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Executive Summary

The main purpose of this document is to describe the initial prototype of the Circular Value Chains
Configuration Toolbox developed within the work package WP3. This toolbox aims to increase the
capabilities for configuring circular value chains and evaluating remanufacturing scenarios along the
complete remanufacturing pipeline based on Al and advanced robotics, the cores of the RENEE
concept. Current production paradigms emphasize structuring and organizing labour, technology,
and capital in an efficient way, without circularity and remanufacturing being central aspects of
production. Therefore, it is important to start developing tools that facilitate this transition, tackling
topics such as core assessment, product traceability, or product and production pipeline redesign
that will enable the paradigm change towards a more sustainable industry.

Specifically, the toolbox is composed of the following modules:

e Product State Diagnosis module (PSD)

o TwindeXcellence Framework (Twin4X)

e Digital Product Passport module (DPP)

o Toolbox for remanufacturing value chain configuration & process planning (TFR)
e Evaluation Tool (ET)

The document contains information about these five modules, including some submodules,
providing details about their functionalities, architecture, incorporated technologies, and details
about the development and initial prototype implementation. The presented initial prototypes will
serve as the basis for the next RENEE project periods, where the different modules will be further
developed and enhanced based on the end user feedback and interaction between the rest of the
work packages.
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1 Introduction

This deliverable summarizes the initial prototype of the circular value chains configuration toolbox,
devoted to the design and development of tools and methodologies for product state diagnosis and
core classification, as well as product redesign for remanufacturability. Additionally, the toolbox
includes methodologies for process planning and means to evaluate the economic, environmental,
and operational viability of the remanufacturing strategies, including the Digital Product Passport
framework for traceability.

The transition from the current production paradigms, focused on time and cost efficiency (linear
economy based), to a remanufacturing-driven scenario, poses a large amount of technical and
organizational challenges. Although the current production organization emphasizes structuring and
organizing labour, technology, and capital in an efficient way, important aspects of remanufacturing
are not considered, compromising a future implementation of production paradigms where
remanufacturing and circularity are major aspects of production. Therefore, it is important to start
developing tools that facilitate this transition, tackling topics such as core assessment, product
traceability, or product and production pipeline redesign that will enable the paradigm change
towards a more sustainable industry.

The following sections provide further information on the previously mentioned modules and tools,
as well as the status of the prototypes in month M18. Specifically, the different sections include a
small overview of each module, its key functionalities, information about the architecture and
principal technologies included. Additionally, the next lines depict the RENEE WP3 architecture,
including the aforementioned modules and their interaction mechanisms.

1.1 Circular Value Chains Configuration Modular Architecture

Within this WP3, devoted to the development of a circular value chains configuration toolbox, a set
of modules tackling different aspects of remanufacturing has been designed and implemented.
Specifically, the RENEE WP3 architecture (see Figure 1) introduces the main modules and interaction
mechanisms with different user interfaces in order to support a modular configuration of circular
value chains.

RENEE n°: 101138415 D3.1 10
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Figure 1: WP3 architecture
Specifically, the next modules are presented on the deliverable (Table 1):
Task Module Acronym
T3.1 Product State Diagnosis module PSD
T3.2 TwindeXcellence Framework (Twin4X) Twin4X

o TwindeXcellence Architecture (Evaluation, diagram “double TT” +
Digital Twin link)

e ProductionDfX for Remanufacturing sub-module

e ReDesignFX for Remanufacturing sub-module

T3.3 Digital Product Passport module DPP

T3.4 Toolbox for Remanufacturing

e Simulation tools for production planning for remanufacturing

e Supply-chain characterization and simulation for remanufacturing
e Optimization tools for factory operation and value-chain

e Disassembly Planning tool for remanufacturing

T3.5 Evaluation Tool ET
Table 1: WP3 modules
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2 Product state diagnosis Module (PSD)

2.1 Product State Diagnosis Overview

The main objective of the Product State Diagnosis module is to offer tools to evaluate the status of a
product, focusing on the condition of the different cores composing the product. Based on the input
data, collected through different inspections carried out by operators or robots, the PSD module
enables the assessment of the product state as a first step to guide the disassembly process.

The PSD module tries to offer general tools for the product state diagnosis, applicable to the different
use cases tackled within the RENEE project, trying to avoid the specificity of any disassembly
process and pursuing generalization.

The next sections provide further information about the architecture, technologies and
functionalities, as well as an initial validation process carried out to evaluate the initial prototype of
the PSD module.

2.2 Functionalities

The Product State Diagnosis module is the central unit to evaluate the state of a product and predict
the condition of the different cores of the part. Specifically, the PSD offers two main functionalities:

e Capability to train prediction models to label the cores of a product based on training data
provided in standard CSV files. The main idea is to exploit the product information gathered
by end-users over time to create models that can accurately categorize the state of the cores
using a simple and intuitive interface.

e Asimple interface to query the state of the cores of a product based on trained models. The
data from the inspections and measurements will be used to predict the status of the cores
and exploit this information in further steps of the RENEE remanufacturing process.

The next schema (Figure 2) summarizes the process flow of model training and its use in the
remanufacturing line.

Training phase Remanufacturing line

Operator in
Expert operator

Generate training Train prediction
data models

Training
) B )

1- Inspection
data

2-Core
remanufacturing
strategy

Figure 2: PSD module workflow

The proposed PSD concept relies on three main capabilities:
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1. Dataacquisition from expert operators to be further exploited by Al and data analysis models.
The PSD must offer tools that facilitate this initial data acquisition phase as itis a critical step
to enable all the capabilities of the module.

2. Creation of Al-based prediction models to categorize the different cores, as well as data
analysis models that facilitate the statistical measurement of the suitability of the different
inspections. This last feature allows the optimization of the product inspection procedure,
providing insight into the data managed by the PSD.

3. Offer an intuitive User Interface that facilitates the interaction between the PSD and
remanufacturing line operators, to ensure an effective data acquisition process, as well as
an understandable management of the prediction models.

The PSD design focuses on these three aspects as key features for the successful development of
the module.

2.3 Architecture & Technologies

As posed previously, the PSD module aims to assist operators in assessing the status of the different
cores of a product. Nevertheless, the module must tackle different aspects of this assessment
process, including data acquisition, model creation and usage, as well as the interaction between
the PSD and operators. In order to cover all these facets, the PSD module is divided into three main
submodules, as depicted in the next Figure 3.

PSD module

Al models

Core Inspection Inspection data

prediction prediction User Interface
models models module

Predictions

Data management Data analysis
module module

Load data

Metadata

fite Data file

Figure 3: PSD architecture

Specifically, the architecture is composed of four modules that manage the different aspects of the
PSD:

o Data management module: This module is in charge of loading the product and inspection
data and providing it to the rest of the PSD modules. The module verifies the coherence of the
metadata file associated with the remanufacturing scenario (use case), as well as the

RENEE n°: 101138415 D3.1 13
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consistency of the inspection and core classification data file. Additionally, the module
includes different queries to retrieve data filtered by core or inspection type, facilitating the
data management by the PSD modules. The module uses Pandas, a Python library for data
analysis, that allows the creation of data frames that facilitate its use by multiple Python-
based libraries and ensures interoperability between modules.

e Al models: This module is in charge of creating Al models based on the data files associated
with a remanufacturing scenario. The main idea is to separate the whole data stored in the
Data management module into different cores and create classification models, as depicted
in the next Figure 4.

1

Core 1
Trainin; prediction

’ . 2 model

Inspection = " po— —
1 O o z -

— Core 2

prediction
. —
model

Inspection | Inspection
3 4

Core 3
N prediction
model

Figure 4: PSD: Data division and model creation

The Al model creation and training are based on Pandas and Scikit-learn Python libraries for
data analysis and the implementation of Machine Learning models subsequently. The
current model creation interface includes a parameter to define the model type, although the
current implementation only includes the capability to create Decision Trees and Neural
Networks. Further implementations will include the capability to analyse multiple algorithms
and evaluate their performance automatically.

e Data analysis module: The Data analysis module offers different functionalities for
analysing the data frames stored in the Data management module. Specifically, the module
includes statistical analysis tools, such as Mutual Information analysis, to extract
information about the correlation and relevance of the different inspections in the
classification of each core. The main purpose of these analysis tools is to provide insight into
the relevance of the carried-out inspections, as a first step to optimise the disassembly
process. To this end, the module is able to generate reports in PDF format, including different
metrics relating the inspections to the core classification variable, as shown in the next Figure
5.
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Figure 5: PSD data analysis for EMOTORS use case

The data analysis is based on Pandas, Scikit-learn, and Seaborn (Python) libraries, used for
data management, data analysis, and data representation subsequently.

o User Interface module: Finally, the User Interface module acts as a bridge between the PDS
modules and the User Interface through ROS2 services. Due to the number of interaction
types between operators and the PSD, ranging from data acquisition for training purposes to
the classification of cores in the disassembly line, the User Interface module offers a set of
ROS2 services to facilitate this interaction and open the door to extend them in a scalable
way.

These four sub-modules constitute the complete PSD module, providing the functionalities to load
and manage data, as well as create prediction models. Additionally, the User Interface module
allows a simple and intuitive way to interact with the PSD, a key feature to facilitate its use by non-
expert operators.

2.4 First Prototype Development

From the implementation perspective, the PSD module is a ROS2 life cycle node coded in Python.
The decision to select managed life cycle nodes is motivated by their capability to allow greater
control over the state of the ROS2 system, enabling the possibility to re-launch the PSD module in
case of system failures. Besides, the PSD module makes use of the following Python libraries:

RENEE n°: 101138415 D3.1 15
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o Pandas as a data management library, as the defined data frame classes are widely used by
the data analysis and Al libraries of Python. It also includes a wide set of functions to filter,
sort, and split data, simplifying the management of datasets.

e Scikit-learn library, which includes a large variety of Machine Learning and variable analysis
algorithms. This library is the core element for the creation of Al models, as well as for the
prediction of the core's remanufacturing strategy.

e Seaborn library for plotting and creating documents with variable analysis information.

Additionally, to ensure interoperability and simple integration with the rest of the modules and
functionalities (such as the User Interface), a set of ROS2 services was defined to tackle the different
aspects of the PSD module. The next lines provide a list of ROS2 services implemented, with a brief
description of the functionality, grouped by PSD functionality:

o Data management

O

Load data: Service for loading the metadata and data files in the PSD module. During
the loading phase, the PSD initially verifies the coherence of the metadata file (e.g.
number of inspections, inspection types, categories...) as well as the consistency of
the data (e.g. column number, inspection categories...). In case of erroneous data
loading, the service provides feedback about the found issue.

Export process data: As the PSD module requires converting categorical values to
numbers for its further use by the data analysis and Machine Learning algorithms,
categorical datais converted and stored internally during the data loading phase. This
service allows exporting this numerical data into a CSV file for verification purposes,
as well as to facilitate third-party data analysis.

e Al model creation and analysis

O

Analyse data: This service activates the data analysis process on the loaded data.
Specifically, this data analysis includes a Mutual Information analysis of all the
inspection variables towards each of the core inspection variables, highlighting the
relevance of each inspection in the classification of the different cores. The service
output is a PDF file containing charts summarizing the Mutual Information analysis.

e Inspection

O

Get inspection list: This service provides the inspection list for the currently loaded
data file, as well as the categorical data information. This service facilitates the
interaction between the PSD and User Interface during the inspection process.

Set current inspection value: This service allows setting the value of a specific
inspection in the internal "current inspection” variable. This service facilitates the
interaction between the PSD and User Interface during the inspection process.

Get current inspection value: This service allows getting the values of the internal
"currentinspection" variable. This service facilitates the interaction between the PSD
and User Interface during the inspection process.

e Core prediction

O

Predict: This service allows predicting the remanufacturing strategy of a given core
based on the provided inspection values and the previously generated Al-based
prediction models stored in the PSD module.
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o Predict all: This service allows predicting the remanufacturing strategy of all the
cores based on the provided inspection values and the previously generated Al-based
prediction models stored in the PSD module.

e UserInterface

o Get inspection list: This service provides the meta-information of the currently
loaded data on PSD. It contains the number of inspections, as well as the different
inspection result values. This information is used to dynamically create the required
buttons and ComboBoxes by the web interface.

o Set currentinspection value: This service allows setting a result value for a specific
inspection of the list. Once the user selects a result of an inspection, this service is
used to store it on the PSD.

o Getcurrentinspectionvalues: This service provides all the inspection results set on
the PSD by the user.

Regarding the User Interface, it is implemented as an HTML5 web interface using Node.js as a
JavaScript runtime environment. The different interface elements are based on Material Ul open-
source React library components. The communication with the ROS2 framework relies on the roslibjs
library, a library that uses WebSockets to connect with a rosbridge to exchange topics and call ROS
services and actions. The initial prototype of the User Interface allows the following functionalities:

e loading the inspection data, including the selection of the use case through a ComboBox
where the user can choose between the ARCELIK or EMOTORS demonstrator (Figure 6).

% C O 127001

_ Connected to ROS server

MANIPULATION
¥ PANEL

PSD panel

EMOTORS~ A

Figure 6: Data loading of the PSD through the Ul
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e Once the required data is loaded in the PSD, the interface enables a button for the creation
of the prediction model. This button triggers the creation of the ML models for the prediction
of the cores' remanufacturing strategy (Figure 7).

Connected to ROS server

MANIPULATION
PANEL

e PSD panel

TR EMOTORS~ TRAIN MODEL
EXTRA ACTIONS

© Tecnalia. 2025
No robot developer was harmed during this development process

Figure 7: PSD prediction model creation through the Ul

e After the data loading and model training phase, the user starts introducing the inspection
results. Based on the data loaded on the PSD module, the User Interface creates the
inspection button list dynamically based on the metadata of the specific use case,
generalizing this User Interface for any scenario with an arbitrary humber of inspections
(Figure 8).

_ Connected to ROS server

m MANIPULATION
PANEL

PSD panel
O PSD
Inspections L)

REASON FOR RETURN

OVERALL INSPECTION

MACHINE CONNECTOR INTERFACE INSPECTION

ROTOR DIMENSIONAL REPORT

STATOR DIMENSIONAL REPORT

STATOR ELECTRIC REPORT

PRRPPEE

Figure 8: Inspection buttons generated based on the PSD inspection list
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To insert the result of a specific inspection, when the user pushes the inspection button, a
pop-up is opened in the User Interface with a brief description of the inspection and a
ComboBox with the different possible results. This information is dynamically generated
based on the metadata provided by the PSD module (Figure 9).

Reason for return

malfunction -

end-of-life

accident

Figure 9: Selection of the result of an inspection

When the results of all the inspections are introduced, a core status button is enabled. This
button triggers the core remanufacturing strategy prediction inside the PSD module,
predictions that are presented to the user through a pop-up window (Figure 10).

Core states

Rotor: re-use

Stator: recycle

RETURN

Figure 10: The core remanufacturing strategy predicted by the PSD
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This first prototype covers the different aspects of the whole PSD pipeline, starting from the data
loading/management, continuing with Al model creation and querying, and finishing with the
interaction with operators. This prototype will serve as the basis to extend the PSD module to the
specific needs identified along the RENEE project for supporting the remanufacturing process.

2.5 First Prototype Testing

For testing purposes, two different validation processes have been carried out:

1.

The complete pipeline of data loading, Al model creation, and core status queries has been
tested with synthetic data generated for ARCELIK and EMOTORS use cases. Based on the
current and expected inspection lists, the appropriate metadata and data files were created
and inserted the in shared folder of the Docker image created with the PSD and User
interface. Both use cases have been successfully validated, as shown in the next Figure 11.

_ Connected to ROS server _ Connected to ROS server

0 [

2.

PSD panel 0 PSD panel

PEEEEE

SISO

Figure 11: Validating PSD and User Interface for ACELIK and EMOTORS use case

In order to validate the data analysis, the electric motor remanufacturing use case has been
with EMOTORS. Looking at the future disassembly process, where motors will be received
from different sources (end-of-life, malfunction, car accidents), data from different
EMOTORS experts have been collected to check if there are some scenarios where operators
can skip steps of the disassembly (e.g. time-consuming rotor and stator analysis and
measurements). As it is a future scenario, initial conversations surfaced with slight
discrepancies between experts depending on their role in the electric motor
assembly/disassembly process. Therefore, it was chosen as an ideal task to gather data from
experts and make use of the data analysis tools of the PSD to have an insight into the data
features and model quality.

The data acquisition consisted of a poll of 9 possible scenarios with different motor sources
(end-of-life, malfunction, or accident) and different states of the motor and shaft (correct or
damaged). Data from 5 experts was collected, resulting in 45 different training cases for the
model. Initially, the mutual information charts were created (see Figure 12) and verified, in
order to check the information provided by the different variables.
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Rotor - Mutual information with inspections

Reason for retum

Overall Inspection

interface inspection

Figure 12: Mutual information charts

Additionally, as discrepancies between experts were expected, the PSD also creates
confusion matrices, which could also be used to assess the level of discrepancy. The
confusion matrix obtained is shown in Figure 13, which points out that even if there are
discrepancies, itis still possible to generate a relatively precise prediction model. Inthe same
way, all this information and charts can also be used as the basis to generate a discussion
between experts to get a consensus about the addressed disassembly process and optimize
future workflows.

Rotor - Confusion matrix
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w
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Further analysis required Recycle

Figure 13: Confusion matrix generated through the PSD

These two validation processes supported the developments in order to finalize a fully functional first
prototype even with a reduced scope. Further iterations of the PSD will tackle the new issues that
might surface during the development of the RENEE project.
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3 TwindeXcellence Framework (Twin4X)

3.1 Twind4X Framework Overview

In the last decades, namely with the vast dissemination of industrial globalization and the
implementation of the Industry 4.0 paradigm, product development has become increasingly
complex. This is due also to the needed concurrent engineering of product and production systems
design, with more robustness and flexibility required in associated production systems. Therefore,
this demands a holistic approach to assessing the integrated performance of both product and
production systems across their respective life cycles. Within the context of Product Design-for-X
(DfX) methodologies applied to complex product development, concurrent engineering has been
facilitating the multidisciplinary integration of knowledge and expertise throughout all product life
cycle phases. Simultaneously, given the increasingly demanding landscape of business
competitiveness and regulatory compliance, production systems must embed life cycle-oriented
design principles, from the earliest stages of conception and subsequent development and
construction. In particular, within the framework of the circular economy and sustainability-driven
business models, production lines and manufacturing facilities should incorporate holistic
performance assessment methodologies, together with product redesign, to unblock for instance R-
Strategies such as remanufacturing. In this section, it is presented the novel framework -
Twin4eXcellence (Twin4X) - and its key modules. It includes a double DfX-oriented approach aimed
at delivering a twin assessment of the performance of both product and production systems
throughout their life cycles.

3.2 Functionalities

For the development of Twin4X Framework, it was necessary to first develop two key methodologies
and associated tools: ReDesignFX and ProductionDfX.

The main functionality of ReDesignFX is to support complex products redesign in a holistic manner.
In common Design-for-X methodologies, the product design adopts a concurrent form, mixing
different product design disciplines and domains of expertise (Design-for-manufacturing, -assembly,
-cost, -environmental, etc.). Nonetheless, in the context of Circular Economy R-Strategies, namely
retrofit or remanufacturing, the approach must consider different perspective scenarios, other than
“blank-sheet design”. Thus, ReDesignFX includes a functional approach to address different
scenarios a product may face during/at the end of its use-phase. The product can be redesigned in
different scenarios and the adopted strategies, from the product owner (OEM), may differ for
instance, operating design modifications and/or improvements to facilitate inspection, disassembly,
and remanufacturing to the entity that will perform an intervention in a given product, e.g.
improving/updating a product in the context of remanufacturing.

The main functionality of ProductionDfX consists in supporting the Remanufacturing Production
System, in a holistic way to include DfX-orientated management of different disciplines and
Production domains. The tool will include support for efficiency-oriented process steps evaluation,
machine machine-level performance assessment, including auxiliary equipment selection. To better
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define the strategic framing of a given remanufacturing operation, a strategic vision mapping is
included as a functionality of the tool.

TwindeXcellence will also include the possibility of cross-linking the trade-offs between the design
stage of the Product Redesign and the Remanufacturing (Production) System Design so that both
entities can be simultaneously improved and optimized.

3.3 Twin4dX Architecture

The TwindeXcellence architecture (Figure 14) is supported in this conceptual proposal by the
integration of two DfX methodologies, product design-for-X assessment [Baptista et al. 2025] and a
production system assessment [Branco et al. 2024]. Figure 14 presents the composed architecture
where the key aspects rely on a consistent life cycle management foundation, for both product and
production system development, and the concurrent engineering consensual approach of Design-
for-X techniques.
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L , o~ ProductionDiX | : /4
\ (New Product ‘ V
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functional design b= c
’ S ] S
’ i S 2
. I o 3
‘ b ®
% Pillar 3: Simple RaR g
Pillar4: Aggregation visual management } O &
of efficlency and \ attributes t E 2
effectiveness N o &
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Life Cycle Engineering Sustainability Principles

Circular Economy Paradigm

Figure 14: TwindeXcellence general architecture

For the life cycle axis associated with the product (horizontal green arrow), the performance
assessment can be attained via integrated methodologies such as LeanDfX. For the life cycle axis
associated with the production system and manufacturing processes (vertical blue arrow), the
performance assessment in a multi-dimensional form can be achieved with concepts such as
referred above for the, here named “ProductionDfX”. The Twin4X architecture proposed in this work
is therefore the articulated combination of the LeanDfX architecture and the “ProductionDfX”
method architecture. To integrate the cross-analysis product-production, the data consolidation
across the life cycle stages, namely via Product Life Cycle Management platforms (PLMs), is
envisioned, both for product information and production system life cycle information.
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3.4 Twin4dX Base Methods

ProductionDfX Module provides a multidimensional approach for a given production system, in the
context of Remanufacturing. It consists of an extension of LeanDfX to allow the performance
evaluation of both machines and auxiliary equipment, while also allowing the incorporation of
Circular Economy guidelines, the organization’s own vision and principles and operations
management. With this tool, the user will be able to make a complete depiction of the organization’s
production system, in a “waterfall model”:

Balanced Scorecard (BSC) - for the strategic vision definition, a Balanced Scorecard is
defined, through its 4 perspectives: Financial, Customer, Internal Processes and
Learning&Growth. In this phase, the strategic KPIs for the production system are defined.
These originate the strategic X domains (for a DfX approach), contrary to the typical approach
in DfX;

Tactical and Operational X definitions — With the strategic X domains well defined, there
will be the definition of both the tactical X domains (focused on the production system line)
and operational X domains (focused on machine and auxiliary equipment);

Process Steps definition — in this phase, all the processes within the entire production
system must be defined, in a sequential manner. This should map all the necessary steps to
achieve the desired output;

Production System Machinery Definition - in this phase, all the machinery should be
defined, as well as the respective hierarchy, dependencies and interactions. In this phase,
different levels of importance in these interactions should be defined through a weight
system;

KPI’s Definition - in this phase, for each process step previously defined, KPls must be
defined, as well as for all the operational machinery and auxiliary equipment;

Machinery Performance Assessment — in this phase, the machinery’s performance is
assessed similarly to LeanDfX. However, due to the introduction of the different weights, it is
necessary to change the equations used for effectiveness and efficiency calculation;
Machinery Performance Aggregation —following the X ramification from the strategic to the
operational level, there will be a bottom-up evaluation of the performance for each X, leading
all the way up to the strategic X’s on the BSC.

Overall Process Efficiency Assessment - as the final stage of production system
evaluation, the process step individual and aggregated efficiency is assessed by means of a
systematic methodology application, including lean manufacturing cost assessment.

3.5 First Prototype Development

The ReDesighFX Module can support companies in two concrete scenarios of Product Redesign
(Figure 15):

New Product Redesign (New Version) - in this scenario, the tool will support the
development of a new version of an existing product (mainly for the context of R-Strategies -
Remanufacturing, Refurbish, etc). This new product will ideally follow the design criteria
identified as vital for Remanufacturing, which means there is a need for a previous
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identification of design flaws. To achieve this, the tool will provide historical information on
the product’s use phase, direct feedback obtained from end-users and quality reports, if
available. This information is intended to support the Engineering Department (or
equivalent), which will be responsible for the new design while considering these guidelines
and parameters. This phase is done foresees constant feedback loops, until the optimal
design is achieved.

o Redesign Existing Product (Instance-based) - in this scenario, the tool will support the
redesign of an existing product instance, designed in the past (and most likely not following
DfX and eco-design guidelines). If available, supporting documentation regarding this
product will be provided (Mechanical, Electrical, etc), vital for the necessary process of
Reverse Engineering that the instance will have to undertake. This will ultimately support the
product’s decomposition into simpler/essential components. This procedure can be skipped
if CAD models (or similar) are available — these are to be provided by the tool too. With the
product’sinstance decomposed, it is possible to assess which components can be improved
in the context of R-Strategies. This will lead to the definition of a new set of specifications for
the product and respective modules, to have it align better with Circular Design guidelines.

Both scenarios, leading to new design proposals and solutions, must follow Lean Design principles
(Figure 15). To assess this, the Module will support the integration of atool (such as LeanDfX) capable
of providing an analysis of a given design proposal regarding its effectiveness and efficiency, for a
specific Design-for-X domain and respective Design Variables.

The TwindeXcellence complete framework will have a dedicated software suite platform. For its key
module ProductionDfX, the prototyping of the new platform tool was modelled, and mock-ups were
developed namely to test its detail definition, transposing the methodology into software artefacts,
and also to elaborate the user interface of the ProductionDfX Module Tabs in the first simulation
modelling steps. Figure 16 shows the overall ProductionDfX main page, the new platform tool, and
the methodology's first step, in which the Balanced Scorecard is created.

On this page, the user must select the perspective to work on and then proceed to adding the desired
KPls, using the toolbar.
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Figure 15: ReDesignFX architecture and two considered scenarios
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ProductionDfX planning

Strategic KA
Configuration (BSC)

Perspactive  ~

Financial
KP1 Current Value Objective Description
Customer

Figure 16: ProductionDfX Tool: Perspective selection for Balance Scorecard Step 1 TAB.

Figure 17 shows all the necessary fields the user has to fill in when creating a strategic KPI.

Figure 18 shows the main page of the second step, where the user will define all the X dimensions for
the production system, in a consecutive manner. Starting again with the 4 perspectives and all the
strategic KPIs previously defined, the user must then assign to each all the strategic X dimensions,
then tactical X dimensions and finally the operational X dimensions (the figure shows the operational

ProductionDfX planning

Strategic KPI
Configuration (BSC)

€ Back

Figure 17: ProductionDfX Tool: ProductionDfX Tool: Strategic KPI in Balance Scorecard Step 1 TAB.

X dimensions table).

RENEE n°: 101138415 D3.1



Funded by
the European Union

ProductionDfX planning

X's Configuration

+7-00

Financial =+ KPI1 ~ DesignforX(S) v DesignforX(T) +

X Dimension Description
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Figure 18: ProductionDfX Tool: KPI Selection for each X-Dimension in Step 2 TAB.

4 Digital Product Passport Module (DPP)

The Digital Product Passport (DPP) plays a critical role in enabling transparent, reliable, and
structured access to product and component information across multiple lifecycle stages (EC 2024).
This section proposes functional and operational specifications of DPP architecture that may be
tailored to the specific remanufacturing use cases. Unlike regulatory-driven DPP initiatives, the focus
here is rather on operational functionality, namely, tracking the lifecycle of products, ensuring
component and sub-component level traceability, supporting data continuity throughout the
remanufacturing process and maintaining traceability even after the product has been sold.

4.1 Proposed Functionalities of the DPP

To support efficient and traceable remanufacturing processes, the following core functionalities are
proposed for the DPP. At this stage, the focus is not on tailoring functionalities to a specific use case,
but rather on establishing a broad and adaptable foundation that can support multiple scenarios.
These functionalities are designed to ensure that essential data about products and their
components is consistently captured, structured, and made accessible throughout the lifecycle
from manufacturing to remanufacturing and beyond. Each functionality addresses a key aspect of
traceability, lifecycle tracking, or data continuity. The table below (Table 2) summarises the identified
functionalities that may be considered for the proposed use cases.
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Functionality Description

Maintains a record of previous and current owners,

Customer / owner identification . . .
including transfer dates and locations

Assigns a persistent and unique identifier to each

Unique identification of product
9 P product (e.g., QR code, UID

Unique identification of sub-components

Applies individual identifiers to key sub-
components or modules to enable nested
traceability

Records key events throughout the product

Lifecycle event loggin
y geing lifecycle with time, location, and actor metadata

Logs all service, repair, and reman activities

Repair and remanufacturing history . . .
including procedures, outcomes, and timestamps

Stores diagnostic results and condition evaluations

Condition & inspection reports ) . )
upon intake or during maintenance

Captures usage metrics (hours, cycles) thanks to

Usage data logging [optional] sensor data or service logs

Disassembly & reassembly instructions

Provides digital instructions or media for product

[optional] handling, servicing, and reassembly

Enables real-time updates of remanufacturing

Status tracking & passport updates . .
g&P P P status, readiness, or certification levels

RENEE n°: 101138415

Table 2: DPP functionalities under the focus of traceability, lifecycle tracking, and data continuity

Customer / Owner identification: This functionality records historical and current
ownership data. It captures identifiers, ownership transfer dates, and basic contextual
information such as region or customer type. This capability supports also warranty and
transferability claims.

Unique identification of product: This functionality assigns a persistent and unique
identifier to each product. The identifier can be generated using either various technologies
or methods such as a QR code, RFID tag, or serial number. It serves as the primary entry point
into the DPP while ensuring the product can be tracked throughout its lifecycle, enabling the
consolidation of all relevant historical, usage, and service data under one reference.
Unique identification of sub-components: In addition to product-level tracking, the DPP
includes unique identifiers for sub-components or modules. These identifiers allow each
component to be traced independently, providing insight into its manufacturing origin, usage
conditions, repair history, and compatibility with other systems. This layered traceability is
essential in remanufacturing, where individual parts may be reused, repaired, or replaced.
Lifecycle event logging: The DPP will chronologically record (or extract from existing
database) major lifecycle events associated with a product or component such as initial
assembly, shipment, return, disassembly, remanufacturing, and resale. Each event is
accompanied by contextual data like timestamps, locations, and responsible entities. This
log creates digitalized lifecycle data of the item, which is crucial for traceability, process
auditing, and operational insights.

Repair and remanufacturing history: This functionality captures the full history of service
and remanufacturing actions performed on the product or any of its components. It includes
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information on inspection results, repairs conducted, components replaced, and testing
outcomes. Recording these activities helps validate product quality and supports future
diagnostics while maintaining quality consistency.

Condition & inspection reports: When a product or component is returned for
remanufacturing, the DPP will store condition reports created during the initial inspection.
These reports can include wear assessments, test results, failure modes, and visual checks.
Usage data logging (optional): Where available, the DPP can store sensor-derived or
manually recorded usage metrics, such as runtime hours, and load cycles. This data
supports decisions about component wear and life expectancy, especially for assets where
operating conditions vary significantly. While not mandatory, this functionality adds value in
use cases with lol or service data integration.

Disassembly & reassembly instructions (optional): To streamline operations and reduce
errors, the DPP can provide access to standardized disassembly and reassembly guides.
These may include diagrams, videos, safety warnings, and tool specifications. This
functionality ensures that remanufacturing steps are repeatable and safe, even across
different facilities or third-party service providers.

Status tracking & passport updates: This feature allows the DPP to reflect the real-time
status of the product or component such as “awaiting inspection,” “under repair,”
“remanufactured,” or “ready for resale.” This continuous update capability ensures that
digital records stay aligned with the physical item, improving visibility and process
coordination across stakeholders.

4.2 DPP Functionalities and Associated Stakeholders

The successful implementation of the DPP relies not only on the definition of relevant functionalities
but also on the clear involvement of the appropriate stakeholders. Each functionality within the DPP
serves a specific purpose and requires input, validation, or use by distinct actors across the product
lifecycle. The table below outlines the key functionalities proposed for the DPP and identifies the
primary stakeholders responsible for contributing to, managing, or interacting with each one (Table

3).
Functionality Primary stakeholders involved
Customer / owner identification Customer service, CRM teams, after-sales teams
Unique identification of product Customer, engineering, quality, R&D, supply chain
Unique identification of sub-components Engineering, R&D, quality teams, supply chain

Production operators, logistics, IT support, after-

Lifecycle event logging sales teams

Repair and remanufacturing history

Workshop technicians, quality assurance, service
managers

Field technicians, workshop technicians, quality

Condition & inspection reports
assurance teams

loT engineers, maintenance teams, product

Usage data logging [optional] managers
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Functionality
Disassembly & reassembly instructions
[optional]

Primary stakeholders involved

Technical writers, workshop supervisors, service
engineers
Workshop operators, field technicians, workshop
technicians, product managers, quality assurance
teams, engineering, R&D
Table 3: DPP functionalities mapped with associated stakeholders

Status tracking & passport updates

4.3 Data Ownership and Responsibilities of the DPP

To support the effective implementation of the DPP in manufacturing/remanufacturing, it is essential
to clearly define the distribution of responsibilities related to data ownership and contribution. The
table below maps key DPP functionalities to the respective roles of suppliers (e.g. OEMs), users (e.g.
remanufacturers or service providers), and customers (e.g. end users or asset operators). This
clarification ensures that each stakeholder understands their involvement in generating,
maintaining, or accessing DPP data, thereby enabling seamless collaboration and reliable
traceability across the product lifecycle.

It was deliberately considered the manufacturer (e.g. OEM or supplier) and the remanufacturer (e.g.
service provider, refurbisher) as separate entities. This approach allows for more flexible and realistic
integration of varied scenarios, including third-party remanufacturing or extended value chains. The
table below (Table 4) maps key DPP functionalities to the respective roles of suppliers, users, and
customers, clarifying who is responsible for generating, maintaining, or accessing specific data

throughout the product lifecycle.

Functionality

Owned/provided by
supplier (OEM,
Manufacturer)

Owned/updated by
user (Remanufacturer,
service)

Visible or provided by
customer (End User)

Customer / owner

Yes (initial delivery

Yes (transfers, returns)

Yes (QR code)

identification of
sub-components

supplied parts)

replaced parts)

identification data)
Unique Yes (initial UID, Yes (metadata) May access via DPP
identification of metadata) interface (optional)
product
Unique Yes (for OEM- Yes (adds identifiers for Usually not involved

Lifecycle event

Yes (manufacturing

Yes (remanufacturing,

Yes, may view only

inspection reports

checks)

logging events) inspection, logistics) some information
(timeline overview,
logs)
Repair and No Yes (entirely user- May access basic
remanufacturing generated) service history
history
Condition & No Yes (diagnostics, quality May view summary

reports
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(0] d/ ided b (0] d/updated b
) . wne |.orow i LA L L Visible or provided by
Functionality supplier (OEM, user (Remanufacturer,
i customer (End User)
Manufacturer) service)
Usage data logging | Optional (if telemetry Yes (service records, Yes (via loT platforms)
[optional] is embedded) logs)

Disassembly & Yes (original Yes, may extend to local Yes, but basic
reassembly manuals) procedures information for self-
instructions maintenance

[optional]
Status tracking & Shared (depends on Yes (process updates, Yes (may access final
passport updates platform design) readiness state) status)

Table 4: Data ownership and responsibilities of the DPP

4.4 DPP High-Level Architecture

To support the seamless implementation and interoperability of the DPP within remanufacturing
workflows, a system architecture has been designed in order to support use-case requirements and
needs (Figure 19). From the initial discussions with use-case providers, it was captured the need to
accommodate multiple data sources, ensure robust lifecycle tracking, and provide secure, role-
based access for suppliers, remanufacturers, and customers. By structuring the DPP across four
functional layers, from source systems to user access, the design promotes data continuity,
traceability, and operational scalability across complex value chains. The following diagram
illustrates the proposed digital architecture and its key components.
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In the following section, it is described the role and potential components of each layer.

1. User access layer - Interfaces for real-world interaction: This layer provides the touchpoints
through which stakeholders access, interact with, or update the DPP.

Components:

e OEM interface: Input product master data, design revisions, service bulletins.

o Remanufacturer interface: Input/track repair history, inspections, part replacements.

e Customer interface: View product history, usage logs, service instructions, ownership
records.

e Shared tools: QR/RFID scanners, mobile apps, web portals, dashboards.

2. DPP application layer - intelligence, governance, and interoperability: This middleware layer
orchestrates how data flows through the system, enforces business logic, and ensures that the
DPP behaves consistently across stakeholders and use cases.

Components:

o APl gateway & integration services: connect to ERP, MES, and loT systems to automate data
flow.

o Datavalidation & harmonisation logic: ensures consistent data formatting and semantics
between OEM and reman partners.

e Lifecycle engine: models and validates the chronological sequence of events from
manufacturing to reman and resale.

e Status tracking service: dynamically updates a product’s DPP with real-time condition or
processing status.

e Access control engine: enforces who can read, write, or update specific data (role-based).

3. Data storage layer - Digital backbone of the DPP: Acts as the central or distributed repository
for structured and unstructured data collected from various stakeholders and processes.

Components:

e Structured product/component data: stores product identifiers and unique tracking data.
o Event logs: records lifecycle events, service interventions, ownership changes, etc.

o Document repositories: hosts manuals, disassembly guides, SOPs, inspection forms.

e Condition & usage data: archives diagnostics, wear assessments, and loT sensor data.

4. Source Systems Layer — Data origin and traceability foundation: This layer consists of all
external and internal systems that generate or manage operational, technical, and lifecycle-
related data across the product’s lifetime, from design to remanufacture.

Components:
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o Supplier systems (e.g. ERP, PLM, supplier portals): provide manufacturing data such as
product structure, serial numbers, materials, and disassembly instructions.

e User systems (e.g. MES, workshop software, QA tools): capture lifecycle events such as
repairs, inspections, testing, remanufacturing processes, and condition reports.

e Customer systems (optional): input ownership details, usage logs, self-diagnosis, or return
initiation data.

4.5 Data Standards and Formats

In the following section, a tentative definition proposal is given for the data standards and formats
that may be followed for the implementation of the DPP. These initial recommendations aim to
supportinteroperability across systems, ensure consistency in data exchange between stakeholders
such as OEMs, remanufacturers, and customers, and align with emerging industry standards. This
definitionis intended as a starting point and will be further refined through discussions and validation
with the use-case providers as the project progresses.

To ensure the interoperability, scalability, and long-term viability of the DPP, the underlying data
model must rely on widely adopted standards and formats. These standards enable seamless
integration across diverse systems and stakeholders including OEMs, remanufacturers, and
customers. In particular, we will also draw on ISA-95, an established standard for integrating
enterprise and control systems, to support alignment between production-level data and higher-
level digital passport information.

Atthe core of the DPP data structure, we propose to use lightweight, machine-readable formats such
as JSON and XML. JSON is particularly well-suited for RESTful APIs and real-time system
interactions, while XML may be used in legacy environments that still require structured, schema-
driven data exchange. For tabular data, such as bills of materials or inspection logs, formats like CSV
or JSON Table Schema can support easy import/export and data manipulation across systems. Rich
content such as manuals, images, and videos used for disassembly instructions, condition
assessments, or user guidance should follow conventional formats like PDF, JPEG/PNG, or MP4,
which ensure compatibility with common platforms and user devices.

The data model should align, as much as possible, with emerging product passport standards to
support future compliance and cross-industry collaboration. These include IEC 63395, which is
being developed specifically for DPP. For instance, the Catena-X, a cross-sector initiative promoting
data sovereignty and traceability and the Asset Administration Shell (AAS) model, which supports
modular, semantically rich representations of assets in Industry 4.0 environments are good
candidates. To link digital records with physical products, GS1 Digital Link may be adopted for QR-
code-based identification, while UUIDs or Electronic Product Codes (EPCs) may be used for
assigning globally unique identifiers to products, components, and events.

In addition to the content itself, each record in the DPP should include essential metadata to ensure
traceability, reliability, and version control. This metadata should consist of fields such as the unique
identifier (UUID), version number, timestamp, source system, and the stakeholder or organisation
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responsible for generating the data. Optional fields like confidence levels or status flags can also be
added to help resolve data conflicts and prioritise verified information.

To facilitate reliable and secure data exchange, the DPP should support APl-based integration,
particularly through RESTful services using JSON payloads. Real-world access to the passport (e.g.,
in a repair centre or customer-facing scenario) should be enabled via QR code or RFID-based
lookups, compatible with GS1 or internal resolution protocols. For dynamic data capture (such as
from lol devices), event-based messaging protocols like MQTT or Kafka can be considered.

Finally, robust data governance and access control mechanisms must be in place. These should
include role-based permissions that define who can read, write, or update data; clear attribution of
data ownership (e.g., supplier vs. remanufacturer); and comprehensive audit trails. To maintain trust
and compliance, all sensitive information should be encrypted both at rest and in transit, and access
should be monitored through system-level logging.

As a summary, the following table (Table 5) outlines the possible standards and formats that may be
considered for the implementation of the DPP in the RENEE project.

Category Suggested standard or format
Data encoding formats JSON, XML (structured data); CSV (tabular); PDF, JPEG/PNG, MP4
(documents and media)

Identifiers UUID (products, components, events); GS1 Digital Link (QR code-
based IDs)
Metadata fields UUID, version, timestamp, source system, data owner

IEC 63395 (Product Passport), Catena-X, ISA-95, Asset

Data standard
ata standards Administration Shell (AAS)

Data exchange RESTful APIs (JSON), file uploads (CSV/XML)
Access technologies QR code / RFID resolution (GS1-compatible), web portals, mobile
apps
Governance features Role-based access control, data attribution, version history,

encryption (in transit & at rest)
Table 5: Data standards and formats

5 Toolbox for Remanufacturing Value Chain Configuration & Process
Planning (TFR)

5.1 Toolbox For Remanufacturing Overview

The Toolbox For Remanufacturing (TFR) is a simulation-based decision-support environment
composed of a collection of integrated tools designed to assist in the configuration, evaluation, and
optimisation of remanufacturing strategies. As a “toolbox,” TFR brings together multiple analytical
and modelling tools within a single framework, each addressing different stages and dimensions of
the remanufacturing process.
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At the core of TFR lies a simulation environment, which serves as the central platform for testing and
analysing alternative strategies under conditions of uncertainty and variability. By simulating both
supply chain and shop floor operations, the toolbox provides users with data-driven insights into the
potential performance of remanufacturing scenarios before implementation. This simulation-driven
approach enables stakeholders to evaluate trade-offs, anticipate disruptions, and optimise
decision-making across operational and strategic levels.

TFR supports a variety of real-world use cases, and its modular structure allows for the integration of
specialised tools. Among them is the Disassembly Planning Tool (DPT), a SolidWorks-based add-in
that aids in disassembly-oriented product design and planning. Embedded within the TFR
ecosystem, DPT ensures that design-level decisions are aligned with downstream operational needs,
strengthening the overall remanufacturing workflow.

5.2 Functionalities

The Toolbox For Remanufacturing (TFR) offers a set of integrated tools designed to support
decision-making at both strategic and operational levels in remanufacturing environments. These
tools are grouped into four core functionalities: simulation, process planning and disassembly
planning tool. Together, they provide users with the means to explore, evaluate, and optimise
remanufacturing strategies across different levels of the value chain:

e Simulation: Simulation is at the centre of the TFR. It enables users to model and analyse
remanufacturing scenarios before implementation, making it possible to testideas, compare
alternatives, and assess the impact of uncertainty on system performance. Two levels of
simulation are supported: supply chain and shop floor:

o Supply Chain Simulation: At the supply chain level, the toolbox allows users to
model value chain configurations, including key actors such as manufacturers,
consumers, and retailers. These models capture the flow of products and materials,
along with the variability that naturally arises from factors such as product return
rates, demand fluctuations and the condition of returned products. The simulation
results help assess the efficiency, responsiveness, and sustainability of different
supply chain configurations using indicators such as inventory levels, costs, and
service availability.

o Shop Floor Simulation: At the shop floor level, TFR enables the detailed modelling
of remanufacturing operations, including disassembly, inspection, reconditioning,
and reassembly tasks, among others. These simulations allow for the assessment of
resource usage, task sequencing, and production throughput, helping identify
bottlenecks and layout inefficiencies, and providing data to improve operational
productivity. In addition, TFR interacts with the Disassembly Planning Tool (DPT) to
retrieve and evaluate optimal disassembly sequences, analysing the resources, time,
and feasibility associated with each path to support efficient process planning.
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e Process Planning: The second core functionality of the TFR is process planning, which
focuses on the generation of optimised plans for organising tasks and allocating resources.
These tools support both high-level strategic decisions and more detailed operational
planning. Process planning within TFR is closely connected to the simulation environment.
Depending on the industrial problem, whether it contains uncertainty or variability,
optimisation can build directly on simulation results, or planning tools can operate
independently if the necessary input data is available. This flexibility allows users to apply the
right approach to the problem at hand.

o Disassembly Planning Tool: The DPT, presented by (Costa et al. 2018), is an add-in for
SolidWorks that has the capability of computing disassembly sequences by analysing CAD
models with geometric constraints (named as mates in SolidWorks). It can be used to help
engineers during the design of products, by allowing them to quickly check if their product is
easy to disassemble or if it needs improvements, such as reducing the disassembly steps or
increasing the reachability of parts to avoid collisions with the tools that will be used during
production. On the other hand, it can be useful for providing disassembly sequences for
replacing damaged components and for extracting parts for remanufacturing or recycling.
Moreover, the automatically computed part decoupling directions can be used to help
automate the programming of robotic arm motions for disassembling the parts.

5.3 Architecture & Technologies
To address the various stages and dimensions of this process, the TFR is organized into five main

submodules (Figure 20). Each submodule is responsible for a specific set of functionalities, ensuring
modularity, interoperability, and adaptability across different use cases within the RENEE project.
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Figure 20: TFR General Architecture
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o Process and Supply Chain Mapping: This submodule serves as the foundation for both
simulation and process planning activities. Its main role is to collect and structure relevant
information about remanufacturing supply chains and associated operations. Data
collection involved a multi-method approach, including an online questionnaire, document
analysis, and semi-structured interviews with key stakeholders from the participating
companies. The questionnaire, distributed via Google Forms, served to gather initial insights
into the remanufacturing process, product characteristics, and supply chain structures.
These responses informed the design of follow-up interviews, which were conducted with
managers and professionals directly involved in remanufacturing activities. The interviews
explored in more detail the flow of components and information, roles of supply chain actors,
and visibility of critical remanufacturing-related data. Topics covered included:

o Product characteristics and reusable components;

o Current and future supply chain configurations, including gaps;

o Actorroles, locations, and information flow;

o Quality, timeliness, and accuracy of shared information;
The result is a structured representation of each case study's remanufacturing supply chain,
providing a reliable basis for scenario modelling and performance analysis in the TFR’s
simulation and planning modules.

o Simulation Module: The simulation module is responsible for executing dynamic analyses
of both shop floor operations and supply chain configurations. It is composed of multiple
simulation models developed for each project case study, with some focused on the internal
production processes and others on the broader supply network.

These simulations are built using FlexSim, a discrete event simulation platform that supports
both visual and data-driven modelling. The structural and modelling data required to build
the simulation is provided by the Process and Supply Chain Mapping submodule. However,
parameter inputs, such as demand profiles, return rates, or processing times, can be either
retrieved dynamically from the Digital Vault, particularly when TFR is instantiated by other
modules within the RENEE ecosystem, or entered manually by users through the TFR User
Interface when used as a standalone tool.

Simulation results can be visualised directly within the FlexSim platform or passed to the TFR
User Interface, where they are displayed using scenario dashboards and performance
metrics. The most suitable model for a real scenario will be deployed into a Digital Twin,
meaning that an instance of this simulation model will interact in real-time with resources
and workstations.

e Process Planning Module: This module provides optimization capabilities to support
tactical and operational decision-making in remanufacturing systems. It integrates both
mathematical modelling and Al-based approaches, allowing users to generate actionable
plans based on realistic constraints and uncertainties. The module interacts closely with the
simulation component, using simulation feedback to evaluate and improve generated plans.

o Mathematical optimisation models: A mathematical model is being implemented
in the toolbox to address the disassembly line balancing problem, specifically in the
context of End-of-Life (EOL) products. An EOL state-oriented, multi-objective
disassembly line balancing problem is proposed to account for the variability in
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product conditions commonly observed in remanufacturing environments. The
model aims to minimise both the number of active workstations and the overall idle
time across the line, promoting resource efficiency and supporting circular economy
goals. Itis being implemented using the Google OR-Tools optimisation library.

o Reinforcement learning algorithms: Reinforcement learning will be used within the
toolbox to support resource allocation in dynamic and uncertain shop floor
environments. Once trained, the agent will be deployed in Process Scheduler and
Orchestrator (PSO), as discussed in more detailin D4.1, acting in real time to allocate
resources based on the current state of the system, such as task availability,
processing durations, and resource status. This method provides flexibility and
adaptability in situations where static planning may fall short due to unexpected
disruptions or variability in operations.

e Disassembly Planning Tool (DPT): The DPT is implemented as a C# DLL that is loaded into
SolidWorks as an add-in, in order to access its extensive APl and provide disassembly
planning capabilities. Namely, using the part geometric constraints (mates), the DPT is able
to compute the part decoupling directions, which alongside a surface interference algorithm,
adds to SolidWorks the ability to compute disassembly precedencies, which are dynamically
explored using a branch-and-bound algorithm. The DPT starts by exploring the disassembly
tree using a best-first search approach, to find a feasible solution, after which it can stop and
show the user the results or continue and rely on the first solution as an initial upper bound
for the branch-and-bound algorithm, which uses a cost function that includes the travel
distance of the disassembly tool along with a tool change penalty.

o DPT GUI: The DPT adds inside the SolidWorks GUI two buttons to trigger the search
for the best first or the optimal disassembly sequence. The project that is currently
openinside the SolidWorks GUI is then analysed and after finishing the computation,
the DPT generates inside the SolidWorks GUI an exploded view that shows an
animation of the disassembly sequence using the part decoupling directions.
Moreover, the feasible disassembly sequences along with the search tree graph are
exported to files in the Graphviz DOT format, to allow easy logging of results and
integration with other modules.

o DPT ROS action: SolidWorks currently only runs on the Windows operating system,
but to allow the DPT to be integrated with other systems, it can provide a ROS action
that receives as input the path to the CAD file to load into SolidWorks, along with the
list of target parts to disassemble, and then returns the disassembly sequence and
its metadata (decoupling direction, tool and cost for each disassembly step).

e User Interface: The user interface (Ul) acts as the access point for interacting with the TFR
modules. It allows users to define scenarios, configure simulations, initiate process planning
routines, and visualize results.

The Ul is being developed using a web-based architecture, with a Vue.js frontend, Spring Boot
backend, and MySQL database for data storage and management. Its core features include:

o Interactive mapping tools for supply chains and process layouts

o Parameter selection panels for simulations and optimizations

o Dashboards for comparing scenario performance across different metrics
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The Ul is designed to support both technical users (e.g., simulation or optimisation experts)
and non-technical stakeholders, and is being developed with a strong focus on user
experience (UX) principles to ensure itis intuitive, efficient, and inclusive across user profiles.

5.4 First Prototype Development

5.4.1 Process and SC Mapping

As part of the process of mapping SCs for the remanufacturing process, information was collected
from companies through an online questionnaire, semi-structured interviews with key stakeholders
and document analysis. The online questionnaire, as well as the document analysis, was used to
gather initial data, providing a foundational understanding of the companies’ remanufacturing
processes and guiding the subsequent interviews. Interviews were conducted with managers and
other stakeholders directly involved in remanufacturing processes in order to capture detailed
information about the current practices, challenges, and opportunities within the remanufacturing
process and supply chain. The data collection process covered the following topics:

1. Product characteristics
e Products that are part of the remanufacturing process
e Components that can be "reused"
2. Supply Chain Mapping (current situation, future situation and "gaps")
e Actors involved (suppliers, customers, transport companies, other intermediaries)
e Geographical location of the actors
o Role of each actor
e Flow of information regarding "end-of-life" products and components entering the
remanufacturing process
e |nteraction among actors (information systems)
3. Analysis of supply chain visibility regarding information relevant to the remanufacturing
process.
e |nformation that is currently shared and that should be shared in the context of the
remanufacturing process
o Classification of the amount of information shared with the partners
e Classification of the quality/accuracy/absence of errors of the information shared
with partners
e C(Classification regarding the timeliness with which relevant information is shared or
received

The online questionnaire was shared using Google Forms (Figure 21, Figure 22) due to its accessibility
and ease of use, and was distributed electronically to a representative from each of the four
companies, and responses were collected over two weeks. By analysing the responses, a preliminary
understanding of key themes was obtained, which helped refine the interview questions and focus
on specific issues during the subsequent interviews.
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RENEE Project

Dear Reneé Project partners.

We request your contribution in responding to this questionnaire. The objective is to
understand the current and future remanufacturing process of participating companies
and map the supply chain actors involved.

This work is developed within the scope of Task 3.4 of the Reneé project. The information
shared here will be used exclusively within the scope of the project and will not be shared
beyond the project partners. After the analysis of this enquiry, feedback and further
information will be provided by means of interviews to each Reneé’s pilot company.

We thank you in advance for your collaboration. If you have any questions, you can contact
us via email at ricardo.a.zimmermann@inesctec.pt and antonio.baptista@inesctec.pt.

Figure 21: Questionnaire header

8. Which of the following scenario describes the current reverse logistic for the  *
remanufacturing process? (You can choose more than one)

|:| Consumer -> Retailer Facility

D Consumer -> Retailer Facility -> [logistic company] -> OEM Factory

l:l Consumer -> [logistic company] -> Retailer Facility --> [logistic company] -> OEM
Factory

D Consumer -> Technical assistance -> [logistic company] -> OEM Factory

[] Retailer facility -> [logistic company] -> OEM Factory [logistics damaged products]

D Consumer -> [logistic company] -> OEM Factory

D Other:

Figure 22: Questionnaire sample

The following tables consolidate key quantitative indicators derived from the interviews for each pilot
case. These provide a comparative view of product usage patterns, data exchange practices, and
supply chain visibility levels. Due to confidentiality reasons, some sensitive data/information
elements were distorted or omitted in the tables or diagrams.

Table 6 presents an indicative average duration of product use. This metric is essential for
understanding the return cycles and potential availability of products for remanufacturing. Table 7
details the types of information currently exchanged among supply chain actors. It highlights the
level of data availability that supports decisions around remanufacturing feasibility and planning.
Table 8 complements this by assessing how much information is shared, the quality of that
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information, and its timeliness, offering a proxy for overall supply chain transparency and
coordination.

Company Average duration of the product use phase (by the end consumer)
DECATHLON 120 - 180 months

EMOTORS 120 - 180 months

ARCELIK 120 months
CAMPETELLA 180 months

Table 6: Average duration of the product use phase (by the end consumer)

Information to be shared among DECATHLON | EMOTORS | ARCELIK | CAMPETELLA
supply chain actors
Product ID X X X X
Product technical characteristics X X
Date of production X X
Date of sale to the client (end user) X X
History of product interventions X X X X

Table 7: Information to be shared among supply chain actors

SC visibility assessment (1-4 Satisfaction Likert Scale)
Company Amount of information Quality of Timeliness of

shared among SC information shared information shared

partners among SC partners among SC partners
DECATHLON 3 2 2
EMOTORS 2 3 4
ARCELIK 2 2 3
CAMPETELLA 3 3 3

Table 8: SC visibility assessment

Regarding the results of SC flow mapping, several shared features were identified across the different
pilot cases. Reverse logistics processes typically involve the collection of products through service
centres, retail locations, or original equipment manufacturer (OEM) facilities. Transportation is
generally handled in coordination with third-party logistics providers. However, the effectiveness of
reverse logistics is often limited by traceability issues, low return volumes, and processing capacity
constraints.
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Most pilots have focused their efforts on the recovery of high-value components such as motors,
printed circuit boards, mechanical assemblies, and structural elements like frames. These
components are primarily reused as spare parts rather than being reincorporated into new
manufacturing lines. The assessment of components for potential reuse is generally performed
manually and subjectively, which restricts standardisation across operations.

The remanufacturing processes observed range from basic refurbishment activities to more complex
operations involving disassembly, inspection, upgrade, and reassembly more typical of
remanufacturing. These processes are largely manual and frequently face technical challenges such
as the difficulty of disassembly and the degradation of components over time.

In terms of traceability and supply chain visibility, most pilots utilise some form of tracking systems.
However, these systems tend to be still fragmented and often depend on consumer-related data. The
quantity, accuracy, and timeliness of information shared among supply chain partners vary
significantly. There remains a notable gap in achieving comprehensive lifecycle traceability and in
consistently capturing post-sale product history. The typical reverse and forward logistics flows and
associated roles can be visualized in the diagrams compiled in Figure 23, Figure 24, Figure 25 and
Figure 26. These schematics, despite of its degree of simplification (regarding also some
confidentiality level) offer a standardised overview of remanufacturing loops as applied in different
industrial contexts.
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Figure 23: ARCELIK Supply Chain flow and main actors
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Figure 26: DECATHLON Supply Chain flow and main actors

Several recurrent challenges were identified across the pilots. From an operational standpoint,
refurbishment efforts are constrained by limited processing capacity, inconsistent return volumes,
and variability in product conditions. Furthermore, the lack of centralised systems for managing and
redistributing returned products reduces efficiency.

Technical and design barriers also slow down progress. Many products were not originally designed
for disassembly, which complicates the recovery process. Additionally, the obsolescence of some
components and component degradation over time restricts their potential for reuse.

Economic viability represents another major constraint. The costs associated with remanufacturing
are often high, particularly in cases where the resale value of the refurbished product is insufficient
to offset the expenses. Furthermore, long product life cycles mean that items return at low
frequencies, limiting the volume of material available for remanufacturing.

In terms of information systems, there is in general a lack of standard guidelines for making
refurbishment decisions. The current lack of integrated digital platforms also hinders real-time
supply chain visibility. Collaboration among supply chain partners is often minimal, particularly in
relation to data exchange.

5.4.2 Simulation

The simulation module of the Toolbox for Remanufacturing (TFR) is being developed to support
detailed analysis and evaluation of remanufacturing scenarios at both the supply chain and shop
floor levels. Two distinct lines of work are currently underway, each addressing a different level of the
remanufacturing system.

5.4.2.1 Supply Chain Level Simulation
At the supply chain level, simulation focuses on modelling the flow of returned products,

remanufacturing centres, and distribution networks, capturing variability in returns, demand, and
product condition. This work started its development through a case study in the bicycle repair and
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remanufacturing industry, using DECATHLON as the primary reference. The primary objective is to
develop a framework that enables a collaborative network among different DECATHLON workshops,
facilitating the exchange of bicycle components to improve repair efficiency and resource utilisation.

To support the development and validation of the full-scale DECATHLON model, a smaller
preliminary case study was first implemented. This early prototype enabled testing the model
structure, simulating simplified return and demand patterns, and refining core modelling
assumptions before applying them to the more complex case study. Synthetic data was used during
this phase to test system behaviour, and 4 scenarios were defined varying the fleet size of trucks and
type (diesel, electric and others).

With a special emphasis on analysing global versus local SCs, this model deals with the optimisation
of truck routes and transportation missions, with the dual goal of minimising both transportation
costs and CO, emissions. Specifically, the model captures:

e The geographical distribution of repair workshops and collection points

e Reverse logistics flows from consumers to remanufacturing centres

o Delivery flows of remanufactured bicycles back to retail or redistribution points
o Trade-offs between centralised and decentralised remanufacturing strategies
e Environmental and economic performance under different what-if scenarios

The resulting conceptual model provides a flexible framework for evaluating alternative supply chain
configurations and testing strategic decisions related to remanufacturing logistics and sustainability.
A sample of results is presented in Figure 27 and Figure 28.

Next steps in this work include the expansion of the case study to incorporate the full set of supply
chain actors identified during the supply chain mapping activities, enabling a more comprehensive
representation of the operational network and its interdependencies.
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Figure 27: Total cost for each scenario.
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Figure 28: Total CO2 emissions (in kgCO2eq) for each scenario
5.4.2.2 Shopfloor Level Simulation

At the shop floor level, simulation focuses on modelling the operational aspects of the
remanufacturing process within a workshop environment, aiming to evaluate process performance,
resource utilisation, task sequencing and production throughput under different configurations.

This line of work is being developed through a case study of bicycle remanufacturing. The primary
objective of this case study is to simulate the physical flow and operational decisions involved in
restoring used bicycles, to optimise production efficiency while ensuring high product quality and
compliance with safety standards.

To support the development and validation of the full-scale DECATHLON model, a smaller
preliminary case study was first implemented (Figure 29). This simplified pilot enabled early testing
of the simulation framework and process parameters. For this case, the following key
remanufacturing steps were considered:

e |nitial Inspection: Initial assessment identifies major defects to determine if remanufacturing
is feasible.

e Disassembly: The bicycle is broken down into its core components.

o Cleaning: Parts are cleaned and prepared for inspection.

e |nspection and Sorting: Components are assessed to determine which can be reused,
refurbished, or replaced.

e Reconditioning: Usable components are repaired or restored to working condition.

o Reassembly: The bicycle is reassembled using both reused and new parts —remanufacturing
line.
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Figure 29: Simulation Model of Bicycle Remanufacturing Line

The process begins with an initial intake and inspection phase, where bicycles are assessed for
suitability. This step is critical to ensure that only bicycles with remanufacturing potential enter the
process, thereby optimising the use of time, labour, and materials. At the end of the chain, final
testing is conducted on each remanufactured bicycle to ensure it meets all performance and safety
standards, guaranteeing reliability comparable to that of a new product. A sample of results is
presented in Figure 30 and Figure 31.
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5.4.3 Process Planning

The process planning functionality within the Toolbox for Remanufacturing (TFR) focuses on the
optimisation of remanufacturing operations. It aims to support decision-makers in the tactical
configuration of disassembly and reassembly processes by generating feasible and efficient task-
resource plans. Two main lines of development are currently being pursued: one based on
mathematical optimisation models, and another exploring ML-based approaches.

5.4.3.1 Mathematical Model For Disassembly Line Balancing

One of the central components under development is a mathematical model formulated to address
the Disassembly Line Balancing Problem (DLBP) for End-of-Life (EOL) products. This problem is
particularly relevant in remanufacturing environments, where products returned from the field often
exhibit high heterogeneity in terms of condition and composition.

The model explicitly incorporates this heterogeneity by defining multiple EOL condition
combinations across a product’s main components. These combinations influence the disassembly
time required for each task, which may vary significantly depending on the presence or absence of
damage, wear, or missing parts. The formulation is designed to:

e Determine the optimal number and configuration of workstations;

e Assign disassembly tasks and mobile resources to specific stations based on task
precedence and processing requirements;

e Maintain a fixed cycle time across all stations to ensure consistent throughput under varying
conditions.

The objective function of the model is twofold:

¢ Minimize the total number of active workstations, promoting a compact and efficient line
layout;
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e Minimize the total idle time across all stations, improving resource utilization and workflow
balance.

By achieving this dual objective, the model enables:

e Efficient allocation of human and technical resources;

e Reduction in energy consumption and operational costs;

e Support for sustainable disassembly practices, aligned with the principles of the circular
economy.

The model is being implemented using the mathematical programming solver OR-Tools and is
currently undergoing early testing using data sourced from existing literature. This phase allows for
the verification of model logic and performance under generic, yet realistic, product configurations
and EOL scenarios.

The next step in the validation process involves testing the model using specific data from the
ARCELIK use case. This will allow the model to be evaluated against actual disassembly line
conditions, enabling more robust calibration and refinement.

Preliminary results demonstrate the model’s capability to generate efficient disassembly plans that
adapt to the variability in product condition, while maintaining operational constraints. This
development provides a foundational tool for integrating optimization into remanufacturing process
planning. A sample of results is presented in Figure 32.

A B C D E F G H I
Workstations Used | Cycle Time | Avg Station Time | Total Idle Time | Mobile Resources Used | Total Movements | Total Movement Time | Total Task Time
1 5 118 7,7 219

1

2 52,82 4359 [, 's', ', '7','8"] 4

3 2 7 135 110,5 59 ['a,'s"] 0 0 196
4 10 5 114 52,02 439,9 ['4,'s', "6, '7', '8'] 4 7,7 217
5 11 2 131 108,5 63 r'a,'s"l 0 0 194
6 34 5 118 43,52 482,4 ['4,'s','s','7", '8'] 4 7,7 176,5
7 26 2 128,5 119,25 1,5 I'4,'s'] 0 0 213,5
8 a3 5 122,5 22,72 286,4 ra,'s', ', "7, '8'] a 7,7 172,5
] 72 5 138,5 63,06 384,7 ra,'s','s,'7', '8'] 2 4,6 274,5
0| 78 5 130,5 53,82 4309 ra,'s', ', "7, '8'] a 7,7 228

Figure 32: Sample of optimisation results for a set of scenarios

5.4.3.2 Reinforcement Learning for Adaptive Resource Allocation

The Toolbox for Remanufacturing (TFR) also includes the development of a reinforcement learning
(RL)-based process planning tool aimed at dynamic and adaptive resource allocation on the
remanufacturing shop floor. This approach is particularly suitable for highly variable and uncertain
environments, where fixed planning assumptions may no longer hold during execution due to
disruptions, unexpected task durations, or resource unavailability.

The RL-based framework leverages Deep Reinforcement Learning (DRL) principles, where a trained
agent is responsible for making real-time task assignment decisions in response to current system
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states. The agent operates in conjunction with the simulation models developed in the TFR
simulation module, ensuring a realistic and integrated environment for training and deployment.

The system is structured in two phases:

e Training Phase: A baseline task-resource assignment solution is first generated using a
classical Assembly Line Balancing (ALB) optimizer. When deviations from expected
performance occur, such as task execution time divergence or resource unavailability, the
controlis handed over to the RL agent. The agentis trained using simulated data from the TFR
environment. During training, the agent interacts with the simulation by selecting actions
(i.e., assigning tasks to resources), receiving feedback (rewards), and updating its policy to
maximize cumulative performance.

o Execution Phase: Once a stoppage criterion is met, either a predefined number of training
episodes or achievement of a target reward, the trained agent is deployed as a real-time
decision-maker. It dynamically adjusts task assignments during runtime based on the
evolving state of the production system. This particular phase is part of PSO (Process
Scheduler and Orchestrator ) functionalities, described in detail in Deliverable 4.1, ensuring
high flexibility and a strong correlation between training and real-time execution.

The agent receives as input the state of the shop floor environment, including:

e Available tasks (with task precedence constraints);
e Execution times of current tasks;
e Availability of human and technical resources.

The reward function is defined as a weighted sum of key performance indicators, primarily the
number of completed tasks and finished products. Negative rewards are applied when the agent
selects infeasible actions (e.g., violating precedence or assigning unavailable resources), in which
case the simulation is reset to maintain learning consistency.

This RL-based tool provides a flexible and adaptive planning mechanism, able to respond to
disturbances and system variability in real-time. It complements the deterministic mathematical
model by offering reactive intelligence, helping ensure robustness in actual remanufacturing
environments where process variability is the norm.

5.4.4 Disassembly Planning Tool (DPT)

After analysing the CAD models provided by the RENEE partners, it was decided to start the DPT tests
using the EMOTORS use case because it had similar geometry and disassembly steps when
compared with the starter motor and internal combustion engine in which the DPT was initially
developed and tested (in previous research projects).

For the best user experience and efficient usage of the DPT, the CAD model should be developed
within SolidWorks and follow its CAD engineering guidelines, which include having no interferences
between parts and using geometrical constraints (mates) for the placement of the parts. However,
EMOTORS relies on Catia instead of SolidWorks and since they could not share the original CAD
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model to protect their intellectual property, the motor model was shared as a STEP file, for having a
neutral and standard format to exchange the CAD data. However, the STEP format has the drawback
of not being able to export geometrical constraints and also reducing the accuracy of the parts when
approximating the surfaces during the conversion. As such, the EMOTORS CAD model had to be pre-
processed to be usable by DPT. Namely, the part interferences had to be fixed, and the geometrical
constraints (mates) were also added to speed up the disassembly planning. Currently, this is a
manual process, but a automated version of preprocessing operations is being considered.

5.4.4.1 STEP part interferences

For the DPT to be able to work as expected, the CAD parts must not have intersections with each
other. The DPT automatically computes part decoupling directions and then validates their
disassembly feasibility by moving the part slightly along the decoupling direction to check if the part
can be removed without collisions/intersections with other parts. If the CAD model provided already
has interferences between the parts, the DPT calls to the SolidWorks APl will not be able to
differentiate between the initial interferences and the new collisions/interferences caused by moving
the part along the decoupling direction. As such, it was analysed the EMOTORS CAD model using the
SolidWorks interference detection tool and fixed all the part intersections that were present, namely:

e All the screws were changed to use their internal thread diameter because all of them were
intersecting with their respective holes, which were modelled with the external screw thread
diameter.

o All the rubber gaskets were removed (from the closing cover, main housing water inlet,
inverter coupling to the main housing, inverter refrigeration piping, along with the venting
caps from the inverter and closing cover) because they were causing intersections due to
being modelled in their expanded state. They were removed instead of being changed
because they do not affect the disassembly order (given that arubber gasket is preassembled
with its respective part).

e The main housing gasket was compressed to avoid intersections with the closing housing.

e The path of the cable that connected the inverter to the stator busbar was adjusted because
it was intersecting with the main housing.

e The inverter cable connector that attaches to the position sensor was trimmed to avoid
internal intersections between the 2 parts.

Besides part modelling problems that cause interferences, the DPT cannot yet disassemble parts
that must be bent or change their shape to be removed. As such, they were remodelled from their
natural state into their disassembling state, namely:

e The clip connector of the thermal sensor was bent from its default lock state in order to be in
its open state to allow its removal from the stator.

e The 2 circlips that hold the 2 ball bearings on the rotor were bent from their locked state into
their disassembling state to allow their removal from the rotor.

o The spring washer was remodelled in its compressed state because in its expanded state it
was intersecting with the closing housing.
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5.4.4.2 Part geometric constraints (SolidWorks mates)

The DPT uses the geometric constraints to compute the part decoupling directions because they
encode the assembly intentions of the engineer, which in turn allows us to use this component
metadata for efficiently finding a way to decouple the parts for disassembling them. The DPT
currently supports two main categories of mates. The first is the planar mates (coincident, tangent
and cam follower), in which the plane normalvector provides 1 decoupling direction. If several planar
mates are combined in a single part, to align a part to a corner for example, then the DPT computes
the fusion of the planar mates' normal vectors. The second category is the cylindrical mates
(concentric, screw, gear and hinge), in which the central axis provides two decoupling directions. If a
part has no geometrical constraints, then DPT will try to decouple it using the 6 vectors aligned with
the plus and minus directions of the XYZ coordinate system. This allows DPT to be used even without
geometrical constraints, since a lot of assemblies have parts that can be decoupled in the XYZ
directions. However, this is slower when compared to using decoupling directions computed from
mates, because instead of having 1 or 2 reliable decoupling directions, the DPT will try 6 generic
decoupling directions that may not be suitable to remove that specific part.

The EMOTORS CAD only required the manual addition of coincident and concentric mates to
properly place the parts and allow DPT to reliably compute the decoupling directions. The STEP
format cannot yet specify geometrical constraints, and as such, even if the Catia CAD from
EMOTORS had this kind of information, the STEP file would not be able to convert and encode it.
However, even if the STEP format added support for limited part mating information, it was stated by
EMOTORS that they use geometrical constraints in Catia to place the parts in place, but then they
remove them after they apply them, to avoid the risk of moving a lot of parts in an assembly due to a
bad specification of a geometrical constraint. This approach has the drawback of not having the
mating information available to DPT, while also requiring repeated work by EMOTORS because they
will likely need to add again the geometric constraints when there are motor design changes. As
such, it would be better to keep the geometric constraints and lock the parts (both SolidWorks and
Catia support making the parts fixed in place to avoid accidental movement, which keeps the
constraints inactive but available for future use).

5.4.4.3 Disassembly sequence planning

The DPT is integrated into the SolidWorks GUI and provides to the end user 2 buttons. Both trigger the
branch-and-bound planning algorithm, but the first (left button of Figure 33) stops the computation
after reaching a feasible solution when using the best-first search heuristic, while the second button
lets the branch-and-bound algorithm continue to find the optimal solution (while using the first
solution as an upper bound).

The planning algorithm always performs the disassembly optimization even if the goalis to assemble
the product, because from an optimization point of view, it is always possible to dismantle a product,
but a partial assembly sequence may lead to an incomplete assembly of the complete product by
not allowing some parts to be assembled because other parts are blocking the way. As such, by
performing disassembly optimization, we avoid all the partial infeasible assembly sequences. When
the goal is to assemble a product, we reverse the order of the computed disassembly sequence.
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The cost function used for the disassembly planning includes the travel distance of the disassembly
tool along with a penalty when that tool is changed. There is also the option to add a penalty for each
mate that a part has, for having an onion disassembly approach, that gives priority to removing the
outer parts first, which typically have a smaller number of mates when compared with the inner
parts.

After the computation of the disassembly sequence, the DPT creates inside the SolidWorks GUI an
exploded view with the order of removal of the parts, as can be seen in Figure 33, that allows the end
user to view an animation of the disassembly process in which the parts are extracted according to
the decoupling directions.

By default, the DPT starts with the part closest to the CAD origin, but a specific partcan be used as a
starting point for the best-first search algorithm. As shown in Figure 33, the disassembly sequence
started by removing the carbon brush and its nearby circlip D35 (that was holding the ball bearing
6207 and the rotor in relation to the main housing, due to the retainer plate). Then it was removed the
water inlet tip screws and the water inlet tip, followed by the screws of the closing housing and
closing cover. Later on, it was extracted the closing cover and the position sensor screws.

The next step was the removal of the position sensor, which included the disconnection of the
inverter cable connector and the disconnection of the thermal sensor connector from the stator. This
is one of the hardest steps to automate with robots because it involves the manipulation of flexible
cables in small spaces and the bending of the 2 clips to allow the removal of the 2 connectors. The
DPT was able to perform this step because the parts were remodelled to be in the
bent/disassembling state.

The next step included the removal of the closing housing along with its gasket, the spring washer,
circlip D30, ball bearing 6206 and rotor. This group of parts was grouped together because if the
closing housing was removed while the rotor was still inside the main housing, it would lose one of
its 2 opposing supporting structures, causing a lot of torque on the ball bearing on the right side of
the main housing, which could compromise the magnetization of the rotor if it touched the stator. As
such, this group of parts was considered as a single part to be extracted together and dismantled
after it was outside of the main housing. For removing this group of parts, it is necessary a press
machine capable of around 20000 Newtons (for decoupling the closing housing from the main
housing) and it must force the rotor perfectly along its axis to avoid contact between the rotor and
the stator. Later on, for removing the ball bearing 6206 from the rotor, it is necessary a press machine
capable of around 8000 Newtons.

The next step was the removal of the stator busbar screws that were connecting the inverter to the
stator, followed by the retainer screws and the retainer plate. Later on, the removal of the ball bearing
6207 requires a press machine capable of around 10000 Newtons. The inverter screws and the
inverter were removed next, freeing the stator to be extracted with the help of an oven or aninduction
heating coil inside the main housing for expanding it for releasing the stator from its shrink fit.

The DPT was able to plan the disassembly sequence presented earlier using the best-first search
algorithm, which achieved a good and feasible result in a short amount of computation time (around
5 minutes). The search for the optimal and near-optimal disassembly sequence can take several
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hours to compute and we are planning on computing it in the near future, after adding more metrics
to the search cost function and improving the speedup and caching optimizations.
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Figure 33: Disassembly sequence generated by DPT for the EMOTORS use case

5.4.5 User Interface

The User Interface (Ul) of the Toolbox for Remanufacturing (TFR) is being developed as the main
access point for interacting with the toolbox’s simulation, planning, and disassembly tools. Current
work focuses on the design of Ul mock-ups (Figure 34), developed using Figma, with a strong
emphasis on user experience (UX) and ease of navigation. These mock-ups are structured around
the key functionalities of the toolbox, including:

e Visual configuration of supply chain networks and shop floor layouts;

e Parameter selection for simulations and process planning routines;

e Access to disassembly planning data and evaluations;

e Visualization of results and performance indicators through interactive dashboards.

The next phase of development will involve usability testing of the designed interfaces. The results of
the usability tests will guide adjustments to layout, functionality, and interaction logic before
implementation in a working front-end. Ultimately, the Ul will be developed using previously
mentioned tools, ensuring full integration with the underlying modules of the TFR.
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6 Evaluation Tool (ET)

6.1 Evaluation Tool Overview

The Evaluation Tool is responsible for evaluating the quality as well as the environmental, social, and
economic consequences of potential remanufacturing processes. In the context of evaluating the
configuration of a remanufacturing workstation, multiple potential scenarios are generated by the
Task Scheduler based on input provided by the user, different in terms of resources utilized. These
generated alternative configurations are automatically evaluated and quantified using specific
quality and sustainability metrics, through a two-stage LLM framework and LCA tool.

6.2 Functionalities

The Evaluation Tool (ET) offers a comprehensive framework for assessing alternative
remanufacturing scenarios through an automated, data-driven process. This framework
incorporates various functionalities to streamline the evaluation process. These functionalities are
the following:

e Scenario Generation: The system automatically generates multiple remanufacturing
configurations based on user-selected product IDs and available resources and passes each
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one to the scheduler. Each generated scenario is encoded in a structured JSON-based
Scenario Description Format (SDF), containing metadata, resource-task mappings, task
durations, and precomputed KPlIs.

Dual-Index Evaluation System: Each scenario is assessed using two main indices: the
Quality Index (Ql), which evaluates aspects related to the process execution quality and
resources collaboration; and the Sustainability Index (Sl), which considers environmental
and societal impacts.

LLM-based Quality Evaluation: The tool utilizes a large language model to assign qualitative
scores to process quality metrics based on structured prompt templates. The LLM interprets
scenario-specific information such as task assignments, robot usage, and workspace data,
producing normalized and comparable QI scores across scenarios.

LCA-based Sustainability Assessment: For each scenario, the system models process
inputs and outputs in OpenLCA, computes environmental metrics, and conducts a Life Cycle
Assessment using historic data databases. These values are translated into normalized
sustainability scores, contributing to the overall Sl.

Natural Language Summary Generation: Once the highest-ranked scenario is identified, a
second LLM pass generates a human-readable summary of the configuration, which is
provided to the user through the tool UI.

These integrated functionalities are built upon a modular architecture, outlined in the following
section, and form the core of the tool’s automated and user-friendly evaluation workflow.

6.3

Architecture & Technologies

The proposed system features a modular architecture (Figure 35) with an orchestration layer,
scenario database, LCA tool and two-stage LLM reasoning pipeline.
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Figure 35: Evaluation Tool Architecture
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Given a product ID and available resources by the user, the framework generates alternative
remanufacturing scenarios stored as structured JSON files. This information is used to evaluate each
scenario in terms of quality and sustainability. The evaluation process uses two indices, namely the
Quality Index (Ql) and the Sustainability Index (Sl). These are then combined into one universalindex,
the Quality & Sustainability Index (QSI), which is used for the final comparison and ranking of the
existing scenarios.

For calculating the Ql-related metrics, an LLM-based approach is followed. More specifically, the
orchestration layer retrieves each scenario and combines it with a static prompt, forming a complete
query for the LLM. In the first stage, the LLM assigns process quality metrics, which are parsed to
compute each scenario’s Ql. Along with each scenario’s Ql, the Sl value is also computed based on
calculated sustainability-related metrics and analysis through the OpenLCA.

These two indices are then merged into the QSI, using user-defined weights for each scenario. The
highest-ranked configuration is then passed through a second LLM prompt to generate a natural
language summary, returned to the user via the UlI.

6.3.1 Model Structure and Scenario Input Encoding
6.3.1.1 Process Model

Each scenario is captured in a JSON-based Scenario Description Format (SDF) file that encodes all
required operational details for evaluation. Scenarios are generated based on user-defined inputs
and stored centrally. Each SDF begins with metadata (ID, timestamp, process title) and includes
resources and task schedules. Tasks define titles, assigned resources, start times, and durations.

As shown in Figure 36, this uniform encoding supports machine-readable evaluation, consistent
processing, and batch comparisons. Each file also includes precomputed KPIs used for metric
calculations.

( SDF ]
e T N

[ metadata j [ resources [list] ] [ schedule [tasks] ] [ kpis J
;i robot 1, task title,
<. robot 2 assigned resource makespan,
timestamp, - gned_ ) ! flowtime,
operator A, start time,

process title

duration

Figure 36: Generic Scenario Description Format (SDF)
6.3.1.2 LCA Model

For each scenario, a corresponding process is modelled in OpenLCA following the format presented
in Figure 37. After creating the processes inside the OpenLCA tool and defining the inputs and
outputs of each one, the analysis is run to compare the alternative processes based on an impact
assessment method that follows European environmental standards. Based on the results of the
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compared processes, the needed data are extracted to evaluate the environmental sustainability-
related metrics.

( LCAModel )

—

[ metadata j [ resources [list] ] [ schedule [tasks] ] [operation params]

id, roEot_l, Ltasl:j_tltle, power,
timestamp, robot_2, assigne _r‘esource, water intensity,
process title operator A, start time, -

- duration

Figure 37: LCA Analysis Model Format
6.3.2 Evaluation Metrics
6.3.2.1 Process Quality Evaluation

To evaluate the quality of each remanufacturing scenario, the QI is used, based on established
evaluation frameworks for (re)manufacturing environments (Kokotinis et al. 2023). The Ql
consolidates multiple qualitative and quantitative aspects of the process, enabling a structured,
comparative assessment of alternative HRC configurations. The index is composed of several
domain-specific metrics, grouped into four primary categories: Robot Performance, Workspace
Utilization, Operational Efficiency, and Human Factors. Each metric is either derived directly from
process data (e.g., flowtime, humber of operators) or assigned by the LLM through a reasoning
process informed by scenario features.

The LLM assigns metric values using a predefined rubric, with scores linked to qualitative levels from
literature. Continuous metrics are derived from scenario data. All scores are normalized and
aggregated into a single QI, allowing direct comparison of workstation configurations. Table 9
summarizes the included metrics and their corresponding data inputs.

Metric Category Metric Value
Robot Autonomy (RA) Discrete (1-5)
Robot Performance Robot Manipulation Ability (RMA) Discrete (1-5)
Mobility (M) Discrete (1-5)
Workspace (W) KPI-delivered
Workspace Utilization
Workpiece Sharing (WS) Discrete (1-5)
Flowtime (Fl) KPI-delivered
Operational Efficiency
Human Availability (HA) Discrete (1-2)
Human Safety (HS) Discrete (1-5)
Human Factors
Num. Operators (NoO) Discrete (1-3)

Table 9: Process Quality Metrics and Associated Data Inputs

RENEE n°: 101138415 D3.1 59



R Funded by
s the European Union
6.3.2.2 Process Sustainability Evaluation

To evaluate the sustainability of each remanufacturing scenario, the Slis applied, built upon a multi-
dimensional framework that integrates both environmental and societal criteria. These criteria are
reflected in a set of measurable indicators—such as energy consumption, water usage, carbon
emissions, and user experience—as summarized in Table 10. The approach utilizes objective, KPI-
derived data with subjective, experience-based ratings to enable a comprehensive evaluation of
process sustainability.

Metric Category Metric Value

Energy Usage KPI-delivered

Envi tal
nvironmenta Water Footprint (WFP) KPI-delivered

Sustainability
Carbon Emissions KPI-delivered
Ergonomics Discrete (1-5)

Societal

Sust(;(i:rlweat?ility User Experience (UX) Discrete (1-3)
Interaction Ability (1A) Discrete (1-6)

Table 10: Process Sustainability Metrics and Associated Data Inputs

Economic sustainability is also considered and dedicated metrics will be integrated as part of the
Cost/Benefit Analysis functionality of the Evaluation Tool during the second development phase,
similar to additional metrics related to the recovered useful material from each process. Moreover,
an ergonomics calculation process based on standardized ergonomics assessment tools (RULA,
REBA, etc.) will be integrated into the Evaluation Tool to calculate the accumulative strain for the
human operators in each generated scenario.

6.3.3 Metrics Mapping via Prompt Engineering

In this framework, the LLM evaluates the quality metrics based on structured remanufacturing
scenarios. Prompt engineering ensures consistent, domain-relevant outputs by guiding
interpretation through a fixed template that defines metrics, rating scales, and scenario-specific task
and resource details. JSON features—like task descriptions and KPIs—are translated into natural
language (e.g., “Operator1 performs task2 using tool A”) to support grounded assessments. Rule-
based heuristics govern metric assignment; for instance, Human Availability scores 1 if an operator
is involved. The model strictly follows these rules, selecting justifications from a predefined list.

The prompt design evolved through multiple iterations and experimenting. Early versions produced
inconsistent outputs due to vague input structure. The current design uses standardized inputs and
zero temperature but remains sensitive to incomplete or ambiguous data.
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6.4 First Prototype Development

6.4.1 Data Pipeline and LLM Interaction

The evaluation pipeline consists of a modular orchestration layer coordinating a scenario database,
an OpenLCA Interface, and a two-stage LLM reasoning process. Given product and resource inputs,
the system generates multiple remanufacturing scenarios in the format of SDF files with task-level
details.

In the first stage, the backend combines scenario data with a metric template, task descriptions, and
a fixed prompt. A deterministic LLM (temperature=0) returns structured metric scores, which are
validated, normalized, and aggregated into a final QI score. Scenarios are then ranked and stored.

Simultaneously, the LCA evaluation is conducted using OpenLCA. Based on the generated
remanufacturing processes, corresponding models are created in the software, compared across
scenarios, and the resulting data is used to compute the Sl score.

In the second stage, with a new prompt and the results of the previous stage, the LLM then produces
a naturallanguage summary for the best scenario, which is presented to the user to supportinformed
selection.

6.4.2 Process LCA Analysis

As discussed above, for the sustainability evaluation of the generated alternatives, an LCA Analysis
based on the open-source OpenLCA tool is conducted. To formulate the assessment procedure in
the tool, some reference values of the selected evaluation metrics related to each process need to
be calculated. These metrics are the following:

e Electricity consumption (measured in kilowatt-hours, kWh)
Electricity consumption is calculated using the following equation:
Elec.cons.= Y, Power ,,(kW) x Time ,,(h) (1)
Where:

Power: Power ratings of each robot and electric tool/device (in kW)

Time: Duration of use of each robot and electric tool/device during the process (in
hours)

m: Total number of robots and electric tools/devices used in the process

Water intensity: This is related to the energy sources and their water demands. For
our implementation, an EU-estimated value of 1.5 (L/kWh) is used considering the
average electricity mix of the EU (Vanham et al., 2019).

e Carbon dioxide (CO,) emissions (measured in kilograms, kg)
CO; emissions are calculated using the following equation:
CO, Em.= Electr. cons. (kWh) x Emission factor (kg CO, —eq/kWh)  (2)
Where:

o Electricity consumption: Based on Equation 1
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o Emission factor: For our implementation, the estimated value of 0.231 (CO./kWh) is
used’.

o Water Footprint (WFP — measured in litres)
The WFP is calculated using the following equation:
WFEP = Direct cons.+ Electr.cons.(kWh) x Water intensity (L/kWh)  (3)
Where:

o Direct consumption:
o Electricity consumption: Based on Equation 1

The calculated values are used to model the inputs and outputs of each process in the OpenLCA
(Figure 38). Upon modelling each process, an analysis based on a dedicated method is conducted
to calculate the environmental footprint of each process (both direct and indirect impact)
considering relevant historical data from its databases. In this study, the Environmental Footprint 3.0
(EF 3.0) Method - adapted was chosen as the impact assessment approach. This method was
selected not only to ensure compliance with European standards but also for its ability to deliver
quantitative results suitable for comparison against predefined Key Performance Indicators (KPIs).
Based on the selected method the values of the selected KPIs are calculated incorporating also
indirect factors. These KPIs are then used for the Sl final calculations, as presented in the following
sub-sections.

Process Input

Reference

Unit Process Outputs

* Outputs

Amount Unit

erator Disassembly

Figure 38: Process input/output modelling in OpenLCA

" Greenhouse gas emission intensity of electricity generation in Europe | European Environment Agency's home page
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6.4.3 Evaluation Metrics Calculations

6.4.3.1 QI Calculations

After the metric values are assigned by the first LLM pass, the QI is computed through a
normalization-based scoring method. For each evaluated scenario, raw metric values are compared
against the defined minimum and maximum values from the metric scale. These values are
normalized to a 0-1 range using Equation 4 ensuring that each metric contributes proportionally
regardless of its original scale, as they are not equal for every metric.

ZM vm_v%in
m=1\ jmax_,min
Qt = —— (4)
t= M

where:
e (). isthe cumulative score for a specific task,
e misthe number of the metrics examined, while M is the total number of metrics,
s v, isthevalue set after the evaluation of the task under each metric,

o YN pMAX are the min and max values of each metric according to the index scale. Once all
metric values are normalized, the Ql is calculated as their average, based on Equation 5. This
approach allows for a consistent comparison of quality across different scenarios while
preserving the influence of all metrics.

YY)
Ql = == (5)

where:
e Qlisthe total quality score for a specific process,
e (;isthevalue calculated from Equation 4 for each task,
e Tisthetotal number of tasks considered.

6.4.3.2 Sl Calculation

The computation of the Sl follows the same equation used for the calculation of the Ql, utilizing the
sustainability metrics defined for each scenario.

ZM vm_"%in
m=1 v%ax_v%in

M

where:
e S, isthe cumulative Sl score for a specific task,
e misthe number of metrics examined, while M is the total number of metrics,
¢ v, isthevalue which is set after the evaluation of the task under each metric

o PN MAX gre the min and max values of each metric according to the index scale.
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Respectively with Ql, the SEI for the whole process is calculated based on Eq. (4).

SI — Z’{':l Qt
T

where:
e Slisthetotal score for a specific process,
e S, isthevalue calculated from Equation 6 for each task,

e Tisthetotal number of tasks considered.

6.4.3.3 QS Calculation

The final QSI score is stored per scenario for the definition of the optimal one, through the indices'
comparison, for it to be forwarded to the second LLM pass, to generate its layout description. The
QSl is calculated by Equation 6, with w; and w; being defined by the user, as discussed in Section
10.4.3.

QSI = w; x QI +w, *SI (8)
where:
e QSlisthe cumulative score for a specific process,
e QI &Sl are the values calculated from Equations 3 and 5,

¢ w; and w; are the weights allocated to each index.

6.4.4 User Interface and System Workflow

The User Interface (Ul) is designed to offer a streamlined experience for configuring and evaluating
remanufacturing layouts (Figure 39). Users begin by selecting the ID of the product to be
remanufactured and choosing available resources via a dropdown menu and checkboxes.
Subsequently, users can assign weights to the QI and Sl according to their specific needs, which
significantly influences the computation of the overall ranking. Once selections are made, clicking
the "Execute" button triggers the backend workflow—sending the input to the LLM for metric
evaluation.
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Figure 39: Evaluation Tool Ul

The results, including both the structured metric output, containing the QI, SI and QSI for the
scenario that has the biggest QSI, and a human-readable layout summary, are then returned and
displayed through the same user interface. This design allows users to explore trade-offs and make
informed decisions about resource selection and process setup.

6.5 First Prototype Testing

The initial prototype of the Evaluation Tool has been tested in the ARCELIK Use Case regarding the
disassembly of the refrigerator. The product ID and two available resources (a human operator and a
UR20 robot) have been provided by the user through the Ul.

Task Scheduler automatically generated four alternative remanufacturing scenarios, differing in task
distribution and sequencing across resources:

— Scenario 1: Collaborative HRC setup with shared task execution.

— Scenario 2: Sequential tasks with limited overlap between resources.
— Scenario 3: Fully automated scenario (robot-only).

— Scenario 4: Fully Manual (operator-only).

Each alternative was encoded as an SDF file containing task definitions, timing, resource
assignments, and precomputed KPlIs.

6.5.1 Process Quality Analysis

These files were processed through the LLM evaluation pipeline introduced in Section 10.3.1. A
summary of the results is presented in Table 11. The first three metrics were not assigned values for
the manual scenario, as they are specific to robot-oriented performance and do not apply to manual
operations.
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Scenario RA RMA M W ws FL HA HS | NoO Ql
S1 5 5 1 3 5 4 1 5 2 0.731
S2 5 5 1 3 1 3 1 4 2 0.528
S3 5 5 1 3 1 3 2 1 3 0.611
S4 - - - 3 1 5 1 5 2 0.583

Table 11: Ql Evaluation Results
6.5.2 Process LCA Analysis

For each scenario, the electricity consumption was calculated from the robot’s consumption and its
operation time during each scenario. From these values, the CO, and Water FP were calculated as
presented in Table 12.

Scenario Electricity (kWh) CO. Emissions (kg) WEFP (L)
S1 0.0160 0.00370 0.0240
S2 0.0146 0.00337 0.0219
S3 0.0243 0.00562 0.0365
S4 0 0 0

Table 12: Environmental Sustainability Metrics Values

Each alternative was modelled in OpenLCA, based on the mentioned calculations and the three
scenarios were subsequently compared. The Sl metrics were derived from the results, with a
summary presented in Table 13. These values were calculated based on the calculated KPIs and the
used scales after normalization (Equation 6).

Scenario | En.Usage | CO,Em. WFP Ergon. UX 1A Sl
S1 4 4 4 4 3 5 0.8
S2 4 4 4 3 2 2 0.575
S3 2 2 2 5 1 1 0.292
S4 5 5 5 1 1 1 0.5

Table 13: Sl Evaluation Results

6.5.3 Scenario Final Evaluation

From the combination of the two indices, the QSl is computed for the three sample scenarios, using
0.7 as aweight factor for Ql and 0.3 for SI. The summary is presented in Table 14.
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Scenario Ql Sl Qsl
S1 0.731 0.8 0.752
S2 0.528 0.575 0.542
S3 0.611 0.292 0.515
S4 0.583 0.5 0.558

Table 14: QSI Evaluation Results

Figure 40 outlines the system’s complete evaluation workflow: (a) user input via the interface, (b)
automated generation of task-resource allocation scenarios in SDF, (c) LLM-based evaluation of
process quality metrics and LCA-based evaluation of process sustainability metrics, and (d)
generation of an interpretable layout summary for the top-performing scenario.

Calculated
m:—m _id: ObjectId('6811ffbl6a3c39bc4 Results

[ v Best QSI Scenario : Object
Scenario : "1"
Overall QSI: 0.752

Resources List Griteria List

sl .

=l : . 2
QI (Best Scenario) : (.731
SI (Best Scenario) : 0.8
| [t
a. C.
1d: Object cbaisibasaccizn [ Generated Configuration
imestamp : 2025-03 12:39:32 : .
process_title : frigerator r extr Scenarios &) Summal’y
~ available_resources : Array (2

* @: Object

resource_name : R20" _
» 1: Object Back

resource_name tor The best scenario is 1, with QI = 0.730, SI = 0.416 and QSI= 0.636.

~ schedule : 2 [ " ]

.o 0 " Layout description: * | want a workspace cell measuring 5m x 5m with the

= b origin located af ). In this workspace, there should be a UR20 robot with

task_title UR2 utes taskl the resource ID e UR20 robot should be equipped with the End-

. Effector-A, End-Effector-B, and End-Effector-C. Additionally, there should be a

resource : = working table placed at the coordinates (0,0,0) with a refrigerator positioned

start_time on top of it. Ensure that the robot is facing towards the working table. "

duration : 1 -
* 1: Object

task_title :

resource : "op

start_time : 1

Figure 40: Evaluation Workflow Overview
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7 Conclusions

The initial prototype of the RENEE Circular Value Chains Configuration Toolbox represents a
significant step toward enabling systematic, data-driven remanufacturing processes in European
industries. This deliverable consolidates key modules developed within WP3, including the Product
State Diagnosis (PSD), TwindeXcellence Framework (Twin4X), Digital Product Passport (DPP),
Toolbox for Remanufacturing (TFR), and Evaluation Tool (ET). The methods development and testing
are occurring according to the plan. The first versions of these tools provide a solid technological and
methodological foundation for configuring circular value chains and evaluating remanufacturing
scenarios. Their integration into a modular architecture ensures interoperability and user-centric
interaction across the different tools. Initial validations namely to the architectures and methods
requirements confirm the tools' capability to support remanufacturing diagnostics, redesign,
planning, and evaluation workflows. The current stage of development emphasizes usability,
robustness, and adaptability to real-world industrial contexts, setting the stage for further
refinements.

Future iterations of the RENEE Toolbox will culminate in the development of a final prototype, which
will extend the current work and integrate the various modules into a comprehensive, fully functional
system. This phase will focus on deploying the toolbox in real-world case studies to validate its
effectiveness, refine functionalities based on feedback, and demonstrate its impact across diverse
industrial settings. Continued development will also include deepening tool integration, enhancing
Al-based decision-making capabilities, and ensuring the scalability and interoperability required for
widespread adoption. The final prototype will serve as a pivotal milestone toward realizing digitally
enabled, circular manufacturing systems that are both sustainable and industry-ready.

As it regards the Evaluation Tool, future development activities will focus on enriching the tool’s
capabilities through the integration of additional evaluation dimensions including the incorporation
of cost/benefit analysis metrics, enabling a more holistic assessment of each remanufacturing
scenario. Interfaces with the core RENEE modules will be deployed (e.g. the Digital Vault for
centralized data storage and retrieval and the Cell Digital Twin for dynamic, visual representation of
workstation layouts), while further iterations will be performed to support the remaining of the RENEE
use cases.

RENEE n°: 101138415 D3.1 68



Funded by
the European Union

References

Baptista, A. J., Ruivo, J. N., Heravi, F. N., Cannella, F., & Marchello, G. (2025). ReDesignFX Novel
Methodology:  Application in the Context of Product Remanufacturing.

Branco, M. I, Almeida, A. H., Soares, A. L., & Baptista, A. J. (2024). Multidimensional Evaluation of
Production Systems Design Based on Design-for-eXcellence Methodologies. In International
Conference on Flexible Automation and Intelligent Manufacturing (pp. 177-184). Springer,
Cham.

Costa, C. M., Veiga, G., Sousa, A., Rocha, L., Oliveira, E., Cardoso, H., Thomas, U., Automatic
Generation of Disassembly Sequences and Exploded Views from SolidWorks Symbolic
Geometric Relationships, 18th IEEE International Conference on Autonomous Robot
Systems and Competitions (ICARSC), 2018.

European Commission (2024)

Kokotinis, G., Michalos, G., Arkouli, Z., & Makris, S. (2023). On the quantification of human-robot
collaboration quality. International Journal of Computer Integrated Manufacturing, 36(6),
580-589.

Vanham, D., Medarac, H., Schyns, J. F., Hogeboom, R. J., & Magagna, D. (2019). The consumptive
water footprint of the European Union energy sector. Environmental Research Letters, 14(10).

RENEE n°: 101138415 D3.1 69


http://dx.doi.org/10.2139/ssrn.5272413
https://doi.org/10.1007/978-3-031-74485-3_20
http://doi.org/10.1109/ICARSC.2018.8374185
https://commission.europa.eu/energy-climate-change-environment/standards-tools-and-labels/products-labelling-rules-and-requirements/ecodesign-sustainable-products-regulation_en
https://commission.europa.eu/energy-climate-change-environment/standards-tools-and-labels/products-labelling-rules-and-requirements/ecodesign-sustainable-products-regulation_en
https://commission.europa.eu/energy-climate-change-environment/standards-tools-and-labels/products-labelling-rules-and-requirements/ecodesign-sustainable-products-regulation_en
https://doi.org/10.1080/0951192X.2023.2189304
https://doi.org/10.1088/1748-9326/ab374a

