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Objetivo - Analisar se os conceitos de indústria 4.0 e economia circular são integrados ou desarticulados, reconhecendo 

na literatura quais palavras-chave são mais frequentes nesta relação e sua ocorrência. 

Metodologia - O método de pesquisa foi o estudo bibliométrico e estudo de palavras-chave, com a finalidade de 

reconhecer quais são as ações e estratégias mais latentes no estudo da integração. Foi utilizado o software VOSviewer 

para o estudo de palavras-chave. 

Resultados - Afirma-se que os conceitos de indústria 4.0 e economia circular podem ser considerados interligados, com 

algumas limitações exploradas no artigo, e propôs também oportunidades futuras de pesquisas sobre o tema. 

Contribuições - Contribui para os gestores de negócios no sentido de que facilita o entendimento de que a indústria 4.0 e 

a economia circular podem ser trabalhados juntos. O resultado das palavras-chave norteará quais habilidades, estratégias, 

tecnologias e fundamentos a empresa deverá desenvolver para efetivar a economia circular, por meio da indústria 4.0. 

Para pesquisas acadêmicas, contribuiu-se com mais um estudo sobre a integração da indústria 4.0 e economia circular, 

que são poucos na literatura. Também foram mapeadas palavras-chave, que até então, não haviam sido desenvolvidas em 

artigos de integração existentes, além de propor um framework que pode ser transformado e sinalizar oportunidades de 

pesquisa. 

Palavras-chave - Indústria 4.0; Economia Circular; Integração; Sustentabilidade; Pesquisas futuras. 

 

Purpose - To analyze whether the concepts of industry 4.0 and circular economy are integrated or disjointed, 

recognizing in the literature what the keywords are most frequent in this relationship and its occurrence.   

Design/methodology/approach – The research method was the bibliometric study and keyword study, in order to 

recognize which are the most latent actions and strategies in the study of integration. The VOSviewer software was used 

for the study of keywords. 

Findings - It is stated that the concepts of industry 4.0 and circular economy can be considered interconnected, with 

some limitations explored in the article, and also proposed future research opportunities on the topic. 

Originality/value - It contributes to business managers in the sense that it facilitates the understanding that industry 4.0 

and the circular economy can be worked together. The result of the keywords will guide what skills, strategies, 

technologies and fundamentals the company should develop to make the circular economy effective, through industry 

4.0. For academic research, another study was contributed on the integration of industry 4.0 and circular economy, 

which are few in the literature. Keywords were also mapped, which until then, had not been developed in existing 

integration articles, in addition to proposing a framework that can be transformed and signal research opportunities. 

Keywords - Industry 4.0; Circular Economy; Integration; Sustainability; Future research. 
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1. INTRODUCTION 

 

 

In the context of business competition, it is essential concern with environmental 

factors and the expanding the use of new technologies. Demanding consumers and 

environmentally responsible expect high levels of innovation, and more agile responses, so 

pressure the forms of competition from companies in global markets.  

Industry 4.0 is a recent trend that employs a technology package, for the purpose to 

increase productivity, speed up the exchange of information, precision in decision making, 

and a differentiation in how to respond customer’s requests (ISSAMAR; ROBERTO, 2019). 

In reference of the environmental issue, one of the main challenges of the current economic 

system is the growing demand for resources due to large-scale production, which goes against 

the planet's ability to provide these resources and absorb the waste generated in industrial 

processes (SAHIMMA et al., 2017; NASIR et al., 2017).  

Soon, think of a strategy, that maintains efficiency, meet consumer desires, and 

balance the environmental impact, it's a challenge, which the circular economy (CE) been 

trying to answer, being the industry 4.0 a possibility to achieve the shift from a linear to 

circular economy and sustainable supply chain (RAJPUT; SINGH, 2019).  

The integration between these trends will revolutionize how to understand the pattern 

of consumption and production. Success factors, able to drive industry 4.0 for sustainable 

manufacturing, should be weighted, such as: managerial leadership, readiness for change, top 

management commitment, strategic alignment, training and capacity, empowerment, team 

work, organizational culture, communication, project management, and national culture and 

regional differences (SOUSA JABBOUR et al., 2018b). 

Despite the acquired relevance, the integration between the concepts of industry 4.0 

and the CE tends to be exploited, which contributes to the generation of a gap in this field of 

knowledge (GAZZOLA et al., 2019; NASCIMENTO et al., 2019). Aligned to this gap in the 

literature, the objective of this article is to analyze whether the concepts of industry 4.0 and 

CE are integrated or disjointed, recognizing in the literature what the keywords are most 

frequent in this relationship and its occurrence. 

To achieve the objective, the research method chosen was the bibliometric study and 

study of keywords, with the purpose of recognizing what are the actions and more latent 

strategies in the study of integration between industry 4.0 e CE. Bibliometric methods are 
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firmly established in the field of scientific research, and the number of publications that use 

this tool has gradually increased in recent years (ELLEGAARD; WALLIN, 2015; ROJAS 

LUIZ et al., 2016; GOBBO JÚNIOR et al., 2018). 

This article consists of 5 sections, of which: section 2 addresses the theoretical 

background about industry 4.0 and CE; section 3 brings the method used for the development 

of the study, section 4 the results and discussions and, section 5 the conclusion and 

suggestions for future work. 

 

2. LITERATURE REVIEW 

2.1 Integration between Industry 4.0 and Circular Economy 

Known as the fourth industrial revolution, industry 4.0 is a recent approach in 

organizations and represents the current production paradigm, combining information and 

communication technologies (ICT) with digital manufacturing technologies (KANG et al., 

2016). Industry 4.0 adopts several technologies and principles (BAHRIN et al., 2016; 

GHOBAKHLOO, 2018). A summary of the most relevant technologies and principles in 

industry 4.0 can be seen in Table 1.  

 

Table 1 - Enabling technologies and principles of Industry 4.0. 

 
ENABLING 

TECHNOLOGIES 

AND PRINCIPLES 

CONCEPT AUTHORS 

Cloud computing 

Virtualization service where data is stored on a platform 

accessible by internet, ubiquitous access, and with 

flexible capacity customer’s needs. 

(ZHAN et al. 2015, WAN 

et al. 2016, FRANK et al., 

2019, LU; XU, 2019) 

Blockchain 
Technology to encrypt data, allowing security in the 

transmission of information between agents in the chain. 
IVANOV et al., 2019 

Augmented reality 

Interaction of virtual and physical environment, with a 

visualization technology, a camera, a tracking system and 

the user interface. 

MASSOD; EGGER, 

2019, GATTULLO et al., 

2019 

Automation and 

robotization 

Use of robots to perform high-risk jobs and replacement 

of man for precision gain and productivity. 

BAHRIN et al., 2016., 

WAHRMANN et al., 

2019 

Additive manufacturing 
Product prototyping, printing units, spare parts on 3D 

printers. 

FRANCIS; BIAN, 2019, 

WAHRMANN et al., 

2019 

Simulation and 

modeling 

Use of computational resource for simulation and creating 

models that replicate factory environments and parts. It 

can happen with the use of virtual reality. 

MOEUF et al. 2018, 

DINIS, 2020 

Digital manufacturing 
Advanced data processing application, as well as cloud 

technologies, for higher levels of automation. 

BENDUL; BLUNCK, 

2019 

Digital security 
Code of practice for information security management to 

avoid loss of customers and contracts, image damage and 
WAN et al. 2016 
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ruin of intellectual property. 

Systems integration 

Integration is one of the great differentials of industry 4.0. 

Can be integrated vertically between resources from the 

factory itself, or horizontally, between members of a 

supply chain. 

SONY, 2018, GU et al., 

2019 

IoT 
Digital connection of physical objects to capture data, that 

can be used for the material recycling process. 

LIN, 2018, MARQUES; 

PITARMA, 2019 

Cyber physical systems 
Monitor physical processes, create a virtual copy of the 

physical space and execute decentralized decisions. 

STRANDHAGEN et al., 

2017, JIANG et al., 2020 

Big data 
Collects, stores and processes data for planning and 

control of manufacturing operations. 

LU; XU, 2019, 

FAROUKHI et al., 2020 

Source: The authors. 
 

Geissdoerfer et al. (2017) define CE as a regenerative system in which resource input 

and waste, emission, and energy leakage are minimized by slowing, closing, and narrowing 

material and energy loops. The CE comes from different schools of thought, being the Pearce 

and Turner economists, those responsible for introducing in 1989, the design of circular 

economic system. 

CE schools of thought have been perfected over time, and current approaches to 

operationalize circular models (Table 2), according to the Ellen MacArthur Foundation 

(2017), are: 

 

Table 2 - Circular economy schools of thought. 

 
SCHOOLS OF 

THOUGHT 

CONCEPT AUTHORS 

Regenerative Design Product projection, that even before it were functional, 

being thought and created to maximize their useful life, 

restoring sources of energy and materials through reuse, 

remanufacturing and recycling. 

COLE, 2012, LIEDER 

et al., 2017, LYLE 

CENTER, 2019 

Performance 

Economy 

School that defends that an item should have its useful life 

extended. Technology and knowledge gains can contribute 

so that the economic use of the product / service is 

extended. 

STABEL, 2010 

From cradle to cradle For this approach, there should be no waste in the industry, 

since the residue of a certain segment would be the starting 

raw material for another, in a circular logic of creation and 

reuse. 

MIRABELLA et al., 

2014, SWAIN, 2017, 

KOPNINA, 2019 

Industrial ecology Study material and energy flows, employing precepts of 

ecology in industry. One of the concepts used in this 

school is industrial symbiosis (IS). 

EHRENFELD; 

GERTLER, 1997, 

CHERTOW, 2000, 

CHERTOW, 2007 

Biomimicry Analyzes the behavior of nature agents and try to imitate it 

to avoid problems of a human nature. 

GEISENDORF; 

PIETRULLA, 2018 

Blue Economy Movement that gather case studies for turning problems 

into opportunity low cost solution for the environment. 

ABERKANE, 2017, 

BLOMSMA, 2018 

Source: The authors. 
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Integration between industry 4.0 concepts and technologies and environmental aspects 

is a promising business trend and necessary for organizational development (GOBBO 

JÚNIOR et al., 2018). One of these integration trends refers to the CE and Industry 4.0. 

Directed in seeking like industry 4.0 can facilitate the deployment of circular 

economic processes, the literature presents low volume of publications on the subjects in an 

integrated way (JABBOUR et al., 2019a, NASCIMENTO et al. 2019), being necessary there 

is expansion of theoretical and empirical studies to check the level of integration and its 

occurrence relationship. 

Okorie et al. (2018) indicates that research integrating industry 4.0 and CE are 

developed, mainly, in the areas of knowledge Computer Science and Engineering, reflecting 

in an interdisciplinary character with technological perspectives economic, organizational and 

adaptation frameworks (cognitive), being the R recycling, reform, remanufacturing and reuse, 

those who recorded the highest proportion of results. 

An industry 4.0 virtual network can uncomplicate engineering end-to-end, connecting 

customers, employees, suppliers and equipment, that exchange data between the different 

phases of the product life cycle (STOCK; SELIGER, 2016). The employment of IoT 

encourages agents to achieve a long-term sustainable supply chain (MANAVALAN; 

JAYAKRISHNA, 2019).   

It should be noted that the Product Service System is seen by industry 4.0 as trend for 

the transformation of traditional industries into digital factories (LEE et al., 2014), as well as 

by the CE as a possibility of extending the life of a product, and material reduction 

(TUKKER, 2015), another possible point of interconnection between concepts addressed in 

this work (BRESSANELLI et al., 2018b). 

Similarly, the IoT, cloud computing, CPS, and additive manufacturing were pointed 

out in the studies of Jabbour et al. (2019b) and Sousa Jaboour et al. (2018a) as a possibility to 

institute the structure RESOLVE in companies. In addition, research proposals like to identify 

technologies and 4.0 industry resources to advance the CE and the relationship between the 

two concepts, in search of sustainability, were placed. 

Tseng et al. (2018) proposes the use of big data to evaluate the trust and behavior 

corporate between suppliers in a supply chain, in order to improve symbiosis. Another 

proposal for big data is the use of data analysis to improve resource efficiency, extend product 

life and close the circle of CE (BRESSANELLI et al., 2018a). The data exchange that this 
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technology allows dealing with material composition and sharing issues of recycling 

optimization or reuse between partners (JENSEN; REMMEN, 2017). 

In general, using sensors, embedded systems, internet connected devices (IoT) and a 

database (LIN, 2018), the machine gets integrated information, aadapt manufacturing 

operations through self-optimization, update routines in real time. Real-time information 

allows point out cell failures in production, avoiding material loss; collect energy values, 

when managing peak periods; recognize what stage of life the product is in, facilitating 

remanufacturing programming and component reuse; and finally, track the product in the 

chain to manage strategic recycling points (YANG et al., 2018; YAZDI et al., 2018; 

MARTÍN-GÓMEZ et al., 2019). 

So, enabling technologies have the potential to introduce the concept of CE and 

overcome operationalization challenges, smoothing the supply chain transition of a linear 

model for circular (BRESSANELLI et al., 2018b; GARCIA-MUIÑA et al., 2018; SALAH et 

al., 2019; SING et al., 2019; TSENG et al., 2019). 

Due to industry 4.0 having a diversity of technologies, and the CE has several 

approaches to implementation, as well as the concepts being emergent and complex, it is 

essential to formulate an integrative structure (BLOMSMA; BRENNAN, 2017; OKORIE et 

al., 2018). Figure 1 represents the integration between industry 4.0 and the CE. In the center 

of the figure, the schools that guide the application of the CE with the tools of industry 4.0. 

The joint use of enabling technologies contributes to the implementation of the CE and 

consequently for organizational sustainability.  
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Figure 1 - Framework the integration between industry 4.0 and CE 

 
Source: The authors. 

 

Aiming to answer how enabling technologies may be integrated into the practice of 

CE, and what characteristics should be considered, Nascimento et al. (2019) suggests a 

business model of the circular intelligent production system, involving industry 4.0, CE, 

sustainable supply chain management and additive manufacturing. Thus, in order to contribute 

to the discussion of integration between industry 4.0 and CE, a study of keywords was carried 

out, in theoretical and practical studies, aiming to identify which other tools, policies and 

strategies can be coupled in the study of integration. 

 

3. METHODOLOGICAL PROCEDURES 

 

The focus of the research was a bibliometric review the co-occurrence of keywords. 

The bibliometric study is a method to know the contributions of the literature about a certain 

topic being applied in several research areas (AHMED; HUANG, 2019; HAFEZALKOTOB 

et al., 2019). Ellis et al. (2019), López-Robles (2019) and Wang and Yang (2019) 

bibliometrics is a common form of investigation and accepted for the study of literature, 

generally producing information about published documents, citations received, impact factor 

of journals, most cited authors and key words in order to offer insights on the general 

development of research.  

The theoretical background addresses industry 4.0 topics 4.0, CE and integration 

between the two concepts, whose materials have theoretical and empirical character. The 
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databases chosen for the analysis of the keywords were Scopus and Web of Science, for its 

representativeness, credibility and volume of international publications. The option for two 

bases suitable to guarantee a comparative and the scope of verification more embracing.  

The search strings were: “INDUSTRY 4.0”, “CIRCULAR ECONOMY”, 

“INDUSTRY 4.0” AND “CIRCULAR ECONOMY”, “SMART INDUSTRY” AND 

“CIRCULAR ECONOMY”, “ADVANCED MANUFACTURING” AND “CIRCULAR 

ECONOMY” and “FOURTH INDUSTRIAL REVOLUTION” AND “CIRCULAR 

ECONOMY”. The terms were searched for in the article title, abstract and keywords.  

The data collection of the journals happened in the first half of May 2019, being 

applied as an inclusion criterion the “article” filter, due to its selection and solidity in the 

literature. The journals collected on industry 4.0 are dated 2012-2019, CE’s from 2004-2019 

and integration between industry 4.0 and CE from 2011-2019. Subsequently the search and 

application of the filter, the articles were saved to the extent acceptable by the software, and 

words that had at least a 2-fold occurrence level, its occurrence was extracted and strength 

ratio. 

For the study of words, the VOSviewer software was used, version 1.6.8, in order to 

form co-occurrence of the terms, that indicate the number of times that two terms occur 

together in a set of documents, and use the similarity of the occurrence as a strength of 

association (VAN ECK; WALTMAN, 2010; KAMDEM et al., 2019; REDEKER et al., 

2019). The VOSviewer generates a visual map, where the bigger for the level of occurrence of 

the keywords, the circular shape of the word is denser (LAWAL, 2019).  

The abstract and keywords were imported in extension CSV of Scopus database, and 

the full record extension and the full record extension of Web of Science database. Through 

the results, the keyword network was formed and their relationships analyzed to check if the 

concepts of industry 4.0 and CE are interconnected. 

 

4. RESULTS AND DISCUSSIONS 

 

As of consultation the base Scopus, the search string “industry 4.0” resulted in 4801 

documents. Using the include filter, that number reduced to 1612 articles. With the string 

“circular economy” 3810 documents were found, that after using the inclusion filter, were to 

2143 articles. However, as this basis limits data export to 2000 journals, was collected for this 
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keyword study, only the limit articles of the base.  In contrast, the consultation at the base 

Web of Science, the string “industry 4.0” 2911 articles were found, and with the filter 1027 

articles. Research with “circular economy” derived in 3183, and after the inclusion filter, 

1770 articles. 

After collecting the articles, exported to VOSviewer software extract the volume of 

keywords and the most frequent words (Table 3). 

 

Table 3 - Volume of keywords in collected articles. 

 
VOLUME OF KEYWORDS 

 SCOPUS WEB OF SCIENCE TOTAL 

INDUSTRY 4.0 8000 3985 11985 

CIRCULAR ECONOMY 12187 7677 19864 

Source: Data VOSviewer. 

Table 4 presents the 15 keywords most recurrent in the literature on industry 4.0 and 

CE. In industry 4.0, the relevance of enabling technologies internet of things, cyber physical 

systems and big data was found, and similarity to recycling, waste, sustainability and life 

cycle practices for the CE. 

 

Table 4 - 15 most recurrent keywords in the literature on industry 4.0 and CE. 
 

RECURRENT KEY WORDS IN LITERATURE 

INDUSTRY 4.0 CIRCULAR ECONOMY 

SCOPUS WEB OF SCIENCE SCOPUS WEB OF SCIENCE 

Industry 4.0 Industry 4.0 Circular economy Circular economy 

Embedded systems Internet Article Sustainability 

Manufacture Big data Recycling China 

Internet of things Systems Waste management Management 

Cyber physical system Cyber-physical systems 
Sustainable 

development 
Energy 

Big data Future Economics Life-cycle assessment 

Industrial revolutions Design Life cycle Waste 

Industrial research Management Priority journal Design 

Cyber-physical systems Internet of things 
Environmental 

impact 
Recycling 

Decision making Framework Sustainability Performance 

Smart manufacturing Model Life cycle analysis Systems 

Smart factory Things Waste disposal Industrial ecology 

Automation Challenges Life cycle assessment Framework 

Internet of things (IoT) Architecture 
Life cycle assessment 

(LCA) 
System 

Distributed computer 

systems 
Performance Procedures Challenges 

Source: Data VOSviewer. 
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To check the concepts that are worked on by both industry 4.0 and the CE, articles 

were collected through the search strings for the integration of the Table 5. Most integration 

articles are dated 2017, 2018 and 2019, and the total volume of key words in the integration is 

233 words. 

 

Table 5 - Volume of articles on integration between industry 4.0 and EC. 
 

QUANTITY OF ARTICLES 

STRING DE BUSCA SCOPUS WEB OF SCIENCE 

“INDUSTRY 4.0” AND “CIRCULAR ECONOMY” 21 15 

“SMART INDUSTRY” AND “CIRCULAR ECONOMY” 0 0 

“ADVANCED MANUFACTURING” AND “CIRCULAR 

ECONOMY” 
2 2 

“FOURTH INDUSTRIAL REVOLUTION” AND 

“CIRCULAR ECONOMY” 
2 2 

Source: The authors. 

 

The occurrence number and the strength of the integrated words are shown in Table 6. 

Highlight that, due to the low volume of publications, no filters were used to collect data from 

integration articles, as well as limiting, the mapping of the keywords was created with all the 

articles of the Scopus and Web of Science, considering possible duplicate articles.  

 

Table 6 - 15 most recurrent keywords of integration in the literature. 
 

INTEGRATION OCCURRENCE STRENGHT 

Industry 4.0 18 117 

Industrial economics 8 89 

Sustainable development 4 68 

Environmental impact 3 63 

Supply chain management 3 62 

Information management 3 59 

3-D printing 2 54 

3-D printers 2 54 

3D printing 2 54 

Additive manufacturing 2 54 

Advanced manufacturing technologies 2 54 

Advanced manufacturing technology 2 54 

Cast iron 2 54 

Circular economy 14 54 

Design/methodology/approach 2 54 

Source: Data VOSviewer. 

 

It is noticed that of the 15 most latent words of integration, the word industry 4.0 has 

the highest level of occurrence and strength, followed by industrial economics. The words 
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industry 4.0, information management, 3-d printing, 3-d printers, 3d printing, additive 

manufacturing, advanced manufacturing technologies and advanced manufacturing 

technology are related to the situation of industry 4.0 (8 of the 15 most relevant). In the CE 

framework, there are 4 associated words in the integration: circular economy, industrial 

economics, sustainable development and environmental impact. The word 

design/methodology/approach was categorized as a method to perform the integration, and 

supply chain management and cast iron, as application contexts, being separated in the 

analysis. Therefore, despite the volume of keywords be more related to industry 4.0, mainly 

enabling technologies, the concepts of industry 4.0 and CE presented complementarity.  

To measure a possible level of integration between industry 4.0 and CE, the level of 

occurrence and strength were crossed, in a correlation matrix between the concepts (Table 7). 

The literature that studies industry 4.0 features CE word registration, at an occurrence level of 

only 7 times in 1612 articles, with a force of 91 at the base Scopus. In Web of Science has an 

occurrence of 3 times in 1027 journals and a strength of 40. In reverse, journals investigating 

the CE, but hold the word industry 4.0, there are 7 times in 2000 articles and a force of 82 on 

Scopus, and an occurrence of 4 times in 1770 documents, with a strength of 35 in the Web of 

Science.  

 

Table 7 - Industry 4.0 and CE correlation matrix. 
 

 SCOPUS WEB OF SCIENCE 

 KEYWORDS 

 

 

 

 

CONTEXT 

INDUSTRY 

4.0 

CIRCULAR 

ECONOMY 

INDUSTRY 

4.0 

CIRCULAR 

ECONOMY 
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INDUSTRY 4.0 887 10345 7 91 539 1717 3 40 

CIRCULAR 

ECONOMY 
7 82 1244 20546 4 35 1082 7843 

Source: Data VOSviewer. 

 

The occurrence of the word of integration and its strength, comparatively the 

occurrence of the word industry 4.0 and CE, and in view of the number of articles, it's a very 

small volume, currently indicating a low level of integration. Furthermore, when evaluating 

the set of most latent words of the concepts separately (Table 4), the results of the keywords 
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mention that is not found in industry 4.0 research (the least in the first 15 words), the presence 

of themes, circularity strategies, policies and concepts. It is also identified, in the most 

relevant CE keywords, a focus on pure sustainability, without connection with other 

propositions or areas.   

The academic literature indicates that the two concepts are integrated, providing 

synergies during their execution, however, at a very early stage of studies. It is indicated that 

this relationship is more focused on industry 4.0 towards the EC, than the deployment of the 

EC towards industry 4.0. Figure 2 shows that enabling technologies are support points for the 

EC, what was not observed how circular organizations can favor the realization of industry 

4.0. 

Figure 2 - Keyword map of industry 4.0 and CE integration 

 

 
Source: VOSviewer. 

 

Stand out, despite originating from different movements and with more targeted 

synergistic gains, industry 4.0 can help facilitate, streamline and make CE precepts more 

efficient, moving towards an integrated and sustainable supply chain, as well as corroborating 

the decrease in the volume of waste of industrial activity and gains in the economy of 

companies. Contributions of how the CE can simplify the deployment of industry 4.0 demand 

studies, since this relationship is not yet clear in the literature.  

Therefore, studies with cases of implantation between the two concepts, investigations 

that propose to discuss facilitators and barriers of the industry 4.0 and CE, and quantitative 
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research to measure the level of integration, both in developed and developing countries, are 

welcome to the academy.  

 

4.1 Term occurrence network (Keywords) 

 

Bearing in mind that there is integration between the concepts of industry 4.0 and the 

CE, the keywords from the VOSviewer were crossed, to identify study possibilities. Initially, 

20 CE words were crossed with 17 from industry 4.0, chosen with an occurrence level of at 

least 5 times among the collected articles, and that they had a complete formation of the word. 

After this crossing, only keywords that had not been published in at least one of the 

intersections were filtered, whose result is described in Table 8. At this time, to recognize 

research opportunities, priority was given to collection in the Web of Science database, due to 

have a greater volume of articles directed to the engineering area.  

 

Table 8 - Cross between keywords. 
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The cross between cyber physical systems and eco innovation resulted in only 1 article 

in the literature, which signals research potential between the two keywords. In the keyword 

big data there are no studies between this technology and reverse logistic. The word internet 

of things presents a small volume of articles published from the intersection, 1 publication for 

industrial ecology, reverse logistic and eco innovation, 2 for industrial symbiosis and 3 for 

eco efficiency. In the integration between cloud computing and reverse logistic there is only 

one study in the literature with the intersection of the two keywords. The words robotics and 

industrial ecology only result in the journal “The Industrial Ecology of Emerging 

Technologies” published. There is no intersection between automatic guide vehicles, virtual 

reality, blockchain, industrial automation and the chosen CE keywords, pointed a gap in the 

literature. It was observed that augmented reality is related to industrial ecology only in 1 

publication. 

At the crossroads of machine learning + eco innovation and machine learning + 

resource recovery, there are 2 and 1 articles published respectively. The artificial intelligence, 

eco efficiency and eco innovation integration has only 1 and 3 publications in that order. 

Between digital technologies and industrial ecology, and eco efficiency there is 1 academic 

publication for each intersection, but for the word eco innovation there are 2 publications. For 

smart grid there is 1 publication on the industrial symbiosis theme and eco innovation, and 2 

for resource efficiency. 

It is emphasized that even where there are intersections, the number of publications in 

the literature is low, approximately, in most crossings, of a maximum of 3 articles. Reverse 

logistics remains the keyword with the least integration with the technologies of industry 4.0, 

despite the relevance of its practice for the control of material flow to the CE. 
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Substantially, big data intersects with all CE keywords, being the technology best 

explored in the literature. The volume of studies that works with big data and CE grows in 

academia, within contexts, practices and multiple methods. IoT and cloud computing stand 

out after the big data study.  

To date, technologies such as physical cyber systems, augmented and virtual reality, 

and additive manufacturing have obtained few studies with CE keywords, pointing out the 

demand for future research, fundamentally in studies aimed at reverse logistics and resource 

recovery.  

Eco efficiency, industrial ecology and eco innovation are the themes that the literature 

develops the most, by integrating with industry 4.0 technologies. Although there are 

published materials involving the subject, consider that the topic needs further investigation, 

due to the restricted number of articles published. 

Not found in the consulted academic literature, research that linked blockchain, 

automated guided vehicles (AGV), and industrial automation to the keywords CE. Thus, 

additional studies are also considered to identify if, specifically at this intersection, there are 

potential research. 

In short, studying the technologies of industry 4.0 together with industrial ecology, 

industrial symbiosis, reverse logistic, eco efficiency, resource recovery and eco innovation 

offer research opportunities to increase the volume of studies integrating industry 4.0 and the 

CE. 

 

4.2 Analysis of the integration of industry 4.0 and CE 

 

The study of keywords is rich in allowing varied crosses, from which future research 

opportunities may arise. Therefore, given the result of the VOSviewer software, the literature 

review, and the crossings made in the previous items, are pointed out below some gaps that 

the literature presents. 

 

 Big data 

Data analysis tools are required to virtual interdisciplinary collaboration between 

researchers in the field of industrial ecology. Furthermore, big data helps to develop of more 

realistic complex system models, helping ecologists to understand the environmental 
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implications of the industrial system (XU; CHAI; LIANG, 2015). The life cycle analysis 

literature can also benefit from this industry 4.0 technology (ROSS; CHEAH, 2019).  

Big data will provide support to expand carbon capture and storage, that mitigates the 

global greenhouse effect. Therefore, extracting opinions from popular people, organizations 

and countries is recommended (ZHANG; HUISINGH, 2017). In addition, due to the 

complexity, diversity and dynamics of waste sources, big data is a promising research 

approach, mainly, in the formation of information banks of materials for the practice of IS 

(SONG et al., 2017).  

Conti and Orcioni (2019) there are many possibilities to study the positive impacts of 

big data, such as the use of data in product traceability for the execution of reverse logistics. 

Studies applying big data are pointed out by Mavi, Saen and Goh (2019) for country eco-

efficiency assessment. 

Considering economic viability, adequacy of resources and environmental acceptance, 

the big data allows the assessment of resources to be recovered, providing the economy of 

resources recommended by the CE (KANG et al., 2018). Munodawafa and Johl (2019) point 

out that the study of big data and eco innovation need explorations of mixed research 

methods, of comparative character, and longitudinal to analyze the effects on the dimensions 

of product, service, marketing and on the organization. 

 

Cloud computing 

Cloud computing has been proposed in industrial ecology laboratories in Japan and 

Australia, in order for users to use a large amount of data to personalize their environmental 

demands (LENZEN et al., 2014; WAKIYAMA et al., 2020). This technology supported 

decision-making by SmartHome manufacturers, in terms of eco efficiency of products 

(KIRKHAM et al., 2014). 

Cloud computing is a useful to increase eco innovation. Eco innovation lacks market 

data to be implemented, so, green online marketing information in cloud influence business 

performance (PISTOL; TONIS, 2017).   

 

IoT 

IoT allows knowledge interoperability between companies in an eco-industrial park, 

implying smart decision making (ZHANG et al., 2017). It is an effective methodology for 
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monitoring sustainability, to explore local resources, including those susceptible to symbiotic 

exchange (GARCIA-MUINÃ et al., 2019). 

Like symbiosis, reverse logistics benefits from IoT. Thurer et al. (2019) proposes that 

studies for the elaboration of optimization methods are essential, intending to dynamically 

determine the layout of the collection points for reverse materials. 

More work is required to map the eco-efficiency of smart agriculture, in this sense, 

IoT technology can be operated (ROSE; CHILVERS, 2018). Facilitating factors for IoT 

should be identified in the future for the implementation of smart networks, integrating 

technology and sustainability to reduce demand for electricity and to promote the efficient use 

of water (GONZÁLEZ-AMARILLO, CÁRDENAS-GARCÍA, MENDOZA-MORENO, 

2018).  

 

 Robotization 

New areas of research are requested so that industrial ecology understands the social 

implications, technological and environmental aspects of robotization (ALLENBY, 2009). On 

social implications, Rose and Chilvers (2018) point out that robotization has unintended 

social consequences, unforeseen and unwanted, then, needs to be ascertained.   

 

 Additive manufacturing 

Industrial ecology can contribute to studies to develop methods and tools that 

guarantee production quality, with parts manufacturing using additive manufacturing (YI et 

al., 2020). As additive manufacturing disseminates, the generation of optimized structures is a 

relevant issue that affects the eco efficiency of the parts produced (DÍAZ LANTADA et al., 

2017; MAMI et al., 2017).  

 

Augmented and virtual reality 

Augmented reality solutions are pleaded for offering business opportunities to the 

industry (SHAHROKNI, 2015), and virtual reality for helping to IS (NADERI et al., 2019). 

Gabajová et al. (2019) virtual reality can be explored for training in any area of industrial 

production, in particular, to train employees and pass on eco-efficiency procedures. 

 

Machine learning  
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Few studies have used machine learning, being valid its expansion to interpret patterns 

in the data and predict unknown variables (FROEMELT; BUFFAT; HELLWEG, 2019). 

Machine learning can be used to measure and quantify the ecological footprint, water 

footprint and land use in assessing sustainability (ABDELLA, 2020). 

Refine forecasting models with the application of machine learning, to reflect the 

dynamics of resource recovery and to optimize the quantity and quality of recovered 

resources, are recommended by Adeogba et al. (2019). 

 

Artificial intelligence 

It is used in the construction of methodologies, tools, and procedures to improve eco-

efficiency. Future work can be oriented to this technology for small companies (NADERI et 

al., 2019). Applying artificial intelligence, Timma, Blumberga and Blumberga (2015) created 

a conceptual methodology for the diffusion of eco innovation, which demands studies to be 

extended to other engineering problems, with combined and mixed methods. 

Eglash et al. (2020) expects new research to discuss the social role of artificial 

intelligence, and not only the focus of green technology, like what happens in articles dealing 

with CE and IS. 

 

Smart grid 

Kuznetsova, Zio and Farel (2016) suggest research that creates optimization models 

for the distribution and use of industrial electricity among symbiotic partners, predicting 

future supply and price variations. To model real energy prices, smart grid can be used in 

resource recovery installation, making it more efficient (PÓVOA et al., 2017). 

The energy sector presents ecological problems, therefore, propositions of eco 

innovations, involving smart grid in energy monitoring, with real-time data to help companies 

distribute, are recommended by Ghazal et al. (2016). 

Based on the intersections in Table 8, that there were no academic studies at certain 

intersections, it is proposed as contribution of this work some combinations and opportunities 

for future research. 
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Table 9 - Combination and research opportunities. 
 

SEARCH 

COMBINATION 
RESEARCH OPPORTUNITIES 

Industrial ecology and 

industry 4.0 technologies 

1) Investigate how CPS creates conditions for greening of factories; 

2) Understand how industrial robotization forms a new study scenario for 

industrial ecology; 

3) Study in which aspects AGV collaborate for an ecological distribution of the 

manufacturing plant; 

4) Test whether virtual reality simulation simplifies the learning and 

implementation of ecological practices in industries; 

5) Research under which determinants the application of artificial intelligence 

results in greener industrial operations. 

Industrial symbiosis and 

industry 4.0 technologies 

1) Indicate how CPS can collaborate with computational entities in the search to 

effect the exchange of resources in the symbiotic process; 

2) Present structures on how cloud computing will provide online resource sharing 

platforms, and how these can reduce partner negotiation costs; 

3) Study how the robotization of the industry simplifies the selection of exchange 

materials; 

4) Check if the additive manufacturing supports IS, in the sense that the exchange 

resources, to meet customer specifications, they may need to print additional 

materials; 

5) Investigate how AGVs can reduce transport costs when sending exchange 

material; 

6) Explore at what points virtual reality can build a simulation of the IS network, 

before the start of its creation; 

7) Understand the contributions that machine learning makes in the mapping of 

material flow and waste sorting; 

8) Understanding drivers, barriers, and benefits of digital technologies to IS. 

Reverse logistic and 

industry 4.0 technologies 

1) Explore the impacts of CPS implementation on reverse logistics; 

2) Examine how robotization supports the selection, movement and loading of 

materials that will return to the manufacturing point (reverse); 

3) Check if the implementation of additive manufacturing, for performing local 

printing and change inventory and supply chain suppliers, may reduce the volume 

of reverse material in factories; 

4) Propose strategies for massification the use of AGV in reverse logistics, 

directing studies to countries with problems in collecting material and lower 

recycling rate; 

5) Extend studies that assess how augmented reality supports the storage and 

movement of reverse materials; 

6) Research where virtual reality facilitates return procedures for hazardous 

materials, and compliance with regulations;  

7) Explore cases of application of machine learning and artificial intelligence in 

reverse logistics, formulating standard transport routes, with lower cost and 

environmentally friendly; 

8) Expand research on digital technologies and automation, aiming to enable 

better results in the reverse logistics of toxic packaging e electronic waste. 

Eco efficiency and 

industry 4.0 technologies 

1) Investigate from which perspectives the real-time monitoring of CPS provides 

the eco-efficiency of companies;  

2) Measure under which conditions AGVs reduce pollutants and increase the eco 

efficiency of the plant; 

3) Analyze which elements of augmented reality could be added to the production 

line, to visualize eco efficient processes; 

4) Understand which industrial automation tools can be aligned with the search for 

eco efficiency of global chains; 
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5) Study how smart grid technology, installed in generating plants, transmission 

networks, and factories, provides eco-efficiency for renewable energy sources. 

 

 

 

 

 

 

 

 

Resource recovery and 

industry 4.0 technologies 

1) Indicate the impacts and limitations of CPS connectivity on the ability to 

recover productive resources; 

2) Exemplify, through the methodology of case studies, situations that the IoT will 

collaborate in locating the recovered material on the manufacturing line;  

3) Propose strategies for the company to expand the cloud storage of resource 

recovery procedures; 

4) Demonstrate ways that robotization and industrial automation assist in the 

selection and classification of hazardous materials, avoiding human contact during 

the recovery process; 

5) Explain how additive manufacturing can add missing materials to recovery 

items, speeding up the process; 

6) Research the results of virtual reality in resource recovery, preferably in the 

precision of material cutting processes, and storage simulation; 

7) Study how augmented reality can be used to raise awareness of the relevance of 

resource recovery, and to stimulate the generation of ideas beneficial to recovery; 

8) Investigate the assistance that artificial intelligence will bring in the 

replacement of human labor, during the separation of resources to be recovered, 

and consequently, reduction of risks to workers' health; 

9) Expand research on how digital technologies will reduce the costs of receiving 

the material to be recovered, its screening, and appropriate treatment, when 

necessary.  

Eco innovation and 

industry 4.0 technologies 

1)  Determine how industrial robotization and automation clarifies the 

implementation of innovative eco industrial processes; 

2)  Confirm the ability of additive manufacturing to streamline the development 

and production of innovative eco products; 

3)  Promote a comparative study between countries, dealing with the structuring of 

government policies to encourage the generation of eco innovations, in the AGV 

sector; 

4)  Present scenarios of the application of augmented and virtual reality in projects 

of innovative eco technologies, separating them by phase, of gathering prior and 

detailed information, development, testing and validation, production and 

launching to the market; 

5)  Checking whether machine learning will increase learning patterns of eco 

innovation, increasing common processes, and resulting in a greater volume of eco 

innovations created. 

Source: The authors. 

 

6. CONCLUSION 

 

It is considered that the objective of the article to analyze if the concepts of industry 

4.0 and CE are integrated or disjointed, recognizing in the literature which are the most 

frequent keywords in this relationship and their occurrence, it was reached.  

The concepts of industry 4.0 and CE are integrated and can be developed together in 

the literature and by the business community, although, academic research about the 

interconnection between these concepts is in an initial stage and in a disjointed way.  
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The theoretical review of this article addressed enabling principles and technologies of 

industry 4.0, and schools of thought, RESOLVE structure, and CE cycles. A framework was 

also proposed to visualize the interconnection between enabling technologies and CE schools, 

that can be teased and transformed for further investigations. 

 Knowing that the study of industry 4.0 is mainly related to enabling technologies, and 

for the CE these are matters of recycling, waste management, life cycle and sustainability, 

industry 4.0 and CE concepts can be worked in an integrated way, however, due to the low 

number of occurrences of the integration word and its strength, as well as studying the 

network map, a low current level of integration is considered. It is indicated that this 

relationship is more focused on industry 4.0 towards the CE, than the reverse.  

Integrate studies of industry 4.0 technologies with the keywords of the CE (industrial 

ecology, industrial symbiosis, reverse logistics, eco efficiency, resource recovery and eco 

innovation) is a possibility to increase the volume of studies in the literature between industry 

4.0 and CE. 

In general, the literature still lacks an investigation process among the concepts 

proposed in this article, particularly in exploring how the CE can simplify the deployment of 

industry 4.0, and in investigating the research opportunities indicated in Tables 8 and 9. 

 

5.1 Research contributions for academics and managers 

This work contributes to business managers in the sense that it facilitates the 

understanding that industry 4.0 and CE can be worked together. The result of the keywords 

will guide which skills, strategies, technologies and fundamentals, the company will have to 

develop to effect the CE, through industry 4.0.  

Companies that practice integration will simplify the implementation of the CE, 

essentially achieving economic and environmental gains from waste management. For using 

industry 4.0 technologies, towards CE, there will be synergies that will allow the organization 

to achieve the benefits of both concepts simultaneously.  

For academic research, contributed with one more study on the integration of industry 

4.0 and CE, that are few in the literature. Keywords were also mapped, that until then, had not 

been developed in existing integration articles, besides proposing a framework that can be 

transformed and signal research opportunities. It is also noted that big data technology has 

greater current research potential, and that CPS technologies, augmented and virtual reality, 
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and additive manufacturing need further studies, in particular, those focused on reverse 

logistics and resource recovery. In addition, a greater number of enabling technologies were 

considered in this study and precepts of industry 4.0 of the current disposition in the studies of 

integration of the literature, not just checking some technologies, like IoT, CPS, big data and 

additive manufacturing. 

 

5.2 Limitations and future research 

It is an exploratory study, with little depth of investigation of the variables, 

furthermore, because of the fact that there are few studies on the integration, comparative 

weights become restricted. Due to its theoretical nature, it is impossible to statistically 

generalize the data, and checking if the keywords found are actually used in industrial 

organizations.   

The search strings are restricted and the “article” filter for industry 4.0 and CE may 

have restricted the analysis, may dispense interesting conference or review materials. 

Although being the most usual, the study was limited to the use of two databases, and to 

check if there was published research material (Table 8), only the Web of Science database 

was used. 

As future research it is suggested: a) the application of other tools to measure the level 

of integration, b) extension of the review study to discover other possible integration points, 

and c) conducting an empirical study on the topic. It is highlighted that the research 

opportunities in Table 9 could be converted into themes or hypotheses of qualitative and 

quantitative studies, theoretical or empirical, and Table 8 indicates, at their intersections, 

research gaps. In this way, its result in possibilities of deepening the literature on the topic 

and/or original studies. 
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