Environment Protection Engineering

Vol. 51 2025 No. 1
DOI:10.37190/epe250104

ROBERT GIEL (ORCID: 0000-0002-7406-0044)!
ALICJA DABROWSKA (ORCID: 0000-0003-2526-6916)'

DIGITAL TWIN CONCEPT
FOR MANUAL WASTE SORTING MANAGEMENT

In recent years, increasing attention has been given to waste management. It is mainly related to
the promotion of the Circular Economy as a key policy objective in the EU. The aim is to shift from
a linear approach to a circular one, which is based on reuse and recycling. To enable recycling, it is
necessary to separate waste mixtures into different fractions. Therefore, it is crucial to consider and
optimize different waste sorting techniques. Despite advances in technology that have emerged as part
of Industry 4.0, manual sorting is still widely used as support for automatic/mechanical sorting. Current
manual sorting research is mainly focused on human health and ergonomics. There is a definite lack of
studies dedicated to the management of this process which is critical for the transformation to a circular
economy. Therefore the objective of the paper is to present the digital twin concept for manual waste
sorting management. Four stages of research work have been introduced. Within these stages, the mo-
tion capture gloves for data collection from physical objects (workers) were proposed. Additionally
simulation model for virtual representation was considered and a data exchange system for connection
between physical objects and their virtual representations.

1. INTRODUCTION

Municipal waste is an integral part of non-industrial human activity. Given their
increasing quantity over the years and their negative impact on the environment, the
concept of Circular Economy has become widespread in recent years. According to this
concept, efforts should be made to close the currently open material cycle and thus reuse
materials after they have been consumed instead of landfilling them [1]. The critical
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action here is to separate the waste mixture into usable and unusable fractions for recy-
cling [2]. Various sorting techniques make this possible. By not applying them or using
them without taking optimization actions, the circularity assumption cannot be met.

Municipal waste sorting techniques are generally divided into automatic/mechani-
cal and manual [3]. Despite the growing number of new sensor-based technologies ded-
icated to waste sorting, manual sorting is still widely used worldwide [4, 5]. This is
mainly due to the highly time-varying physical and chemical characteristics of the items
contained in the waste mixture, which require the flexibility of the solutions used in
terms of the necessity for frequent adjustment [6]. Many new technologies that have
developed as part of Industry 4.0 [7] are still supported by manual techniques that are
cost-effective in comparison to the required investment for automated sorting [8] and
demonstrate the required flexibility in adapting to the frequently changing physical and
chemical characteristics of the waste.

While automated techniques are the subject of many studies (e.g., new methods are
being developed for the automatic recognition and classification of waste [9] or factors
affecting the efficiency of vision systems are being investigated [10]), research on man-
ual techniques is mainly limited to issues of ergonomics and harmful working condi-
tions. A summary of recent manual sorting studies is presented in Table 1.

Table 1
Summary of municipal waste manual sorting research
Objective Level. Research field Ref.
of detail
Ergonomic assessment in waste sorting jobs workstation ergonomics [11]
Bacterial air quality assessment in waste sorting cabins sorting cabin | human health [12]
Ergonomic evaluation of the worktable . .
. workstation ergonomics [13]
for waste sorting
Health risk assessment of sorters sorting plant | human health [14]
Assessment of occupational exposure .
to dust, endotoxin, arr)ld microorI;;anisms sorting plant | human health [13]
Simulation model development . resource management
for decision-making support at the waste-sorting plant sorting plant and waste sorting planning [16]
Performance evaluation of a material recovery facility sorting plant | performance evaluation [17]

The most common topic of research in the area of manual sorting is the negative
impact of working conditions on human health. This problem was already considered
in the 1990s. [18]. However, it is still relevant today. The research in this area includes
a comparison of occupational exposure levels to dust, endotoxin, and microorganisms
at modern and traditional sorting plants. Other works considered the health effects of
particulate matter and health risk assessment or bacterial air quality assessment in man-
ual sorting cabins with particle size distribution of bacterial aerosol determination.
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In the context of ergonomics, the design of a work table for waste sorting tasks [13]
was considered. With the use of digital human modeling, work posture simulation, and
biomechanical evaluation were performed. As a result, the appropriate height range of
the sorting table and the position of the hoppers were determined. Despite this, a com-
parative study with different ergonomic assessment methods was performed to assess
the risk of work-related musculoskeletal disorders and to identify ergonomic improve-
ment proposals for sorting jobs [11].

Besides the issues of ergonomics and the impact of working conditions on health,
a separate, rarely considered topic is the modeling aimed at performance evaluation.
A simulation model was developed for decision-making support in terms of planning
sorting processes [16]. Waste quantity supplied on different days, waste mass flow in
kg/s, and deviation of waste value were considered in the form of random variables. In
general, manual sorting efficiency in the form of the amount of sorted waste in Mg was
considered and the dependence of this efficiency on the amount of processed waste was
studied. A more detailed approach was presented [15], where it was assumed that each
manual sorter has a recovery efficiency. In the case of more than one sorter, recovery
efficiency was calculated as the geometric sum of individual efficiencies. The basis of
this approach was the work of Testa [19], in which a genetic algorithm was used in the
context of finding the optimal configuration of sorting plant elements. In terms of man-
ual sorting, the issue of personnel allocation was considered. The given models consider
the sorting system holistically with a general view of the manual sorting system.

The greatest disadvantage of the existing methods dedicated to manual sorting is
the lack of real-time analysis capabilities. This makes it impossible to manage the man-
ual sorting process in real-time in terms of the number of required workers determina-
tion, workers allocation, changing the number of fractions picked up at specific stations
and ongoing performance evaluation.

A state-of-the-art indicates that manual sorting requires the development of a new
method that allows real-time monitoring of the sorting process and fast response to fre-
quent changes in the characteristics of the processed waste stream. The solution to the
identified problem is to consider the concept of a digital twin (DT). Therefore, the ob-
jective of the paper is to present the digital twin concept for manual sorting in the context
of its management.

2. MANUAL SORTING DIGITAL TWIN CONCEPT

Digital twins are identified as one of the enabling technologies in the Industry 4.0
concept [20]. There are three basic components of their architecture: physical object,
virtual representation of that object, and bi-directional data connection [21]. Thus, con-
sideration of DTs requires the following actions:
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e characterization and decomposition of a physical object,

e data collection system development,

o development of the physical object’s virtual copy,

e bi-directional connection formation.

The bi-directional connection between a physical object and its digital copy can be
considered in three ways that differ in handling the data flow. Thus, three subcategories
of DTs are distinguished by integration level: digital model, digital shadow, and digital
twin [22] (Fig. 1). The lowest level of integration (digital model) indicates the presence
of only manual data flow. The higher level (digital shadow) introduces an automatic
data flow from the physical object to the digital one. The highest level (digital twin)
eliminates the manual flow of data.

Automatic data flow Manual data flow
> -

PHYSICAL | PHYSICAL PHYSICAL
OBJECT } OBJECT OBJECT
A I A
F— :
: DIGITAL : DIGITAL DIGITAL
: OBJECT : OBJECT OBJECT
L____1 L____ 1 L 1
Digital model Digital shadow Digital twin

Fig. 1. Digital twin subcategories based on integration level

DTs are used in many industries, including among others manufacturing, automo-
tive, aerospace, agriculture, mining, healthcare, and military [23]. They can be imple-
mented in any phase of the object’s life cycle. In the design phase iterative optimization,
data integrity, and virtual evaluation and verification can be provided. During manufac-
turing, it is possible to use DT for real-time monitoring, production planning and con-
trol, workpiece performance prediction, process optimization, and asset management.
In the operation phase, fault detection and diagnosis, state monitoring, performance pre-
diction, and predictive maintenance are enabled. The last phase of the life cycle, on the
other hand, is very often ignored in studies on the subject of DTs despite the possibility
of implementing this technology [24].

Consideration of the DT concept in the context of manual waste sorting requires, as
a first step, characterizing the process and identifying current problems with its man-
agement. There are two types of manual sorting: positive sorting and negative sorting.
Positive sorting involves separating the desired materials from the waste mixture. Neg-
ative sorting, on the other hand, is aimed at removing undesirable materials from the
waste mixture [19]. Regardless of the type of manual sorting considered, the process
requires human participation. Workers (sorters) in a standing position are located on



Digital Twin concept for manual waste sorting management 69

one or both sides of the conveyor belt on which the waste is transported. Each work-
station is equipped with receivers of picked materials, i.e. chutes and/or waste bags. An
example of a manual sorting cabin is shown in Fig. 2.
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Fig. 2. Example of a manual waste sorting cabin

The latest solutions for manual sorting management are limited to automated con-
trol systems allowing mainly to change the parameters of the conveyor-based transport
system. The challenge, on the other hand, is the acquisition of data on the processed
stream and workers. In the context of the waste stream, only the total weight of waste
received for processing on a given day and the volumetric size of the stream (controlled
by a feeder, which is usually a bag opener) at the system input are known. In the case
of workers, it is only possible to verify their productivity by the amount of waste sorted
into chutes and/or bags. It is thus possible to monitor productivity for several days. Such
an approach makes it impossible to react quickly to the high variability of waste stream
characteristics and to assess the performance of sorting booth workers on an ongoing
basis. It is also challenging to consider the productivity of each worker separately in
a short time horizon. The outlined management problems justify the consideration of
the DT concept.

PHYSICAL SYSTEM
(MANUAL WASTE SORTING CABIN)

STAGE Il

BI-DIRECTIONAL CONNECTION
(DATA COLLECTION AND PROCESS CONTROL)

DIGITAL COPY OF THE PHYSICAL SYSTEM
(SIMULATION MODEL)

Fig. 3. Digital twin concept for manual waste sorting



70 R. GIEL, A. DABROWSKA

Given the provided characteristics, management of the manual sorting process re-
quires data on the waste stream (morphology and size), conveyor parameters (speed),
and workers (productivity and sorting accuracy). A more extensive analysis can further
take into account working conditions in the form of temperature or dust. Due to the
presence of a human in the process of manual sorting, the concept of a DT in this case
is not limited to technical objects (the most commonly considered application of DT in
the literature), but must also take into account the human being. Therefore, the issue
under consideration corresponds to the human digital twin. The concept of a digital twin
for manual waste sorting, including the required three stages of research work is shown
in Fig. 3.

3. RESEARCH AIMED AT THE DEVELOPMENT
OF MANUAL WASTE SORTING DIGITAL TWIN

Taking into account the basic components of the DT and the characteristics of the
manual waste sorting process, the stages of preliminary research work necessary for the
development of the manual waste sorting DT are as follows:

Stage 1. Physical representation of the waste sorting cabin under laboratory condi-
tions. The physical object is the first component of the DT requiring consideration in
terms of key elements for process management. In case the physical system cannot be
interfered with, it is necessary to replicate it under laboratory conditions. The system’s
representation under laboratory conditions includes a conveyor belt, sorting stations
with stream receivers (containers), a steam generator, and human sorters. In addition, it
is necessary to provide a processed waste stream, that is, to prepare samples of various
waste fractions, which will be fed to the conveyor belt with the use of a stream generator.

At this stage of the work, it is also necessary to specify the data sources necessary
to manage the manual sorting process. Key from the point of view of the manual sorting
process are sorter-, waste stream- and conveyor-related data. Waste stream-related data
can be collected based on a flow sensor (for volume flow rate determination) and a RGB
camera (for waste morphology detection). Conveyor-related data can be derived from
encoders. Sorter-related data, on the other hand, are related to hand movements and their
orientation in space. Motion capture gloves can enable tracking of the indicated param-
eters. Devices of this type are often used in human digital twin research [25]. Motion
capture gloves are equipped with bend sensors (to perceive finger movement on the
bending axis) and pressure sensors on the thumbs.

Stage I1. Virtual representation of the sorting cabin. The second component of the
DT is a digital copy of the physical object. The sorting cabin, which is replicated under
laboratory conditions, requires mapping in a virtual environment in the form of a simu-
lation model. Important at this stage is the selection of appropriate software that will
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allow further integration of the model with the physical object. The simulation model
of the sorting cabin can be made using Flexsim software. An example representation of
the sorting cabin is shown in Fig. 4.

Fig. 4. Virtual representation of a manual waste sorting cabin

In addition to the representation of the system elements, it is also necessary to take
into account the possibility of later modification of the system parameters and analysis
of the results. The variability of stream characteristics (morphology, volume flow size),
conveyor speeds, and the possibility of changing the number and allocation of workers
must be taken into account. In addition, the model must return values for assessment
indicators such as productivity and sorting accuracy for each worker.

Stage Ill. The connection between physical and virtual objects. The third stage fo-
cuses on merging the results of the work from stages I and II.

Fig. 5. Connection between physical and virtual objects
based on motion capture gloves
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A relational database should be used to merge them. It is necessary at this stage of
work to verify the correctness of the connection due to, for example, the possibility of
delays in data transfer. The connection based on the example of motion capture gloves
is shown in Fig. 5.

Stage IV. Manual sorting process optimization. Obtaining the benefits of a DT re-
quires incorporating optimization into the developed model. It is necessary here to take
the following actions:

e selection of decision variables (waste stream size, conveyor speed, number of
workers, workers allocation, number of fractions picked at every workstation),

o development of objective functions aimed at maximizing sorting accuracy and
maximizing productivity,

e implementation of reinforcement machine learning algorithms.
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Fig. 6. Manual waste sorting digital twin scheme

The presented concept of the DT including data sources and DT applicability is
shown in Fig. 6.

4. SUMMARY AND CONCLUSIONS

The article presents a part of the research findings on the waste management field
and more specifically, the problems of waste sorting. The management problems of the
manual waste sorting process outlined in the article, justified consideration of the DT
concept for real-time process control, performance evaluation, and optimization. There-
fore, four research stages were presented to develop a manual waste sorting DT.
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Waste sorting plants are rarely considered as an application area for key Industry
4.0 technologies. Research in recent years has focused mainly on new sorting technol-
ogies based on machine learning algorithms. The implementation of DT to manage the
manual sorting process will translate into:

e the ability to collect data in real-time, which is currently realized in the long term,

e cvaluation of each worker in terms of productivity and sorting accuracy,

e optimization of the process by changing the arrangement and number of workers,

e significantly increased the efficiency of separating recyclable fractions from the
waste stream.

The proposed DT concept is not only to optimize the process in real time but also
to explore the potential possibilities of modernization and conduct experimental re-
search in the developed model.
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