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Abstract

:

Circular economy (CE) is a concept actively advocated by the European Union (EU), China, Japan, and the United Kingdom. At present, CE is considered to grant the most traction for companies to achieve sustainable development. However, CE is still rarely adopted by enterprises. As the backbone of the fourth industrial revolution, the digital economy (DE) is considered to have a disruptive effect. Studies have shown that digital technology has great potential in promoting the development of CE. Especially during the COVID-19 epidemic that has severely negatively affected the global economy, environment, and society, CE and DE are receiving high attention from policy makers, practitioners, and scholars around the world. However, the integration of CE and digital technology is a small and rapidly developing research field that is still in its infancy. Although there is a large amount of research in the fields of CE and DE, respectively, there are few studies that look into integrating these two fields. Therefore, the purpose of this paper is to explore the research progress and trends of the integration of CE and DE, and provide an overview for future research. This paper adopts a bibliometric research method, employs the Web of Science database as its literature source, and uses VOSviewer visual software to carry out keyword co-occurrence analysis, which focuses on publication trends, journal sources, keyword visualization, multidisciplinary areas, life cycle stages, and application fields.
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1. Introduction


The origin of the term “circular economy (CE)” is still controversial [1]. Greyson [2] claims that Kenneth Boulding [3] was the founder of the term, whilst Liu et al. [4] and Yuan et al. [5] stress that it was originally a Chinese concept. Pearce and Turner [6] believe that the term “CE” first appeared in Western literature in the 1980s. Although the term “CE” is associated with various meanings, it usually has a common concept, which is a circular closed-loop system [1].



At present, CE is a concept advocated by the European Union (EU), China, Japan, the United Kingdom (UK), and companies around the world [7]. The Ellen MacArthur Foundation [8] indicates that the application of the CE principle can increase the European Gross Domestic Product (GDP) by 11%, with a net benefit of approximately €1.8 trillion by 2030, and can save material costs up to USD 1 trillion [9,10]. CE is also considered to grant the most traction for companies to achieve sustainable development [11,12], which can be realized by innovative CE business models and responsible consumers [13]. However, there are challenges for CE adoption; for example, the operational risk is transferred to the enterprise [14], and when the user no longer owns the products, the enterprise may have to bear more maintenance costs [15,16] and may also lose part of the user [17]. In addition, because the products in CE are designed to be used for a long time, they may not be able to respond to technological improvements, thus hindering the process of enterprise sustainability improvement [18,19]. Therefore, the CE model is still rarely adopted by enterprises [20]. CE contrasts with the linear economy, in which products are predominantly manufactured from primary raw materials, sold to consumers, and then disposed of as waste after use [8]. As such, a CE model focuses on the optimization of end-of-life products and assets by reducing, alternatively reusing, recycling, and recovering materials in the production, distribution, and consumption process [13], whilst CE can be a means of linear model regeneration in consumption and production [21]. CE is a global economic model of recovery and regeneration through design, designed to maintain the maximum efficiency and value of products, components, and materials at any time, and reduction of the consumption of limited resources [22].



Recently, the new digital technologies that are the backbone of the fourth industrial revolution are considered to have disruptive effects, such as the Internet of Things (IoT), 3-D printing, big data and related analysis, virtual reality (VR), and augmented reality (AR) [23]. The main source of the digitization process is computerization, which began with commercial mainframe computers in the 1960s [24]. With the arrival of personal computers from the mid-1980s, digital design tools and computerized manufacturing became more mature [25]. Meanwhile, with the rise of digital information and communication technologies (ICTs), and the decline in costs, the popularity of portable computers and communications, global positioning, and the Internet have all been promoted, of which the Internet has become the core of the digital economy (DE) [24]. The technologies and platforms that underpin DE offer great hope for improving the productivity and global connectivity of consumers, workers, enterprises, and peripheral industries, and provide powerful new tools for accelerating innovation in peripheral regions [24]. Therefore, DE is based on a new type of digital ICTs, digitized knowledge, and Internet-related information [26], which covers and changes all areas of industrial and social life in the world economy [27].



Moreover, digital technology can promote CE in enterprises [9,28,29,30]. For example, IoT enables companies to remotely monitor the use, status, and location of products in real time [31], to track materials through IoT technology [32], and to recycle scrap products [29], which helps transition to CE [33]. Based on the use of the results of process analysis and massive data processing in DE, digital data can significantly improve the efficiency of storage, sales, and the delivery of economic activities in various industries, technologies, equipments, products, and services [34]. The sudden outbreak of COVID-19 led to the stagnation of social and economic activities and severely traumatized the global economy [35]. DE has been seen as an important driver in supporting economic growth, including the development of new models and industries, such as online education, telemedicne, and telecommution, and in accelerating the digital transformation of traditional enterprises [36]. At the same time, the process of the United Nations Sustainable Development Goals (SDGs) affected by the epidemic has been severely hampered, with Naidoo and Fisher reporting that two-thirds of the 169 targets will not be met by 2030 [37]. In fact, CE is an important means to promote sustainable development [38].



Furthermore, with digital transformation and increasing demand for sustainability, CE needs to employ more new skills to promote development [39]. At present, studies have shown that digital technology has great potential in promoting the development of CE [9,28,29,33]. However, the integration of CE and digital technology is a small and rapidly developing research field, which is still in its infancy [29]. Although there is a large amount of research in the fields of CE and DE, respectively, there are few studies that look into integrating these two fields. Therefore, the purpose of this paper is to explore the research progress and trends of the integration of CE and DE, and provide an overview for future research.




2. Research Methods


The research method used in this article is a bibliometric method, which obtains related publications from the Web of Science (WoS) database, and then imports them into VOSviewer for keyword visualization analysis.



Bibliometric maps are a quantitative method that can visualize bibliometric factors of various scientific publications in different network forms, and can also be used to describe the structure and development process of different fields [40]. The data used in this paper are from the core collection of WoS, and the retrieval topic is “circular economy” AND “digital economy” (CE & DE), and uses VOSviewer literature bibliometric software for keyword co-occurrence research. VOSviewer is a free JAVA-based software developed in 2009 by van Eck and Waltman [41] of the Centre for Science and Technology Studies (CSTS) at Leiden University in the Netherlands, focusing on the visualization of literature data. The keywords co-occurrence method has been applied in different fields such as medical care [42,43], social participation of the elderly [44], and disaster response [45]. The keywords help to focus and refine the core perspectives and topics of the literature in the research area [46,47], and can reflect research hot spots and trends as well [48]. Hence, this paper uses VOSviewer visualization software for keyword co-occurrence analysis to explore the relationship between CE and DE.



The structure of the research method, which is shown in Figure 1, encompasses five stages: (1) determining the subject of the study, retrieving CE and DE articles, collecting and organizing relevant data; (2) using bar charts and pie charts to record sources of CE and DE publications; (3) performing keyword co-existing analysis through VOSviewer, including network visualization, high-frequency keywords, overlays visualization, and hot research keywords; (4) performing multidisciplinary research, according to the classification of “research areas” in the WoS database via selecting subject areas and conducting keyword co-existing analysis; (5) carrying out analysis on life cycle stages and application areas in CE and DE.




3. Results


The data used in this paper are from the core collection of WoS. The retrieval topic is “circular economy” AND “digital economy” (CE & DE), excluding one irrelevant article from 1998, and displaying a total of 125 search results from year 2016 to 2020.



3.1. Number of Publications and Sources of Publications in “Circular Economy” AND “Digital Economy” (CE and DE)


As shown in Figure 2, the number of articles under the topic of CE & DE has been increasing year by year from four articles in 2016 to 55 articles in 2020, and it is predicted that this trend will also develop in the future. The sources of publications in CE & DE are shown in Figure 3, of which the minimum number of publication records is two, and the leading source among 15 sources is SUSTAINABILITY with 33% of all the published articles, followed by JORNAL OF CLEANER PRODUCTION (13%), RESOURCES CONSERVATION AND RECYCLING (11%), PROCEDIA CIRP (8%), and SCIENCE OF THE TOTAL ENVIRONMENT (5%).




3.2. VOSviewer Analysis on CE and DE


The first step was to import all articles into the software VOSviewer (version 1.6.15) to generate a term diagram of co-clustering for keyword co-occurrence analysis. A total of 609 keywords were used, of which the minimum number of keyword occurrence is two times, and 135 keywords meet the threshold, which are displayed using network visualization and overlay visualization.



3.2.1. Network Visualization


In network visualization, there are text labels, circles, connections, and color areas. By default, items are represented by labels and circles. The size of the item label and circle determines the weight of the item, and the position distance or (and) connection strength between the two items represents the strength of their affinity [49]. At the same time, different color regions represent different clusters. As shown in Figure 4, all terms are divided into six different color areas generated from the VOSviewer, representing six different types of clusters. Cluster 1 is mainly related to business, including business mode, servitization, digitalization, value co-creation, and consumer. Cluster 2 is associated with technology, such as digital technologies, IoT, smart manufacturing, AR, and VR. Cluster 3 mainly includes industrial symbiosis and sharing economy, as well as innovation and framework. Cluster 4 is focused on sustainability, with its strategy, supply chain management, and model. Cluster 5 is correlated to management in economic and technical aspects. Cluster 6 is aimed at life cycle management via design, recycling, and waste management.



The Cluster terms that are more closely related to the topic of CE & DE are CE, sustainability, industry 4.0 (I4.0), design, management, and framework. Table 1 shows the high-frequency keywords derived from the VOSviewer keyword co-occurrence analysis, which specifies a minimum number of keyword appearances of ten times, including their color representation, cluster, occurrence frequency, and total link strength.




3.2.2. Overlay Visualization


The research hotspots of period of year can be found in the overlay visualization, which can also help with predicting future research trends. Figure 5 indicates a visualization of the keywords in all the literature searches in this study from the year 2016 to 2020, presenting the past to the present colors that are from purple, blue gradient to green, and yellow. In terms of weight, total contact strength and the color of the key words are illustrated in Figure 5, and the research hot spots of each year are summarized in Table 2.



The hot research keywords of CE & DE in the recent five years, i.e., 2016 to 2020, are summarized in the following five schemes:




	(1)

	
Collabrative working method: co-evolution, transdisciplinary, co-creation, design;




	(2)

	
Economy: responsible business management, sharing economy, consumer behavior;




	(3)

	
Emerging information and technology: digital intelligence, 3-D printing, IoT, AM, cyber-physical systems, digital twin, big data, building information modelling/management (BIM);




	(4)

	
Initiative: policy, barriers, impact, performance, strategy;




	(5)

	
Waste associated sustainability: recycling, demolition waste, life cycle assessment, supply chain management.









In the latest research hotspots in 2020, big data and supply chain management appear more frequently, indicating that this research hotspot has more studies involved or may have a strong link with the prominent research topics, which are followed by barriers, impact, and performance. The least frequent topics are demolition waste, information-technology, consumer behavior, life cycle assessment, climate-change, and BIM, which could have great research potential in the future.





3.3. Multidisciplinary Research on the Literature on CE and DE


The section associated with Step 4 of the research method flow in Figure 1 aims to explore the CE and DE research within a multidisciplinary context. The VOSviewer software is used to select the subject areas for generating effective keyword co-occurrence and analysis.



3.3.1. Classification and Selection of the Subject Areas of CE and DE


According to the classification of “research areas” in the WoS database, published articles are divided into 20 different subject areas, where the minimum number of records is 2, as shown in Figure 6. Among these subject areas, the most articles are in the field of ENGINEERING, followed by ENVIRONMENTAL SCIENCES ECOLOGY, and SCIENCE TECHNOLOGY OTHER TOPICS. The articles in each subject area were imported into VOSviewer for co-occurrence analysis. However, only seven subject areas, i.e., ENGINEERING, ENVIRONMENTAL SCIENCES ECOLOGY, SCIENCE TECHNOLOGY OTHER TOPICS, COMPUTER SCIENCE, BUSINESS ECONOMICS, MATERIALS SCIENCE, and OPERATIONS RESEARCH MANAGEMENT SCIENCE, can form effective keyword co-occurrence; as such, this study selects the seven subject areas for further investigation.



Figure 7 shows the above-mentioned seven subject areas that can form effective keyword co-occurrences, and the article publication status, between 2016 and 2020. It can be seen that the field of ENGINEERING has the most publications and maintains the highest development trend. The number of publications ranked second is ENVIRONMENTAL SCIENCES ECOLOGY, with the first article was published in 2017, and the number of publications obtained in 2020 is the most in seven subject areas. MATERIALS SCIENCE and OPERATIONS RESEARCH MANAGEMENT SCIENCE began to develop gradually in 2018, with the fewest publications. The next step is to explore articles in the seven subject areas to reveal the status of multidisciplinary research and identify gaps and trends in the various disciplines.




3.3.2. Research Overview of the Seven Subject Areas of CE and DE


	1.

	
ENGINEERING;







The articles in the ENGINEERING subject areas under the topic CE & DE in WoS have been imported into VOSviewer to generate keyword co-occurrence terminology. As shown in Figure 8, the relationship with the topic CE & DE is more closely related to CE, sustainability, design, I4.0, and cyber-physical systems, which are mainly distributed in three regions, i.e., yellow, purple, and red. The following three areas are summarized as CE and Design, I4.0 and Cyber-physical systems, and Sustainability.



As shown in Figure 8, the keywords that are closely related to “CE and Design” in the yellow area are digital twin, recycling, product-service systems (PSS), and servitization. Most articles on “CE and Design” mainly adopt mixed research methods [50,51,52], followed by case study methods [20,53,54]. In the field of ENGINEERING, the concept of CE is widely used, such as the areas or consumer market, procurement 4.0 (P4.0), and material recovery, of which most literature is about material recovery, mainly including Waste Electrical and Electronic Equipment (WEEE) and plastics. By and large, the literature argues that digital technology has the potential to promote a Circular Economy, while the life cycle of the product needs to be considered in the design. Digital technology is a key driver of circular economic development [29]. In the consumer market, it contributes to the success and promotion of short-term, mobile, access-based product-service systems (AB-PSS) [52]. It was also reported that digital procurement (P4.0) can improve business health by improving visibility and recovery, indirectly improving CE performance [55]. The use of digital technologies in waste management, such as robot technology, sensors, and digital image analysis, helps to improve the efficiency of waste disposal [56]. The use of distributed plastic recycling [54] and 3-D printing technology [57] in plastic recycling can improve material recovery rates. WEEE material recycling has been found to help improve WEEE recycling by deploying an IoT communication network to meet information needs and harnessing loT’s potential domain in waste management [51]. However, poor product design and a lack of recovery infrastructure have hampered the recovery rate of key raw materials in WEEE [58]. Integrated design and production can improve waste production throughout the life cycle by avoiding isolated operations in the design and manufacturing sector [59]. Applying virtualization technology to design can be of great help in terms of updating modular and repairable products, which is a key factor in adopting a circular business model [60].



In the purple area, as shown in Figure 8, the key words to establish a closer relationship with “I4.0 and Cyber-physical systems” are IoT, smart re-manufacturing, business models, and digital technologies. Most articles on “I4.0 and Cyber-physical systems” focus on mixed research methods [56,61,62], followed by systematic literature [63,64,65]. In today’s highly manual re-manufacturing process, a higher degree of automation is required to continue to expand the application of IoT, VR, and AR in remand to implement the I4.0 concept [63]. For the transformation of traditional manufacturing equipment into intelligent manufacturing to obtain high quality and low-cost output, the total manufacturing cost can be optimally reduced by optimizing product machine configuration; as well, the circular economy and cleaner production can be realized, in which products are distributed and produced on machines with low energy consumption and low machine cost [66]. I4.0 technologies, including additive manufacturing (AM), simulation, virtualization, and cloud computing, provide opportunities for sustainable manufacturing in environmental, social, and economic terms [65]. Kerin and Pham [62] show that changes in product ownership patterns will affect re-manufacturing, of which the development of PSS is seen as an opportunity for resource re-flow and value creation. Moreover, the key to success of I4.0 future re-manufacturing is to absorb existing and emerging digital technologies to shorten and strengthen the links between product manufacturers, users, and re-manufacturers [62]. In a highly driven and dependent CE, the main challenges facing I4.0 are the lack of virtualization of automation systems, the lack of process design, and the lack of knowledge management systems; for example, the Malaysian palm oil industry can enhance the potential for new business development by promoting clean technology innovation [50].



As indicated in the red area from Figure 8, the key words to establish a closer relationship with “Sustainability” are mainly business models, supply chain management, big data analytics, and consumer behavior. Most of the articles on “Sustainability” focus on case studies [23,67] and mixed research methods [61,68]. Business models play an important role in digital co-existing platforms, sustainable industries, and product life extensions. Digital sharing platforms identify with the CE while tending towards a limited number of principles, goals, and profit-oriented business models [68]. Moving towards CE involves changes in two main areas: management changes and legislative changes. In addition, the creation of the CE can be facilitated by introducing new technologies and digital innovations [69]. At present, the digitalization of enterprises is paying great attention to new technologies such as loT, blockchain, and more innovative business models. The new business model focuses on reduction, collection, reuse, recovery, and recycling [69]. Ertz et al. [70] analyzed business models on product lifetime extension and found that improving product nature through design is less prevalent than product nature strategies, such as maintenance (maintenance, recommendation, training, and consultation), recovery (re-manufacturing and repair), redistribution, and access schemes.



	2.

	
ENVIRONMENTAL SCIENCES BIOLOGICAL;







From the keyword visualization in the field of ENVIRONMENTAL SCIENCES BIOLOGICAL, as shown in Figure 9, the topic of CE & DE is closely related to CE, sustainability, framework, and I4.0, and mainly distributed in three regions, i.e., yellow, red, and green.



As shown in Figure 9, in the yellow area, the keyword to establish a closer relationship with “CE” is mainly associated with sharing economy. Most articles on the “CE” focus on case studies [71,72,73], followed by mixed research methods [51,56,74]. Under the widespread use of digital technology, digital sharing platform has been developed rapidly, which has also greatly promoted the development of sharing economy. Consumer preferences are a major influence on digital sharing platforms. Digital sharing platforms identify with the CE while tending towards a limited number of principles, goals, and profit-oriented business models [68], in which the main impact of digital platforms on sustainable development is information consumption and production [74]. The sharing economy benefits many sectors of society, where sustainable practices and service-based and disruptive technologies work with the sharing economy to improve sustainable value chains [75]. However, an analysis of the current state of sharing in Russia [74] found that the use of most types of sharing are still in their infancy, and that the popularity of the Internet and the quality of digital platform services needs to be improved. Convenience and mobility can influence consumption and use decisions, and dematerialization has greater potential than improved device aggregation and material efficiency, which requires a significant increase in consumer interest in technological products and understanding of product capabilities [76]. Consumer digital confidence is also likely to influence their attitudes towards digital services and products in other applications [52]. Consumers can reduce barriers to distrust by using the experience of shared models in the learning process [74].



As indicated in the red area from Figure 9, the keywords to establish a closer relationship with “Sustainability and framework” are mainly related to business model, life-cycle assessment, and digital fabrication. In order to foster the development of CE, computer simulation technology is used to promote green building in the construction industry, and BIM is introduced in the materialization stage of building and the end-of-life stage. The maker movement refers broadly to people engaged in the creative production of artifacts in their daily lives and in sharing the creation process and products in physical and digital forums [77], which also brings new environmental values in reducing environmental challenges. For energy-efficient green buildings, computer simulation provides a quick and effective tool for predicting energy consumption and carbon emissions throughout the life cycle of a building and allows one to systematically explore the design space for optimal solutions [78]. The use of prefabricated structures in the construction process can significantly promote CE through more precise quantitative production and less waste generation [79]. BIM helps with making life cycle assessments more project-specific and simplifying the complex processes of calculating materials and energy consumption [79]. Further, the maker movement can contribute to sustainability by promoting a CE through its culture of restoration, recycling, and upgrading [80,81]. However, there are some negative environmental impacts of the maker movement, for example, too many fine wires of 3-D printing are not recycled [81].



In the green area, as shown in Figure 9, the keywords to establish a closer relationship with “I4.0” are mainly focused on IoT, cyber-physical systems, and VR. Digital technology is an indispensable part of the development of I4.0. Enterprises are introducing digital technologies such as the IoT, VR, and intelligent robots to facilitate the transition to digital enterprises. These include auto parts remanufacturing, improved waste management, harsh environments, and WEEE removal. The current implementation of the IoT loop strategy primarily supports two phases of use, namely, use efficiency and product life cycle extension [82]. The IoT has been used to explore the remanufacturing process of automotive components aiming at extending products’ life [83]. Applying robotics to waste management can reduce people’s heavy physical classification and free them from a work area that affects health, e.g., noise, dust, pollutants, etc.; although there are selected limitations for the efficient application of robotics, such as specific materials and specific technical limitations [56]. VR technology enables companies to improve the ability to recycle valuable components during WEEE removal and improve material repair to improve their circularity [72]. Applying I4.0 technology throughout a product’s life cycle, digitization has made a positive contribution to environmental sustainability by improving resource and information efficiency. However, there is also a negative environmental burden due to the increased consumption of resources and energy, as well as the waste and emissions resulting from the manufacture, use, and disposal of hardware [84].



	3.

	
SCIENCE TECHNOLOGY OTHER TOPIC;







As shown in Figure 10, there are two clusters of article keywords, i.e., “CE” and “Sustainability” in SCIENCE TECHNOLOGY OTHER TOPIC areas regarding CE & DE.



Figure 10 indicates a closer link between the “CE” and design, systems, frameworks, and business models. Product life extension can promote the development of CE through enhancing product design, allowing tracking of product activities to prevent improper use, enhancing technical support, providing preventive and predictive maintenance, and enhancing product upgrades [23]. Franquesa and Navarro [85] propose a recycling product license by which the relevant organization protects the reuse of the device until there is no longer a need or possibility of reuse of the device that will be recycled to ensure the maximum service life of the device.



As shown in Figure 10, “Sustainability” and I4.0 are closely associated with each other. Digitalization accelerates sustainability transformation, through which I4.0 has sustainability functions. Achieving sustainability via ICTs plays a crucial role in accelerating economic processes [86]. In the context of I4.0 enhanced by advanced technologies, such as IoT, cloud computing, information physical systems, digital twinning, and big data analysis, numerous opportunities are provided for the implementation of cleaner production strategies and the development of intelligent manufacturing [87]. Ghobakhloo’s analysis shows that economic issues of sustainability, such as productivity and business model innovation, are direct results of I4.0, paving the way for the development of more remote environmental and social functions towards sustainability, such as energy sustainability, harmful emission reduction, and social welfare improvements [61].



	4.

	
COMPUTER SCIENCE;







Figure 11 exhibits 10 co-occurrence keywords in the field of COMPUTER SCIENCE, of which the central keyword is CE. Over the past few years, advances in information technology (IT) have enabled organizations in many departments to digitally transform [88]. The rapid development of ICTs has led to a widespread digital transformation (i.e., digitalization), in which physical products can be easily digitized and seamlessly connected in virtual spaces [89]. The development and integration of information technology allows the entire business model to be reshaped to support the creation of new forms of value for the organization [90]. The rapid development of the ICTs industry and the development of global connectivity in promoting economic and social change in many parts of the world plays an important role; however, on the topic of ICTs, developing countries and developed countries, rural and urban, and men and women, there still exists inequality in terms of using the Internet [91].



	5.

	
BUSINESS ECONOMICS;







In the field of BUSINESS ECONOMICS in CE & DE, there are a total of eight keyword co-occurrences, as shown in Figure 12. The keywords with higher weighting are “CE” and “sustainability”.



Circular product design is a relatively new design strategy to implement circular products, where AM has great potential in circular product design, and it seems that AM is particularly suitable for customizing parts to suit existing products and create new opportunities for material recycling [92]. That said, AM technologies are still an immature technology in terms of digital representations, materials, and their integration with existing technology systems and emerging technologies [93]. In addition, the textile industry has also introduced circular apparel. Consumers appreciate the idea of recycling textile waste to produce new clothes, through which additional value for consumers can be created by seizing communication opportunities, communicating through multiple channels, enhancing the shopping experience, and adding digital services [94]. However, the recycling of apparel faces a number of obstacles. The main obstacles of textile-to-textile recycling systems are: limited technology that challenges the separation of materials; the high cost of researching, developing, and establishing supporting logistics; the complexity of the supply chain, including many stakeholders involved in product development [95]. Studies have shown that closing industrial cycles by better utilizing raw materials, converting waste into energy, and refurbishing components of products contributes to environmental sustainability and provides new business opportunities for industrial actors [96]. Digital transformation reinforces the impact of structural change on wage inequality. Especially in the medium term, wage inequality has risen more than the baseline predicts [97].



	6.

	
MATERIALS SCIENCE;







As shown in Figure 13, in the field of MATERIALS SCIENCE in CE & DE, when the minimum number of appearances is limited to two, there are seven co-occurrence keywords associated with polymer recycling in 3-D printing.



Recycling materials from waste plastics can not only contribute to environmental protection, but also bring considerable economic benefits. The fused particle fabrication/ fused granular fabrication 3-D printing technology enables energy-efficient production of a wide range of large-scale, high-value sporting products [98]. For some products, the high-capacity use of the open source Gigabot X, which is a large-scale recycled plastic 3-D printer, has considerable profit potential and return on investment (e.g., more than 1000%), while the Gigabot X prints materials 6.5 to 13 times faster than conventional printers without any reduction in mechanical performance [98]. Byard et al. [57] show that using locally sourced shredded plastics is not only the best environmental option, but also the most economical.



	7.

	
OPERATIONS RESEARCH MANAGEMENT SCIENCE;







From Figure 14, there are 10 co-occurrence keywords in the field of OPERATIONS RESEARCH MANAGEMENT SCIENCE associated with CE & DE, of which the minimum number of appearances is limited to two. The central keyword is “CE”, which includes digital procurement, food logistics, and distribution under new trends. P4.0 is the digitization of procurement activities to increase efficiency and achieve process automation [99]. Melkonyan et al. [100] highlight the important role of the logistics sector in proactive innovation in services, making it easier for customers to make sustainable choices. For the level of delivery, AM can improve outbound logistics by shortening the supply chain and delivery time and distance [101].





3.4. Life Cycle Stages and Application Areas in CE and DE


In accordance with Step 5 of the research methodology process in Figure 1, the results of CE and DE publications across whole life cycle stages and their respective application areas are presented and discussed in this section.



Sixty articles related to life cycle stages and application areas were identified from the literature under the topic of CE & DE. The life cycle stages are threefold [23,61]: (i) the Start stage (design, procurement, and manufacturing and production activities); (ii) the Intermediate stage (transportation and packaging, consumption and use, and repair and maintenance); (iii) the End stage (deconstruction/disassembly, reuse/remanufacturing/recycling, and waste disposal).



At the Start of Life Cycle Stage, there is more research in the manufacturing and production phase, followed by the design and the procurement phases, as shown in Table 3. The application areas in the manufacturing and production phase include manufacturing [39,79], redistribution manufacturing [53,102], smart manufacturing [103,104], smart mobile products [105], AM [106], and palm oil production industry [50]. The design phase applications encompass smart product development [107], high-rise building design [108], autonomous mobile robots [109], digital bio-economy [110], and urban innovation [111]. Finally, the procurement phase is mainly focused on the application of P4.0 [55,99].



Table 4 indicates that studies at the Intermediate of Life Cycle Stage focuses on ‘Consumption’ and ‘Use’ phase, followed by the ‘Transportation’ and ‘Packaging’ phase and ‘Repair’ and ‘Maintenance’ phase. The main application areas are the consumption and use of digital sharing platforms [23,52,68,74,76], the transportation and packaging of food [100] and building prefabricated materials [79], and the repair and maintenance of the telecommunications industry [112].



Overall, most studies are at the End of Life Cycle Stage, as shown in Table 5, including Deconstruction/Disassembly, Reuse/Remanufacturing/Recycling, and Waste Disposal phases. Typical application areas include WEEE disassembly/recycling [51,58,72], reuse/remanufacture of consumer goods [113], automotive charging and energy storage systems [114], parts [83,115] and digital recorder [116], disposal of production and domestic wastes [117], disassembly/recycling and disposal of mixed energy and factory gases [118], metal parts [119], e-waste [120], and disassembly/recycling and reuse/remanufacturing of waste polymers [54,57,98], industrial wastes [121], and textile materials [94].



In addition, applications throughout the Whole Life Cycle Stage are mainly associated with products, including smart PSS [89,122], recycling product management [85], and product life extension [70], followed by the construction industry, mainly in terms of computer simulation of the full life cycle stage [78] and life cycle information conversion and exchange [123], and the garment industry from textiles to textile recycling [95].



Further, for publications on CE & DE with unclear or no relationship to life cycle stages, associations with their application fields include business models [20,124], supply chain management [67], closed-loop systems [96], industrial policies [125], information technology [126], digital transformation [97,127], smart assets [128], city social inclusion [129] and rural well-being [130], and environmental value [81].





4. Discussion


Multidisciplinary research is a key feature of the topic of CE & DE, and its main subject areas include ENGINEERING and ENVIRONMENTAL SCIENCES ECOLOGY. Multidisciplinary promotion of CE is necessary to achieve sustainable implementation strategies, business modelling, and policy formulation [38,131,132]. Gan et al. [78] suggest that multidisciplinary design should be used in buildings to produce social technology solutions that include both environmental sustainability and human well-being. Some scholars suggest a multidisciplinary and integrated approach to research and understanding big data [133]. Lopez–Benitez et al. [134] highlight two key contributions to multidisciplinary driving IoT research to engender innovative solutions. However, the current research on CE is hindered by different methods in the spread of CE, and little attention is paid to the multidisciplinary nature of circular realization [131]. In the study of CE & DE, there are more published studies in ENGINEERING and ENVIRONMENTAL SCIENCES ECOLOGY areas. However, the areas of BIOTECHNOLOGY APPLIED MICROBIOLOGY, CHEMISTRY, PHYSICS, CULTURAL STUDIES, ENERGY FUELS, GOVERNMENT LAW, METALLURGY METALLURGICAL ENGINEERING, PUBLIC ADMINISTRATION, and SOCIAL ISSUES have less research.



Implementing policies across products’ life cycle stages can improve resource utilization and reduce environmental pollution. The research content in the available literature associated with life cycle stages is largely dominated by considerations of end of life, including disassembly/recycling, reuse/recycling, and waste disposal. Studies have focused on distributed plastic recycling [54], WEEE raw material recycling [58], the reuse and remanufacturing of electric vehicle batteries [51], remanufacturing of auto parts [83], and waste disposal of mixed waste separation [56]. However, little research has concentrated on the design, procurement, transportation and packaging, and repair and maintenance life cycle phases. Charles et al. [58] raise the importance of the design phase, saying poor product design is a major obstacle to increased recycling rates. However, improving product nature through design is less prevalent than product nature strategies [70]. Sustainable growth and development require the introduction of innovative procurement concepts, in which the digitization of procurement activities can increase efficiency and realize automated processes while indirectly improving CE performance [55,99]. Traditional logistics supply chains have been disrupted by increased sustainability requirements, the application of new digital technologies, and changing consumer behavior. Melkonyan et al. [100] suggest that food logistics and distribution are facing new challenges. Tunn et al. [52] argue that sustainability can be improved by repairing and maintaining equipment, thereby potentially extending product life.



DE is a new economic form which has become a potential contributor to world economic growth, in which digital technology innovation is the core driving force [36]. The accelerated integration of digital technology with other fields can lead to breakthroughs in many fields and dimensions. For example, the key to the success of I4.0 future remanufacturing is to hug existing and emerging digital technologies [62], through which computer simulations provided a fast and effective tool for predicting energy consumption and carbon emissions throughout the life cycle of a building [78], and robotics can be implemented to mixed waste sorting and work environments that affect human health [56]. At the same time, researchers have made noticeable contributions to promoting circular supply chains, business model innovation, and the development of small and medium-sized enterprises. Furthermore, the integration of small and medium-sized enterprises into the digital platform ecology can reduce the cost of digital transformation of industrial enterprises [36]. However, Akimov [135] points out that the digital economic development programme has a strict structural deficiency in the direction of development, and that the criteria for evaluating the digital economic development system are considered a controversial issue. For example, the introduction of digital economic technology in Russia’s fisheries is also facing serious challenges [136]. Equally, there is a strong demand for the use of digital technology in China to improve production and operation efficiency in government departments, schools, hospitals, institutions, and social and other organizations [137]. Therefore, in the future, with the development of a 5G network, artificial intelligence, IoT and other new network technologies, all countries in the world need to seize the opportunity to vigorously develop digital technology, such as digital governance, digital education, digital health care, and digital industry.




5. Conclusions


The aim of this paper is to explore the current research progress and trends of the integration of CE and DE. This is achieved through obtaining related publications via the core collection of the WoS database, which are imported into VOSviewer for keyword visualization analysis to explore the relationship between CE and DE. The main contributions and novelties of this paper are threefold: (1) this is the first attempt in this field to use the method of VOSviewer bibliometrics to conduct keyword co-occurrence research from a macro perspective to explore co-occurrence clusters, research hotspots, and development trends of the two keywords: “circular economy” and “digital economy”; (2) the paper scope and analysis were explored within multidisciplinary fields and journals, including ENGINEERING, ENVIRONMENTAL SCIENCES ECOLOGY, SCIENCE TECHNOLOGY OTHER TOPICS, COMPUTER SCIENCE, BUSINESS ECONOMICS, MATERIALS SCIENCE, and OPERATIONS RESEARCH MANAGEMENT SCIENCE, supported by the use of VOSviewer to intensely analyze the research status and application of various disciplines; (3) this paper adopts a life cycle stage approach to the findings by discussing related application fields, identifying the research gaps and trends, and providing recommendations to designers, decision makers, and researchers. Since published articles regarding CE & DE have been increasing rapidly in last five years, 2016 to 2020, and the majority sources, totaling 15, are SUSTAINABILITY, JOURNAL OF CLEANER PRODUCTION, RESOURCES CONSERVATION AND RECYCLING, PROCEDIA CIRP, and SCIENCE OF THE TOTAL ENVIRONMENT, which contribute 70% of all the articles in WoS and which future studies could aim for. In addition, the network of cluster terms closely associated with the topics of CE & DE are Sustainability, I4.0, Design, Management, and Framework, which future studies could set upon. Further, hot research keywords of the CE & DE via overlay visualization in last five years, 2016 to 2020, indicates five major schemes, namely, collaborative working method, economy, emerging information-technology, initiative, and waste associated sustainability, which future studies could consider. However, there are research gaps in a large number of subject areas in multidisciplinary research. The implementation of relevant strategies across products’ life cycle stages has great potential to promote the CE, while the most current studies focus on the End-of-Life Cycle stage. Accelerating the integration and innovation of digital technology with other areas can trigger multi-sphere, multi-dimensional breakthroughs. The main limitation of this study is that only one database, WoS, is used. Some related publications may be indexed by other databases, rather than in the WoS. Future follow-up studies may consider exploring a method using data from different databases, such as Scopus, that are currently hard to directly connect with and visualize via the VOSviewer, to compare the results reported in this study.
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Figure 1. Structure diagram of the research methodology. 
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Figure 2. Number of articles published in each year of the “circular economy” AND “digital economy” (CE & DE) from year 2016 to 2020 in Web of Science (WoS). 
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Figure 3. Sources of CE & DE publications from year 2016 to 2020 in WoS. 
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Figure 4. Keyword network visualization of CE & DE from year 2016 to 2020 via VOSviewer. 






Figure 4. Keyword network visualization of CE & DE from year 2016 to 2020 via VOSviewer.



[image: Sustainability 13 07217 g004]







[image: Sustainability 13 07217 g005 550] 





Figure 5. Keywords overlay visualization of CE & DE from year 2016 to 2020 via VOSviewer. 
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Figure 6. Number of published articles between 2016 and 2020 in various disciplines under the topic of CE & DE. 
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Figure 7. The number of published articles between 2016 and 2020 in different years in the seven subject areas in which effective keywords can be formed. 
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Figure 8. Keyword visualization of published articles between 2016 and 2020 in the field of ENGINEERING regarding CE & DE. 
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Figure 9. Keyword visualization of published articles between 2016 and 2020 in the field of ENVIRONMENTAL SCIENCES BIOLOGICAL regarding CE & DE. 
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Figure 10. Keyword visualization of published articles between 2016 and 2020 in the field of SCIENCE TECHNOLOGY OTHER TOPIC regarding CE & DE. 
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Figure 11. Keyword visualization of published articles between 2016 and 2020 in the field of COMPUTER SCIENCE regarding CE & DE. 
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Figure 12. Keyword visualization of published articles between 2016 and 2020 in the field of BUSINESS ECONOMICS regarding CE & DE. 
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Figure 13. Keyword visualization of published articles between 2016 and 2020 in the field of MATERIALS SCIENCE regarding CE & DE. 
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Figure 14. Keyword visualization of published articles between 2016 and 2020 in the field of OPERATIONS RESEARCH MANAGEMENT SCIENCE regarding CE & DE. 
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Table 1. High-frequency keywords of CE & DE from year 2016 to 2020 via network visualization of VOSviewer.
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	Color 1
	Cluster
	Keyword
	Occurrence
	Total Link Strength





	
	5
	Circular economy (CE)
	81
	449



	
	4
	Sustainability
	24
	161



	
	2
	Industry 4.0 (I4.0)
	17
	131



	
	6
	Design
	17
	117



	
	5
	Management
	12
	91



	
	3
	Framework
	11
	83







1 The colors in the table are in line with colors from Figure 4.
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Table 2. Hot research keywords of CE & DE in recent five years (year 2016 to 2020) via overlay visualization of VOSviewer.
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Year

	
Color Range 1

	
Keywords






	
2016

	
 [image: Sustainability 13 07217 i001]

	
co-evolution, transdisciplinary, responsible business management, digital intelligence




	
2017

	
co-creation, 3-D printing, policy




	
2018

	
internet of things (IoT), additive manufacturing (AM), digital technologies, recycling




	
2019

	
CE, sustainability, design, servitization, digitalization, sharing economy, cyber-physical systems, digital twin




	
2020

	
big data, supply chain management, barriers, impact, performance, strategy, demolition waste, information-technology, consumer behavior, building information modelling/management (BIM), life cycle assessment, climate-change








1 The color range in the table is in line with the color range from Figure 5.
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Table 3. The Start of Life Cycle Stage and application areas of the literature of CE & DE from year 2016 to 2020.
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Literature Source

	
Year

	
The Start of Life Cycle Stage

	
Application Areas




	
Design

	
Procurement

	
Manufacturing and Production






	
Abdul-Hamid et al.

	
2020

	

	

	
+

	
I4.0 is applied to palm oil production industry, planting industry




	
Bag et al.

	
2020

	

	
+

	

	
Digital Procurement 4.0 (P4.0)




	
Hao et al.

	
2020

	

	
+

	
+

	
BIM, materialization stage of buildings, prefabriced structures




	
Gonzalez-Varona et al.

	
2020

	

	

	
+

	
Spare parts AM, business model, small and medium-sized enterprises




	
Fisher et al.

	
2020

	

	

	
+

	
Waste management, wastewater pricing, process manufacturing systems




	
Bag et al.

	
2020

	

	
+

	

	
Purchaser business process, information processing capability, P4.0




	
Nogueira et al.

	
2019

	
+

	

	

	
City innovation




	
Bausys et al.

	
2019

	
+

	

	

	
Autonomous mobile robot, exploration of the harsh environment




	
Watanabe et al.

	
2019

	
+

	

	

	
Digital bioeconomy




	
Bertin et al.

	
2019

	
+

	

	

	
High-rise building design, structural detachability, material reuse




	
Miehe et al.

	
2019

	

	

	
+

	
Biotechnology Interface (BTI) Engineering, biological and technical manufacturing systems




	
Schischke et al.

	
2019

	
+

	

	
+

	
Smart mobile products modular, printed circuit boards, cycle design




	
Tomiyama et al.

	
2019

	
+

	

	

	
Smart product development




	
Kusiak

	
2019

	

	

	
+

	
Smart manufacturing




	
Moreno et al.

	
2017

	

	

	
+

	
Re-distributed manufacturing




	
Prendeville et al.

	
2016

	

	

	
+

	
Redistribution of manufacturing








+ indicates that the literature contains the content.
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Table 4. The Intermediate Life Cycle Stage and application areas of the literature of CE & DE from year 2016 to 2020.
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Literature Source

	
Year

	
The Intermediate Life Cycle Stage

	
Application Areas




	
Transportation and Packaging

	
Consumption and Use

	
Repair and Maintenance






	
Tunn et al.

	
2020

	

	
+

	

	
Consumer markets, mobile access-based product-service systems, digital services, consumer attitudes and experiences




	
Melkonyan et al.

	
2020

	
+

	

	

	
Food industry




	
Schwanholz and Leipold

	
2020

	

	
+

	

	
Digital sharing platform




	
Kasulaitis et al.

	
2020

	

	
+

	

	
Electronics, materials, consumer preferences




	
Hao et al.

	
2020

	
+

	

	

	
BIM, materialization stage of buildings, prefabriced structures




	
Revinova et al.

	
2020

	

	
+

	

	
Share economy, share platform




	
El Hilali and El Manouar

	
2019

	

	
+

	
+

	
Telecommunications industry, digital transformation




	
Bressanelli et al.

	
2018

	

	
+

	

	
Digital technology capabilities, business models








+ indicates that the literature contains the content.
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Table 5. The End of Life Cycle Stage and application areas of the literature of CE & DE from year 2016 to 2020.
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Literature Source

	
Year

	
The End of Life Cycle Stage

	
Application Areas




	
Deconstruction/Disassembly

	
Reuse/Remanufacturing/Recycling

	
Waste Disposal






	
Charles et al.

	
2020

	
+

	

	

	
Waste Electrical and Electronic Equipment (WEEE) raw material recycling




	
Tuzun

	
2020

	
+

	

	
+

	
Hybrid energy recovery, plant gas emissions, artificial intelligence identification




	
Rocca et al.

	
2020

	
+

	

	

	
Virtual reality (VR), digital twins, WEEE dismantling process




	
Llamas et al.

	
2020

	
+

	

	
+

	
Metal production residues, fire analysis




	
Garrido-Hidalgo et al.

	
2020

	
+

	

	

	
WEEE recycling, electric vehicle batteries




	
Charnley et al.

	
2019

	

	
+

	

	
Automotive parts, simulation technology




	
Byard et al.

	
2019

	
+

	
+

	

	
Waste polymer recycling, 3-D printing of recycled materials




	
Dounavis et al.

	
2019

	
+

	
+

	

	
Digital online platforms, industrial symbics, recycling of industrial waste and as raw materials




	
Makarova et al.

	
2019

	

	

	
+

	
Disposal of production and domestic wastes




	
Vonk

	
2018

	
+

	

	
+

	
E-waste, attention economy, media ecology




	
Woern et al.

	
2018

	
+

	

	

	
Recycled polymers in 3-D printing




	
Sitek et al.

	
2018

	

	
+

	

	
BGA part ball remanufacturing




	
Vehmas et al.

	
2018

	
+

	
+

	

	
Recycling textile waste, consumer remanufacturing attitude




	
Zhong and Pearce

	
2018

	
+

	
+

	

	
Computer waste, distributed recycling remanufacturing, 3-D printing




	
Okorie et al.

	
2018

	

	
+

	

	
Hybrid electric vehicles, electric vehicles, charged energy storage systems, remanufacturing




	
Eden

	
2017

	

	
+

	

	
Free loop, consumer goods reuse




	
Pamminger et al.

	
2016

	

	
+

	

	
Digital recorder, redesign and remanufacture








+ indicates that the literature contains the content.
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Classification and selection of the subject areas
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VOSviewer for further analysis of current
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