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Abstract
Digital technologies may enable the adoption of Circular Economy models in production 
and consumption processes, thereby promoting environmental sustainability. Literature on 
these topics has grown exponentially over the last decades, focusing on the adoption of 
Industry 4.0 technologies and its implications for environmental sustainability or circular-
ity. However, extant literature reviews failed to cover the vast amount of literature pro-
duced, since they either have a narrow scope or focus on a limited sample of articles. To 
fill this gap, a bibliometric literature review was carried out on a sample of 1002 scientific 
articles on Circular Economy, Industry 4.0 technologies, and environmental sustainability. 
Descriptive statistics are coupled with a cluster-based analysis to provide a comprehensive 
coverage of the broader subject matter. Eight research clusters have been identified, with 
two general clusters (linkages between Industry 4.0, Circular Economy, environmental sus-
tainability) and six topic-specific clusters (Big Data analytics for supply chain circularity, 
circular and sustainable additive manufacturing, urban sustainability, sustainable circular 
and digital (re)manufacturing, blockchain and data integration for a sustainable Circular 
Economy, miscellaneous and sectorial applications). Clusters are discussed in terms of 
research themes, methodologies, technologies, and circular strategies. Finally, a research 
agenda is drafted, pointing out six cluster-specific and four more transversal research direc-
tions. Hence, this research offers a detailed and quantitative overview of the research land-
scape, helping researchers and managers in understanding past contributions, assessing 
current standings, and identifying future directions of the research at the intersection of 
Industry 4.0 technologies, environmental sustainability, and Circular Economy.
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Introduction

To address the environmental challenges posed by the current production and consump-
tion model, Circular Economy (CE) posits a new economic system wherein resources are 
reused, remanufactured, and recycled to create new products and services. In this context, 
Industry 4.0 (I4.0) technologies can facilitate the implementation of CE strategies and 
increase environmental sustainability. The amount of scientific literature on CE, I4.0 tech-
nologies and environmental sustainability has grown exponentially in recent years. Previ-
ous studies have linked I4.0 with the CE. For instance, a comprehensive theoretical and 
practical review has been conducted on the smart circular economy (CE) paradigm, explic-
itly linking the technical mechanisms of I4.0 technologies with CE operational strategies 
[1]. Further discussions have explored the design and implementation of circular manufac-
turing processes, emphasizing the integration of CE with I4.0 technologies [2, 3]. Previ-
ous literature has also investigated the linkages between I4.0 and sustainability, specifi-
cally focusing on sustainability performances, sustainability practices, and the influence of 
several moderating factors [4, 5]. Similarly, earlier literature studied the linkages between 
CE and sustainability, examining similarities and differences and their interrelationships 
at micro, meso, and macro levels [6, 7]. However, previous reviews in the field of CE, I4.0 
and environmental sustainability have focused either on a limited number of papers or have 
a narrow scope, addressing specific aspects or technologies such as circular or sustainable 
business models, organizational barriers, and enablers for CE and sustainability implemen-
tation, without providing comprehensive coverage [8–10]. Therefore, the objective of this 
paper is to structure the vast amount of literature dealing with I4.0 technologies and CE 
or environmental sustainability, to identify how these knowledge streams have developed. 
The aim is to identify the main research themes and topics investigated, as well as to spot 
research gaps and define future research directions. Given the vast number of articles that 
have been written on these topics, a bibliometric review approach has been employed to 
achieve the research objective. Bibliometric literature reviews are a powerful tool for moni-
toring the evolutionary progress within a research field. This is achieved by analyzing the 
underlying structures and connections between different topics using the bibliographic cou-
pling technique. This approach allowed to identify emerging thematic clusters within the 
field and determine a set of future research direction. The remainder of the paper is struc-
tured as follows. The next Section provides the background and explains the motivation of 
this study. Then, the methodology is outlined in the subsequent Section. Descriptive statis-
tics are presented in the fourth Section, while bibliometric network and cluster analysis are 
reported in the fifth Section. Section 6 elaborates a list of future research directions. Lastly, 
the final Section concludes the review by summarizing key findings and their implications 
for the field.

Theoretical Background

Environmental Sustainability, Circular Economy, and Industry 4.0 Technologies

The concept of sustainability is defined by the Brundtland commission [11] as a “develop-
ment that meets the need of the present without compromising the ability of future genera-
tions to meet their own needs”. Within the broad domain of sustainability, the focus of this 
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research has been narrowed down to environmental sustainability. This aspect emphasizes 
the importance of maintaining ecological balance and minimizing environmental impact 
by reducing resource consumption and waste generation across the entire supply chain 
[11]. In this context, CE is an economic model based on a restorative and regenerative 
approach, which aims to minimize resource input, waste generation, and energy leakage by 
slowing, closing, and narrowing material and energy loops, thereby replacing the end-of-
life concept with the principles of reduce, reuse, and recycle [12–15]. It involves the reen-
gineering of many aspects of production and consumption systems to separate ecological 
activity from resource depletion.

Scientific literature recognizes I4.0 technologies as enablers for the transition towards 
CE to achieve environmental sustainability. Broadly speaking, I4.0 can be seen as a para-
digm shift that involves the digital transformation of industrial value chains, connecting 
different physical devices that continuously interact and exchange information not only 
between machines but also between humans. Several technologies are often included under 
the I4.0 umbrella, although their classification is challenging due to different perspectives 
adopted by scholars in various disciplines [16]. These technologies are transforming pro-
duction and consumption systems, enabling companies to increase efficiency and reduce 
costs. One of the most mentioned I4.0 technologies is Internet of Things (IoT), a network 
of connected devices that communicate with each other and share data. IoT can be used 
to track and optimize resource usage, reduce waste, and enhance energy efficiency [17]. 
Big Data analytics, instead, refers to the storage, analysis, and interpretation of large and 
complex data sets. Big Data analytics provide insights into resource usage and product 
lifecycles, enabling companies to identify opportunities for resource optimization and cir-
cular practices development [18]. For example, the analysis of errors and failures during 
product usage can enhance green product development practices. Additive manufacturing 
based on 3D Printing allows for the creation of complex and customized products, reduc-
ing scraps and enabling local production [19]. This technology can also reduce the need 
for transportation and storage of goods, further enhancing environmental sustainability. It 
also supports the creation of closed-loop systems by allowing the use of recycled mate-
rials within manufacturing processes [20]. Blockchain is a secure and decentralized sys-
tem for recording transactions. It can be used to track supply chain activities, improving 
traceability, ensuring product authenticity, and enhancing the transparency and security of 
goods [21]. Cyber-physical systems integrate physical and virtual components to monitor 
and control manufacturing processes. This technology can optimize resource usage and 
enable more efficient and precise manufacturing processes to minimize waste through the 
monitoring of physical processes [22]. Cloud Computing allows the storage and analysis of 
massive amounts of data on remote servers. This technology can reduce the need for on-
premises infrastructure such as computer hardware and enable the creation of virtualized 
environments that can be easily duplicated and shared [23]. This technology also enables 
on-demand use of information required by manufacturing, which enhances the processing 
capability of information and thus improves production efficiency [24]. Augmented Real-
ity enhances the real world with digital information through the combination of real and 
virtual worlds, resulting in new environments for visualizations where physical and digital 
objects coexist and interact in real time. This technology facilitates the provision of mainte-
nance and repair activities, reducing downtime and improving workers’ safety [25]. Lastly, 
industrial robotics encompasses the deployment of robots in industrial environments for 
the purpose of automating tasks, enhancing efficiency, productivity, flexibility, to facili-
tate interactions with other machines, and ensuring safe collaboration with humans [26]. It 
can help strengthen CE by increasing efficiency and precision in sorting and disassembling 
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materials for remanufacturing and recycling, thus reducing unsorted waste and promoting 
resource conservation [27].

Research Gaps and Motivations for this Research

To establish the research context, a preliminary analysis of previous literature reviews on 
CE, I4.0 technologies, and environmental sustainability has been conducted. As shown in 
Table  1, many existing reviews have a narrow scope compared to the objectives of this 
research, since they limit their focus on specific CE or sustainability aspects. For instance, 
Ejsmont et al. [5] explored the relationship between sustainability and I4.0 without address-
ing CE. Similarly, Korner et  al. [8] concentrated only on a specific technology (additive 
manufacturing). Montag [10] studied sustainability, supply chain management and CE 
without including I4.0 in the search strings, although the application of I4.0 technologies 
in circular supply was suggested by the authors for future research. Heittarachchi et al. [20] 
focused only on quantitative methods adopted for investigating sustainable supply chains, 
and Olivera Neto et al. [28] narrowed down their discussion to the implementation of eco-
efficiency tools. Khan et al. [29] carried out a thorough content-based analysis, although 
specifically focusing only on sustainable business models. In other cases, CE or environ-
mental sustainability have been treated only as side or marginal topics in the discussion of 
results [16, 30, 31].

Therefore, this research expands upon these existing studies in multiple aspects, 
attempting to fill their limitations on: (i.) the lack of a simultaneous integration of CE, 
environmental sustainability, and I4.0 perspectives; (ii.) the limited scope of research and 
the tendency to focus only on specialized investigations (such as specific technologies, spe-
cific methods, or specific aspects), rather than providing a comprehensive coverage of the 
broader subject matter; and (iii.) the relatively small number of articles analyzed (with the 
notable exceptions of [7, 16, 31]), which limits the breadth and depth of the research. This 
research, indeed, aims to analyze the vast amount of literature that touched the connections 
among Industry 4.0 technologies, CE and environmental sustainability and understand 
their linkages at the broader level, as well as their interrelation mechanisms and under 
investigated research areas.

Materials and Method

Bibliometric analysis is a well-established and widely recognized literature review method, 
allowing to analyze and summarize large sets of articles while encouraging the genera-
tion of novel research concepts. It uses mathematical and statistical techniques to evaluate 
large quantities of bibliographic information [34]. This technique measures the interaction 
of various bibliographic information using widely accepted academic indicators such as 
the total number of publications, the number of citations received, h-index, and so on [35]. 
This study adopted two distinct forms of bibliometric analysis. The first one (‘research per-
formance assessment’), examines descriptive characteristics such as country, institutions, 
journals, and articles distributions within a specific research domain. The second one (‘sci-
ence mapping assessment’) identifies the pattern of progression, intellectual structure, and 
dynamic evolution of research fields in a specific area [36, 37].
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Literature Search, Identification, Screening, and Inclusion

The PRISMA framework is employed for the systematic identification, screening, eligibil-
ity assessment, and inclusion of relevant literature [38]. A comprehensive overview of the 
process utilizing the PRISMA approach is outlined in Fig. 1, depicting the number of arti-
cles identified at each successive step.

First, relevant studies are identified through Scopus. A Boolean search was conducted 
on ‘title-abstract-keywords’ based on two group of keywords. The first group focused on 
‘Industry 4.0 technologies’ and ‘Digital Technologies’ and included terms such as ‘Internet 
of things’, ‘Cyber physical system’, ‘Cloud computing’, ‘Industrial robotics’, ‘Data analyt-
ics’, ‘Big Data’, ‘Additive manufacturing’, ‘3D printing’, and ‘Industry 4.0’. The second 

Fig. 1   Flow diagram for the selection of literature reviewed based on PRISMA
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group of keywords was derived from ‘Circular Economy’ and ‘Sustainability’. The search 
query led to extraction of 7732 records.

Then, a screening process was conducted to ensure the quality of the records. Authors 
excluded articles written in languages other than English. The results were further refined 
by focusing on scientific papers and restricting the selection to peer-reviewed journal arti-
cles and review papers, thus excluding books and conferences. Then, after narrowing down 
the subject area to engineering, business management, operations, services, manufacturing, 
decision science, interdisciplinary studies, and environmental science, a total of 3333 stud-
ies was selected.

Then, titles and abstracts were checked based on three inclusion criteria:

	 (i)	 The article must have a strict or specific focus on I4.0 technologies, digital technolo-
gies, or Industry 4.0, rather than discussing these topics in general terms.

	 (ii)	 The article must have a strict or specific focus on CE or environmental sustainability, 
rather than discussing these topics in general terms or merely acknowledging sustain-
ability or CE as a relevant trend or theme.

	 (iii)	 The article must focus on the technical side of the Ellen MacArthur Foundation’s 
Butterfly Diagram [12]. This side aims to retain the value of technical products, 
components, and materials at the highest value, encompassing processes such as 
reuse, repair, remanufacturing, and recycling.

The articles that matched all three of these criteria were chosen for further study. The 
final set includes 1002 articles.t

Descriptive, Bibliometric, and Thematic Analyses

The total of 1002 articles have been analyzed utilizing bibliometric analytic tools and tech-
niques. All bibliographic information, including abstracts, keywords, citation details, fund-
ing information, and other relevant data, was recorded and exported in a.csv format. A MS 
Excel database was created to maintain and organize the data throughout the review pro-
cess and facilitate quantitative evaluation of each article. The data was reviewed by two dif-
ferent authors for collaborative re-examination of the papers, aiming to track disagreements 
and verify the analysis. Biblioshiny, an R-based bibliometric software that accepts BibTeX 
or plain text format input from Scopus, was used for bibliometric analysis. This software 
offers statistical analysis and data visualization tools. To visualize and analyze the data-
base, the authors employed VOS viewer [39], widely used in bibliometric analysis studies 
[16]. These tools are known for their reliability, replicability, and user-friendly nature, ena-
bling the analysis to be reported accurately and consistently and yielding consistent results.

The fourth Section involves bibliometric analysis based on the descriptive statistical 
assessment of the database. The fifth Section, instead, discusses bibliometric networks and 
cluster analysis based on the bibliographic coupling method featured in VOS viewer. Bibli-
ographic coupling is a science mapping methodology that analyses the similarities between 
two publications based on the number of shared references. This approach works on the 
idea that two publications that share references are also similar in content. This method-
ology is best applied within the same or a specific time-period and in the field of man-
agement [39], as it presents emerging literature and research fronts more accurately than 
co-citation analysis [36]. By analyzing the bibliographic coupling network of documents, 
underlying structures and connections between different topics or research areas can be 
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revealed, thus creating thematic clusters [40]. The bibliographic information of 1002 arti-
cles were inputted into VOS viewer, and a bibliographic coupling analysis with documents 
was conducted using the fractional counting method. The minimum number of citations 
was kept to zero to give each publication the same weight regardless of the number of cita-
tions it has received. In fact, being very recent, many articles in the sample have few or no 
citations. Articles that had almost no bibliographic linkage with others have been removed 
[41]. As a result, the VOS viewer developed a network for 833 remaining documents, iden-
tifying eight clusters of connected articles where each paper has been assigned to only one 
cluster. Using thematic analysis, significant differences in the subject matter were identified 
among clusters. Title and keyword analysis identified all relevant papers within each clus-
ter. Given the large number of articles, the top ten most influential articles in each cluster, 
based on total link strength and citation value, were chosen for a more in-depth thematic 
analysis. This approach has been followed several times in bibliometric literature reviews 
[42]. Various dimensions have been analyzed to delve deeper into the literature and extract 
meaningful information, such as articles’ objectives, methodologies, CE strategies, and 
I4.0 technologies investigated [43]. The thematic analysis was also employed to define the 
research agenda. An analysis of the clusters revealed suggested research directions. From 
these, common and specific future research topics were identified.

Research Performance Assessment: Descriptive Results

This section presents the results of the research performance analysis, describing the tem-
poral distribution of articles, the contributions of different countries, and leading jour-
nals. Figure 2 depicts the temporal distribution of the 1002 articles analysed, which spans 
between 2010 and 2022. The number of articles published have raised strongly over time, 

Fig. 2   Number of articles published by year
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reaching 349 in 2022. This confirms that, over the last decade, there has been an expo-
nentially growing interest in the research on CE, environmental sustainability and I4.0 
technologies.

The geographic distribution of research is determined based on the corresponding 
author’s affiliation. Since research articles are frequently co-authored by researchers from 
various countries, affiliation provides a more accurate representation of the research loca-
tion compared to authors’ nationality, as used in other literature reviews [44]. Table  2 
shows the ten most active countries. The top ten countries account for more than the half 
of the papers in the sample (52%). China, being the most productive country, accounts for 
the 11% of the articles, followed by India and Italy (both close to 8%), UK, and USA. The 
geographical analysis of publications indicates that most active countries can be divided 
into two groups: western industrial economies (such as Italy, UK, USA, Germany, France, 
and Spain), and developing economies with large consumer societies (China, India, and 
Brazil). France has the highest average number of citations per publication (55.4), followed 
by China (48.2) and Germany (47.4). The Table shows the patterns of contributions and 
collaborations among countries through the Single Country Publications (SCP) and Multi-
Country Publications (MCP) indexes. MCP indicates the number of articles that have 
at least one author who comes from a country different from the corresponding author, 
whereas SCP indicates the number of articles where all the authors are located in the same 
country. China leads also in the number of MCP (60), followed by UK (36), India (33) and 
Italy (24).

The 1002 studies have been published in 301 different academic journals. Among them, 
only eight journals published fifteen or more articles related to CE, environmental sustain-
ability, and I4.0 technologies. They are Sustainability (223), Journal of Cleaner Production 
(107), Energies (21), Business Strategy and the Environment (20), International Journal of 
Advanced Manufacturing Technology (19), Resources, Conservation and Recycling (17), 
Production Planning and Control (16), and International Journal of Production Research 
(16). These journals cover altogether 43% of the total sample. Regarding total citations, the 
Journal of Cleaner Production achieved most citations (6176), followed by Sustainability 
(5080) and International Journal of Advanced Manufacturing Technology (2719). The lat-
ter, however, leads as the journal with the maximum average citations per article (143.1), 

Table 2   Top 10 countries based on number of publications

Country Articles Single Country 
Publication 
(SCP)

Multiple Country 
Publication (MCP)

Citations Average citations 
per publication

CHINA 112 (11%) 46% 54% 5401 48.22
INDIA 80 (8%) 59% 41% 1874 23.43
ITALY 79 (8%) 70% 30% 1929 24.42
UNITED KINGDOM 65 (6%) 45% 55% 2931 45.09
USA 50 (5%) 70% 30% 2185 43.7
SPAIN 41 (4%) 71% 29% 776 18.93
BRAZIL 31 (3%) 71% 29% 998 32.19
GERMANY 24 (2%) 63% 38% 1138 47.42
FRANCE 23 (2%) 35% 65% 1275 55.43
AUSTRALIA 21 (2%) 67% 33% 661 31.48
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followed by International Journal of Production Research (94.6), Resources, Conservation 
and Recycling (74.0), International Journal of Production Economics (64.0), and Journal of 
Cleaner Production (57.7) (as shown in Table 3).

Science Mapping Assessment: Cluster Analysis

A cluster analysis based on the bibliographic coupling method was carried out using VOS 
viewer. Eight clusters were identified. Table  4 describes them, including their primary 
research topics and their dimension measured as the number of articles contained in each 
cluster. It also provides a visual representation of each cluster. Cluster 1 is the largest while 
Cluster 8 is the smallest. Cluster 7 covers the longest time span, with the earliest articles 
from 2011. The main topics, methodological aspects and research gaps of the clusters are 
briefly described hereafter. The supplementary material includes the categorization and 
allocation of the 1002 articles into clusters.

Cluster 1: General Linkages Between Sustainability and Industry 4.0 Topics

Cluster 1 is the largest (170 publications) and has a focus on general aspects about sustain-
ability and I4.0. It discusses primarily the enabling role of I4.0 technologies for sustain-
ability, their relationship to sustainable development, and their impact on environmental, 
economic, and social performances, but with no specific reference to CE. The papers in the 
cluster adopt various methodologies such as systematic literature reviews and framework 
conceptualization, often resorting to expert-based opinions. In fact, the articles in this clus-
ter focused on exploratory research, mainly adopting qualitative approaches, and focusing 
on the development of conceptual frameworks. Expert based opinion methods are used to 
prioritize, categorize, ranks, and identify the relationship between different constructs [4, 
9, 45]. For example, Ghobakhloo M. [27] found different functions of I4.0 technologies 
that contribute to sustainability and, through expert-based opinions, established contextual 

Table 3   Top 10 journals

Journal Number of 
publications

Total Citations % of Pub-
lication on 
Total

Citation / 
Publication

Sustainability 223 5080 22.3 22.8
Journal of Cleaner Production 107 6176 10.7 57.7
Energies 21 434 2.1 20.7
Business Strategy and the Environment 20 414 2.0 20.7
International Journal of Advanced Manufactur-

ing Technology
19 2719 1.9 143.1

Resources, Conservation and Recycling 17 1258 1.7 74.0
International Journal of Production Research 16 1514 1.6 94.6
Production Planning and Control 16 393 1.6 24.6
Journal of Enterprise Information Management 14 185 1.4 13.2
International Journal of Production Economics 12 768 1.2 64.0
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relationships between pairs of factors. Similarly, Nara et  al.[9] conducted a systematic 
literature to find different key performance indicators, grouped them based on experts’ 
opinion, and validated them with a survey on 72 technical specialists and managers. At 
a more general level, the papers in this cluster highlight that I4.0 can significantly con-
tribute to sustainable development through resource efficiency enhancement, waste reduc-
tion, and product design improvement. For example, Felsberger & Reine [46] investigated 
the effectiveness of I4.0 technologies such as smart factory technologies, data-driven tech-
nologies, and shop floor equipment technologies for different sustainability dimensions. 
El Baz j et  al.[45] evaluated empirically the various sustainability drivers that influence 
the adoption of I4.0 technology and emphasised the importance of management support. 
Challenges related to the adoption of I4.0 technologies for achieving sustainability are 
also highlighted throughout the cluster. They include the high cost of implementing I4.0 
technologies and the scarcity of expertise and skills needed for the implementation and 
management of these technologies. Additionally, challenges in the social dimension such 
as income and employment polarisation resulting from I4.0 have been highlighted [47]. 
Challenges about data privacy and security are also notable and requires an evaluation of 
the effectiveness of government policies [4]. Besides practical implementation challenges, 
several opportunities for future research arise from this cluster. From an organizational per-
spective, a promising future research direction involves investigating the application of I4.0 

Table 4   Research clusters based on bibliographic coupling

ID Name of the cluster Time range No. of articles Most frequent keywords Visual representation

1

General linkages between 

sustainability and Industry 4.0 topics

(Red)

2017-2022 N=170
Sustainable development, Industry 4 0, 

Sustainability

2

General linkages between Circular 

Economy and Industry 4.0 topics

(Yellow)

2016-2022 N=104
Circular economy, Industry 4.0, Digitalization, 

circular business model,

3

Industry 4.0 and Big Data analytics 

for supply chain circularity and 

sustainability (Purple)

2014-2022 N=96
Supply chain management, Big Data, 

Sustainability, information management

4
Additive Manufacturing for circularity 

and sustainability (Green)
2013-2022 N=140 3D Printers, Additive manufacturing, Life cycle
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technologies to improve personalized information and knowledge management [27, 46]. In 
addition, investigating how sustainability can drive the adoption of I4.0 technologies would 
be also highly relevant [4].

Cluster 2: General Linkages Between Circular Economy and Industry 4.0 Topics

Cluster 2 (104 publications) focuses on digitization in relation to CE and circular business 
models. The papers included in this cluster cover a vast range of topics, such as the role of 
digitalization in enhancing productive maintenance in manufacturing firms [48], circular 
business models [21], and circular supply chains [24, 49]. In general, research in this clus-
ter develops frameworks to connect different constructs often based on systematic litera-
ture reviews. For instance, Gebhardt et al. [49] created a framework for the collaboration 
mechanisms enabled by I4.0 technology, focusing on IoT, Big Data analytics, and cloud 
computing as enablers of circularity in supply chains. Salvador et  al. [21] investigated 
digital technologies to enable circular strategies such as design for circularity and their 
impact on business models. Liu et al.[50] investigated digital technologies to facilitate the 
integration of different Reduce, Reuse, Repair, Repurpose, Remanufacturing, Recycle, and 
Recover strategies [51]. Hence, I4.0 technologies such as IoT and cloud computing have 
been proven to be effective enablers of specific CE practices such as product life extension, 
reuse, and recycling. Some papers explored the challenges related to policy, technology, 

Table 4   (continued)

5 Urban Sustainability (Blue) 2012-2022 N=119 Smart city, Waste management, Big data

6
Sustainable, Circular and Digital 

(Re)Manufacturing (Sky Blue)
2016-2022 N=87

Sustainable smart manufacturing, 

Remanufacturing, Life cycle

7

Blockchain and Data Integration for 

sustainability and Circular Economy 

(Gray)

2011-2022 N=86

Blockchain, Internet of Things, Machine 

Learning, architectural design, Circular 

Economy

8
Miscellaneous and sectorial 

applications (Brown)
2020-2022 N=31

Decision making, Circular supply chain, E-

commerce
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and behavioral change as well as the opportunities in implementing CE practices [52], 
while others aimed to develop conceptual frameworks or value chains designs to achieve 
circularity. Moreover, some of the articles highlighted the complexity behind a successful 
implementation of I4.0 technologies due to high cost and high financial risks. This, in turn, 
create a digital divide with some companies being able to adopt circular practices using 
expensive I4.0 technologies while others are left behind due to financial constraints and a 
lack of resources [53]. Overall, research articles in this cluster generally adopt a theoretical 
perspective. Therefore, more empirical studies are often suggested. Further investigation 
into the creation of collaborative platforms and systematic collaboration methods to con-
nect different stakeholders involved in circular supply chains can be considered as a valu-
able future research direction in this cluster. Moreover, theories are needed to synthesize 
specific technologies and their interconnection in the context of CE [49, 54]. Lastly, study-
ing various circular business model building blocks (such as consumer segments, value 
propositions, channels, consumer relationships, etc.) in specific manufacturing industries 
would be an intriguing area of research [21, 54].

Cluster 3: Industry 4.0 and Big Data Analytics for Supply Chain Circularity 
and Sustainability

Cluster 3 (96 publications) focuses on the relationship between I4.0 technologies and 
sustainable, circular supply chain initiatives. This cluster is therefore more specific than 
Clusters 1 and 2, focusing on supply chain management and emphasizing the role of Big 
Data analytics among the wide I4.0 technologies umbrella. The studies in this cluster shed 
light on the crucial role of digital technologies and advanced analytics in fostering sustain-
able supply chains, enhancing resilience, and enabling reverse logistics. They explore the 
intersection of supply chain management, I4.0 technologies (with particular to Big Data 
analytics), and CE strategies, drawing on diverse industries, geographical regions, and 
data sources. Interestingly, different papers in this cluster employ empirical methods, both 
quantitative and qualitative. Some of the research papers utilize surveys to test hypotheses 
in different geographical regions. For instance, Di Maria et al. [55] focus on the mediat-
ing role of supply chain integration in the correlation between I4.0 technologies and CE 
practices. Based on a survey of 1200 Italian firms, they found that supply chain integration 
plays a crucial role in realizing the potential benefits of I4.0 technologies in achieving cir-
cularity in supply chains. Akbari & Hopkins et al. [56] explored how digital technologies 
can enable supply chain sustainability in emerging economies by surveying 223 Vietnam-
ese supply chain experts. Overall, the study emphasizes the importance of the interplay 
among sustainable supply chain management, CE practices and I4.0 technologies. The 
authors emphasize the importance of adopting a holistic and integrated approach to smart 
sustainable supply chain management that addresses supply chain disruption, supply chain 
capability development by enhancing flexibility and effectiveness, and resource recovery 
frameworks for low-cost material collection by improving environmental, social, and eco-
nomic dimensions [57]. According to this cluster, reverse logistics is frequently neglected 
by manufacturing companies compared to forward supply chains due to operational chal-
lenges, knowledge gaps related to circular supply chains and smart technologies, low return 
on investment, a lack of support from top management and technological challenges [58, 
59]. Therefore, it is suggested that future research should address these technological bar-
riers such as data inadequacy, information structure due to different digital formats, a lack 
of industrial competency and expertise, and challenges in the implementation of innovative 
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devices and information technology [57]. A focus should be placed on the government’s 
role in assessing the effectiveness of implementing environmental taxation waiver schemes 
as well as developing regulations and policies to encourage firms to adopt waste disposal 
strategies within a circular supply chain network [60]. Researching data-driven approaches 
to measure and monitor supply chain sustainability performance, as well as evaluating sus-
tainable outcomes, presents an intriguing area of study [20].

Cluster 4: Additive Manufacturing for Circularity and Sustainability

Cluster 4 (140 publications) focuses on additive manufacturing and 3D Printing as a tech-
nology allowing to minimize waste, optimize resource consumption, and promote circu-
larity in the manufacturing industry. The articles in this cluster discuss the relationship 
between life cycle sustainability and additive manufacturing, providing frameworks for 
sustainability assessment and proposing strategies for optimizing the process for eco-
effective production systems [61]. Topics addressed include the sustainability assessment 
of additive manufacturing, the design of distributed recycling via additive manufacturing 
[62], the integration of additive manufacturing and CE [33], and the impact of additive 
manufacturing on business models [63]. Several papers adopted a systematic literature 
review approach to condense and assess the current literature in the field. Interestingly, 
some papers in the cluster use analytical methods and statistical analyses to evaluate addi-
tive manufacturing parameters. For instance, Mele & Campana [64] proposed an adaptive 
slicing method for liquid crystal display 3D printing, which can reduce waste and energy 
consumption. Although several papers focus on reuse and recycling [61, 62], reduce is also 
a referenced CE strategy [64]. Articles highlight some of the potential benefits of addi-
tive manufacturing for circular product design [61], and sustainable business models [8], 
including operational and economic benefits related to reduced material waste, lower trans-
portation costs [65], and the ability to offer consumer-centric customization [63]. A reduc-
tion in inventory is also possible through on-demand production. Additionally, another 
advantage of localized production is the potential to shorten the supply chain while improv-
ing environmental and social benefits [62]. However, there is a need to develop a reverse 
logistic framework to successfully implement additive manufacturing by connecting dif-
ferent supply chain actors. Furthermore, more empirical research is needed to understand 
how additive manufacturing initiatives are perceived at the social level. Both active par-
ticipation and supportive policies of governments and policymakers need to be addressed 
to increase the adoption rate of additive manufacturing for sustainability and circularity 
purposes. A potential future direction is to investigate innovative additive manufactur-
ing methods and strategies for preparing and using recycled materials as input feedstock, 
develop standardized indicators for assessing environmental impacts to produce additive 
manufacturing feedstock, and optimize energy and material-efficient production processes 
through methods like distributed recycling, polymerization, and laser cladding [62, 63].

Cluster 5: Urban Sustainability

Cluster 5 (119 publications) primarily revolves around the theme of urban sustainabil-
ity, including the literature on data driven smart sustainable cities, ICT infrastructure for 
urban sustainability, and digital technologies in the context of smart cities. In the context 
of urban development, the integration of I4.0 technologies such as IoT, Big Data and cloud 
computing play a significant role in enhancing waste management and environmental 
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sustainability. Wu et al. [31] focused on the collection and analysis of real-time data from 
digital instruments placed in urban environments. These enabling technologies contribute 
to the so-called data-driven smart cities [66], and their ICT infrastructures support data-
driven decision-making to achieve urban sustainability and empower urban intelligence. 
Additionally, authors frequently discussed the potential risks, benefits, and ambidexter-
ity capabilities (to achieve both innovation and efficiency) to fulfil the current business 
demand as well as future perspective. Challenges surrounding the adoption and implemen-
tation of digital technologies are also discussed. Some paper highlights the importance of 
citizen engagement and empowerment in the design and implementation of smart cities 
[67], while others emphasize the need for policies and regulations that balance innovation 
and sustainability [68]. However, the role of government in establishing political mecha-
nisms and policy measures for smart cities still needs to be further explored. For instance, 
the prototype developed for the Stockholm Royal Seaport (SRC) uses a hybrid Smart 
Urban Metabolism approach to achieve sustainability through robust environmental poli-
cies, combining various methods and technologies to create a comprehensive solution for 
monitoring and analysing environmental sustainability aspects [67]. Additionally, greater 
attention should be given to social acceptability and the impact of adopting urban sustain-
ability strategies. To create more efficient and sustainable cities, further research is needed 
on urban intelligence. This refers to a city’s ability to harness real-time data and optimize 
interconnected systems like energy distribution, water distribution, waste collection, and 
communication networks. In addition to urban intelligence, research should explore resil-
ient data-driven decision-making. This incorporates data acquisition from multiple sources, 
data stream management, and integration of diverse urban data to ensure effective decision 
making. This entails the development of frameworks, protocols, and methods for integrat-
ing sensor data into a standardized and structured format to facilitate more efficient analy-
sis, while properly considering data privacy and security concerns.

Cluster 6: Sustainable, Circular and Digital (Re)Manufacturing

Cluster 6 (87 publications) focuses on the integration of sustainable principles, digital 
technologies and CE aspects in manufacturing and especially remanufacturing operations. 
Articles in this cluster investigate the role of digital technologies for achieving a sustain-
able and circular (re)manufacturing. Chau et al. [69] discussed the prospects for IoT-based 
technologies in remanufacturing process. Kerin & Pham [70] explored the use of I4.0 tech-
nologies in remanufacturing, particularly in smart remanufacturing environments. Chauhan 
et al. [71] proposed a framework for integrating I4.0 and CE principles to analyze and opti-
mize resource consumption in the manufacturing industry. Lopes de Sousa Jabbour et al. 
[72] proposed a research agenda and roadmap for sustainable operations that incorporates 
I4.0 and CE principles for adopting sustainable operations management. According to this 
cluster, the efficiency and effectiveness of remanufacturing processes can be enhanced by 
digital technologies such as artificial intelligence, machine learning, and IoT, thus enabling 
real-time monitoring and optimization of energy consumption. Furthermore, significant 
resource savings and environmental benefits can be achieved through additive manufactur-
ing. Investigating the role of governments in overcoming barriers and fostering new mar-
kets for remanufactured goods, along with the development of supportive infrastructure 
plans, presents an intriguing avenue for future research. From a knowledge perspective, 
studying data-driven frameworks that integrate smart circular strategies holds promise in 
providing extensive product and process information, underscoring the need for effective 
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mechanisms for data quality control and data security. Future research could focus on iden-
tifying the barriers to the adoption of I4.0 technologies and exploring skill development, 
transfer, and trust-building strategies among employees to overcome them [72]. Addition-
ally, further investigation should advance the understanding of the relationship between 
dynamic capabilities and the adoption of CE practices in response to changing environ-
mental and market conditions [70].

Cluster 7: Blockchain and Data Integration for Sustainability and Circular Economy

Cluster 7 (86 publications) discusses Blockchain and data integration for sustainability 
and CE. The use of blockchain technology in CE practices is a key focus of this cluster, 
with some papers using empirical findings to develop hypotheses for understanding the 
impact on sustainable operations. For instance, Rajput and Singh [73] used a qualitative 
methodology to collect data through a literature review and case studies, examining the 
role of artificial intelligence, Big Data analytics, Blockchain, and IoT in CE strategies such 
as reducing waste and design for circularity. Zhang et al. [74] developed a framework for 
implementing blockchain-based life cycle assessments based on a systematic literature 
review. Other authors identified critical success factors for implementing a blockchain-
based circular supply chain, including a shared vision among stakeholders and the abil-
ity to adapt to changing technological and regulatory environments [75]. Umar et al. [76] 
presented an empirical study on I4.0 technologies and green supply chain practices, using a 
quantitative approach with a survey questionnaire as the primary data collection tool. Simi-
larly, the articles explored the potential of integrating blockchain with IoT and RFID to 
enhance sustainability in distribution and order management. Among these technologies, 
blockchain stands out due to its features such as immutability, transparency, reliability, and 
verifiability, making it an ideal solution for facilitating information flows among complex 
supply chain networks and stakeholders. Additionally, the papers highlight the importance 
of critical success factors for implementing blockchain-based circular supply chains, such 
as trust, transparency, and data privacy [73–75]. In line with other clusters, future research 
can expand the empirical studies by investigating the sustainability practices facilitated 
by blockchain-based solutions. There is a need for exploring the social impact of I4.0 on 
human resource management practices and examining the relationship between adoption 
rates and technical knowledge constraints. More attention needs to be given to the role 
of government policies and regulations in promoting the adoption of blockchain and I4.0 
technologies. Another important aspect concerns enhancing data traceability, security, and 
integrity features of blockchain use for smart contracts. This improvement can contribute 
to building trust between partners and to fostering collaborative relationships [74, 75].

Cluster 8: Miscellaneous and Sectorial Applications

This cluster (31 publications) delves into industry-specific applications and other miscel-
laneous topics related to CE and sustainability. It includes 32 papers, making it the smallest 
cluster. The papers investigate various facets of I4.0 and CE implementation in different 
industrial contexts. For instance, Abdul-Hamid et  al. [77] scrutinized the drivers of I4.0 
in the palm oil industry in Malaysia, while Piyathanavong et al. [77] examined the role of 
project management in sustainable supply chain development in the Thai metals industry. 
Other papers focus on specific industrial applications of CE and I4.0 technologies. Vimal 
et al. [78] analyzed the drivers for the adoption of I4.0 technologies in a circular sharing 
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network for paper, cement, and sugar. This cluster emphasizes the importance of empirical 
research to explore and assess the impact of I4.0 technologies on CE strategies, includ-
ing the identification of key factors that facilitate successful implementation. For instance, 
integrated data management systems can significantly enhance collaboration for optimized 
procurement and production across industries. Additionally, exploring the impact of man-
agement systems in mitigating employee resistance to change is suggested as an intriguing 
avenue for further investigation.

Research Agenda

The influential articles identified through bibliographic coupling analysis and the gaps they 
point out have been considered as the basis for the development of a research agenda, con-
sisting of ten main research directions. Table 5 connects each identified research direction 
to the clusters in which it emerged. Research directions are then described in the following. 
The first four research directions are highly transversal, appearing in at least five clusters, 
so they are described with more details. Three research directions are common to two clus-
ters, while three have been suggested by one single cluster.

First, an important gap highlighted by the literature concerns the need to move beyond 
conceptual papers and embrace empirical investigations to gain a deeper understanding and 
move towards theory-testing research of the relationship between I4.0, environmental sus-
tainability, and CE at both conceptual and practical levels. Furthermore, empirical studies 
are necessary to address the development and configuration of effective business models 
and digital manufacturing ecosystems that foster sustainability [54]. Hence, six clusters 
emphasised the need for empirical research to investigate and quantify the impact on sus-
tainability and CE as well as to develop indicators assessing economic, environmental, and 
social impacts [4]. Empirical evidence would help to fully understand the positive and neg-
ative effects of I4.0 adoption for CE and sustainability such as rebound effects.

Research direction #1  To carry out empirical and quantitative research at the intersection 
of Industry 4.0, environmental sustainability, and Circular Economy.

Seven out of eight research clusters emphasized the importance of addressing the 
social implications of I4.0 adoption in the context of CE and environmental sustain-
ability. There is a lack of comprehensive investigations into the changes occurring in 
the current social platform setting, such as education and skills and wealth disparities 
in consumer markets, which strongly motivates future research. One key aspect empha-
sized is the effect of automation on low- to middle-skilled jobs [63]. On the other hand, 
the creation of new opportunities in technology and engineering fields also deserves 
further investigation [53] The importance of addressing income and employment polari-
zation should also be mentioned [27]. It is vital to ensure social inclusion, citizen partic-
ipation, and equitable access to sustainable urban development. Atif et al. [79] suggest 
exploring the social acceptability of CE products and services as an area for investi-
gation. Additionally, the social aspect of sustainability in supply chain management 
requires increased attention, with the adoption of reliable social performance measure-
ment models like the social return on investment (S-ROI) [73, 80]. Policymakers have 
a pivotal role to play in promoting the adoption of emerging technologies and fostering 
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skill development [74]. Research should finally delve into the role of social media in 
influencing consumer behavior and improving sustainable supply chains.

Research direction #2  To Investigate the social impact of Industry 4.0 technologies 
adopted for Circular Economy and sustainability.

Government regulations and policies play an important role in enhancing sustainabil-
ity and CE, as well as the adoption of I4.0 technologies. Government policies and ini-
tiatives directly influence several industry aspects, such as market creation, production 
and logistics as well as engaging different stakeholders at the micro, meso, and macro 
levels [69]. It is important to investigate the effectiveness of policy interventions such as 
subsidies and energy saving regulations that promote sustainable practices, also to mini-
mize socio-economic inequality in reference to I4.0 technologies [71]. Another aspect 
to be addressed concerns the environmental impact of the implementation of I4.0. Addi-
tionally, given the heavy reliance of I4.0 on data-driven technologies, policies need to 
address concerns related to data privacy, security, and governance, e.g., safeguarding 
data, protecting intellectual property rights, and developing regulations for data sharing 
[24]. Furthermore, governments have a critical role to play in promoting sustainability 
among consumers in urban areas: future research should focus on investigating innova-
tive policy measures, monitoring policy effectiveness, and understanding the involve-
ment of stakeholders in the development and implementation of urban sustainability 
policies [81]. Moreover, to promote CE practices, policymakers can incentivize the 
adoption of circular supply networks and green products and provide support to remanu-
facturing industries [76]. Finally, cross-national studies can provide valuable insights 
into different policy-making approaches, enabling policymakers to enhance their strate-
gies and create new markets for sustainable products.

Research direction #3  To investigate the role of government regulations and policies in 
improving the effectiveness of I4.0 adoption for CE and Sustainability.

Addressing gaps and challenges in data management and integration should be a prior-
ity for future research. For instance, the integration of new technologies and the resolution 
of compatibility issues within existing systems in circular procurement and supply chain 
management should be addressed. Additionally, ensuring data accuracy, timeliness, and 
completeness hold significant importance in developing data-driven circular strategies in 
manufacturing. Research should address challenges associated with developing blockchain-
based data management systems, including data manipulation, integration, scalability, and 
transmission [20, 59]. It is essential to enhance data traceability, security, and integrity 
in blockchain utilization to foster trust and collaborative relationships. Researchers can 
also concentrate on developing data-driven frameworks that promote semantic interoper-
ability between machines, designing efficient interfaces and data networks to encourage 
stakeholder collaboration Moreover, fostering knowledge management by enhancing the 
collection, storage, and sharing of information generated through I4.0 technologies within 
an organization could significantly contribute to digital supply chain network. In the realm 
of urban sustainability, there is a requirement to integrate data sources and technologies for 
effective decision-making in smart cities. This involves developing frameworks, protocols, 
and applications for the collection and analysis of sensor data, optimizing ICT infrastruc-
ture, and for the exploitation of the potential of Big Data and cloud computing [68].
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Research direction #4  To develop frameworks and methods for Data Management and 
Data Integration for sustainability and Circular Economy purpose.

Moreover, further attention needs to be given to data and cyber security due to the 
involvement of large data transactions and sharing in I4.0. This is crucial because cyber 
threats from anonymous user can be challenging to identify, yet they can significantly 
impact operations and pose challenges [16]. Additionally, there are opportunities for a more 
transparent and traceable option using encrypted digital records in the context of manufac-
turing sustainability. Future research should focus on leveraging digitization to respond to 
security and privacy concerns in the smart city and manufacturing environments, address-
ing security threats across different layers of data technologies, and investigating the secu-
rity and safety of digital infrastructure for citizens, vendors, and stakeholders [73].

Research direction #5  To address data and Cyber Security issues in the context of Indus-
try 4.0, Circular Economy, and environmental sustainability.

The role of specific I4.0 technologies in decision-making solutions that support plan-
ning, control, execution, business model innovation, corporate competitiveness, and on-
the-job training capabilities, within the CE paradigm for environmental sustainability has 
not been thoroughly investigated. While some specific technologies such as IoT and Big 
Data have been extensively explored, the specific contribution of other I4.0 technologies 
has been neglected. Given that CE implementation is relatively new, it is crucial to explore 
the interconnection between different technologies and their role in establishing a CE para-
digm [57]. Additionally, classification frameworks or theories could point out the roles of 
specific technologies, also acting as prescriptive conceptual tools to support practitioners 
within the CE context.

Research direction #6  To delve deep into the impact of specific Industry 4.0 technologies 
on Circular Economy and environmental sustainability.

Clusters 2 and 5 found that future research should explore the development of novel 
business models and value propositions and the redesign of current business models to 
prioritize environmental sustainability, in urban settings as well as for different types of 
manufacturing industries [54]. As an example, investigations into new business models for 
streamlining waste management, recycling, and collaboration among local actors in the 
urban environment are needed [82]. Additionally, studies should focus on developing new 
business models for data collection and processing of urban data and solid waste mate-
rials management, potentially utilizing emerging technologies such as blockchain or Big 
Data analytics [66, 68, 81]. Finally, future research should explore how digital technologies 
enable the transformation of business models in inbound, outbound, and reverse logistics.

Research direction #7  To explore novel Business Models frameworks for advancing Cir-
cular Economy, environmental sustainability, and Industry 4.0.

In cluster 1 it is highlighted that numerous studies have examined I4.0 as an enabler of 
environmental sustainability and discussed the sustainability impacts of the adoption of 
I4.0 technologies. However, both researchers and industries have been focusing on how 
the adoption of I4.0 technologies can drive sustainability. On the other hand, there has 
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been relatively little research on how environmental sustainability can strategically drive 
the adoption of I4.0 technologies, and the digitalization process of companies and supply 
chains alike, understanding how a strategic path towards increasing circularity and achiev-
ing, e.g., “Net zero” could be undertaken by incorporating investment in digital technolo-
gies. This represents a crucial area for future research area [4].

Research direction #8  To investigate environmental sustainability as a driver for Industry 
4.0 adoption.

As promising research directions for sustainable additive manufacturing, Cluster 2 
emphasized the combined development of eco-friendly and recycled materials with a tech-
nological advancement of 3D printing processes. This involves evaluating different recy-
cling and manufacturing methods, as well as assessing the environmental footprint of the 
materials used [65]. Some potential areas of investigation involve designing and develop-
ing systems to save resources, reduce energy consumption, and optimize labor and mate-
rial costs. Future research should address how to use secondary raw materials as additive 
manufacturing powders and design reverse supply chains to collect them and connect vari-
ous stakeholders [63, 65].

Research direction #9  To develop Sustainable Additive Manufacturing materials, tech-
nologies, processes, and supply chains.

Future research should advance the understanding of the relationships between dynamic 
capabilities and the adoption of CE practices, as mentioned in Cluster 6. More specifically, 
research should address how firms can develop, acquire, and improve dynamic capabilities 
and resilience using I4.0 technologies in manufacturing supply chains to adapt to changes 
and environmental uncertainties. Further investigation is needed to overcome the challenge 
of developing dynamic capabilities in isolation and identify the roles of different stakehold-
ers in supporting CE transition for enhanced resilience [83].

Research direction #10  To explore the role of Dynamic Capabilities in the adoption of 
Circular Economy practices for Sustainable, Circular, and Digital (Re)Manufacturing.

Conclusion

Despite the significant research interest in the role of I4.0 technologies for environmen-
tal sustainability and CE, the literature on this topic remains sparse and fragmented. This 
study provided a systematic understanding of all these three dimensions. By analyzing a 
vast amount of literature, this bibliometric review pointed out the most active countries 
and influential journals within these areas of study. Additionally, a network-based analysis 
has led to the identification of eight major clusters that shed light on key research areas 
and themes. A large amount of literature has adopted a high-level conceptual approach (in 
particular Cluster 1 addressing the linkage between ‘General Sustainability and Industry 
4.0’; Cluster 2 discussing the impacts of ‘General Circular economy and Industry 4.0’) 
while other studies have a more specific focus on one or few technologies on a more nar-
row domain (Cluster 3 focusing on the role of Big Data analytics in supply chains; Cluster 
4 on ‘additive manufacturing’ in R&D and production process, Cluster 7 on Blockchain). 
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Finally, some clusters have a stronger focus on the application domain (Cluster 5 on ‘urban 
sustainability’; Cluster 6 on manufacturing and remanufacturing; Cluster 8 discussing sev-
eral sectorial applications). In conclusion, a structured and comprehensive research agenda 
is identified. This agenda includes ten promising research directions for scholars in this 
field. These directions encompass development at the technological level (data integra-
tion, security), material level (additive manufacturing), social dimensions, general policy 
dimensions, and managerial dimensions. The research agenda lays a solid foundation for 
future investigations in this field.

From a managerial point of view, this bibliometric literature review offers a valuable 
resource for practitioners and policymakers, enabling them to leverage the insights gained 
from prior research to raise and support awareness. By exploring our clustering of the 
research, stakeholders can acquire a comprehensive understanding of the topics and themes 
investigated and use the findings in their operative environments.

Like other bibliometric literature reviews, our findings are subject to some limitations. 
The review exclusively focused on peer-reviewed journal papers indexed in Elsevier’s Sco-
pus database. To enhance the comprehensiveness of this review, it would be beneficial to 
include additional data sources and databases, and in particular the grey literature, that can 
provide valuable knowledge on the practical advancements in these domains. Lastly, and 
considering the speed with which literature on these topics increase over time, the authors 
advise future research to repeat such bibliometric analysis in the next years and compare 
the updated findings with our clusters and research agenda.
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