by the scientific community and therefore the large number of citations.



Figure 10 shows the relationship between the number of authors and the number of citations obtained. It is interesting to note that the greatest number of citations is independent of the number of authors.



A detail of the most cited publications is shown in Table 8.



Considering the distribution of documents by country/territory according to the selected criteria, it emerges that Italy (C1. RESOLVE Framework; 20%, United Kingdom (EU Eco-innovation Plan; 19%; C3. Digital Technologies; 19%), the United States (C4. Business MODELS; 21%), and China (C5. SDGs; 15%) are the most representative countries as shown in Figure 11.



Table 9 shows the most prolific journals.



Meanwhile, Figure 12 shows time distribution of publications and citations. In particular, it emerges that the most popular journal is the Journal of Cleaner Production (16%), followed by Technological Forecasting and Social Change (7%), and Sustainability (Switzerland) (6%).



It is interesting to note that it seems the number of citations is related to the journal’s scientific reputation in the scientific community.



The most used keywords are shown in Figure 13.



Figure 14 shows the research areas most covered by the published documents.



Analyzing the documents by founding sponsor, heterogeneity emerges. However, the results show an interesting trend from a European policy point of view. In fact, it emerges that the main funds are those of the EU: European Commission (40%); Horizon 2020 Programme (36%); European Regional Development Fund (12%); European Institute of Innovation and Technology (8%); and LIFE programme (4%).




4.2. Results of Individual Studies


This section provides an overview of the main documents analyzed. For clarity and punctuality, the analysis is organized according to the Bibliometric Search CRITERIA (defined in Section 3.2).



	
#1 RESOLVE Framework (10 documents)






The documents belonging to this selection addressing issues related to the RESOLVE framework (regenerate, share, optimize, loop, virtualize, and exchange). Table 10 summarizes a classification of documents by year, type of publication and main focus. Analyzing in detail, it emerges that, recently, Contreras-Lisperguer et al. [12] evaluated, through a simulation model, a new solar photovoltaic (PV) material recovery system. Tapia et al. [13] analyzed the role of territorial factors in closed-loop systems. In addition, Velvizhi et al. [14] investigated how biodegradable and non-biodegradable fraction of municipal solid waste could be treated by advanced biological processes. According to the authors, the use of the IoT could represent an opportunity for intelligent waste management. A different point of view is analyzed by Atabaki et al. [15] who developed an optimization models based on linear and possibilistic programming for closed-loop supply chain of durable products. A case study on the development of models on the closure of both technical and biological circuits proposed in Finland is proposed by Vanhamaki et al. [16]. The use of the recycled anion exchange membranes avoiding their disposal in landfills was proposed by Lejarazu-Larranaga et al. [17]. Similarly, Sharma et al. [18] demonstrated the recycling of spent electrocatalyst from a PEMFC electrode is demonstrated. Roy et al. [19] developed a closed loop system for conservation of fresh water at household user point. While, Conforto [20] proposed an innovative platform, based on machine learning and blockchain etc., for a for proper waste management. Finally, Sposato et al. [21] explored the role of sharing economy in products and services from a life cycle thinking perspective.



	
#2 EU Eco-innovation Plan (33 documents)






The manuscripts belonging to this cluster are quite heterogeneous. In addition, qualitative approaches rather than case studies or applications are proposed. Table 11 summarizes a classification of documents by year, type of publication and main focus.



Several authors have proposed literature review analysis or scenario analysis in order to analyze the factors enabling the principles of the circular economy [22,23,24,25,26,27] or the relationship between sustainable development goals (SDGs) and CE [28] or the relationship between innovation and CE the automotive sector [29]. In this context, Cainelli et al. [30] analyzed the role of the environment to promote the adoption of resource efficiency-oriented eco-innovations. Meanwhile, some other authors analyzed the relationship between eco-innovation and firm financial performance in their countries to achieve a sustainable transition [31,32,33,34]. For example, Johl S.K. and Toha [35] performed a study in 31 Malaysian public energy companies; Kiefer et al. [36] carried out a similar study in Spain. The waste generation management problem is investigated by Magazzino et al. [37] who proposed an experiment based on artificial neural networks to understand how to interact within a complex ecosystem such as between the environment and waste. Demirel and Danisman [38] investigated the impact of the practice of CE across 28 European countries in 2016. In order to analyze the environmental impacts of products and processes, some authors have developed life cycle assessment (LCA) studies [39]. For example, Ncube et al. [40] developed an LCA study in the brick manufacturing sector in Zimbabwe. Heath G.A., et al. [41] proposed an LCA study for photovoltaic (PV) modules. Bartie et al. [42] demonstrated the enabling role of metallurgical infrastructure using LCA. An example of the introduction of the circular economy paradigm in an Italian ceramic industry is provided by Garcia-Muiña et al. [43] that developed an LCA/LCC model to evaluate an alternative composition of the current ceramic body. Durán-Romero et al. [44] analyzed from a theoretical point of view the relationship between climate change and CE. A different point of view is analyzed by Ramkumar [45] that, through the analysis of a case study related to the Jaguar Land Rover, demonstrates the importance of relationships with suppliers to promote product innovation from a CE perspective. Similarly, Matrapazi and Zabaniotou [46] demonstrated the technical and economic feasibility of reusing coffee grounds through a pyrolysis process. Results have been presented within an EU LIFE + project between Aristotle University (Greece) and co-developed with an Irish company. Charles et al. [47] developed a business model for the recovery of platinum from waste thermocouples which is then used for the preparation of catalytic electrodes suitable for dye-sensitized solar cell production. An interesting and original research is proposed by Stankevičienė and Nikanorova [48]. MCDM methods (using MULTIMOORA and TOPSIS methods) are used to assess to assess the eco-innovation worldwide in the context of CE. Similarly, de Jesus et al. [49] used Delphi method to explores how to implement principles of CE and the fundamental strategies. de Jesus is one of the most prolific authors in this cluster. Previously, in 2016 he carried out an extensive literature review on CE and eco-innovation [50]. In 2018, he discussed the different factors that favor or hinder the development of a CE [51]. Some authors have developed methods for “measuring” circularity. This is a very important aspect. In this context, Di Maio et al. [52] proposed a new value-based indicator to assess the performance of actors in the supply chain in terms of resource efficiency and circular economy. Ma et al., [53] developed a set of tools within a phosphorus chemical firm to improve its economic benefit, resource efficiency, waste recycling rate, and eco-efficiency. Finally, Taiyang Z., et al. [54] proposed an analytical framework for a comprehensive assessment of regional circular economic growth of Jiangsu Province.



	
#3 Digital Technologies (32 documents)






In this cluster belong the manuscripts that expressly propose the use of technologies to promote the principles of the CE [55,56,57,58]. Table 12 summarizes a classification of documents by year, type of publication and main focus. Several authors investigate, through multi-criteria decision-making methods (i.e., PROMETHEE II method, VIKOR, best-worst Method, SWARA, Fuzzy ANN etc.) the barriers that hinder the use of technologies such as the use of IoT [59,60,61], or big data [62,63,64,65,66]. Among other technologies, some authors propose the use of simulations to produce an economic analysis of the processes or as tool to train [67,68,69,70,71]. Some other investigate the use of additive manufacturing for various applications such as the use of materials with a lower environmental impact [72,73,74]. Some authors propose the use of digital technologies to optimize waste management. In this regard, Wang et al. [75] proposed the use of IoT in China to manage household waste. Mangrini et al., [76] argued that the integration of IoT and blockchains can help the producers manage the end-of-life of electrical and electronic equipment (EEE). Their study is contextualized in Italy. Many authors argue that the implementation of CE principles supported by digital technologies represents an opportunity to be pursued [77,78,79,80]. However, as argued by Hatzivasilis et al. [81], the lack of interoperable solutions slows down the process of innovation and ecological transition. New communication protocols and the introduction of 5th generation mobile networks (5G) would be needed for new business models [82,83,84,85].



	
#4 BUSINESS Models (14 documents)






The manuscripts belonging to this cluster address the CE issue from different points of view with the common goal of identifying business models to implement the CE. Table 13 summarizes a classification of documents by year, type of publication and main focus.



However, as Kumar et al., [86] recently highlighted, there are still many obstacles in many sectors (including agriculture) to implement new business models of ecological transition. In addition, as argued by Nandi et al. [87,88] today digitalization could represent the only post-COVID19 opportunity for many companies. Of the same opinion is Kazancoglu et al. [89] who discusses potential implications on enhancing corporate environmental performance of a business. In fact, some authors point out the benefits that technologies could have on the entire supply chain. In this regard it is interesting to mention the research conducted by Ciccullo et al. [90], that highlights that the adoption of different technological options could also prevent food waste in the agri-food supply chain. Or, as argued by Safiullin et al. [91] it could be increasing the stability of the economy through supply chain management. An interesting approach is proposed by Alizadeh-Basban and Taleizadeh [92] that argued the need to balance all material flows of all stakeholder belonging to the supply chain. To this end they develop a simulation game to analyze all relationships and flows of materials. A real case study is proposed by Tacchini et al. [93] that analyze how to re-evaluate the wine supply chain avoiding chemical, antioxidant and antimicrobial characterizations. There are several studies that, through surveys, aim to identify the potential of CE principles in different economic sectors. For example, Clark et al. [94] through a survey across the UK food packaging supply chain they identify the potential to reduce waste in packaging. Sharma et al. [95] conducted a case study of a dairy food processing company in India to identify the challenges to CE in the food value chain. A different approach is proposed by Kasulaitis et al. [96] that investigated the potential efficacy of “natural” dematerialization and CE. It emerges that companies with greater technological capabilities intend to accelerate the internal processes of digitalization, dematerialization of documentation, and automation of business processes aim at a highly digitized 4.0 organizational model. Douguet et al. [97] investigated the sustainability scenarios in the aggregates sector in France, highlighting the opportunities from a circular economy perspective. A very potential topic is analyzed by Daú et al. [98] that examined the healthcare sustainable supply chain. Finally, a strategy for material supply chain sustainability in the electronics industry is proposed by O’Connor [99].



	
#5 SDGs (15 documents)






Documents directly linked to the principles of some SDGs belong to this cluster (i.e., Clean Water (SDG6); Clean Energy (SDG7); Economic Growth (SDG8); Sustainable Cities (SDG11); Sustainable Consumption and Production (SDG12); Climate Action (SDG13); Life Below Water (SDG14) and Life on Land (SDG15)). Table 14 summarizes a classification of documents by year, type of publication, and main focus. Recently, Rashid and Shahzad [100] analyzed the potential benefits of organic food waste recycling both from a technical and an economic point of view. The study is contextualized in Saudi Arabia’s Mecca. Similarly, Slorach et al. [101] investigated the recovery energy and material resources from food waste in the UK. Chen [102] in his research explained the positive effect of circular economy models to ensure more sustainable cities. Llera-Sastres et al. [103] proposed a method to analyze the socio and economic impacts of power-to-gas to support effective policymaking and energy companies’ decision-making processes. Many studies highlight the importance for decision makers to define specific national and regional policies in order to promptly promote the principles of the circular economy [11,104]. Specific actions are essential to foster sustainable production, consumption, and the use of essential raw materials, a fact made clear by Tian et al. [105] and by Micari et al. [106], respectively. In their studies, a technical environmental assessment of wastewater treatment facilities and water softening treatment is provided. Kleines et al. [107] explored the reuse and recycling of plastics. Mathur et al. [108] explored the opportunities offered by an effective technology process to manage photovoltaic waste. A very current perspective is addressed by Lee [109] that investigated the use of biohydrogen in Asian countries. Chen et al. [110] evaluated the feasibility and potential benefits of this circular rice production system into Mediterranean production. A new and promising topic is analyzed by Stadler et al. [111] that addressed the economic viability of aquaponic systems under Dutch conditions and described possible socio-economic scenarios. The problem of water treatment in the Netherlands is analyzed also by Roest et al. [112]. Finally, a very current issue for the automotive industry is developed by Richa et al. [113] that analyzed the end-of-life of lithium-ion batteries from electric vehicles (EVs).





5. Discussion and Lessons learned


5.1. Main Contributions of the Research


The research allows us to fill some gaps in the literature. In particular, it has been possible to investigate how digital technologies support a circular economy. Generally, the published research on this topic has two main weaknesses. The first is that they analyzed only one digital technology or a few of them. The second one is that they do not approach the problem from a holistic and global point of view but they are focused on certain aspects or on specific sectors. Instead, unlike other research, our study analyzes the problem in terms of five dimensions: the RESOLVE Framework; EU Eco-innovation Plan; digital technologies; business models; and SDGs. Therefore, the results obtained provide us with precise information that is scalable for different sectors. Thus, it is a unique study which, by integrating the PRISMA protocol and the AHP method, allows us to develop a summary of the state of art through a rigorous and scientific approach. From a practical point of view, several considerations emerged in terms of empirical evidence and main challenges as reported in the following sections.




5.2. Synthesis to Move from Theory to Practice


The analysis of the selected documents allows one to draw some considerations. Table 15 summarizes some empirical evidence and the main challenges that emerged from the analysis of scientific papers. It should be noted that the documents show that the characteristics of industry 4.0, that combine physical production with digital technology, are perfectly combined with the need to address development in a sustainable way. In addition, it emerged that companies belonging to sectors with a higher technological intensity innovate more on products and processes. A synthesis of the main evidence is shown below.




5.3. Challenges of Sustainability


The challenges posed by digitalization and sustainability require an integrated approach to the legislative activity and to the coordination and cooperation of the action of all countries. In this sense, governments should promote new initiatives to regulate the artificial intelligence and big data sector, considered among the main technologies useful for the development of circular models, with particular attention to the ethical implications deriving from the use of algorithms. Another aspect to consider among the challenges for the circular economy is the development of global digital platforms as a tool for a virtuous use of resources capable of intercepting all of the stakeholders in the supply chain from a global “resource” market perspective, for the optimization of costs and waste at national and international levels, in compliance with recognized global standards as well as customized solutions, the result of applications of global scientific instruments. The real challenge is that everyone in their area (production, suppliers, customers) must contribute to the “system”, generating value downstream and upstream to enable the factors for the transition and thus achieve sustainable sovereignty. Figure 15 summarizes global challenges in terms of enabling factors and the value chain.



In this context, it is clear that technological evolution goes hand in hand with sustainability. From a practical and operational point of view it has emerged that it is necessary to process and to analyze data in a few minutes that traditional computers would take tens of thousands of years to perform. The quantum supremacy achievable with the use of quantum computers looks promising in this scenario. The possible applications are innumerable: from predictive maintenance, which allows machines to repair themselves, to the development of smart cities, which aim to solve problems such as traffic and pollution thanks to advanced data analysis, up to the so-called internet of thing, i.e., objects capable of communicating with each other without human interaction (the technology underlying self-driving cars). The potential of quantum computers is so high that there are already experiments to build more performing batteries for cars, or to reduce greenhouse gases in the production of fertilizer.





6. Conclusions


6.1. Concluding Remarks


The digital transformation and the pandemic have contributed to raising awareness of the environmental crisis in the world, orienting managerial choices with a view to greater sustainability. The analysis conducted in this study shows that digital technologies represent a strategic component for the competitiveness of countries and for the evolution of production systems towards greater sustainability. Three fundamental principles emerged from the analysis:




	
The sustainable use of renewable resources. This means that the rate of use should be less than the rate at which resources are able to regenerate;



	
The sustainable use of non-renewable resources, i.e., their depletion must be compensated for by switching to renewable resources



	
A sustainable emission rate for pollution and waste. According to this principle, the pace of emissions and waste production should not be faster than the rate at which natural systems can absorb, recycle or render them harmless.








Of course, there can be no ecological transition without a circular economy.



There are many opportunities that governments, companies and individuals themselves can make to foster sustainable development. However, to be effective, all actions must be performed globally. When it comes to environmental sustainability, no country is sovereign. Nowadays the awareness is that we live in a world with a global ecology, a global economy and global technologies. All countries are affected by the actions taken by those living in other parts of the world. In a globalized world, actions must be global to be effective.




6.2. Limitations and Future Research Developments


This research represents a preliminary study to investigate the role of digitalization to promote the circular economy. It is clear that all digital technologies are promising, but the real challenge lies in the ability to process large amounts of data to find the best solution. Thus, according this preliminary study, in our opinion, quantum technology is one of the keys of the future, which will allow us to tackle, through quantum computation, previously unsolvable problems for the development of circular economy models. Quantum computers are at the frontier of information technology and digital transformation with a view to sustainability (one of the technological revolutions destined to have a profound impact on our future). However, there will be an energy cost to pay for each quantum computing operation. Therefore, it is necessary to deepen the knowledge of the thermodynamic mechanisms that accompany quantum computation. In this way it will be possible to determine the energy cost behind carrying out a single operation. This represents an essential step in improving the performance of any machine designed for quantum computing. The aim of future research will be to investigate the evolution of supercomputer applications with a view to digital sustainability. In fact, the “generalist” quantum computer capable of tackling any type of problem has not yet been reached, but the line of development seems well designed.
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Figure 1. EuroHPC hosting sites. 
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Figure 2. Eco-Innovation Index 2021 (Source: European Union—https://ec.europa.eu/environment/ecoap/indicators/index_en; accessed on 31 August 2021). 
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Figure 3. Country Profiles—Eco-Innovation Index 2021 (Authors’ elaboration from data provided by European Union—https://ec.europa.eu/environment/ecoap/country_profiles_en; accessed on 31 August 2021). 
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Figure 4. Framework of A-PRISMA approach. 
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Figure 5. AHP model (Bibliometric Search CRITERIA and Keywords Search CRITERIA identification). 
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Figure 6. AHP model (weights for Search CRITERIA and Keywords Search CRITERIA). 
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Figure 7. Selection of documents based on PRISMA. 
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Figure 8. Number of documents by years (source: authors’ elaboration from data SCOPUS). 
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Figure 9. Classification of documents (source: authors’ elaboration from data SCOPUS). 
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Figure 10. Relationship between the number of authors and the number of citations (source, authors’ elaboration from data SCOPUS). 
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Figure 11. Documents by country/territory (source: authors’ elaboration from data SCOPUS). 
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Figure 12. Time distribution of publications and citations (source: authors’ elaboration from data SCOPUS). 
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Figure 13. Most used keywords (source: authors’ elaboration from data SCOPUS). 
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Figure 14. Subject area (source: authors’ elaboration from data SCOPUS). 
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Figure 15. Global challenges in terms of enabling factors and the value chain (source: authors’ elaboration). 
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Table 1. AHP pairwise comparison matrix—Bibliometric search criteria and weights.
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Bibliometric Search CRITERIA

	
C1

	
C2

	
C3

	
C4

	
C5

	
WEIGHT






	
C1. RESOLVE Framework

	
1

	
3

	
4

	
2

	
2

	
0.104




	
C2. EU Eco-innovation Plan

	

	
1

	
3

	
2

	
3

	
0.393




	
C3. Digital Technologies

	

	

	
1

	
3

	
2

	
0.258




	
C4. Business models

	

	

	

	
1

	
2

	
0.093




	
C5. SDGs

	

	

	

	

	
1

	
0.149




	
Consistency Index

	
0.9116
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Table 2. AHP pairwise comparison matrix—Bibliometric search keywords for C1 “RESOLVE Framework” and weights.
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Bibliometric Search SC1 (Keywords)

	
SC1.1

	
SC1.2

	
SC1.3

	
SC1.4

	
SC1.5

	
SC1.6

	
WEIGHT






	
SC1.1 Regenerate

	
1

	
3

	
3

	
2

	
3

	
3

	
0.327




	
SC1.2 Share

	

	
1

	
2

	
3

	
2

	
2

	
0.216




	
SC1.3 Optimize

	

	

	
1

	
1/2

	
2

	
2

	
0.120




	
SC1.4 Loop

	

	

	

	
1

	
2

	
2

	
0.154




	
SC1.5 Virtualize

	

	

	

	

	
1

	
1/2

	
0.084




	
SC1.6 Exchange

	

	

	

	

	

	
1

	
0.096




	
Consistency Index

	
0.0689
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Table 3. AHP pairwise comparison matrix–Bibliometric search keywords for C2 “EU Eco-innovation Plan” and weights.
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Bibliometric Search SC2

	
SC2.1

	
SC2.2

	
SC2.3

	
SC2.4

	
SC2.5

	
SC2.6

	
WEIGHT






	
SC2.1 R&D

	
1

	
3

	
4

	
2

	
1/3

	
2

	
0.224




	
SC2.2 Resource efficiency

	

	
1

	
2

	
1

	
1/2

	
1/3

	
0.099




	
SC2.3 ISO 14001

	

	

	
1

	
1/2

	
1/3

	
1/2

	
0.065




	
SC2.4 Eco-innovation

	

	

	

	
1

	
1/3

	
1/2

	
0.100




	
SC2.5 GHG emission

	

	

	

	

	
1

	
3

	
0.347




	
SC2.6 Eco-industry

	

	

	

	

	

	
1

	
0.161




	
Consistency Index

	
0.0563
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Table 4. AHP pairwise comparison matrix–Bibliometric search keywords for C3 “Digital Technologies” and weights.
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Bibliometric Search SC3

	
SC3.1

	
SC3.2

	
SC3.3

	
SC3.4

	
SC3.5

	
SC3.6

	
SC3.7

	
SC3.8

	
SC3.9

	
WEIGHT






	
SC3.1 Autonomous Robot

	
1

	
1/3

	
1/3

	
1/2

	
1

	
1/2

	
1/3

	
1/3

	
1/4

	
0.041




	
SC3.2 Simulation

	

	
1

	
1/2

	
2

	
2

	
2

	
3

	
2

	
1/2

	
0.150




	
SC3.3 System Integration

	

	

	
1

	
2

	
3

	
3

	
1/2

	
3

	
1/2

	
0.160




	
SC3.4 Internet of Things

	

	

	

	
1

	
3

	
2

	
1/2

	
1/2

	
1/3

	
0.080




	
SC3.5 Cyber Security

	

	

	

	

	
1

	
1/3

	
1/2

	
1/2

	
1/4

	
0.045




	
SC3.6 Cloud Computing

	

	

	

	

	

	
1

	
1/2

	
1/2

	
1/3

	
0.067




	
SC3.7 Additive Manuf.

	

	

	

	

	

	

	
1

	
2

	
1/2

	
0.136




	
SC3.8 Augmented Reality

	

	

	

	

	

	

	

	
1

	
2

	
0.090




	
SC3.9 Big Data

	

	

	

	

	

	

	

	

	
1

	
0.227




	
Consistency Index

	
0.0526

	











[image: Table] 





Table 5. AHP pairwise comparison matrix–Bibliometric search keywords for C4 “Business models” and weights.
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Bibliometric Search SC3

	
SC4.1

	
SC4.2

	
SC4.3

	
SC4.4

	
SC4.5

	
SC4.6

	
SC4.7

	
SC4.8

	
WEIGHT






	
SC4.1 Circular Supplies

	
1

	
2

	
3

	
2

	
2

	
1

	
1/2

	
2

	
0.179




	
SC4.2 Regenerative Models

	

	
1

	
2

	
1

	
2

	
2

	
1

	
1

	
0.152




	
SC4.3 Encourage sufficiency

	

	

	
1

	
1/2

	
2

	
1/2

	
1/2

	
2

	
0.089




	
SC4.4 PAAS (results oriented)

	

	

	

	
1

	
1

	
2

	
1

	
3

	
0.138




	
SC4.5 Product life extension

	

	

	

	

	
1

	
3

	
1

	
2

	
0.120




	
SC4.6 Resource value extens.

	

	

	

	

	

	
1

	
1/2

	
3

	
0.102




	
SC4.7 Dematerialization

	

	

	

	

	

	

	
1

	
2

	
01.63




	
SC4.8 PAAS (use oriented)

	

	

	

	

	

	

	

	
1

	
0.053




	
Consistency Index

	
0.0704
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Table 6. AHP pairwise comparison matrix–Bibliometric search keywords for C5 “SDGs” and weights.
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Bibliometric Search SC3

	
SC5.1

	
SC5.2

	
SC5.3

	
SC5.4

	
SC5.5

	
SC5.6

	
SC5.7

	
SC5.8

	
WEIGHT






	
SC5.1 Clean Water (SDG6)

	
1

	
2

	
3

	
1

	
1

	
1/2

	
1/2

	
1/2

	
0.116




	
SC5.2 Clean Energy (SDG7)

	

	
1

	
2

	
1

	
2

	
1/2

	
1/2

	
1/2

	
0.100




	
SC5.3 Economic Growth (SDG8)

	

	

	
1

	
2

	
1

	
1/2

	
1/2

	
1/2

	
0.081




	
SC5.4 Sustainable Cities (SDG11)

	

	

	

	
1

	
2

	
1/2

	
1/2

	
1/2

	
0.092




	
SC5.5 Sustainable Cons. (SDG12)

	

	

	

	

	
1

	
1/2

	
2

	
1/2

	
0.099




	
SC5.6 Climate Action (SDG13)

	

	

	

	

	

	
1

	
2

	
2

	
0.206




	
SC5.7 Life Below Water (SDG14)

	

	

	

	

	

	

	
1

	
2

	
0.142




	
SC5.8 Life on Land (SDG15)

	

	

	

	

	

	

	

	
1

	
0.159




	
Consistency Index

	
0.0687
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Table 7. Query and N° of items identified.
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	Bibliometric Search

CRITERIA
	Search Query

(Keywords)
	N° of Items

without Exclusions
	N° of Items

with Exclusions





	#1

RESOLVE Framework
	(TITLE (circular AND economy) AND TITLE (regenerate) OR TITLE (share) OR TITLE (optimze) OR TITLE (loop) OR TITLE (visualize) OR TITLE (exchange) AND TITLE-ABS-KEY (technology))
	12
	10



	#2

EU Eco-innovation Plan
	(TITLE (circular AND economy) AND TITLE (eco AND innovation) OR TITLE (resource AND efficiency) OR TITLE (iso 14001) OR TITLE (ghg AND emissions) OR TITLE (research AND development) OR TITLE (eco AND industry))
	67
	33



	#3

Digital Technologies
	(TITLE (circular AND economy) AND TITLE (autonomous AND robot) OR TITLE (simulation) OR TITLE (system AND integration) OR TITLE (internet AND of AND things) OR

TITLE (cyber AND security) OR TITLE (cloud AND computing) OR TITLE (additive AND manufacturing) OR TITLE (augmented AND reality) OR TITLE (big AND data))
	64
	32



	#4

BUSINESS Models
	TITLE (circular AND economy) AND TITLE (circular AND supplies) OR TITLE (regenerative AND models OR TITLE (encourage AND sufficiency) OR TITLE (product AND was AND service) OR TITLE (life AND extension) OR TITLE (dearterialization) OR TITLE (resource AND value) AND TITLE-ABS-KEY (technology))
	24
	14



	#5

SDGs
	(TITLE (circular AND economy) AND TITLE (clean AND water) OR TITLE (clean AND energy) OR TITLE (economic) OR

TITLE (sustainable AND cities) OR TITLE (responsible AND consumption) OR TITLE (responsible AND production) OR TITLE (climate AND action) OR TITLE (life AND below AND water) OR TITLE-ABS-KEY (life AND on AND land) AND TITLE-ABS-KEY (technology))
	26
	15
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Table 8. The most cited documents (source: author’s elaboration from data SCOPUS).
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	Title
	Year
	Authors
	N° of Citations
	Journal





	Environmental and economic implications of recovering resources from food waste in a circular economy
	2019
	Slorach, P.C., Jeswani, H.K., Cuéllar-Franca, R., Azapagic, A.
	48
	Science of the Total Environment



	Eco-Efficiency Analysis of a Lithium-Ion Battery Waste Hierarchy Inspired by Circular Economy
	2017
	Richa, K., Babbitt, C.W., Gaustad, G.
	64
	Journal of Industrial Ecology



	A review on circular economy: The expected transition to a balanced interplay of environmental and economic systems
	2016
	Ghisellini, P., Cialani, C., Ulgiati, S.
	1480
	Journal of Cleaner Production



	Eco-innovation pathways to a circular economy: Envisioning priorities through a Delphi approach
	2019
	de Jesus, A., Antunes, P., Santos, R., Mendonça, S.
	37
	Journal of Cleaner Production



	When challenges impede the process: For circular economy-driven sustainability practices in food supply chain
	2019
	Sharma, Y.K., Mangla, S.K., Patil, P.P., Liu, S.
	37
	Management Decision
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Table 9. The most prolific journals (source: author’s elaboration from data SCOPUS).
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	Title
	Publisher
	Cite Score 2020 1
	SJR 2020 2
	Impact Factor 2020
	Percentile





	Journal of Cleaner Production
	Elsevier
	13.1
	1.937
	9.297
	98th



	Technological Forecasting and Social Change
	Elsevier
	12.1
	2.226
	8.593
	97th



	Business Strategy and The Environment
	Wiley-Blackwell
	10.3
	2.123
	10.302
	98th



	Ecological Economics
	Elsevier
	9.1
	1.917
	5.389
	95th



	Resources, Conservation and Recycling
	Elsevier
	14.7
	2.468
	10.204
	99th



	Science of the Total Environment
	Elsevier
	10.5
	1.795
	7.963
	96th



	Sustainability (Switzerland)
	MDPI
	3.9
	0.612
	3.251
	84th







1 CiteScore measures average citations received per document published in the serial. 2 SCImago Journal Rank measures weighted citations received by the serial. Citation weighting depends on subject field and prestige (SJR) of the citing serial.
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Table 10. Classification of documents belonging to #1 RESOLVE Framework cluster.
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	Authors
	Ref.
	Year
	Type of Publication
	Main Focus





	Contreras-Lisperguer R., et al.
	[12]
	2021
	Theoretical/Application
	Recycling



	Tapia C., et al.
	[13]
	2021
	Review
	Place-based policies



	Velvizhi G., et al.
	[14]
	2020
	Theoretical
	Municipal solid waste



	Atabaki M.S., et al.
	[15]
	2020
	Theoretical
	Closed-loop supply chain



	Vanhamäki S., et al.
	[16]
	2020
	Case Study
	Biological loops



	Lejarazu-Larrañaga A., et al.
	[17]
	2020
	Case Study
	Recycling



	Sharma R., et al.
	[18]
	2019
	Case Study
	Recycling



	Roy M., et al.
	[19]
	2019
	Case Study
	Recycling



	Conforto R.
	[20]
	2019
	Theoretical/Application
	Recycling/Recovery



	Sposato P., et al.
	[21]
	2017
	heoretical
	Sharing economy
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Table 11. Classification of documents belonging to #2 EU Eco-innovation Plan cluster.
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	Authors
	Ref.
	Year
	Type of Publication
	Main Focus





	Meseguer-Sánchez V., et al.
	[22]
	2021
	Review
	Degree advancement of the CE



	Vence X. and Pereira Á.
	[23]
	2019
	Theoretical
	Eco-innovation



	Wang N., et al.
	[24]
	2018
	Theoretical
	Urban sustainability



	Lee R.P., et al.
	[25]
	2017
	Theoretical
	Resource efficiency



	Strothman P., et al.
	[26]
	2017
	Theoretical
	Resource efficiency



	Lee R.P., et al.
	[27]
	2017
	Theoretical
	Resource efficiency



	Belmonte-Ureña L.J., et al.
	[28]
	2021
	Review
	SDGs and CE



	Maldonado-Guzmán G., et al.
	[29]
	2021
	Review
	Eco-innovation



	Cainelli G., et al.
	[30]
	2020
	Theoretical
	Eco-innovation



	Novelli V., et al.
	[31]
	2018
	Theoretical
	Eco-innovation



	Pagotto M. and Halog A.
	[32]
	2016
	Theoretical/Application
	Resource efficiency



	Sauvé S., et al.
	[33]
	2016
	Theoretical
	Environmental protection



	Lu Y.
	[34]
	2014
	Case study
	Marine circular economy



	Johl S.K. and Toha M.A.
	[35]
	2021
	Theoretical/Application
	Eco-innovation



	Kiefer C.P., et al.
	[36]
	2021
	Theoretical/Application
	Eco-innovation



	Magazzino C., et al.
	[37]
	2021
	Theoretical
	Municipal solid waste



	Demirel P. and Danisman G.O.
	[38]
	2019
	Theoretical
	Eco-innovation



	Laso J., et al.
	[39]
	2018
	Application
	Eco-efficiency



	Ncube A., et al.
	[40]
	2021
	Application
	Resource efficiency



	Heath G.A., et al.
	[41]
	2020
	Application
	Recycling



	Bartie N.J. et al.
	[42]
	2020
	Application
	Resource efficiency



	Garcia-Muiña F.E., et al.
	[43]
	2019
	Theoretical/Application
	Eco-design



	Durán-Romero G., et al.
	[44]
	2020
	Theoretical
	Climate Change



	Ramkumar S.
	[45]
	2020
	Case Study
	Eco-innovation



	Matrapazi V.K. and Zabaniotou A.
	[46]
	2020
	Application
	Eco-social innovation



	Charles R.G., et al.
	[47]
	2018
	Theoretical/Application
	Recovery



	Stankevičienė J. and Nikanorova M.
	[48]
	2020
	Theoretical
	Eco-innovation



	de Jesus A., et al.
	[49]
	2019
	Theoretical
	Eco-innovation



	de Jesus A., et al.
	[50]
	2016
	Review
	Eco-innovation



	de Jesus A. and Mendonça S.
	[51]
	2018
	Review/Survey
	Eco-innovation



	Di Maio F., et al.
	[52]
	2017
	Theoretical/Application
	Resource efficiency



	Ma S., et al.
	[53]
	2015
	Theoretical/Application
	Resource efficiency



	Taiyang Z., et al.
	[54]
	2006
	Case Study
	Efficiency of resource
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Table 12. Classification of documents belonging to #3 Digital Technologies cluster.
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	Authors
	Ref.
	Year
	Type of Publication
	Main Focus





	Modgil S., et al.
	[55]
	2021
	Case Study
	Big Data



	Nobre G.C., Tavares E.
	[56]
	2020
	Review
	IoT/Big Data



	Nobre G.C., Tavares E.
	[57]
	2020
	Review
	IoT/Big Data



	Górecki J.
	[58]
	2020
	Review
	Barriers CE



	Cui Y., et al.
	[59]
	2021
	Theoretical/Application
	Barriers IoT/ SWARA



	Jinil Persis D., et al.
	[60]
	2021
	Theoretical
	Barriers IoT



	Miaoudakis A., et al..
	[61]
	2020
	Theoretical
	Barriers IoT



	Kazançoğlu Y., et al.
	[62]
	2021
	Theoretical/Application
	Barriers Big Data/VIKOR



	Awan U., et al.
	[63]
	2021
	Review/Survey
	Big data analytics capabilities



	Kamble S.S., et al.
	[64]
	2021
	Review
	Big Data-driven/ PROMETHEE



	Bag S., et al.
	[65]
	2021
	Review
	Big data analytics capabilities



	Del Giudice M., et al.
	[66]
	2020
	Review/Survey
	Big Data/Supply Chain



	Waudby H. and Zein S.H.
	[67]
	2021
	Theoretical/Application
	Simulation



	de la Torre R., et al.
	[68]
	2021
	Review
	Simulation



	Li X. and Luo F.
	[69]
	2021
	Theoretical/Application
	Simulation



	Utrilla P.N.-C., et al.
	[70]
	2020
	Theoretical/Application
	Simulation



	Abadías Llamas A., et al.
	[71]
	2020
	Theoretical/Application
	Simulation



	Sauerwein M., et al.
	[72]
	2020
	Theoretical/Application
	Additive Manufacturing



	Sauerwein M., et al.
	[73]
	2019
	Review
	Additive Manufacturing



	Giurco D., et al.
	[74]
	2014
	Theoretical/Application
	Additive Manufacturing



	Wang B., et al.
	[75]
	2021
	Theoretical
	IoT/Smart waste management



	Magrini C., et al.
	[76]
	2021
	Theoretical
	IoT/Blockchain/WEEE



	Gupta S., Chen H., et al.
	[77]
	2019
	Review
	Big Data



	Wang X.
	[78]
	2019
	Theoretical/Application
	Simulation



	Charnley F., et al.
	[79]
	2019
	Theoretical
	Simulation



	van der Leer J., et al.
	[80]
	2018
	Review
	Urban planning



	Hatzivasilis G., et al.
	[81]
	2018
	Theoretical
	IoT/5G/Cloud



	Lieder M., et al.
	[82]
	2017
	Theoretical
	Simulation



	Lieder M., et al.
	[83]
	2017
	Theoretical
	Simulation



	Andreopoulou Z.
	[84]
	2017
	Theoretical
	IoT



	Reuter M.A.
	[85]
	2016
	Theoretical/Application
	IoT
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Table 13. Classification of documents belonging to #4 Business Models cluster.






Table 13. Classification of documents belonging to #4 Business Models cluster.





	Authors
	Ref.
	Year
	Type of Publication
	Main Focus





	Kumar S., et al.
	[86]
	2021
	Theoretical
	Agriculture supply chain



	Nandi S., et al.
	[87]
	2021
	Theoretical
	Supply chain management



	Nandi S., et al.
	[88]
	2020
	Theoretical
	Supply chain management



	Kazancoglu I., et al.
	[89]
	2021
	Theoretical
	Supply chain management



	Ciccullo F., et al.
	[90]
	2021
	Theoretical
	Supply chain management



	Safiullin M.R., et al.
	[91]
	2020
	Theoretical
	Supply chain management



	Alizadeh-Basban N., and Taleizadeh
	[92]
	2020
	Theoretical/Application
	Remanufacturing



	Tacchini M., et al.
	[93]
	2019
	Case Study
	Waste-revaluation



	Clark N., et a.
	[94]
	2019
	Survey
	Packaging



	Sharma Y.K., et al.
	[95]
	2019
	Case Study
	Food sector



	Kasulaitis B.V., et al.
	[96]
	2019
	Theoretical
	Dematerialization



	Douguet J.-M., et al.
	[97]
	2019
	Theoretical
	Aggregate sector



	Daú G., et al.
	[98]
	2019
	Theoretical
	Supply chain management



	O’Connor M.P., et al.
	[99]
	2016
	Theoretical
	Supply chain management
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Table 14. Classification of documents belonging to #5 SGDs cluster.
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	Authors
	Ref.
	Year
	Type of Publication
	Main Focus





	Rashid M.I. and Shahzad K.
	[100]
	2021
	Theoretical/Application
	Waste management



	Slorach P.C., et al.
	[101]
	2019
	Theoretical/Application
	Waste management



	Chen C.-W.
	[102]
	2021
	Theoretical
	Sustainable cities



	Llera-Sastres E., et al.
	[103]
	2020
	Theoretical
	Energy transition



	Zhou X., et al.
	[104]
	2020
	Theoretical
	Technological progress



	Tian X., et al.
	[105]
	2020
	Theoretical/Application
	Water resource recovery



	Micari M., et al.
	[106]
	2020
	Theoretical/Application
	Water resource recovery



	Kleines L.
	[107]
	2020
	Theoretical
	Waste management



	Mathur N., et al.
	[108]
	2020
	Theoretical/Application
	Material recovery



	Lee D.-H.
	[109]
	2020
	Theoretical
	Energy transition



	Chen W., et al.
	[110]
	2019
	Theoretical
	Material recovery



	Stadler M.M., et al.
	[111]
	2017
	Theoretical/Application
	Water resource recovery



	Roest K., et al.
	[112]
	2016
	Theoretical/Application
	Water resource recovery



	Richa K., et al.
	[113]
	2017
	Theoretical/Application
	Material recovery



	Ghisellini P., et al.
	[11]
	2016
	Theoretical
	Resource efficiency
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Table 15. Empirical evidence and main challenges.






Table 15. Empirical evidence and main challenges.





	Authors
	Empirical Evidence
	Main Challenges





	#1. RESOLVE Framework

SC1.1 Regenerate
	Regenerate and proper waste disposal is among the key issues analyzed by the scientific community
	Lifecycle of products: from design, to production methods, to their disposal. The aim is to ensure that waste is avoided and that the resources used are kept in the digital circular economy for as long as possible.

Legislative measures: favor interventions to establish a new “right to reparation” for the consumer.



	#2. European Eco-innovation Action Plan SC2.5 GHG emission
	The scientific community agrees that the starting point for the implementation of a credible strategy to reduce GHG emission must be quantified, following recognized scientific principles, valid for everyone, and obtaining a comparable and repeatable result over time
	Interconnected databases: For climate protection, big data and AI could make it possible to develop predictive models capable of identifying the possible effects of climate change and assessing the effectiveness of law enforcement policies.

KPIs: Measuring emissions helps to disclose and engage with “stakeholders”, managing to communicate transparently how the issue of climate change is addressed and to demonstrate the sustainability of one’s business model over time.



	#3. Digital Technologies

SC3.9 Big Data
	According to what emerges from the scientific community, big data and data analytics are enabling factors to contribute to sustainable development
	Sustainable industry: Through Biga data, predictive maintenance of machinery could be enabled, which would prevent breakdowns, thus extending the life of the machine and reducing waste of energy and products. In addition, big data and data analytics are enabling factors to contribute to energy efficiency.



	#4. Business models

SC4.1 Circular Supplies
	Researchers agreed that companies can be active promoters of change, rather than just undergoing it
	Territory: Investing in the national territory projects in favor of the environment and the community that welcomed them and the communities most in need. Realities engaged in the reduction and recycling of the resources necessary for production, as well as in the efficiency of production processes.



	#5. SDGs

SC5.6 Climate Action (SDG13)
	Academics around the world argue that promoting effective action for climate change requires not only climate data, but also comprehensive information on human behavior
	Climate Chain: Big data could help fight climate change as it can offer us an answer on how humans affect and are affected by the effects of climate change. With this information it is possible to improve and innovate on sustainability issues and in the ability we have to recover and adapt.
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