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ABSTRACT

In order to have a sustainable disassembly process, a successful decision-making based on reliable and
up-to-date information should be made while taking into consideration sustainability indicators. In this
context, The aim of this paper is to introduce a decision support system based on knowledge based and
digital twin in order to help stakeholders to choose the most sustainable disassembly scenario .In this
research, firstly, we presented the state of art of disassembly process, digital twin, knowledge based
system and the merging of knowledge based system and digital twin for disassembly. Secondly, we
presented the knowledge based digital twin (KBDTw) system framework for a sustainable disassembly
process. Thirdly, a case study is presented about the use of KBDTw in the end-of-life of internet boxes.
Finally, a conclusion and future work are conducted.
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1 INTRODUCTION

In the framework of sustainability and sustainable development, the disassembly process has significant
potential to reduce the use and waste of raw materials, increases the utilization of resources, pollution
(Liu et al., 2019),(Slama et al., 2020) and to increase the recycling yield and purity for precious metals,
critical metals and plastics (Vanegas et al., 2018a). In order to have a sustainable disassembly, the
decision-making of this process should be sustainability oriented. Yet, the decision making of
disassembly process should also be based on reliable and up-to-date product lifecycle information.
However, due the complexity and all the uncertainties of the disassembly products (e.i. uncertain shapes,
sizes, physical conditions of the materials used, etc.) (Abdullah, Popplewell and Page, 2003) and the
difficulty in obtaining accurate product life cycle information once remanufacturers receive the return
products (Parlikad and McFarlane, 2007). It is very important to explore new ways to make both
disassembly and environmental information available to the decision makers so that they can take the
necessary decisions to have the most sustainable disassembly process of end of life (EoL) products
(Mouflih et al., 2022). Therefore and due to the characteristics of the knowledge based system in terms
of knowledge storage and the functionalities of the digital twin (DTw) to ensure the digital continuity
between the different entities in real time, the use of both of these technologies can be very helpful
withing the framework of decision making of the disassembly process of EoL products. The aim of this
paper is to introduce a decision support system based on knowledge based and digital twin in order to
help stakeholders to choose the most sustainable disassembly scenario.

In this research, firstly, we present a state of art disassembly process, digital twin, knowledge based
system and the merging knowledge based system and digital twin for disassembly. Secondly, we
presented the knowledge based digital twin (KBDTw) system framework for a sustainable
disassembly process. Thirdly, a use case of use of the KBDTw in the End of Life (EoL) of internet
boxes is presented. Finally, a conclusion and future work are conducted.

2 STATE OF THE ART

2.1 Disassembly process

The disassembly process is a systematic approach separating a product into parts or removing its
components, subsets or constructive parts (Gungor and Gupta, 1998), it is one of the most strategic
processes of remanufacturing since it plays a key role in recycling of materials and components (Mok,
Wu and Lee, 1999).

2.1.1 Sustainable disassembly

Sustainable disassembly requires considering simultaneously the economic, environmental and social
implications associated with the disassembly of products. Most of the considered indicators in the
disassembly process in the found researches are focusing mostly on economic aspects of sustainability,
with low environmental and social sustainability consideration. (Kristensen and Mosgaard, 2020).

For example: (Vanegas et al., 2018b) proposed a method to assess the capability to disassemble partially
or totally a product based on an indicator called “Ease of Disassembly Metric”, in order to facilitate the
recycling operations, reuse and repair. Also, (Das, Yedlarajiah and Narendra, 2010) created a decision
making supporting index, based on time, tools, texture, access, instructions, risk and force requirements;
based on “Disassembly Effort Index”. And (Marconi et al., 2018) proposed a tool to evaluate efficient
disassembly process for industrial products based on an indicator called “Effective Disassembly Time”.
Regardless of the research conducted in order to improve the sustainability of disassembly and its
decision-making. However, it is considered a very critical process due to its high degree of uncertainty
caused by the unknown state of the quality and structure of products in their end of life (Gungor and
Gupta, 1998). Which makes the data acquisition and availability very challenging and complicates the
decision-making. One of the most promising technologies in overcoming the issues related to
decision-making and the sustainable challenges of the disassembly process is the DTw.

2.2 Digital twin

The concept of DTw was firstly introduced by the National Aeronautics and Space Administration
(NASA)’s Apollo program in 1962 (Boschert and Rosen, 2016). Since then, numerous explanations
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and definitions of this concept have been proposed ((Haag and Anderl, 2019), (Zhang et al., 2020)). It
was defined as a as a virtual model that corresponds to physical entities in the real world, based on
information collection and sharing, it can simulate the behaviour and performance of the entities in
real time by (Grieves and Vickers, 2017). This technology is a very good solution for manufactures to
improve the manufacturing process (Gaha, Durupt and Eynard, 2020).

2.2.1 Digital twin for sustainable disassembly

The DTw technology is mainly used for monitoring, diagnostics, prognostics as well as optimization
((Cai et al., 2017), (Zaccaria et al., 2018)). There is only few researches that addressed the use of this
technology to improve sustainability. However, (Xiang et al., 2020) studied how a DTw-driven
disassembly can find the efficient sequence through optimization of the disassembly model. Also,
(Wang and Wang, 2019) opresented a new DTw-based system to support the
manufacturing/remanufacturing operations for the WEEE recovery to empower the disassembly and
remanufacturing processes.

in order to provide the digital twin with detailed information regarding the product at the end of its
life and help overcoming the issues regarding the uncertainties and the decision making of the
disassembly process, the DTw needs to be combined with knowledge-based system.

2.3 Knowledge based system

Knowledge based system (KBS) is a system used to store the knowledge required for a specific
problem solving application. It is a structured database that contains information in order to provide
support and advice, and can be applied to a variety of application fields (Petroni et al.,
2019),(Bordegoni, Simdes-Marques and Nunes, 2014)

2.3.1 Knowledge based system for sustainable disassembly

Some researchers studied the use of the knowledge-based system in order to promote a sustainable
disassembly. For example: (Poschmann, Briiggemann and Goldmann, 2021) presented a cognitive
robotic system is presented which is capable of integrating individual product lifecycle data to decide
upon the actual degree of disassembly in regard to the most suitable EoL utilization option. (Terazono
et al., 2012) studied the advantages of sharing the recycling knowledge among stakeholders of the
same sector. (Babbitt et al., 2020) presented a comprehensive database of bill of material (BOM) data
describing the mass of major materials and components contained in 95 unigue consumer electronic
products. Also, in order to optimize the waste management, (Lederer et al., 2015) presented a method
to gather knowledge from the stakeholders of dismantling sector. (Reyes-Cérdoba, Sharratt and
Arizmendi-Sanchez, 2008) presented a framework of a tool to present the knowledge of dismantling
processes. To give robots knowledge about how to disassemble a product, (Vongbunyong, Kara and
Pagnucco, 2013) have used knowledge bases for storing historical disassembly information and the
robots can flexibly deal with their current disassembly tasks using the stored data.

2.4 Merging knowledge based system & digital twin for disassembly

Not many studies have investigated the use of knowledge based system and digital twin for disassembly
process. (Ladj et al., 2021) presented a knowledge-based Digital Shadow, as a core component and the
backbone of future Digital Twin applications in manufacturing. Also, (Kostenko et al., 2018) presented
digital twins’ applications in static and dynamic diagnostics tasks’ solution and showed the usage of a
knowledge based management system for static diagnostics task solution.

Despite the big potential gain that the merging of knowledge based system and digital twin technologies
can offer to adopt a sustainable approach and to improve the sustainability of EoL of products specially
the disassembly process, till this day no research on this specific area has been found.

3 KNOWLEDGE BASED DIGITAL TWIN FOR SUSTAINABLE DISASSEMBLY
FRAMEWORK

In order to improve the sustainability of EoL products and resolve the issues due to lack of necessary
lifecycle information that lead to not the optimum decision making (Parlikad and McFarlane, 2007),
our proposition consists of a decision support tool based on knowledge based system and digital twin.
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Using the functionalities of data collection and sharing for monitoring, diagnostics, prognostics as well
as optimization of the DTw and knowledge required for the decision-making provided by the KBS.
The KBDTw system aims to help stakeholders choose the most sustainable disassembly scenario of
EoL products.

3.1 Therunning of the knowledge based digital twin for sustainable disassembly
framework

Our approach is based on the hypothesis that products in their EoL are returned to the manufacturer
for remanufacturing. In addition, the manufacturer performs all maintenance and repairing operations.
The methodology for sustainable disassembly based on knowledge based digital twin consists on
seven steps as shown in Figure 1, which are identified as follow:
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2- Extracting product information &
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Figure 1. Proposed sustainable disassembly methodology

Step 1: After the return and cleaning of the products the disassembly step is requested either manually
by an operator or automatically.

Step 2: In the extracting product information phase, the product is firstly identified by its serial
number or QR code in order to extract all the data stored during its lifetime. All the information about
the products use phase such as maintenance, date of its beginning of operation, changed components,
etc. are stored in an independent database related to each product and constantly filed and updated
during the products lifecycle by the manufacturer that is supposed to intervene in all the maintenance
and repairing operations.

Once the data of the product is extracted, the digital model linked with all this data is created.

Then all the data related to the other life cycle steps of the products are extracted from the knowledge
based in order to proceed the first environmental evaluation.

Step 3: Using all the data available in the system (all lifecycle products data and process data as shown
in the Figure 2), the first environmental evaluation is proceeded without the EoL step in order to detect
the components with the most significant environmental impact independently of the EoL scenarios.
Step 4: Based on the results of the environmental evaluation, all the components with high
environmental impacts are detected.
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Step 5: The decision makers rely on the results of the previous steps in order to identify different
disassembly scenarios.

Step 6: A complete environmental evaluation with all the products life steps including the different
EoL scenarios previously selected.

Step 7: Based on the results of Step 5, the stakeholders can choose the most sustainable disassembly
scenario.
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Figure 2. Class model of the knowledge based of the KBDTw

3.2 System description

The KBDTw consists of operators/ stakeholders, disassembly machines/ tools, sensors/ cameras,
knowledge based, digital model and LCA tool. These components are distributed in physical world
and Knowledge based digital twin which can provide in firstly data visualization (the visualization of
the data about the products states and recycling rate of components), secondly it provides the
environmental impact assessment simulation (which consists of LCA of the product without and with
different EoL scenarios) and finally the decision support (by detecting the components with the most
significant environmental impacts and most sustainable disassembly scenarios) as shown in Figure 3.
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Figure 3. KBDTw framework
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As shown in the figure 3, KBDTw system has three main contributions: the data visualization, El
simulation and decision aid.

The data visualization: In the step of products' data extraction, the KBDTw system provides a
complete visualization of the products information extracted from the product database and the
knowledge based and the digital model.

El simulation; The KBDTw provides the environmental impact assessment simulation, which consists
of LCA of the product without and with different EoL scenarios.

Decision support: the system helps with the decision support by detecting the components with the
most significant environmental impacts and most sustainable disassembly scenarios.

3.3 Case study

The case study consists of the integration of the proposed approach within the framework of the end of
life of an internet box.

3.3.1 EoL of an internet box

An internet box contains plastic cover and electronic components. Its EoL is as follow (Ophéli, 2020)
(Figure 4):

After receiving and unloading the boxes, they are sent to a sorting area. (sorting of accessories,
different models of boxes, etc.) If the model is declared obsolete by the operator, the device is put
directly into the recycling path. In the circuit of treatment of the boxes at the end of life, there are 4
particular zones: a zone of tests of functioning, a zone of repairing, a zone of levelling and a zone of
reconditioning.

In the test area, the units are fully tested with a visual check of the plastic shells to detect damaged
shells to a repair shop. If the test station detects a problem with at least one component of the device, it
is sent to the repair area. Often, a component or shell change will solve the problem and the device is
returned to the reconditioning circuit. If not, they go to a specific container that is sent to the
manufacturer for repair. In the upgrading area, the devices are updated with the latest firmware version
and the configuration parameters (identification number, box name, security key,...) are reset on
dedicated stations. Then, the boxes are cleaned and a new label with the new information is put on.
The refurbished device is installed in a new cardboard box with the necessary accessories. And finally,
quality control on randomly selected devices is carried out. The boxes are then repacked and ready for
reshipment.
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Figure 4. EoL of internet boxes

3.3.2 The use of KBDTw in the EoL of the internet boxes

The KBDTw will allow having all the necessary information in order to choose different
valorisation strategies and disassembly scenarios after the second sorting area (Figure 5). Which
means that instead of the obsolete boxes going directly to the recycling without favouring the use of
their functional parts and components, the remanufacturer will have all the necessary data related to
all the lifecycle of the internet box in order to identify the parts still reusable and if it is necessary to
reuse them.
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Figure 5. EoL of internet boxes with KBDTw

Following the KBDTw steps explained in the third section of the paper. The EoL of the internet box
will go as follow:

After the request of the disassembly step, the internet box is firstly identified by a QR code and all the
data stored during its lifetime (Table 1) is extracted.

Once the data of the product is extracted, the digital model linked with all this data is created.

Then all the data related to the other life cycle steps of the products are extracted from the knowledge
based in order to proceed the first environmental evaluation.

Using all the data available in the system (e.g. components, materials, middle life data, etc.), the first
environmental evaluation is proceeded without the EoL. The environmental evaluation of the results
shown in the figure 7 is proceeded with a LCA software called SimaPro (Figure 6), using the
databases “Ecoinvent 3” and ‘“Methods” and “IMPACT 2002+” method. In order to conduct this
environmental evaluation, only 4 steps of the internet box lifecycle were taken into consideration in
this study (raw material extraction, manufacturing, distribution and the use). All technical information
were extracted from different internet supplier. We also supposed that the internet box served 3 years
non-stop in France with zero maintenance operation.

Table 1. Example of product data extracted via QR code

Box Id g5h77j3

Model Box5

date of first use 20/01/2017

date of the end of use 20/01/2020

Repaired components/ parts Name of the component/ Date of the operation
part
None falalad

Changed components/ parts Name of the component/ Date of the operation
part
USB port 3 03/04/2019

Other maintenance operations | Name of the component/ Date of the operation
part
Box cleaning 03/04/2019

Based on the results of the environmental evaluation, the components with high environmental
impacts in terms of global warming are the components of the PCB. The decision makers now should
be able to identify different disassembly scenarios in order to promote the repair and reuse of the PCB
parts.
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Figure 6. LCA results of an internet box without EoL step

Now that the disassembly scenarios are identified, a complete environmental evaluation with all the
products life steps including the different EoL disassembly scenarios is proceeded in order to help the
stakeholders to choose the most sustainable disassembly scenario and if the internet box should go
directly to recycling or follow the repair and reuse of the PCB parts path.

4 CONCLUSION AND FUTURE WORK

This research work presents an introduction to a knowledge based digital twin for sustainable
disassembly decision support system, which aims to help the stakeholders with the decision making in
order to choose the most sustainable disassembly scenario. KBDTw should enable decision-making
based on different information collected and gathered together from all the product lifecycle (using
sensors, product trucking, digital twin data, etc.) and different other sources (e.g. legislation, process
data, etc.) based on different sustainable indicators. At present, the research is in the initial stage, so
future research directions will target all the specifications regarding the KBDTw system (e.g. its
functioning, the data required, data sources, type of data, etc.).
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