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1. Introduction

Manufacturing companies are investigating and investing in 
novel technologies, processes, and materials to achieve 
environment-conscious production [1,2]. In the context of
Industry 4.0, manufacturing companies can benefit greatly by 
making a shift from a linear economy model to a circular one. 
The concept of Circular Economy (CE) is considered as a 
prominent approach for harmonizing ambitions for economic 
growth with environmental production [2] and sustainability
[3].
CE can be perceived, with regards to manufacturing wastes, as 
a closed-loop business model targeting waste minimization, 
reuse, reduction of primary resources, remanufacturing, and 
recycling [4-6]. In manufacturing industries, CE is directly 
connected with waste management and product lifecycle 
assessment. The adoption of CE strategies can lead to 
sustainable production while decoupling economic growth 
from environmental impact [5].

The idea of transitioning to a CE has received increased 
attention worldwide within the last few years [7,8], but its 

adoption is still limited [9]. Although the benefits of the CE
paradigm are fairly understood, there are few examples of 
industrial companies (e.g. in business-to-business settings) that 
have implemented a CE paradigm [4]. This comes even though
an increasing number of firms are raising awareness about the 
practices and benefits of circular economy [10]. High upfront 
investments costs for circular business models can be a 
significant barrier to implementing a CE solution in the 
industry, especially when the benefits cannot be securely 
justified.

In this paper, the concept of an intelligent waste 
management system for scrap metal and plastic recycling in a 
metalwork-copper industry is presented. The development of 
such a system will contribute to increasing the capability of 
collecting, recycling, and reducing waste, with direct benefits 
for the industry itself as well as the environment, society and 
economy as part of a greater ecosystem. The work enhances the 
currently limited knowledge on how emerging Industry 4.0 
technologies can be combined towards enabling CE strategies.

The remaining of the paper is organized as follows: Section 
2 provides the main principles of CE in the context of 
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manufacturing systems, whereas Section 3 describes the
concept of the proposed intelligent waste management system. 
Finally, Section 4 outlines the conclusions as well as the next 
steps of the work.

2. Circular Economy and Manufacturing Systems

2.1 Circular Economy

Climate change and the continuous environmental
deterioration have forced world leaders to configure new 
strategic plans towards a resource-efficient economy. The 
European Union aims at an economy whose growth will be 
uncorrelated with the use of natural resources and with zero 
greenhouse gasses emissions until 2050, through the European 
Green Deal initiative [11]. In that direction, biological and 
technical materials should continuously flow through the value 
cycle in a way that keeps products, materials, and components 
at their highest value. This requires shifting from the linear 
economic model to a circular one, the so-called “Circular 
Economy” (CE). The Ellen McArthur Foundation illustrates
the concept of CE in the “Butterfly Diagram” (Fig. 1). The 
Circular Economy model is based upon three main initiatives:
1) conservation and enhancement of the natural capital; 2) 
optimization of resource yields, and 3) minimization of leakage 
and negative externalities [12].

Fig. 1. Outline of a Circular Economy – the “Butterfly” Diagram. (Ellen 
MacArthur Foundation, 2019) [12].

The “Butterfly Diagram” contains the biological (left part) 
and the technical (right part) cycles, representing the flows of 
biological materials and technical materials (metals, plastic and 
synthetic chemicals) that should not re-enter the environment 
and must be continuously cycled. In the technical cycle, which
is the one that concerns manufacturing industries, the product 
user interacts with its manufacturers by expanding the 
product’s useful life and, finally, returning the product or some 

of its parts to the original manufacturer/s, with a view to 
its/their reuse, redistribution, reassembly and remanufacturing 
as well as the recycling of stock material.

The practices of CE occur in three different scales: 1) Micro 
(e.g., enterprise or consumer); 2) meso (e.g., eco-industrial 
parks [13]); and macro (regional, cities) [9]. At industrial level, 
circular manufacturing is a core mechanism for realizing a CE 
[14]. The CE approach aims to bring industrial sustainability to 
a new level by implementing Circular Manufacturing Systems 
(CMS), which aim to value recovery through long-lasting 
design, repair, reusing, remanufacturing, refurbishing and 
recycling in a systematic way [6,15]. The end of the lifecycle 
of a product may introduce a new lifecycle for some of its 
components, creating added value. In addition, a CE also 
includes novel maintenance approaches [16] and a systematic 
change, which requires extensive collaboration between 
institutions, academia, industries, and societies.

2.2 Transition to Circular Manufacturing Systems (CMS)

The shift of an industry to a circular business model requires 
severe modifications in a) the production process, b) the 
management of the supply chain, as well as in c) product
design. The adoption of circular production models, in terms of 
reconfiguration, is more feasible for Small and Medium 
Enterprises (SMEs), due to their higher flexibility. However,
SMEs may lack the adequate investment funds to push such
changes. Converting conventional manufacturing systems to 
CMS may require the establishment of new equipment, such as 
recycling bins or waste detection sensors, as well as the 
purchase of waste transport vehicles, recruiting extra personnel 
for carrying out recycling and waste collection tasks, and
redesign of production processes which is costly in many cases.

A step forward to CE for manufacturing industries is 
sustainable product design, or eco-design [17]. This strategy 
aims at minimizing the environmental impact of a product and 
waste, selecting low-impact resources, and enabling 
disassembling so that any of its parts can be recycled and 
reused. Several tools, such as Life Cycle Assessments (LCAs)
[18], are employed to assess the environmental footprint of the 
product design, thus the overall impact that the production of a 
product has on the environment. Additionally, parts and raw 
resources recycling is directly linked with the creation of an 
ecosystem, containing recycling stations at country/state-wide 
level, waste transport networks and eco-efficient resources.

The emerging Industry 4.0 technologies can positively
influence sustainable manufacturing, management, and the 
integration of CMS [19]. Also, computerized assets such as 
Design Support Systems (DSS) can integrate the concept of CE 
in the design phase of parts [20]. The Ellen McArthur 
Foundation acknowledges the role of intelligent assets and 
connectivity in the proliferation of CE [21]. Manufacturing 
companies have begun to realize that Industry 4.0 technologies 
can be used to address contemporary needs such as optimal
resources and sustainable production. Intelligent waste 
management systems can be deployed, containing sensors, 
databases and platforms running management and scheduling 
algorithms, automating the whole procedure, and accelerating
the transition to CE. In this context, the innovations of the 
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Internet of Things (IoT) [22] and Big Data [19], as well as 
neural networks, deep learning, simulation, and forecasting 
support the transition and automate decision-making, 
scheduling, storage and waste tracking. In addition, Cloud 
Computing combined with IoT offers proper data storage and 
information exchange between the shop floor workers, waste 
producers and partners with waste transporters and related 
services. Despite the existence of many commercial CE 
software solutions nowadays, there is still limited knowledge 
on how to combine and build upon those technologies a 
systematic approach to enable CE strategies [9].

2.3 Sustainable Waste Management

Sustainable waste management plays a key part in CMS. 
Solid waste management in the steel industry is broadly 
classified in the literature in “4Rs” i.e., reduce, reuse, recycle 
and restore the materials (Fig. 2.) [23] and can be defined as 
systematic inspection, collection, storage, transport, 
processing, recovery, and disposal of solid waste. Adopting an
efficient waste management strategy is a strong challenge for 
metalwork industries today. Nowadays, waste management
and waste transportation scheduling can be carried out using
appropriate commercial software solutions. Most of the 
existing applications are cloud-based solutions, offering 
interfaces for real-time monitoring, online mapping, data 
analytics, tracking and optimal route design.

Fig. 2. Hierarchy of the “4 Rs” of solid waste management.

2.4 Circular Economy-Related Key Performance Indicators 
(KPIs) for CMS

The shift to CMS should not only be driven or based on 
typical cost, quality, and time KPIs, but also consider CE-
related ones. Life Cycle Assessment can be very useful for 
evaluating the environmental impact of products through 
various sets of KPIs. Traditionally, LCA methodologies 
include four stages: scope definition, Life Cycle Inventory,
Life Cycle Impact Assessment, and interpretation of results, as 
shown in Fig. 3. [18]. LCA is the most common approach for 
evaluating the design of a product or a manufacturing process 
from an ecological point of view. Several environmental effects 
considered in LCA include energy consumption, gas emissions 
(CO2, Methane, laughing gas etc.), transportation effects, use 
of water and land use. Other important CE related KPIs are the 

Material Circularity Indicator, the Environmental Cost 
Indicator, the Raw Material Yield Index, and the Recycling 
Efficiency. Nowadays, circularity efficiency evaluation based 
on such KPIs can be carried out at industrial level through
several commercial software tools.

Fig. 3. Flow chart of Life Cycle Assessment.

2.5 Expectations and barriers towards CMS

CE is seen to reduce conflicts between the competitive and 
environmental priorities within a company, making it more 
competitive, while at the same time reducing its environmental 
footprint [24]. In a broad context, the expectations towards 
CMS are:
• Increased resource efficiency.
• Resource recycling and recovery.
• Reduction of waste and pollutants.
• Eco-design.
• Cleaner production
• Increase of the added value.
• Increase of the competitiveness of businesses.
• Improvement of environmental quality.

Although CMS are associated with innovative business 
models, yet the adoption of such models is limited [25]. 
According to Korhonen et al., 2018 [26], the main limitations 
and challenges over the concepts of circular manufacturing and 
economy may be classified into the following categories:
• Thermodynamical limits: cyclical systems consume 

resources and create waste emissions.
• Spatial and Temporal System Boundary Limitations: 

problems are shifted along the product life cycle.
• Path dependencies and Lock-in: First technologies retain 

their market position despite in-efficiency.
• Intra-organizational vs. Inter-organizational Strategies and 

Management.
• Limits of social and cultural definitions: The concept of 

waste is always constructed in a certain cultural, social, and 
temporal context and this context is dynamic and changing.
The aforementioned barriers are not the only ones that 

hinder the wider adoption of CE practices in manufacturing.
Currently, no general framework has been introduced for the 
transition of an industrial company to CMS. The shift depends 
on the individual needs of each industry. Proper decision-
making for waste management can be hard to apply at the 
industrial level, due to several economic, political, and social 
criteria that must be considered and may be in conflict with 
each other [27]. In addition, there are large knowledge gaps that 
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challenge the optimization and digitalization of the CE [28].
Several CE-related initiatives are constrained by a lack of 
regulation, incentive(s) and infrastructure required for resource 
exchange [29]. However, since Industry 4.0 emerging 
technologies spread, it may now be feasible to overcome 
barriers by shifting production processes towards smart 
manufacturing [30].

3. Concept for Intelligent Waste Management System in
Copper Industry

The implementation of intelligent waste management in the 
metalwork-copper industry in the context of CE will execute 
practices aimed at the maximum efficient use of raw material, 
including copper scrap, since the reuse of scrap offers 
significant benefits, such as the reduction of energy 
consumption, gas emissions and water use. Copper scrap is an 
extremely useful secondary raw material with great 
environmental value. The concept of this paper refers to a 
copper-tube manufacturing industry case study.

3.1 Gaps Identification and Proposed Solution

The lack of interconnection and automation within the 
running production and the predetermined implementation 
frequencies of the management processes of the generated 
wastes leads to high waste management costs, temporary 
occupation of the shop floor by large quantities of scrap, and 
above all, inability to timely inform head-engineers in cases 
that waste production is higher than expected. Ex-post 
knowledge of these cases leads to delayed scheduling of 
corrective actions and prevents systematic waste reduction. To 
deal with these issues, a cloud-based platform is proposed, able 
to receive real-time data for the generated waste straight from 
the manufacturing processes and:
• compare them through statistical decision-making processes 

with baseline/expected data.
• provide warnings about declinations that require corrective 

actions.
• monitor the fill level of the scrap/waste bins and provide 

alerts when a waste bin is full or when a wrong type of waste 
is placed in the bin.

• receive feedback from the users – waste producers in case 
of emergencies in the Shop Floors.

• provide information of consumable resources’ performance.
• schedule waste management activities, such as waste 

collection and transportation to recycling centers or 
foundries, in an optimal way and,

• provide customized reports to its end-users about waste 
generation, recycling performance and detected events.
The primary objectives of the proposed waste management 

framework mainly include:
• the increase of reuse degree of raw material and
• the reduction of diesel consumption in the subprocess of 

waste collecting per ton of produced products, which will 
subsequently reduce CO2 emissions.

Additionally, CE-related KPIs which are expected to be 
improved through the development of the proposed intelligent 
waste management process and could be used by the suggested 

platform for evaluating the performance of the implemented
waste management strategies are the:
• Raw Material Yield Index.
• Scrap Collection Efficiency.
• Material Circularity Indicator.
• Renewable Energy Sources (RES) Ratio.
• Net cost savings due to circular activities.

3.2 Structure of the Proposed Intelligent Waste Management 
System

The system will consist of three discrete levels and 
particularly: 1) the sensor and data acquisition level; 2) the set 
of management algorithms; and 3) the integrated platform. The 
approach towards the implementation of such a proposed waste 
management system is illustrated in Fig. 4.

Fig. 4. Implementation diagram of the proposed intelligent waste 
management system.

The proper and effective operation of the proposed system 
will be achieved via the development of individual subsystems, 
algorithms, and facilities. More specifically, the proposed 
approach includes:
• all the necessary equipment enabling maximum copper-

waste collection ability per Shop Floor.
• all the required sensor systems for monitoring the state of 

the waste bins (scrap type, fill level, position, movement, 
weight etc.).

• the creation of specifications (with upper and lower control 
limits) for the proper/expected waste collection and the
expected / standardized filling rate of the waste bins per 
waste type.

• all the required interfaces for data acquisition through the 
Manufacturing Execution System (MES), as well as directly 
from the machines, when required.

• real-time monitoring and state detection algorithms of the 
collected waste, such as image processing algorithms and 
machine vision algorithms.

• a factory digital map as a kind of Digital Twin.
• Digital Twins of processes and/or process steps.
• infrastructure material of the platform.
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• a management platform, with the development of Waste 
Producers and Administrator interfaces. Through waste 
monitoring processes, alongside the use of historical data 
and scheduling algorithms, the platform will be able to make 
prognostics about waste generation and schedule waste 
collection and resource management activities optimally. 
The Administrator will be able to detect declinations from 
the control thresholds through Statistical Process Control, 
and then inform the Head Managers to define precautionary 
corrective actions.

3.3 Architecture for the Industrial Internet of Things (IIoT) 
Platform

In order to meet the needs of the described waste 
management system, a platform of the so-called paradigm of 
IoT enabled Context-Aware Manufacturing Information 
System (CA-MIS) [31] is proposed. The architecture of the 
platform (Fig. 5) may

Fig. 5. Proposed IIoT platform architecture

be distinguished in three tiers: i) the Factory Tier, which 
includes the shop floor, the data acquisition systems and the 
proxy unification services; ii) the Platform Tier, thus the 
Context Engine and the context-aware services; and iii) the 
Application (or Enterprise) Tier, that concerns all the 
applications that run real-time and provide the appropriate 
mockups for assisting user workflow operations [32]. The CA-
MIS design enables the integration of different data and sensor 
sources and the deployment of different end-user applications.

In CA-MIS, the produced data coming from the shop-floor
sensors are pre-processed through the proxies and then
forwarded to the main/server system for storage and advanced 
processing. A database holding all the relevant information is 
maintained. The Context Engine is responsible for managing 
the context data and provide the running applications with 
relevant data services (i.e., data analytics), critical alerts and 
notifications. Finally, indications regarding event detection, 

monitoring, prognostics, and digital twin models as well, are 
displayed in Graphical User Interface (GUI) dashboard/s.

4. Conclusions

The concept of an intelligent waste management system in 
the copper-tube manufacturing industry has been proposed 
after introducing the state-of-the-art of CE and CMS. The 
approach proposes the adoption of a cloud-based platform for 
receiving and storing waste data from production. Furthermore, 
the implementation of management and scheduling algorithms,
as well as neural networks and machine vision systems are 
proposed for comparing real-time received data with expected
values and identifying abnormalities from pre-defined 
thresholds. Finally, a Factory Digital Map as a kind of Digital 
Twin will complete in a sufficient way the whole waste 
management framework. 

The outlined concept validates the benefits that Industry 4.0 
enabling technologies, such as IIoT, Big Data and Deep 
Learning, can have on the implementation of CMS as well as 
on the configuration of CE policies. The proposed system is 
expected to lead to “intelligent” and efficient monitoring of 
waste and finally to the reduction of copper and plastic waste 
generation. This system constitutes a transition, adaptation in 
an industrial environment and further development to the 
direction of zero-waste production and falls within the scope of 
the vision of creating the Factories of the Future and a CE.

Future activities will focus among others on the
implementation and the prioritization of KPIs relevant to 
consumable resources management and waste collection 
efficiency. Moreover, one of the next steps will be the
development of a predictive scrap management module, which 
will be integrated with the cloud-based platform. Finally, the 
proposed system will be tested in a real industrial application 
and updated based on the feedback collected during the 
validation phase.
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