
114

Volume 16 • Issue 1 • 2024
Engineering Management in Production and Services

received: 1 September 2023
accepted: 15 December 2023

Circular manufacturing and 
Industry 5.0. assessing material 
flows in the manufacturing process 
in relation to e-waste streams

A B S T R A C T
The article aims (1) to evaluate material flows in the manufacturing process reflecting 
the level of circular manufacturing of European Union countries and (2) to estimate 
the relationship between the level of circular manufacturing and the volume of e-waste 
put on the market, illustrating the implementation effect of Industry 5.0 technologies. 
A systematic country classification was created according to development conditions 
for environmentally sustainable enterprises and trends in e-waste volumes. 
Multidimensional data analysis and the linear ordering method were used to achieve 
the research objectives. The dynamics of changes in the identified variables were 
analysed using dynamics indexes and the average annual rate of change. Relationships 
were estimated using Pearson’s linear correlation coefficient. The main research result 
is the estimated synthetic development measure illustrating the level of circular 
manufacturing in the context of material flows. Significant differences were observed 
between the synthetic development measure values representing the level of circular 
manufacturing in European Union countries. This means countries’ circular 
manufacturing levels are significantly higher than others. Moreover, the values of 
correlation coefficients were estimated between the level of circular manufacturing 
and the volume of e-waste put on the market and between the average annual rate of 
change of the synthetic development measure and the average annual rate of change 
of the e-waste volume. The coefficient values do not confirm a statistically significant 
relationship between the indicated variables. Most countries have average conditions 
for developing environmentally sustainable businesses, but at the same time, they 
show negative trends in the volume of e-waste generated. 

K E Y   W O R D S
circular economy, environmentally sustainable enterprises, Industry 4.0, Industry 
5.0, circular manufacturing, sustainability

10.2478/emj-2024-0009

Agata Mesjasz-Lech

Faculty of Management  
Czestochowa University of Technology 

Generala Jana Henryka  
Dabrowskiego Street 69  

42-201 Czestochowa, Poland
ORCID 0000-0001-9577-2772

Corresponding author:
e-mail: a.mesjasz-lech@pcz.pl

Ágnes Kemendi

Faculty of Mechanical  
and Safety Engineering  

Óbuda University 
Becsi Street 96/B 

H-1034 Budapest, Hungary
ORCID 0000-0002-6452-8563 

e-mail: kemendi.agnes@uni-obuda.hu

Pál Michelberger

Faculty of Mechanical  
and Safety Engineering  

Óbuda University 
Becsi Street 96/B 

H-1034 Budapest, Hungary
ORCID 0000-0001-5752-0224 

e-mail: michelberger.pal@ 
bgk.uni-obuda.hu

Introduction

Sustainability of the production system and 
elimination of waste are at the centre of circular 
manufacturing. Circular manufacturing is a new 
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production approach that helps to create environ-
mentally sustainable enterprises (Le et al., 2023; 
Gupta et al., 2021). In today’s world, circular manu-
facturing can be regarded as an important aspect of 
corporate social responsibility. Moreover, this aspect 
elevates corporate social responsibility to a truly 
meaningful level beyond a marketing concept.
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Environmental management has been tradition-
ally part of responsible corporate behaviour. The cir-
cular manufacturing approach triggers significant 
change in manufacturing by minimising waste 
through reducing, reusing/refurbishing, recycling, 
and recovering (Acerbi et al., 2021a; Acerbi et al., 
2021b). This approach helps to reduce the overall 
environmental impact and revolutionarily transform 
the production system (Kumar et al., 2019).

Customer expectations are becoming more indi-
vidualised and complex, driving change in company 
operations aiming to ensure better availability of 
products and resulting in increased consumption of 
company resources, mainly raw materials and energy 
(Ogiemwonyi et al., 2023). Circular manufacturing is 
complex and multifaceted; thus, it is difficult to grasp 
its systemic and dynamic nature (Roci et al., 2022). In 
a company, the implementation of the R-strategy 
(refuse, rethink, reduce, reuse, repair, refurbish, 
remanufacture, repurpose, recycle, and recover) is 
seen as its dynamic capability (Mora-Contreras et al., 
2023). Digital technologies facilitate the implementa-
tion of circular manufacturing systems. Previous 
research in the context of the impact of Industry 5.0 
on the creation of circular economic cycles focused 
on issues related to the following three areas:
• supporting the circular economy by using Big 

Data to implement industrial symbioses in cities 
(Song et al., 2017; Song et al., 2015),

• avoiding wastage of products and materials by 
optimising flows in supply chains and produc-
tion systems using Big Data Analytics (Ciccullo 
et al., 2022; Li et al., 2022) and the Internet of 
Things (Martikkala et al., 2023; Ramya et al., 
2023; Seker, 2022),

• minimising wastage of resources and increasing 
the level of processing using new technologies 
such as the Internet of Things, artificial intelli-
gence and machine learning (Said et al., 2023; 
Andeobu et al., 2022).
The research focus on prioritising the green 

economy and efficient use of scarce resources is con-
sistent with Huang et al.’s (2022) approach to Industry 
5.0. However, Masoomi et al. (2023) pointed out that 
an important research gap is the lack of a comprehen-
sive framework addressing sustainability challenges, 
particularly resource efficiency, circular manufactur-
ing, and social and environmental impacts in the 
context of Industry 5.0. Concerning circular manu-
facturing, Industry 5.0 technologies support compa-
nies in creating circular, smart products (Ghobakhloo 
et al., 2022), enabling smart and sustainable manufac-

turing (Sami et al., 2023), enabling circular life cycle 
(Fraga-Lamas et al., 2021), and sustainable resource 
management (Paschek et al., 2022). The development 
and application of advanced information technolo-
gies of Industry 5.0 is expected to improve business 
operations’ efficiency and productivity while reduc-
ing waste and resource consumption (Psarommatis et 
al., 2023).

Liu et al. (2023) showed that Industry 4.0 tech-
nologies enable the implementation of circular manu-
facturing, but further rigorous verification of 
empirical results is needed. The publication explores 
the environmental context of Industry 5.0/4.0, the 
goals of circular manufacturing, and the Industry 
5.0/4.0 technologies supporting enterprises towards 
circular activities. The purposes of the article are to 
evaluate material flows in the manufacturing process 
reflecting the level of circular manufacturing of Euro-
pean Union countries and to estimate the relationship 
between the level of circular manufacturing and the 
volume of e-waste put on the market, which illustrate 
the effect of the implementation of Industry 5.0 tech-
nologies. The adopted goals are based on the assump-
tion that, unlike Industry 4.0, Industry 5.0 
technologies are more focused on human needs in 
the context of sustainable development. Thus, they 
should support activities with the least possible nega-
tive environmental impact. One effect of their imple-
mentation should, therefore, be the reduced amount 
of waste generated through sustainable material flows 
in terms of the created environmental burden. The 
publication presents an analysis of the effects of circu-
lar manufacturing in the context of the e-waste 
streams in the European Union countries.

1. Literature review 

1.1.  Circular manufacturing goals

Today’s economy forces manufacturers to change 
their management model due to three trends: vertical 
integration, digitisation and cost leadership (Krings 
et al., 2016). Additionally, extended producer respon-
sibility imposes liability for products on companies in 
the post-consumer phase (Dan et al., 2023). The drive 
to be competitive forces manufacturing companies to 
increase the availability of high-value-added prod-
ucts. As a result, they are implementing new business 
models allowing them to offer high-quality products 
to meet demand and, at the same time, promote  
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a new perspective on the role of resources in the 
economy, thus enabling them to achieve the goals of 
the circular economy (Wu & Pi, 2023). 

The goal of the circular economy is to reduce 
waste and maximise resource use by extending the 
life cycle of products. Three characteristics of the cir-
cular economy can be distinguished (Ren et al., 2023):
• elimination of waste and pollution in the context 

of sustainability and renewal rather than in the 
context of efficiency and waste in terms of prod-
ucts and processes,

• restoration of the value of products and materials 
(instead of discarding them) through repair, 
reuse and recycling, 

• restoration and regeneration of natural systems 
to ensure they are available for future genera-
tions.
The goals of circular manufacturing, such as 

extending product life cycles, reducing waste and 
thereby improving sustainability, can also be achieved 
through infrastructure for sharing information 
among ecosystem players (Barata et al., 2022). Actions 
taken on governmental levels of individual European 
Union member states or regions to implement the 
circular economy influence the level of goal achieve-
ment connected with, among other things, resource 
scarcity, climate change, the creation of global value 
chains and the implementation of UN sustainable 
development policies (Kulczycka, 2018). Therefore, 
the activities implemented at the level of the national 
economy set the course of action for companies with 
respect to circular production. Active sectoral coop-
eration with economic players is essential for design-
ing effective strategies and policies that will motivate 
and eliminate barriers to introducing circular econ-
omy programmes in enterprises and support the 
implementation of new technologies and innovative 
processes in this regard (Skare et al., 2023).

When measuring circular manufacturing, it is 
important to consider material flows used in the 
economy and discharged into the environment or 
reintroduced into economic processing. Circular 
manufacturing, which is a characteristic of environ-
mentally sustainable enterprises, is reflected in the 
country’s circular economy. Therefore, circular econ-
omy assumptions adopted at the state level set the 
course for enterprises in this area, creating the right 
conditions for their operation and decision-making 
in the context of shaping material flows in closed 
production loops. For this reason, the following 
research question was formulated:

Q1: How should circular manufacturing be 
measured considering material flows used in the 
economy and discharged into the environment or 
reintroduced into economic processing?

1.2.  Environmental context of Industry 
5.0

The Industry 4.0 paradigm is essentially techno-
logical and harmonious with the business models’ 
optimisation and economic thinking. However, it is 
not suitable for environmental and social aspects 
according to an independent expert report of the 
European Commission (2021b). The Industry 5.0 
paradigm places the Industry 4.0 paradigm in a 
broader context, widening the strategic focus and 
going beyond value extraction to shareholders. The 
Industry 5.0 paradigm recognises the power of indus-
try to achieve societal goals beyond jobs and growth 
to become a resilient provider of prosperity by mak-
ing production respect the boundaries of our planet 
and placing the well-being of the industry worker at 
the centre of the production process. References to 
the environment in the context of sustainable devel-
opment can already be found in the concept of 
Industry 4.0. Ejsmont et al. (2020) identified seven 
main areas for supporting sustainability with Indus-
try 4.0 technologies, specifically: management of 
sustainable product life cycle, achievement of sustain-
ability, implementation of smart manufacturing, 
achievement of circular economy, achievement of 
compliance with triple bottom line, achievement of 
sustainable supply chain, development of new busi-
ness models and organisational structures. In con-
trast, Tavares-Lehmann and Varum (2021) indicated 
that “circular economy” mentioned in the keywords 
of articles linking Industry 4.0 issues to sustainability 
ranks only fourth (behind “Industry 4.0”, “Sustaina-
bility”, and “Sustainable development” and ahead of 
“Manufacturing”, “Internet of Things” and “Supply 
Chain Management”). Industry 5.0 complements the 
existing Industry 4.0 approach by specifically putting 
research and innovation at the service of the transi-
tion to a sustainable, human-centric and resilient 
European industry according to the definition of the 
European Commission (2021a). This concept is 
accompanied by the evolution of circular economy 
thinking. The circular economy is meant to overcome 
the difficulties of the current model focused on con-
tinuous growth and efficient resource utilisation 
(Adlin et al., 2023). Over recent years, sustainability 
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has become an important aspect of corporate man-
agement philosophy and has become dominant in 
business strategy, processes and products (Morea et 
al., 2021; Formentini & Taticchi, 2016; Varriale et al., 
2023). The European Commission adopted the new 
circular economy action plan in 2020 for a cleaner 
and more competitive Europe (European Commis-
sion, 2020).

The adoption of Industry 5.0 impacts people, the 
planet and profit that can be measured by the triple 
bottom line concept, which considers economic 
impact (e.g., efficiency improvement, increase in 
productivity, cost reduction, etc.), social impact (e.g., 
the potential to create new leadership jobs and allow 
the workforce to develop new skills, improve worker 
safety and well-being by automating dangerous or 
repetitive tasks) and environmental impact (e.g., 
reducing waste, improving energy efficiency, promot-
ing sustainable manufacturing practices. For example, 
3D printing can reduce waste by producing parts on 
demand) (Up-Skill Project, 2023). Each of the three 
Industry 5.0 pillars is generally present in Industry 
4.0. However, Industry 5.0 allows for a broader con-
sideration of social and environmental priorities by 
shifting from a primarily technology-focused to  
a more systemic approach.

The paradox of Industry 5.0 lies in its definition 
that this paradigm puts the human at the centre to 
realise its revolutionary approach to the Fifth Indus-
trial Revolution. With reference to automation pro-
jects, proper and thoughtful risk management is 
found critical for project success. Risk management 
should cover the relevant change management activi-
ties including the management of the human-factor 
related risks. The Industry 4.0 paradigm focused on 
the technological drive rather than human aspects 
(Jafari et al., 2022). This makes the Industry 4.0 con-
cept suitable for cases where full automation is pos-
sible. The Industry 5.0 concept goes further as it is 
capable of managing unique cases effectively and this 
is where human skills become valued. Human inter-
action plays an important role when it comes to cus-
tomisation and this is well covered by the Industry 5.0 
paradigm. The manufacturing industry serves to 
meet customer requirements where innovation and 
resilient reactions are mostly in demand.

Studies show that companies using digital tools 
increase the efficiency of reusing products, create 
relationships with customers, enable data collection 
and analysis, and provide an assessment of post-use 
phase product handling options that can potentially 
extend product life and improve recycling efficiency 

(Wu & Pi, 2023). The use of Industry 5.0 solutions to 
create circular manufacturing is all the more desirable 
as this manufacturing model is considered one of the 
engineering solutions for fostering sustainability 
(Ghimouz et al., 2023). For example, machine learn-
ing, which in the context of circular manufacturing 
can be used in controlling production, maintenance, 
recycling and remanufacturing processes, allows an 
increase in the profitability of production systems 
and their resistance to emerging failures (Paraschos 
et al., 2022). Another solution using new information 
technologies is additive manufacturing (AM), which 
supports waste reduction and extends the life of 
materials (Valera et al., 2023). Research conducted by 
Tavares et al. (2023) demonstrates 15 potential bene-
fits of AM leading to the circular economy associated 
with each of the six ReSOLVE principles:
• Regenerate: promoting biodegradable materials 

use and energy from renewable sources, promot-
ing the recovery, retention and restoration of 
ecosystem health;

• Share: promoting asset sharing, promoting reuse 
and second-hand use, promoting life extension 
through design for durability and upgradeability;

• Optimise: allowing growth in production perfor-
mance and efficiency, promoting the removal of 
waste in production and supply chains, leverag-
ing the use of big data and automation;

• Loop: encouraging the remanufacturing of prod-
ucts or components, encouraging the recycling of 
materials, expanding the scale of waste recovery 
and resource reuse;

• Virtualise: encouraging indirect dematerialisa-
tion;

• Exchange: promoting the replacement of old 
materials with advanced materials, promoting 
the application of new technologies, and promot-
ing the choice of new products and services 
(capacity for innovation).

1.3. Technologies that support  
the circularity of activities based  
on industry 5.0/4.0 tools

While the Industry 4.0 paradigm focused on the 
inclusion of digital production equipment into the 
manufacturing process, Industry 5.0 emphasises the 
human factor to provide decision-making or physical 
actions at decision nodes in the otherwise automated 
process flow (Turner et al., 2022). Industry 5.0 
emphasises the aspects of environmental awareness 
and sustainability (Trstenjak et al., 2023). This also 
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suggests the value-driven aspect of Industry 5.0 com-
pared to the technology-driven Industry 4.0, which is 
meant to be the main difference between Industries 
4.0 and 5.0 (Xu et al., 2021; Kemendi et al., 2022). 
Industry 5.0 is characterised by sustainability, human-
centricity and resilience (European Commission, 
2021a). This goes beyond the Industry 4.0 approach, 
which was about improving efficiency and productiv-
ity due to emerging technologies.

Digital technologies have an enabling role in 
operationalising the circular economy (CE) transi-
tion. A circular economy embodies the shift from  
a linear to a circular economy and focuses on decreas-

ing the environmental pressure, e.g., material extrac-
tion and waste disposal (Cagno et al., 2021). 
Unfortunately, despite the supportive role of digitali-
sation in the development of the circular economy, it 
negatively impacts the environment through 
increased energy consumption (Islam et al., 2023; 
Avom et al., 2020) and an increase in the amount of 
e-waste generated (Shahabuddin et al., 2023; Vishwa-
karma et al., 2022). Thus, ICT is not only an important 
but also a problematic tool in the pursuit of sustainable 
development (Charfeddine & Umlai, 2023). The 
approach of circular manufacturing fundamentally 
reshapes the consumption of resources. Therefore, 

Tab. 1. Main characteristics of enabling technologies

Enabling technology Main characteristics

Cyber-Physical Systems 
(CPSs) and Cyber-Physical 
Production systems (CPPS) 

Real-time data processing and information feedback, computational capability, decision-making capabil-
ity; the concept that the virtual world and the physical world can be merged by CPS; Industry 4.0 uses 
CPS technology to build a CPPS platform to enable equipment in a smart factory to be more intelligent 
and create better production conditions enabling smart production

Internet of Things (IoT) Data sharing enhances supply chain transparency; aims to solve communication problems between all 
objects and systems in a factory; IoT includes radio frequency identification (RFID) devices, infrared 
sensors, global positioning systems, laser scanners and other information sensing devices which can be 
connected to internet to an agreed protocol 

Big Data Analysis (BDA) Analytics based on large data set in a short period; facilitate and support the decision-making process 
(data-driven insights), e.g., in manufacturing, microprocessors may be installed on machines to collect 
production data, and sensors and microprocessors generate a huge source of data with a size beyond 
the traditional scale

Cybersecurity and Blockchain 

(CYB) 

Ability to assure transparency and the protection of the cyber environment, e.g., secure and reliable 
communications, identity and access management of machines and users; can support circular purchas-
ing and design, etc.

Additive Manufacturing 
(AM), esp. 3D printing

Enables direct production of 3D models, used for small batches with a high degree of customisation, 
shorter time-to-market and high production flexibility; ability to build parts with geometrical and mate-
rial complexity not feasible with traditional manufacturing helps to reduce waste (e.g., by producing 
parts on demand) and favour the use of recovered materials instead of virgin raw materials

Artificial Intelligence (AI)
Cognitive science and research areas such as robotics, machine learning, natural language processing, 
image processing, artificial vision, etc., can support circular design, procurement, resource efficiency, 
waste management, and reverse logistics

Simulation (SIM)
Decision-making support; the only practical way to test models; reproduction of a system in an experi-
mental model; potential for tracing and predicting the material flow along the supply chain, crucial for 
disassembly activities

Robotics (RB)
Help with the automation of the production process; robots are developing (more autonomous, flexible 
and cooperative; embedded intelligence can allow them to learn from human activities; collaborative 
robots (cobots) and human–robot interaction make work with humans possible)

Virtual Reality (VR) and Aug-
mented Reality (AR)

Support the virtualisation strategy; VR provides a simulation tool for the recreation of a real-life envi-
ronment; AR has progressed in applications to combine digital elements with real-world actions. VAR 
allows for simulating real situations, e.g., to train workers, avoid dangerous situations, and improve 
decision-making

Horizontal and vertical sys-
tem integration

The realisation of truly automated and integrated value chains; can facilitate access to data, in particular 
allow collaboration among different stakeholders, offers opportunities for recycling activities and the 
redesign of products and processes

Cloud computing (CLOUD) 
technology

Allows the storage and sharing of data between stakeholders along the supply chain, the potential to 
promote collaboration; allows access from different devices; the model provides services to the user 
including software, hardware, platforms and other IT infrastructure resources

 
Source: (Neri et al., 2023; Sun & Wang, 2022; Laskurain-Iturbe et al., 2021; Yang & Gu, 2021; Rüssmann et al., 2015;  
García & García, 2019; Zhong et al., 2017; Zhou et al., 2015).
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the implementation of circular manufacturing 
requires an integrated approach to manage the 
resources to realise the reduce, reuse, recycle, and 
recover principles. All this can be enforced through 
sound technological background. Following 
Laskurain-Iturbe et al. (2021), it was assumed that the 
outline of Industry 4.0 technologies looks as follows: 
Additive Manufacturing (AM), Artificial Intelligence 
(AI), Artificial Vision (AV), Big Data and Advanced 
Analyses (BDAA), Cybersecurity (CS), Internet of 
Things (IoT), Robotics (RB) and Virtual and Aug-
mented Reality (VAR). 

When it was first launched in 2011, there were 
nine pillars of Industry 4.0, i.e., cyber-physical sys-
tems (CPSs, the core of Industry 4.0), Internet of 
Things (IoT), Big data, 3D printing (otherwise known 
as additive manufacturing), robotics, simulation, 
augmented reality, cloud computing and cyber secu-
rity (Yang & Gu, 2021). These pillars are capable of 
fully transforming the production flow. For example, 
Industry 4.0, industrial IoT, cloud computing, Big 
Data analytics and customer profiling, and cyber 
security can be considered as the most relevant ena-
bling technologies for Supply Chain Management-
Marketing (SCM-M) integration (Ardito et al., 2019). 
The circular economy practices can be enabled by 
adopting Industry 4.0 technologies. This issue is more 
challenging for small and medium-sized enterprises 
than for larger firms due to more limited resources 
and different characteristics (Neri et al., 2023). Table 
1 shows the main characteristics of enabling technolo-
gies.

The Industry 4.0 era can be described as the era 
of intelligent manufacturing systems where manufac-
turing technologies are transformed by cyber-physical 
systems, the IoT and cloud computing (Zhong et al., 
2017). Jafari et al. (2022) highlighted two major con-
cepts: IoT and CPS. Cyber-physical systems are 
described as “a new generation of systems with inte-
grated computational and physical capabilities that 
can interact with humans through many new modali-
ties” (Baheti & Gill, 2011). Industry 4.0 technologies 
support companies in better circularity. In particular, 
most evidence shows the positive impact of additive 
manufacturing and robotics (Laskurain-Iturbe et al., 
2021). The most important Industry 4.0 enablers for a 
cleaner production and circular economy within the 
context of business ethics are “Technical Capability”, 
“Security and Safety”, “Policy and Regulation”, “Sys-
tem Flexibility”, “Education and Participation”, and 
“Support and Maintenance” (Shayganmehr et al., 
2021). 

Industry 5.0 puts the human-centric approach at 
the centre of the production process (Atif, 2023). An 
independent expert report about the results of  
a workshop with Europe’s technology leaders pointed 
out that the enabling technologies for Industry 5.0 are 
a set of complex systems that combine technologies 
and can only unfold with others as part of systems 
and technological frameworks. The corresponding 
categories are:
• Individualised human-machine-interaction: tech-

nologies that interconnect and combine the 
strengths of humans and machines (technologies 
that support humans in physical and cognitive 
tasks, e.g., augmented, virtual or mixed reality 
technologies, collaborative robots (“cobots”), 
technologies for matching the strengths of Artifi-
cial Intelligence and the human brain; etc.).

• Bio-inspired technologies and smart materials 
allow materials with embedded sensors and 
enhanced features while being recyclable.

• Digital twins and simulation, real-time-based 
digital twins and simulation: to model entire 
systems (optimise production, test products and 
processes and detect possible harmful effects, 
e.g., Digital twins of products and processes, vir-
tual simulation and testing of products and pro-
cesses).

• Data transmission, storage, and analysis tech-
nologies (e.g., cyber security/safe cloud IT infra-
structure, big data management) that are able to 
handle data and system interoperability.

• Artificial intelligence, e.g., to detect causalities in 
complex, dynamic systems, leading to actionable 
intelligence.

• Technologies for energy efficiency, renewables, 
storage and trustworthy autonomy, e.g., in sup-
port of the energy usage of the above-named 
technologies (European Commission, Müller, 
2020).
The list of key enablers of Industry 5.0 can be 

grouped as follows according to Trstenjak et al. (2023) 
with similar content to that of the above list:
• Human-centred approach (human knowledge 

and skills as one of the most treasurable resources 
and competitive advantages).

• Flexibility and modularity (digital twins, self-
optimisation, and collaborative robots).

• Human factors, ergonomics, well-being and ethi-
cal technology (worker motivation, improve 
workers’ health and minimise the impact of 
stress-related diseases which lead to absence 
from work).
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• Innovation management (market competitive-
ness, flexibility and adjustment to the demands 
and needs of the market, reducing production 
costs, increasing product quality and shortening 
time-to-market).

• Green and sustainable manufacturing (use of 
sustainable energy sources and increase of energy 
efficiency; circular economy concept).
Environmentally sustainable enterprises use 

advanced technologies and transform their produc-
tion flow, avoiding environmental degradation 
(Ahmad & Satrovic, 2023; Arshad et al., 2023; Charf-
eddine & Umlai, 2023). The technologies must be 
accepted and trusted, and people must be trained to 
use them. Sustainable enterprises represent a true 
contribution to corporate social responsibility. All 
this suggests trustworthiness and represents a layer of 
ethical business practices which can attract custom-
ers.

The use of Industry 5.0 technologies translates 
into increased circular manufacturing. Unfortunately, 
in the area of waste management, the risks associated 
with the implementation of Industry 5.0 involve an 
increase in the volume of generated e-waste (De 
Giovanni, 2023). Accordingly, the research question 
is as follows:

Q2: Is there a correlation between the level of 
circular manufacturing and the amount of generated 
e-waste?

2. Research methods

Data from the Eurostat database (2023) were 
analysed. The set of variables is presented in Table 2.

To examine the level of circularity manufactur-
ing, a synthetic measure of development was esti-
mated, which included backfilling operations in 
addition to recycling operations. It was assumed that 
the various countries of the European Union are open 
economies in which waste is imported and exported, 
i.e., it is collected in one country and then processed 
and recovered in another. The data used to estimate 
the synthetic measure represent the flows of materials 
used in the economy and discharged into the envi-
ronment or reintroduced into economic processing. 
The data concerns three categories related to flows in 
the economy: inputs into the economy, processed 
materials, and outputs from the economy. 

Data in the category of inputs into the economy 
include the flow of products from the rest of the 
world’s economy into the domestic economy. This 
flow also includes waste sent for processing (e.g., 
conversion into recyclable materials) in the receiving 
country. This category also includes quantities of 
material resources extracted from the environment 
by production units in the country, especially materi-
als such as biomass metal ores, non-metallic minerals 
and fossil energy materials/carriers. Imports, together 

Tab. 2. Set of variables

Category Variable 
symbol Variable name

Variable character 
(S – stimulant,  

D – destimulant)

Inputs into the economy

IMP_T Imports of waste for recovery — recycling S

EIMP_T Imports excluding imports of waste for recovery — recycling S

DE_T Domestic extraction D

Processed materials

MAC Material accumulation D

WTR_T Waste treatment recovery — recycling S

WTB_T Waste treatment recovery — backfilling S

Outputs from the economy

EXP_T Exports of waste for recovery — recycling S

EEXP_T Exports excluding exports of waste for recovery — recycling S

EMI Emissions D

DFL Dissipative flows D

WTD_T Waste treatment disposal — landfill D

Waste electrical and elec-
tronic equipment

EEPM Waste arising only from separate collection of EEE — products 
put on the market D

WEER Waste arising only from separate collection of EEE — recovery S

WEERT
Waste arising only from separate collection of EEE — recovery/
waste arising only from separate collection of EEE — products 

put on the market
S
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with domestic extraction, are direct material inputs 
to the economy.

Processed materials were defined as the sum of 
accumulated material that is collected before it is 
used and secondary materials, i.e., recycled and back-
filled materials. The processed materials can be 
exported or used in the country. According to Euro-
stat’s methodology, it was assumed that only the flows 
of recycling and pit filling close the loop of the circular 
economy (circular economy — material flows, 2022).

The economy’s results included the weight of 
exported products, total emissions reflecting solid, 
liquid and gaseous material flows, dissipative flows, 
i.e., materials dispersed into the environment as an 
intentional or unavoidable consequence of product 
use, and the amount of waste landfilled. 

A linear ordering method used in the area of 
multidimensional data analysis was applied to assess 
the level of circular manufacturing. This is because it 
was assumed that this potential can be expressed by a 
synthetic variable, which consists of the effects of 
each country’s actions in the use of material streams 
in the production process. Twenty-seven countries of 
the European Union were covered in the study. They 
were assumed to be regions characterised by the 
peculiarities of the production process organisation, 
as well as by different social and cultural conditions 
shaping the pro-ecological awareness of the organisa-
tion of these processes. It was also assumed that the 
effects achieved in a given country in the scope ana-
lysed are a direct result of the companies’ activities. 
This is because the synthetic variable considers vari-
ables that determine the level of effects achieved 
through the implementation of sustainability-ori-
ented measures in companies, as defined by all kinds 
of interstate and national policies. European Union 
countries (characterised by a number of variables 
determining the level of circular manufacturing) 
were therefore ordered in terms of preference (domi-
nance) relationships. The synthetic variable was 
determined for the years 2013–2021. The determined 
synthetic variable was used to create a ranking of 
European Union countries according to the level of 
circular manufacturing for each year. It was per-
formed in the following steps:

1. A matrix of diagnostic features observed for each 
country of the European Union was constructed 
xij, i=1, 2, …, 27; j=1, 2, …, 11 (n — the number 
of countries, m — the number of variables). To 
make the data more comparable, they were 
presented as intensity indicators (tons per 
capita). 

2. The variables were unitarised to free their titers 
and standardise the orders of the values they 
took, according to the formula: 

, 
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The level of use of Industry 5.0 technologies was 
expressed in the variable “Waste electrical and elec-
tronic equipment”, and in particular in the variable 
“Waste arising only from separate collection of elec-
trical and electronic equipment (EEE) — Products 
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put on the market”. This is because it was assumed 
that Industry 5.0 technologies in the context of the 
circular economy and material flows are expected to 
reduce waste rather than increase effectiveness 
(Dwivedi et al., 2023; Voulgaridis et al., 2022). 
Because apart from waste generated in the current 
production and consumption, previously stored 
waste is used in the production process, the analysis 
also covered the variable expressing the relationship 
of “Waste arising only from separate collection of 
EEE — recovery/waste arising only from separate 
collection of EEE — products put on the market”. 
This relationship expresses the balance between the 
amount of waste that can be reintroduced into the 
production system or, more broadly, into the eco-
nomic system and the amount of waste that remains 
in the environment (does not return to the produc-
tion process).

The values of variables were determined for each 
year of the 2013–2021 period, and the dynamics of 
changes in their formation were examined. For this 
purpose, the estimations focused on the index of 
dynamics for 2021 in relation to 2013 and the average 
annual rate of change. The analysis of the dynamics 
made it possible to identify trends in the level of cir-
cular manufacturing and the level of e-waste during 
the period under study.

Also, correlations were examined between the 
level of circular manufacturing and the amount of 
e-waste and between the dynamics of change for the 
variables. The correlation analysis made it possible to 
check whether increasing the effectiveness of circular 
manufacturing efforts translates into reduced genera-
tion of e-waste, which would be a positive effect of 
using information technology. 

Ranges were built based on the dynamics meas-
ures for the measure of development and the amount 
of e-waste introduced into the market class. They 
were used to create a systematic division of the coun-
try according to conditions for developing environ-
mentally sustainable enterprises and the constancy of 
this development (the dynamics of change of the 
synthetic measure). The dynamics of the amount of 
e-waste recovered provided the basis for dividing 
countries according to the criterion of the positive 
use of information technology in creating circular 
manufacturing cycles. It was recognised that:
• The value of the first quartile indicates economies 

with poor conditions for the development of 
environmentally sustainable enterprises, the 
value of the second quartile — average condi-

tions, and the value of the third quartile — good 
conditions.

• A measure of dynamics in the range from 95 % to 
105 % was considered indicative of a constant 
situation in the level of circular manufacturing 
(thereby, constant situation in the development 
of environmentally sustainable enterprises) and 
the amount of e-waste, whereas a measure lower 
than 95 % indicated regression in the level of 
circular manufacturing and a positive effect in 
terms of the amount of e-waste, and a value 
higher than 105 % indicated progress in the level 
of circular manufacturing and a negative effect in 
terms of the amount of e-waste.

3. Research results

Table 3 presents the value of the synthetic devel-
opment measure for the European Union countries in 
2013–2021. The highest level of circular manufactur-
ing in all analysed years was observed for Luxem-
bourg. The next three positions were taken by the 
Netherlands, Belgium and Slovenia. The measure of 
development for Luxembourg far exceeded the oth-
ers, indicating that the country can be considered  
a model. 

Table 4 presents waste arising only from a sepa-
rate collection of EEE — products put on the market 
for individual European Union countries in the years 
2013–2021.

The amount of waste arising only from separate 
EEE collection reintroduced into economic process-
ing increases per capita with the industrial and eco-
nomic development of the country. 

Similar patterns are observed for the amount of 
waste arising only from separate collection of  
EEE recovered — the amount increases with the 
industrial and economic development of a country 
(Table 5). 

Table 6 shows the dynamics of measures for the 
selected variables. An increase in the development 
measure in 2021 compared to 2013 was observed 
only for two countries of the European Union (Bul-
garia and Slovenia), which means that only these 
countries had an average annual increase in the level 
of circular manufacturing in 2013–2021. Positive 
trends are observed for the amount of e-waste recov-
ered; only Portugal and Sweden saw an average 
annual decrease in e-waste recovery, but it was insig-
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Tab. 3. Results of linear classification — a measure of the development of the European Union countries according to the level  
of circularity manufacturing in 2013–2021 

Countries
Measure of development in the year

2013 2014 2015 2016 2017 2018 2019 2020 2021

Luxembourg 0.692 0.648 0.612 0.626 0.625 0.638 0.622 0.610 0.605

Netherlands 0.522 0.516 0.480 0.478 0.483 0.482 0.490 0.478 0.498

Belgium 0.483 0.474 0.442 0.435 0.434 0.437 0.451 0.468 0.469

Slovenia 0.443 0.433 0.408 0.396 0.417 0.435 0.437 0.435 0.446

Austria 0.401 0.386 0.366 0.347 0.349 0.351 0.363 0.372 0.378

Malta 0.369 0.350 0.332 0.323 0.343 0.354 0.354 0.354 0.359

Czechia 0.358 0.339 0.314 0.309 0.318 0.331 0.339 0.344 0.354

Latvia 0.364 0.333 0.309 0.308 0.302 0.309 0.314 0.327 0.339

Slovakia 0.353 0.328 0.303 0.300 0.302 0.306 0.322 0.330 0.339

Germany 0.368 0.357 0.334 0.325 0.319 0.322 0.329 0.315 0.329

Lithuania 0.352 0.334 0.314 0.310 0.305 0.309 0.313 0.318 0.323

Sweden 0.365 0.349 0.328 0.326 0.310 0.304 0.305 0.312 0.316

Denmark 0.344 0.319 0.285 0.278 0.284 0.294 0.296 0.299 0.314

France 0.364 0.349 0.324 0.314 0.305 0.308 0.311 0.310 0.313

Croatia 0.314 0.299 0.274 0.271 0.270 0.273 0.282 0.297 0.306

Italy 0.332 0.316 0.292 0.286 0.283 0.286 0.291 0.296 0.299

Hungary 0.325 0.296 0.272 0.271 0.272 0.268 0.277 0.296 0.296

Poland 0.329 0.319 0.293 0.276 0.265 0.264 0.285 0.276 0.295

Spain 0.333 0.319 0.291 0.280 0.283 0.287 0.287 0.284 0.293

Estonia 0.331 0.287 0.256 0.258 0.247 0.250 0.270 0.299 0.291

Greece 0.301 0.283 0.254 0.251 0.253 0.265 0.269 0.275 0.285

Cyprus 0.316 0.297 0.280 0.272 0.255 0.259 0.248 0.259 0.266

Portugal 0.308 0.276 0.254 0.255 0.246 0.248 0.253 0.264 0.264

Bulgaria 0.240 0.216 0.202 0.227 0.219 0.217 0.228 0.232 0.253

Ireland 0.233 0.219 0.202 0.192 0.187 0.193 0.188 0.197 0.204

Finland 0.233 0.239 0.216 0.193 0.206 0.203 0.218 0.205 0.196

Romania 0.275 0.247 0.202 0.198 0.204 0.201 0.175 0.169 0.184

nificant, i.e., 0.84 % for Portugal and 3.09 % for Swe-
den. The volume of e-waste put on the market in the 
case of these two countries was unfortunately higher 
in 2021 compared to 2013. Generally, an average 
annual increase in the amount of e-waste recovered is 
observed for all European Union countries, with the 
exception of Luxemburg and Malta. However, in 
countries such as Denmark, Germany, Italy, Lithua-
nia, Hungary, Netherlands and Romania, the volume 

of waste put on the market is growing faster than the 
amount of waste recovered.

Pearson’s linear correlation coefficients were 
estimated to determine the relationship between the 
synthetic measure of development and the amount of 
e-waste put on the market (Table 7) and the dynamics 
of change for these two measures.

The values of the correlation coefficients do not 
confirm the existence of a relationship between the 
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Tab. 4. Waste arising only from a separate collection of EEE — products put on the market of the European Union countries in 2013–2021 

Countries
Waste arising only from separate collection of EEE — products put on the market (kilograms per capita)

2013 2014 2015 2016 2017 2018 2019 2020 2021

Bulgaria 7.8 9.08 9.47 10.14 10.58 11.65 12.78 12.57 13.46

Latvia 8.86 9.2 9.68 9.56 11.85 12.59 14.42 14.89 16.04

Lithuania 9.31 10.75 10.69 11.19 11.87 12.7 14.13 15.03 16.09

Cyprus 11.15 10.29 11.52 7.21 13.37 13.8 13.92 15.49 16.23

Greece 11.37 12.8 11.56 12.1 12.5 13.59 15.54 16.06 16.87

Slovakia 8.51 9.84 9.72 12.12 12.55 13.56 14.84 15.72 17.16

Croatia 9.38 9.25 10.62 12.01 13.17 14.99 15.14 16.43 17.8

Malta 34.2 39.44 29.7 22.48 23.91 21.4 23.14 21.06 19.65

Romania 6.85 7.01 8.49 10.19 12.15 13.41 15.34 17.54 20.07

Luxembourg 21.68 21.68 20.66 20.34 21.38 20.99 20.59 20.55 20.39

Portugal 11.66 11.72 12.59 13.33 15.34 17.6 19.82 20.62 22.37

Slovenia 13.83 14.75 15.22 17.09 16.18 17.44 20.07 21.07 22.38

Spain 10.9 11.99 12.99 13.48 14.32 15.44 18.43 21.21 23.33

Czechia 17.3 17.04 17.26 17.74 19.21 18.52 22.14 24.6 25.87

Ireland 18.39 19.21 18.37 20.29 22.56 20.83 22.71 24.94 26.05

Estonia 10.6 11.52 11.79 12.09 12.56 14.46 17.22 23.52 26.36

Italy 14.06 14.54 15.02 16.69 16.96 24.54 23.81 26.26 28.71

Hungary 8.08 9.43 10.57 11.78 13.65 23.53 24.45 24.91 29.26

Finland 25.3 23.1 21.54 22.31 22.57 24.08 22.92 28.79 29.33

Sweden 25.28 24.54 26.22 26.1 27.71 28.31 30.58 28.93 29.49

Belgium 24.19 23.23 23.86 24.52 25.69 27.23 29.68 29.01 29.77

Poland 12.78 13.65 13.87 15.36 15.99 17.39 20.86 27.29 30.41

Austria 18.38 19.34 21.6 23.8 24.02 26.41 27.14 30.36 32.62

France 23.64 23.44 25.19 26.2 28.1 28.72 31.08 32.26 33.73

Germany 19.95 21.16 23.23 23.78 25.18 28.65 31.17 34.25 37.00

Denmark 24.66 27. 27.24 27.69 29.85 30.35 35.61 39.25 41.94

Netherlands 18.21 18.97 20.23 21.82 24.37 28.56 36.82 43.29 48.99

level of circular manufacturing and the amount of 
e-waste put on the market. None of the correlation 
coefficients proved statistically significant (at the sig-
nificance level of p<0.1). Also, the correlation coeffi-
cient between the average annual rate of change in the 
synthetic development measure and the average 
annual rate of change in the amount of e-waste of 
-0.23812 proved statistically insignificant (at the sig-
nificance level of p<0.1).

It was assumed that for economies for which the 
average annual rate of change for the measure of 
development was in the range (-5 %; 5 %), invariant 
conditions for the development of environmentally 
sustainable enterprises were observed. For all coun-
tries, the average annual rate of change was within the 
range, which means that all countries were character-
ised by a fairly constant level of circular manufactur-
ing and, thereby, a constant level of development of 



Volume 16 • Issue 1 • 2024

125

Engineering Management in Production and Services

Tab. 5. Waste arising only from separate collection of EEE —Recovery of the European Union countries in 2013–2021 

Countries
Waste arising only from separate collection of EEE — recovery (kilograms per capita)

2013 2014 2015 2016 2017 2018 2019 2020 2021

Portugal 4.53 4.99 5.59 6.15 6.18 6.51 4.37 4.27 4.23

Romania 1.5 1.47 1.52 2.03 2.29 2.87 3.27 3.72 4.24

Malta 4.01 4.38 2.9 5.55 4.55 4.82 5.09 4.27 4.31

Lithuania 4.16 6.18 4.87 3.98 4.15 4.46 5.12 5.16 5.32

Greece 3.29 3.5 4.06 4.6 4.37 4.7 5.33 5.07 5.39

Latvia 2.17 2.23 2.03 2.19 3.89 4.25 5.01 5.13 5.8

Cyprus 2.13 2.4 3.18 2.78 4.28 3.45 3.97 5.2 5.91

Italy 6.47 4.41 5.01 5.3 5.8 6.13 6.6 7.23 7.35

Slovenia 2.23 4.38 4.52 5.68 6.11 6.17 6.49 6.41 7.45

Hungary 4.46 4.67 4.71 5.14 5.54 6.01 7.26 7.88 8.55

Spain 2.79 3.21 4.07 5.02 5.44 6.4 6.65 7.45 8.57

Slovakia 3.68 3.87 3.96 4.76 4.99 5.24 6.53 7.93 8.85

Luxembourg 8.91 9.27 9.62 9.96 9.7 9.5 9.32 9.66 9.77

Estonia 2.5 4.2 5.21 6.29 6.65 7.23 7.68 8.68 10.37

Bulgaria 4.08 5.06 7.56 7.21 6.79 6.47 8.21 9.36 10.54

Croatia 3.53 3.59 5.23 8.98 8.43 9.26 9.15 9.6 11.07

Czechia 4.72 4.8 5.94 9.27 8.97 7.61 9.09 9.97 11.09

Poland 3.44 3.38 3.69 5.06 5.39 5.94 9.67 9.71 11.26

Belgium 9.25 8.87 9.15 9.36 9.35 10. 10.41 11.41 11.76

Netherlands 6.68 8.12 8.21 8.7 9.31 9.64 9.31 11.24 12.11

France 6.31 7.06 8.31 9.76 9.95 10.05 10.83 11.23 12.19

Ireland 8. 8.31 9.69 10.42 9.88 11.45 11.73 11.92 12.62

Germany 8.52 8.52 7.98 9.19 9.82 10.01 11.09 12.25 12.9

Sweden 16.89 13.78 13.46 15.09 12.91 13.04 14.83 13.56 13.14

Denmark 11.49 11.48 11.74 11.75 11.24 11.1 11.77 12.93 13.15

Finland 10.36 10.94 10.89 10.29 11.17 11.44 12.71 15.19 16.04

Austria 8.13 8.4 8.57 8.9 12.36 12.22 14.07 14.81 16.13

environmentally sustainable enterprises. Fig. 1 shows 
a systematic breakdown of the country according to 
the conditions for the development of environmen-
tally sustainable enterprises and the e-waste effect. 
The figure also indicates the effects of changes in the 
level of e-waste put on the market based on the aver-
age annual rate of change. 

Most countries have average conditions for the 
development of environmentally sustainable busi-
nesses, but at the same time, they show negative 

trends in the volume of e-waste generated. Given that 
an increase in e-waste means an increase in the level 
of digitisation, including digitisation of enterprises,  
a high level of circular manufacturing and, therefore, 
good conditions for the development of environmen-
tally friendly enterprises can be expected. Unfortu-
nately, assuming that all countries show a stable level 
of circular manufacturing (slight changes in the syn-
thetic measure of development in 2013–2021), it can 
be argued that the development of IT infrastructure 
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Tab. 6. Change dynamics for the selected variables in the years 2013–2021 

Countries

Dynamics index for 2021 (2013 = 100%) Average annual rate of change

Measure 
of develop-

ment
EEEPM WEER WEERT

Measure 
of devel-
opment

EEEPM WEER WEERT

Belgium 97% 123% 127% 103% -0.39% 3.04% 2.63% 0.40%

Bulgaria 106% 173% 258% 150% 0.71% 12.59% 7.05% 5.17%

Czechia 99% 150% 235% 157% -0.13% 11.27% 5.16% 5.82%

Denmark 91% 170% 114% 67% -1.15% 1.70% 6.86% -4.83%

Germany 89% 185% 151% 82% -1.40% 5.32% 8.03% -2.50%

Estonia 88% 249% 415% 167% -1.59% 19.46% 12.06% 6.61%

Ireland 88% 142% 158% 111% -1.64% 5.86% 4.45% 1.35%

Greece 95% 148% 164% 110% -0.66% 6.37% 5.06% 1.25%

Spain 88% 214% 307% 144% -1.59% 15.06% 9.97% 4.63%

France 86% 143% 193% 135% -1.87% 8.58% 4.54% 3.87%

Croatia 97% 190% 314% 165% -0.33% 15.36% 8.34% 6.49%

Italy 90% 204% 114% 56% -1.33% 1.60% 9.33% -7.08%

Cyprus 84% 146% 277% 190% -2.14% 13.60% 4.81% 8.39%

Latvia 93% 181% 267% 148% -0.87% 13.08% 7.70% 5.00%

Lithuania 92% 173% 128% 74% -1.06% 3.13% 7.08% -3.69%

Luxembourg 87% 94% 110% 117% -1.67% 1.16% -0.76% 1.94%

Hungary 91% 362% 192% 53% -1.17% 8.47% 17.45% -7.64%

Malta 97% 57% 107% 187% -0.32% 0.90% -6.69% 8.14%

Netherlands 95% 269% 181% 67% -0.59% 7.72% 13.17% -4.82%

Austria 94% 177% 198% 112% -0.76% 8.95% 7.43% 1.41%

Poland 90% 238% 327% 138% -1.35% 15.98% 11.45% 4.07%

Portugal 86% 192% 93% 49% -1.91% -0.84% 8.49% -8.60%

Romania 67% 293% 282% 96% -4.89% 13.86% 14.38% -0.46%

Slovenia 101% 162% 334% 207% 0.07% 16.28% 6.20% 9.49%

Slovakia 96% 202% 240% 119% -0.52% 11.59% 9.16% 2.23%

Finland 84% 116% 155% 134% -2.17% 5.62% 1.86% 3.69%

Sweden 87% 117% 78% 67% -1.78% -3.09% 1.95% -4.94%

Tab. 7. Correlation coefficients

Years
Correlation coefficient between the synthetic 
measure of development and the amount  

of e-waste put on the market

2013 -0.03254

2014 0.01772

2015 -0.12553

2016 -0.07153

2017 -0.05261

2018 -0.07122

2019 -0.11140

2020 -0.05592

2021 -0.05712



Volume 16 • Issue 1 • 2024

127

Engineering Management in Production and Services

does not translate into an increase in the level of cir-
cular manufacturing. Positive trends are observed for 
Malta, Belgium and Luxembourg, which create good 
conditions for the development of environmentally 
sustainable businesses and, at the same time, intro-
duce a smaller or fairly constant amount of e-waste to 
the market. A large increase in e-waste can be 
observed in Bulgaria, Greece, Portugal and Romania, 
but unfortunately, the increase is not matched by  
a high level of circular manufacturing.

4. Discussion of the results 

Research indicates that digitalising all types of 
activities promotes circular e-waste management, 
including prevention, collection, and treatment (Bag-
wan, 2024). Unfortunately, the amount of e-waste 
continues to grow, becoming an environmental 
problem. Therefore, it can be concluded that, on the 
one hand, information and communication technolo-
gies foster closed production cycles, and on the other 
hand, they are a source of pollution, including 
e-waste. A lot of research is devoted to the issue of 
linking the Industrial Revolution (in particular 
Industry 4.0) to sustainable development, including 
the reduction of the negative impact of economic 
activities on the environment. These studies mainly 
focus on the problem of whether and how Industry 
4.0 technologies support sustainable development 
(Calabrese et al., 2023; Piccarozzi et al., 2023). In this 
article, research is also devoted to the relationship 
between information technologies and environmen-
tal sustainability, except that it analyses variables that 
can underpin the measurement of circular manufac-

turing and the magnitude of e-waste streams as an 
effect of Industry 5.0 implementation. 

The article analyses the European Union econo-
mies according to the level of circular manufacturing 
and its dynamics. Measuring the effects of circular 
manufacturing can be a problem. Although the waste 
reduction effect of circular manufacturing is measur-
able, it is difficult to consider it as a measure of circu-
lar manufacturing or, more broadly, the circular 
economy. The level of circular manufacturing is 
expressed in terms of a synthetic measure consisting 
of variables representing the flows of materials used 
in the economy and discharged into the environment 
or reintroduced into economic processing. This way 
of measuring circular manufacturing level differs 
from the ways proposed in the literature. The basic 
measure of the circularity of the economy in the 
European Union is the circular material use rate 
(CMUR). It is defined as the ratio of the amount of 
waste recycled at domestic recovery facilities minus 
the amount of imported waste for recovery plus the 
amount of exported waste intended for recovery 
abroad to the amount of materials consumed. Con-
sidering CMUR, the only waste treatment operations 
contributing to the circular economy are those pro-
ducing recyclable materials. These operations include 
recycling only and do not include backfilling. Fur-
thermore, CMUR does not involve waste imported to 
be recovered domestically. 

The European Commission identifies ten key 
indicators of a circular economy relating to different 
stages of product lifecycle and aspects of competitive-
ness. The indicators are divided into four groups: (1) 
production and consumption, (2) waste management, 
(3) recyclable materials, and (4) competitiveness and 
innovation (Communication from the Commis-

  
 

 

 

 

 

 

 

 

 

Fig. 1. Systematic breakdown of the country according to the conditions for the development  
            of environmentally sustainable enterprises and the e-waste effect 
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sion…, 2018). It should be noted, however, that the 
links between some indicators and the circular econ-
omy are indirect, even though they provide informa-
tion on the circularity of the economy. 

The literature offers many indicators relating to 
circularity at the microeconomic level. A review of 40 
indicators was offered by Syu et al. (2022), five of 
which were checked for suitability in a manufactur-
ing company: 
• Material Reutilisation Score (MRS) — an indica-

tor determining the share of secondary and 
recyclable or biodegradable materials in the 
product;

• Circular Economic Value (CEV) — an indicator 
determining the level of consumption of materi-
als and energy in the production process;

• Product-Level Circularity Metric (PLCM) — an 
indicator representing the ratio of recirculated 
economic value to total product value;

• Quantitative Indicators and Value Assessment 
(QIVA) — an indicator determining areas of 
interventions in manufacturing processes based 
on production data, e.g., the volume of material 
flows feeding the process, their characteristics, 
costs associated with environmental manage-
ment;

• Material Circularity Indicator (MCI) — an indi-
cator determining the degree to which the linear 
flow should be minimised and the circular flow 
maximised.
However, the listed indicators only allow moni-

toring of selected material streams in the production 
process of enterprises, e.g., material and energy con-
sumption, without considering the complexity and 
comprehensiveness of circular flows. The disadvan-
tage of these indicators is the selective perception of 
circular processes, as they only consider the streams 
that constitute the input to the production system or 
its output. The synthetic measure of development 
proposed in the article allows circular manufacturing 
to be measured by considering the flows of all materi-
als used in the economy and discharged into the 
environment or reintroduced into economic process-
ing (research question Q1). This is obviously not a 
perfect measure. It does not show, e.g., the negative 
environmental impact of materials reintroduced into 
the production process (as a result of processing 
operations). It also does not indicate the correct pro-
portions between input and output to the system.

Scrap electrical and electronic equipment is the 
fastest-growing waste category, becoming a massive 
environmental problem. Reducing the amount of 

generated e-waste seems impossible due to advances 
in technology and ever-increasing demands for dig-
itisation (Dixit et al., 2023). The high value of waste 
arising only from separate EEE collection, which is 
reintroduced into economic processing per capita in 
industrialised and economically developed countries, 
is, on the one hand, a manifestation of positive pro-
cesses with regard to the promotion of circular manu-
facturing in the context of the use of information 
technology, because it is indicative of:
• high environmental awareness of the society,
• feeding the production process with non-natural 

resources,
• protection of valuable resources,
• taking actions that are most beneficial from the 

point of view of the waste hierarchy,
• digitisation development.

On the other hand, however, e-waste is seen as a 
source of toxic substances that seriously threaten the 
environment. From an environmental perspective, 
the amount of electronic waste introduced into pro-
cessing should be as low as possible, provided that 
this low value does not result from improper disposal 
of this waste type. Its volume, however, is higher for 
developed countries. This may be due to the higher 
availability and use of electronic equipment, which, 
therefore, indicates that production processes are 
supported by information technology.

Unfortunately, no statistically significant correla-
tions have been observed between the level of circular 
manufacturing and the amount of e-waste put on the 
market in the European Union countries (research 
question Q2). These findings support research show-
ing that sustainable practices do not significantly 
mitigate the impact of Industry 4.0 technologies on 
sustainable performance (Yavuz et al., 2023). That 
breeds the need for an integrated measurement sys-
tem to monitor and evaluate the sustainable develop-
ment of new technologies, also, and perhaps 
especially, in the context of the dynamics of Industry 
5.0 technologies (Ghobakhloo et al., 2023). Industry 
5.0 stakeholders should be able to assess both its 
complexity and dynamics to implement modern 
information solutions in line with broader sustaina-
bility goals.

The vast majority of countries, however, show an 
average annual increase in e-waste (Fig. 1), which is a 
negative trend from an environmental perspective. It 
is assumed that revenues from e-waste recovery will 
open up prospects of ventures aimed at environmen-
tal benefits and the transition to a circular economy 
(Al-Salem et al., 2022). Unfortunately, the value of 
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waste is still seen mainly in economic terms (Ediris-
inghe et al., 2023). Therefore, it is important to reduce 
waste by redefining its value in socio-ecological 
rather than monetary terms (Savini, 2023). Even 
more so, the creation of circular economic cycles does 
not lead to a reduction in either production or con-
sumption, which means it does not reduce waste but 
increases the level of recovery. Therefore, it is neces-
sary to find ways to reduce e-waste, mainly avoiding 
their generation.

Conclusions

The study was conducted to assess material flows 
in the production process reflecting the circular 
manufacturing level in the European Union countries 
and to investigate whether there is a relationship 
between the circular manufacturing level and the 
e-waste amount put on the market as an effect of 
implementing the Industry 5.0 technology. The level 
of circular manufacturing in the European Union 
countries was assessed, and the relationship of this 
level with the amount of generated e-waste was exam-
ined. A synthetic development measure, which con-
siders material flows in the circular economy, was 
proposed to determine the circular manufacturing 
level. 

Based on a synthetic development measure, the 
European Union countries were ordered according to 
the effects of activities in the use of material streams 
in the production process, in particular imports of 
waste for recovery and recycling, domestic extrac-
tion, material accumulation, waste recycling, waste 
backfilling, exports of waste for recovery and recy-
cling, emissions, dissipative flows, and waste landfill. 
For all economies, the level of circular manufacturing 
was found to remain unchanged in the analysed 
2013–2021 period. The level of use of Industry 5.0 
technology is expressed in the amount of waste aris-
ing only from separate collection of EEE and put on 
the market. Industry 5.0 is a consequence of techno-
logical advances, digitisation and the need to instil 
environmentally friendly behaviour in manufacturers 
and consumers. Modern information technologies 
also support activities that will reduce the amount of 
waste going into the environment. Unfortunately, 
they are a source of waste, so their use should also be 
controlled in terms of environmental consequences. 
In the context of circular manufacturing, the use of 

Industry 5.0 technology should significantly reduce 
the amount of waste generated, including e-waste.

In addition, based on trends in the e-waste 
amount introduced into the market and the level of 
synthetic development measure, economies were 
broken down according to the effects on e-waste 
streams and conditions for developing environmen-
tally sustainable businesses.

The research provided several practical and pol-
icy implications. First, companies should look for 
measures of the effect of implementing solutions that 
foster closed production cycles. The indicated syn-
thetic measure of the circular manufacturing level 
considers material flows, which should result in lower 
consumption of production resources. Using it at the 
enterprise level will allow for observing trends in this 
area and diagnosing possible irregularities. It is also 
crucial to find a method to determine how imple-
menting Industry 5.0 technology translates into these 
effects. Another important task is to change the way 
waste is viewed, as it should be considered primarily 
in social and environmental terms and not in eco-
nomic terms. Enterprises mainly reach for methods 
related to the handling of waste already generated. 
They try to mitigate the environmental impact of 
their activities by subjecting waste to reuse and recy-
cling processes. Such actions lead to restoring the use 
value of waste while giving it monetary value. How-
ever, the right action would be to avoid waste genera-
tion. Unfortunately, studies conducted indicate that 
the amount of waste per capita (especially e-waste) is 
increasing, especially in developed countries. This 
should be the impetus for efforts to avoid waste in 
general. Any waste poses a threat to the environment, 
as handling methods, even such as reuse and recy-
cling, generate certain environmental and social 
consequences.

Second, government entities should promote 
cooperation among Industry 5.0 stakeholders, i.e., 
manufacturers, technology providers, the public and 
law-making entities in developing and implementing 
sustainability principles to create closed production 
cycles. The article points out the roles of material 
flows in the circular economy context. The stimulants 
and destimulants influencing volumes of individual 
material streams were identified through the pro-
posed synthetic measure of the circular manufactur-
ing level. This can be a guideline for individuals 
creating a political-administrative framework for 
sustainable development, and the circular economy 
in particular, in terms of planned guidelines. Creating 
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incentives for using environmentally friendly solu-
tions will help change companies’ mindset towards 
implementing green solutions that favour the envi-
ronment in various areas of their operations.

A limitation of the research is that it takes the 
level of e-waste volume to affect the implementation 
of the Industry 5.0 technology to increase the circular 
manufacturing level. It is a problem because the level 
applies to all e-waste generated in a country, not just 
that generated as a result of implementing Industry 
5.0 technologies. Another problem is quantifying the 
level of application of Industry 5.0 technology in 
enterprises because it is a qualitative variable. It is 
also necessary to investigate relationships other than 
linear between the amount of e-waste (or, more 
broadly, the use level of Industry 5.0) and the circular 
manufacturing value. Another downside is the short 
analysis period of only nine years. Solutions, espe-
cially Industry 5.0, are only in the implementation 
phase, so the visible effects of technology implemen-
tation have yet to be seen, especially in terms of 
national economies. Therefore, the future research 
direction will be to analyse the effects of circular 
manufacturing in enterprises in the context of Indus-
try 5.0 technologies implemented for this purpose 
using statistical regression models. In addition, analy-
ses have been conducted at the level of European 
Union countries. Future research should focus on 
organisational networks. Creating a circular manu-
facturing system goes beyond the boundaries of  
a company and undermines established relational 
structures. Companies in a circular economy are seen 
as partners creating a value network, which means 
that the product supplier and the customer cannot be 
clearly separated as the customer can simultaneously 
become a supplier and thus change the power struc-
ture of the entire value chain (Mauss et al., 2023). 

Literature 

Acerbi, F., Forterre, D. A., & Taisch, M. (2021a). Role of ar-
tificial intelligence in circular manufacturing: A sys-
tematic literature review. IFAC-PapersOnLine, 54(1), 
367-372. doi: 10.1016/j.ifacol.2021.08.040

Acerbi, F., Sassanelli, C., Terzi, S., & Taisch, M. (2021b).  
A systematic literature review on data and informa-
tion required for circular manufacturing strategies 
adoption. Sustainability, 13(4), 2047. doi: 10.3390/
su13042047

Adlin, N., Lanz, M., & Lohtander, M. (2023). The Circular 
Economy Competence of the Manufacturing Sec-
tor — A Case Study. In K. Y. Kim, L. Monplaisir,  

& J. Rickli (Eds.), Flexible Automation and Intelligent 
Manufacturing: The Human-Data-Technology Nexus. 
FAIM 2022. Lecture Notes in Mechanical Engineer-
ing: Springer, Cham. doi: 10.1007/978-3-031-18326-
3_34

Ahmad, M., & Satrovic, E. (2023). How do fiscal policy, 
technological innovation, and economic openness 
expedite environmental sustainability? Gondwana 
Research, 124, 143-164. doi: 10.1016/j.gr.2023.07.006

Al-Salem, S. M., Leeke, G. A., El-Eskandarany, M. S., Van 
Haute, M., Constantinou, A., Dewil, R., & Baeyens, 
 J. (2022). On the implementation of the circular 
economy route for E-waste management: A criti-
cal review and an analysis for the case of the state of 
Kuwait. Journal of Environmental Management, 323, 
116181. doi: 10.1016/j.jenvman.2022.116181

Andeobu, L., Wibowo, S., & Grandhi, S. (2022). Artificial 
intelligence applications for sustainable solid waste 
management practices in Australia: A systematic re-
view. Science of The Total Environment, 834, 155389. 
doi: 10.1016/j.scitotenv.2022.155389

Ardito, L., Petruzzelli, A. M., Panniello, U., & Garavelli,  
A. C. (2019). Towards Industry 4.0: Mapping digital 
technologies for supply chain management-market-
ing integration. Business Process Management Jour-
nal, 25(2), 323-346. doi: 10.1108/BPMJ-04-2017-
0088

Arshad, A., Shahzad, F., Ur Rehman, I., & Sergi,  
B. S. (2023). A systematic literature review of block-
chain technology and environmental sustainability: 
Status quo and future research. International Re-
view of Economics & Finance, 88, 1602-1622. doi: 
10.1016/j.iref.2023.07.044

Atif, S.  (2023).  Analysing the alignment between circular 
economy and industry 4.0 nexus with industry 5.0 
era: An integrative systematic literature review. Sus-
tainable Development,  31(4),  2155-2175.  doi: 
10.1002/sd.2542

Avom, D., Nkengfack, H., Fotio, H. K., & Totouom,  
A. (2020). ICT and environmental quality in Sub-
Saharan Africa: Effects and transmission channels, 
Technological Forecasting and Social Change, 155. doi: 
10.1016/j.techfore.2020.120028

Bagwan, W. A. (2024). Electronic waste (E-waste) genera-
tion and management scenario of India, and ARIMA 
forecasting of e-waste processing capacity of Maha-
rashtra state till 2030. Waste Management Bulletin, 
1(4), 41-51. doi: 10.1016/j.wmb.2023.08.002

Baheti,  R.,  & Gill,  H. (2011). Cyber-physical systems. In 
T. Samad, & A. M.  Annaswamy (Eds.),  The impact 
of control technology: Overview, success stories, and 
research challenges (pp.  161–166).  New York: IEEE 
Control Systems Society.

Barata, J., Cardoso, A., Haenisch, J., & Chaure, M. (2022). 
Interoperability standards for circular manufactur-
ing in cyber-physical ecosystems: a survey. Procedia 
Computer Science, 207, 3320-3329. doi: 10.1016/ 
j.procs.2022.09.390

Cagno, E., Neri, A., Negri, M., Bassani, C., & Lampertico, 
T. (2021). The Role of Digital Technologies in Op-
erationalizing the Circular Economy Transition:  
A Systematic Literature Review. Applied Sciences, 
11(8), 3328. doi: 10.3390/app11083328

Calabrese, A., Costa, R., Tiburzi, L., & Brem, A. (2023). 
Merging two revolutions: A human-artificial intel-



Volume 16 • Issue 1 • 2024

131

Engineering Management in Production and Services

ligence method to study how sustainability and In-
dustry 4.0 are intertwined. Technological Forecasting 
and Social Change, 188, 122265. doi: 10.1016/j.tech-
fore.2022.122265

Charfeddine, L., & Umlai, M. (2023). ICT sector, digitiza-
tion and environmental sustainability: A systematic 
review of the literature from 2000 to 2022. Renewable 
and Sustainable Energy Reviews, 184, 113482. doi: 
10.1016/j.rser.2023.113482

Ciccullo, F., Fabbri, M., Abdelkafi, N., & Pero, M. (2022). 
Exploring the potential of business models for sus-
tainability and big data for food waste reduction. 
Journal of Cleaner Production, 340, 130673. doi: 
10.1016/j.jclepro.2022.130673

Circular economy - material flows. (2022). Retrieved from 
https://ec.europa.eu/eurostat/statistics-explained/in-
dex.php?title=Circular_economy_-_material_flows

Communication from the Commission to the Euro-
pean Parliament, the Council, the European Eco-
nomic and Social Committee and the Commit-
tee of the Regions: on a monitoring framework 
for the circular economy. (2018). Retrieved from 
https://eur-lex.europa.eu/legal-content/EN/TXT/
HTML/?uri=CELEX:52018DC0029

Dan, M. C., Ciortea, A., & Mayer, S. (2023). The refash-
ion circular design strategy – Changing the way we 
design and manufacture clothes. Design Studies, 88, 
101205. doi: 10.1016/j.destud.2023.101205

De Giovanni, P. (2023). Sustainability of the Metaverse:  
A Transition to Industry 5.0. Sustainability, 15(7), 
6079. doi: 10.3390/su15076079

Dixit, R., Kumar, S., & Pandey,G. (2023). Biological ap-
proaches for E-waste management: A green-go to 
boost circular economy. Chemosphere, 336, 139177. 
doi: 10.1016/j.chemosphere.2023.139177

Dwivedi, A., Agrawal, D., Jha, A., & Mathiyazhagan,  
K. (2023). Studying the interactions among Industry 
5.0 and circular supply chain: Towards attaining sus-
tainable development. Computers & Industrial Engi-
neering, 176, 108927. doi: 10.1016/j.cie.2022.108927

Edirisinghe, L. G. L. M., de Alwis, A. A. P., Prakash,  
S., Wijayasundara, M., & Arosha Hemali, N. A. 
(2023). A volume-based analysis method to deter-
mine the economic value of mixed industrial waste. 
Cleaner Environmental Systems, 11, 100142. doi: 
10.1016/j.cesys.2023.100142

Ejsmont, K., Gladysz, B., & Kluczek, A. (2020). Impact of 
Industry 4.0 on Sustainability – Bibliometric Litera-
ture Review. Sustainability, 12, 5650. doi: 10.3390/
su12145650

European Commission, & Müller, J. (2020). Enabling Tech-
nologies for Industry 5.0 – Results of a workshop with 
Europe’s technology leaders, Publications Office. doi: 
10.2777/082634

European Commission. (2020). A new Circular Economy 
Action Plan, For a cleaner and more competitive Eu-
rope, COM(2020) 98 final. Retrieved from https://
eur-lex.europa.eu/legal-content/EN/TXT/?qid=1583
933814386&uri=COM:2020:98:FIN

European Commission. (2021a). Industry 5.0. Towards  
a sustainable, human-centric and resilient European 
industry. Policy Brief 2021.

European Commission. (2021b). Industry 5.0, a transfor-
mative vision for Europe Governing systemic trans-
formations towards a sustainable industry. doi: 
10.2777/17322

Eurostat Database. Retrieved from https://ec.europa.eu/
eurostat

Formentini, M., & Taticchi, P. (2016). Corporate sustain-
ability approaches and governance mechanisms in 
sustainable supply chain management. Journal of 
Cleaner Production, 112, 1920-1933. doi: 10.1016/j.
jclepro.2014.12.072

Fraga-Lamas, P., Lopes, S. I., & Fernández-Caramés,  
T. M. (2021). Green IoT and Edge AI as Key Tech-
nological Enablers for a Sustainable Digital Transi-
tion towards a Smart Circular Economy: An Industry  
5.0 Use Case. Sensors, 21, 5745. doi: 10.3390/
s21175745

García, S. G., & García, M. G. (2019). Industry 4.0 implica-
tions in production and maintenance management: 
An overview. Procedia Manufacturing, 41, 415-422. 
doi: 10.1016/j.promfg.2019.09.027

Ghimouz, C., Kenné, J. P., & Hof, L. A. (2023). On sus-
tainable design and manufacturing for the footwear 
industry – Towards circular manufacturing. Ma-
terials & Design, 233, 112224. doi: 10.1016/j.mat-
des.2023.112224

Ghobakhloo, M., Iranmanesh, M., Foroughi, B., Tirkolaee, 
E. B., Asadi, S., & Amran, A. (2023). Industry 5.0 
implications for inclusive sustainable manufactur-
ing: An evidence-knowledge-based strategic road-
map. Journal of Cleaner Production, 417, 138023. doi: 
10.1016/j.jclepro.2023.138023

Ghobakhloo, M., Iranmanesh, M., Mubarak, M. F., Mubarik, 
M., Rejeb, A., & Nilashi, M. (2022). Identifying in-
dustry 5.0 contributions to sustainable development: 
A strategy roadmap for delivering sustainability val-
ues. Sustainable Production and Consumption, 33, 
716-737. doi: 10.1016/j.spc.2022.08.003

Gupta, H., Kumar, A., & Wasan, P. (2021). Industry 4.0, 
cleaner production and circular economy: An inte-
grative framework for evaluating ethical and sustain-
able business performance of manufacturing organi-
zations. Journal of Cleaner Production, 295, 126253. 
doi: 10.1016/j.jclepro.2021.126253

Huang, S., Wang, B., Li, X., Zheng, P., Mourtzis, D., & Wang, 
L. (2022). Industry 5.0 and Society 5.0 – compari-
son, complementation and co-evolution. Journal of 
Manufacturing Systems, 64, 424-428. doi: 10.1016/j.
jmsy.2022.07.010

Islam, M. S., Rahaman, S. H., Ur Rehman, A., & Khan,  
I. (2023). ICT’s impact on CO2 emissions in GCC 
region: The relevance of energy use and financial de-
velopment. Energy Strategy Reviews, 49, 101147. doi: 
10.1016/j.esr.2023.101147

Jafari, N., Azarian, M., & Yu, H. (2022). Moving from In-
dustry 4.0 to Industry 5.0: What Are the Implications 
for Smart Logistics? Logistics, 6, 26.

Kemendi, A., Michelberger, P., & Mesjasz-Lech, A. (2022). 
Industry 4.0 and 5.0 – organizational and compe-
tency challenges of enterprises. Polish Journal of 
Management Studies, 26(2), 209-232. doi: 10.17512/
pjms.2022.26.2.13

Krings, B., Kupper, J., Schmid, M., & Thiel, A. (2016). West-
ern Europe’s consumer goods industry in 2030. Re-
trieved from https://www.mckinsey.com/industries/
consumer-packaged-goods/our-insights/western-
europes-consumer-goods-industry-in-2030

Kulczycka, J. (2018). Wskaźniki gospodarki o obiegu za-
mkniętym dla Unii Europejskiej i Polski [Circular 
Economy Idicators for the European Union and Po-



132

Volume 16 • Issue 1 • 2024
Engineering Management in Production and Services

land]. Gospodarka w Praktyce i Teorii, 53(4), 81-93. 
https://doi: 10.18778/1429-3730.53.05

Kumar, V., Sezersan, I., Garza-Reyes, J. A., Gonzalez, E. D., 
& Al-Shboul, M. D. A. (2019). Circular economy in 
the manufacturing sector: benefits, opportunities 
and barriers. Management Decision, 57(4), 1067-
1086. doi: 10.1108/MD-09-2018-1070

Laskurain-Iturbe, I., Arana-Landín, G., Landeta-Manzano, 
B., & Uriarte-Gallastegi, N. (2021). Exploring the in-
fluence of industry 4.0 technologies on the circular 
economy. Journal of Cleaner Production, 321, 128944. 
doi: 10.1016/j.jclepro.2021.128944

Le, T. T., Ferraris, A., & Dhar, B. K. (2023). The contribu-
tion of circular economy practices on the resilience 
of production systems: Eco-innovation and cleaner 
production’s mediation role for sustainable develop-
ment. Journal of Cleaner Production, 424, 138806. 
doi: 10.1016/j.jclepro.2023.138806

Li, C., Chen, Y., & Shang, Y. (2022). A review of industrial 
big data for decision making in intelligent manu-
facturing. Engineering Science and Technology an 
International Journal, 29, 101021. doi: 10.1016/j.
jestch.2021.06.001

Liu, Y., Farooque, M., Lee, C.-H., Gong, Y., & Zhang, A. 
(2023). Antecedents of circular manufacturing and 
its effect on environmental and financial perfor-
mance: A practice-based view. International Journal 
of Production Economics, 260, 108866. doi: 10.1016/j.
ijpe.2023.108866

Martikkala, A., Mayanti, B., Helo, P., Lobov, A., & Ituarte, 
I. F. (2023). Smart textile waste collection system – 
Dynamic route optimization with IoT. Journal of En-
vironmental Management, 335, 117548. doi: 10.1016/ 
j.jenvman.2023.117548

Masoomi, B., Sahebi, I. G., Ghobakhloo, M., & Mosayebi, 
A. (2023). Do industry 5.0 advantages address the 
sustainable development challenges of the renew-
able energy supply chain? Sustainable Produc-
tion and Consumption, 43, 94-112. doi: 10.1016/j.
spc.2023.10.018

Mauss, N.-A., Bühnera, D., & Fottner, J. (2023). Applicabil-
ity and Limitations of Change Management for Cir-
cular Economy in Manufacturing Companies. Proce-
dia Computer Science, 217, 998-1007. doi: 10.1016/j.
procs.2022.12.298

Mora-Contreras, R., Ormazabal, M., Hernández-Salazar, 
G., Torres-Guevara, L. E., Mejia-Villa, A., Prieto-
Sandoval, V., & Carrillo-Hermosilla, J. (2023). Do 
environmental and cleaner production practices lead 
to circular and sustainability performance? Evidence 
from Colombian manufacturing firms. Sustain-
able Production and Consumption, 40, 77-88. doi: 
10.1016/j.spc.2023.06.004

Morea, D., Fortunati, S., & Martiniello, L. (2021). Circular 
economy and corporate social responsibility: Towards 
an integrated strategic approach in the multinational 
cosmetics industry. Journal of Cleaner Production, 
315, 128232. doi: 10.1016/j.jclepro.2021.128232

Neri, A., Negri, M., Cagno, E., Franzò, S., Kumar, V., Lam-
pertico, T., & Bassani, C. A. (2023). The role of digital 
technologies in supporting the implementation of cir-
cular economy practices by industrial small and me-
dium enterprises. doi: 10.1002/bse.3388

Ogiemwonyi, O., Alam, M. N., Alshareef, R., Alsolamy,  
M., Azizan, N. A., & Mat, N. (2023). Environmen-
tal factors affecting green purchase behaviors of the 

consumers: Mediating role of environmental at-
titude. Cleaner Environmental Systems, 10, 100130. 
doi: 10.1016/j.cesys.2023.100130

Paraschos, P. D., Xanthopoulos, A. S., Koulinas, G. K.,  
& Koulouriotis, D. E. (2022). Machine learning in-
tegrated design and operation management for re-
silient circular manufacturing systems. Computers  
& Industrial Engineering, 167, 107971. doi: 10.1016/j.
cie.2022.107971

Paschek, D., Luminosu, C. T., & Ocakci, E. (2022). Industry 
5.0 Challenges and Perspectives for Manufacturing 
Systems in the Society 5.0. In A. Draghici, & L. Ivascu 
(Eds.), Sustainability and Innovation in Manufactur-
ing Enterprises. Advances in Sustainability Science 
and Technology (pp. 17–63). Singapore: Springer. doi: 
10.1007/978-981-16-7365-8_2

Piccarozzi, M., Silvestri, C., Aquilani, B., & Silvestri,  
L. (2023). Is this a new story of the ‘Two Giants’? 
A systematic literature review of the relationship 
between industry 4.0, sustainability and its pillars. 
Technological Forecasting and Social Change, 177, 
121511. doi: 10.1016/j.techfore.2022.121511

Psarommatis, F., May, G., & Azamfirei, V. (2023). Envision-
ing maintenance 5.0: Insights from a systematic lit-
erature review of Industry 4.0 and a proposed frame-
work. Journal of Manufacturing Systems, 68, 376-399. 
doi: 10.1016/j.jmsy.2023.04.009

Ramya, P., Ramya, V., & Babu Rao, M. (2023). E-waste 
management using hybrid optimization-enabled 
deep learning in IoT-cloud platform. Advances in 
Engineering Software, 176, 103353. doi: 10.1016/j.ad-
vengsoft.2022.103353

Ren, Y., Li, R., Wu, K.-J., & Tseng, M.-L. (2023). Discover-
ing the systematic interlinkages among the circular 
economy, supply chain, industry 4.0, and technol-
ogy transfer: A bibliometric analysis, Cleaner and 
Responsible Consumption, 9, 100123. doi: 10.1016/j.
clrc.2023.100123

Roci, M., Salehi, N., Amir, S., Shoaib-ul-Hasan, S., Asif, 
F. M. A., Mihelič, A., & Rashid, A. (2022). Towards 
circular manufacturing systems implementation:  
A complex adaptive systems perspective using mod-
elling and simulation as a quantitative analysis tool. 
Sustainable Production and Consumption, 31, 97-112. 
doi: 10.1016/j.spc.2022.01.033

Rüßmann, M., Lorenz, M., Gerbert, P., Waldner, M., Justus, 
J., Engel, P., & Harnisch, M. (2015). Industry 4.0: The 
future of productivity and growth in manufacturing 
industries. Boston Consulting Group, 9(1), 54-89.

Said, Z., Sharma, P., Nhuong, Q. T. B., Bora, B. J., Licht-
fouse, E., Khalid, H. M., Luque, R., Nguyen, X. P.,  
& Hoang, A. T. (2023). Intelligent approaches for sus-
tainable management and valorisation of food waste. 
Bioresource Technology, 377, 128952. doi: 10.1016/j.
biortech.2023.128952

Sami, A., Manzoor, U., Irfan, A., & Sarwar, F. (2023). Char-
acterizing Circular Supply Chain Practices in Indus-
try 5.0 With Respect to Sustainable Manufacturing 
Operations. Journal of Management and Research, 
10(1), 84-105. doi: 10.29145/jmr.101.04

Savini, F. (2023). Futures of the social metabolism: De-
growth, circular economy and the value of waste. Fu-
tures, 150, 103180. doi: 10.1016/j.futures.2023.103180

Seker, S. (2022). IoT based sustainable smart waste manage-
ment system evaluation using MCDM model under 
interval-valued q-rung orthopair fuzzy environment. 



Volume 16 • Issue 1 • 2024

133

Engineering Management in Production and Services

Technology in Society, 71, 102100. doi: 10.1016/j.tech-
soc.2022.102100

Shahabuddin, M., Uddin, M. N., Chowdhury, J. I., 
Ahmed, S. F., Uddin, M. N., Mofijur, M., & Uddin,  
M. A. (2023). A review of the recent development, 
challenges, and opportunities of electronic waste (e-
waste).  International journal of Environmental Sci-
ence and Technology, 20, 4513-4520. doi: 10.1007/
s13762-022-04274-w

Shayganmehr, M., Kumar, A., Garza-Reyes, J. A., & Mokta-
dir, M. A. (2021). Industry 4.0 enablers for a cleaner 
production and circular economy within the context 
of business ethics: A study in a developing coun-
try. Journal of Cleaner Production, 281, 125280. doi: 
10.1016/j.jclepro.2020.125280

Skare, M., Gavurova, B., & Kovac, V. (2023). Investigation 
of selected key indicators of circular economy for 
implementation processes in sectorial dimensions. 
Journal of Innovation & Knowledge, 8(4), 100421. doi: 
10.1016/j.jik.2023.100421

Song, B., Yeo, Z., Jonathan, L. S. C., Jiewei, D. K., Kurle, 
D., Cerdas, F., & Herrmann, C. (2015). A Big Data 
Analytics Approach to Develop Industrial Symbio-
ses in Large Cities. Procedia CIRP, 29, 450-455. doi: 
10.1016/j.procir.2015.01.066

Song, B., Yeo, Z., Kohls, P., & Herrmann, C. (2017). Indus-
trial Symbiosis: Exploring Big-data Approach for 
Waste Stream Discovery. Procedia CIRP, 61, 353-358. 
doi: 10.1016/j.procir.2016.11.245

Sun, X., & Wang, X. (2022). Modeling and Analyzing the 
Impact of the Internet of Things-Based Industry 4.0 
on Circular Economy Practices for Sustainable De-
velopment: Evidence From the Food Processing In-
dustry of China. Frontiers in Psychology, 13, 866361. 
doi: 10.3389/fpsyg.2022.866361

Syu, F.-S., Vasudevan, A., Despeisse, M., Chari, A., Bekar, 
E. T., Gonçalves, M. M., & Estrela, M. A. (2022). Us-
ability and Usefulness of Circularity Indicators for 
Manufacturing Performance Management. Procedia 
CIRP, 105, 835-840. doi: 10.1016/j.procir.2022.02.138

Tavares, T. M., Ganga, G. M. D., Filho, M. G., & Rodrigues, 
V. P. (2023). The benefits and barriers of additive 
manufacturing for circular economy: A framework 
proposal. Sustainable Production and Consumption, 
37, 369-388. doi: 10.1016/j.spc.2023.03.006

Tavares-Lehmann, A. T., & Varum, C. (2021). Industry 4.0 
and Sustainability: A Bibliometric Literature Review. 
Sustainability, 13, 3493. doi: 10.3390/su13063493

Trstenjak, M., Hegedić, M., Tošanović, N., Opetuk,  
T., Đukić, G., & Cajner, H. (2023). Key Enablers of 
Industry 5.0 – Transition from 4.0 to the New Digi-
tal and Sustainable System. In H.Kohl, G. Seliger,  
& F. Dietrich (Eds.), Manufacturing Driving Circular 
Economy. GCSM 2022. Lecture Notes in Mechanical 
Engineering. Cham: Springer. doi: 10.1007/978-3-
031-28839-5_69

Turner, C., Oyekan, J., Garn, W., Duggan, C., & Abdou, K. 
(2022). Industry 5.0 and the Circular Economy: Uti-
lizing LCA with Intelligent Products. Sustainability, 
14, 14847. doi: 10.3390/su142214847

Up Skill Project. (2023). Up-skilling for industry 5.0 roll-
out from Industry 4.0 to Industry 5.0. Retrieved from 
https://www.upskill-horizon.eu/

Valera, E. H., Cremades, R., van Leeuwen, E., & van Tim-
meren, A. (2023). Additive manufacturing in cities: 

Closing circular resource loops. Circular Economy, 
2(3), 10049. doi: 10.1016/j.cec.2023.100049

Varriale, V., Cammarano, A., Michelino, F., & Caputo, M. 
(2023). Industry 5.0 and Triple Bottom Line Ap-
proach in Supply Chain Management: The State-
of-the-Art. Sustainability, 15(7), 5712. doi: 10.3390/
su15075712

Vishwakarma, S., Kumar, V., Arya, S., Tembhare, M., Rahul, 
Dutta, D., & Kumar, S. (2022). E-waste in Informa-
tion and Communication Technology Sector: Exist-
ing scenario, management schemes and initiative. 
Environmental Technology & Innovation, 27, 102797. 
doi: 10.1016/j.eti.2022.102797

Voulgaridis, K., Lagkas, T., Angelopoulos, C. M.,  
& Nikoletseas, S. E. (2022). IoT and digital circular 
economy: Principles, applications, and challenges. 
Computer Networks, 219, 109456. doi: 10.1016/j.
comnet.2022.109456

Wu, D., & Pi, Y. (2023). Digital technologies and prod-
uct-service systems: A synergistic approach for 
manufacturing firms under a circular economy. 
Journal of Digital Economy, 2, 37-49. doi: 10.1016/j.
jdec.2023.04.001

Xu, X., Lu, Y., Vogel-Heuser, B., & Wang, L. (2021). Indus-
try 4.0 and Industry 5.0 – Inception, conception and 
perception. Journal of Manufacturing Systems, 61, 
530-535. doi: 10.1016/j.jmsy.2021.10.006

Yang, F., & Gu, S. (2021). Industry 4.0, a revolution that re-
quires technology and national strategies.  Complex 
& Intelligent Systems, 7, 1311-1325. doi: 10.1007/
s40747-020-00267-9

Yavuz, O., Uner, M. M., Okumus, F., & Karatepe, O. M. 
(2023). Industry 4.0 technologies, sustainable op-
erations practices and their impacts on sustainable 
performance. Journal of Cleaner Production, 387, 
135951. doi: 10.1016/j.jclepro.2023.135951

Zhong, R., Xu, X., Klotz, E., & Newman, S. T. (2017) Intel-
ligent manufacturing in the context of Industry 4.0:  
a review. Engineering, 3, 616-630.

Zhou, K., Liu, T., & Zhou, L. (2015). Industry 4.0: Towards 
future industrial opportunities and challenges. In 
12th International Conference on fuzzy systems and 
knowledge discovery (pp. 2147–2152). IEEE.


