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Abstract: This study investigates the impact of different reverse logistics (RL) strategies on the
economic and environmental performance of a system within the rubber flooring sector. A simulation
tool was developed to replicate the behavior of a real production system, focusing on the transition
from linear to circular processes. By considering multiple factors influencing system performance,
this research offers an overview of the sustainability of various RL strategies and provides realistic
estimates for different scenarios. Three key factors were identified to evaluate each strategy’s
response: transportation distance, flooring thickness, and returned flooring quality. The findings
suggest that the environmental advantage generally favors on-site inspections at the customer’s
location to assess the returned product’s condition, regardless of distance. However, centralizing
inspections at the manufacturer’s facility is more economically advantageous when distances are
short, particularly when the company prioritizes recycling over other CE practices. Based on these
results, practical implications and guidelines are proposed to help companies balance cost-
effectiveness with sustainability, optimizing their operations within a circular economy framework.

Keywords: circular economy; remanufacturing; recycling; reverse logistics; sustainability;
simulation; case study; practical application

1. Introduction

The current industrial landscape is undergoing a transformative shift driven by an urgent need
to address sustainability challenges. In recent years, the global environmental crisis, manifested
through escalating greenhouse gas emissions, resource depletion, and ecological degradation, has
underscored the necessity for industries to adopt environmentally conscious practices. The industrial
sector, accounting for a significant proportion of global emissions and waste generation, holds a
crucial role in achieving sustainability targets.

In this context, international agreements and legislative frameworks such as the Paris
Agreement [1] in 2015 and the European Climate Law [2] have provided a compelling impetus for
action. The European Climate Law, for instance, mandates a net reduction of greenhouse gas
emissions by at least 55% by 2030, while establishing legally binding goals to achieve carbon
neutrality by 2050. These regulatory milestones reflect the increasing alignment of governmental
policy with the principles of sustainable development, emphasizing the integration of environmental
stewardship within economic and industrial strategies, while also paying attention to social aspects

(3]
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Among the most promising approaches to addressing these challenges is the adoption of a
Circular Economy (CE) paradigm. Unlike traditional linear economic models, which are based on
extraction, production, consumption, and disposal [4], CE advocates for a regenerative system
designed to minimize waste and maximize resource efficiency. This shift towards circularity
represents a significant evolution in industrial production, offering both environmental and
economic benefits. CE principles find their main applicative strategies in reusing or recycling
materials. Recycle usually operates on products in the disposal phase and aims to recover the raw
materials without preserving the original functionality of the product. Reuse, instead, aims to
maintain the original functionalities of the product and, depending on the final quality level of the
product achieved, can be characterized in 5 different strategies [5]: direct reuse, repairing,
reconditioning, refurbishing and remanufacturing, listed here in ascending order according to the
final quality level achieved by the product.

The implementation of circular strategies has gained momentum within the industrial sector,
especially for the environmental benefits they demonstrated to bring. For example, remanufacturing
a product has the potential to reduce use of raw materials and waste disposal up to 80% if compared
to new products [6], while saving up to 87% of CO2 emissions [7].

However, adopting CE strategies is often complicated because of the high investments needed
to transform a factory based on a linear economy approach into a circular one. In fact, their
implementation in real-world industrial settings often requires significant restructuring of supply
chains, manufacturing processes, and business models. Additionally, industries must contend with
uncertainties surrounding the costs and feasibility of these transitions, particularly in sectors reliant
on complex production systems [8].

To address these challenges effectively, industries must rely on robust decision-making
frameworks informed by quantitative evaluations of sustainability. In this sense, simulation emerges
as a powerful tool for evaluating the feasibility and effectiveness of implementing CE strategies, since
it allows for the creation of virtual models of production systems, enabling the exploration of different
scenarios and their potential outcomes without making costly changes to real-world operations. By
integrating sustainability-focused key performance indicators (KPIs), such as energy consumption,
carbon emissions, and resource utilization, simulation provides a dynamic platform for assessing
how CE practices can influence both environmental and economic performance [9,10]. Through this
approach, decision-makers can gain insights into critical trade-offs [11], identify bottlenecks [12],
predict failures [13] and explore the most effective strategies for aligning production systems with
sustainability goals.

The aim of this research is to leverage on simulation tools to evaluate the economic and
environmental impact of adopting CE strategies in the field of industrial rubbers used as floors in
several environments. First, the “as-is” scenario, in which a production system based on the linear
economy principles is adopted, was reproduced to validate the logics and rules of the production
process, using data and information from a real application. Hence, two “to-be” scenarios will be
simulated, differing for the strategy on the reverse logistics phase, and will be compared to identify
the most sustainable one. Both the reusing and recycling practices were included in the “to-be”
scenarios. Specifically, remanufacturing was considered among all the reuse practices to achieve the
highest possible quality level for the final product. Among the various challenges faced by companies
pursuing CE practices, this work focuses on the uncertainty surrounding the quality of recovered
materials. The simulation model will perform quality control for choosing the most suitable practice
among remanufacturing, recycling, or disposal.

The remainder of the paper is as follows: next section analyzes the relevant literature. Section 3
details the research methodology. Results are presented in Section 4, and Section 5 discusses the main
implications. The last section concludes with the limitations, and future developments.


https://doi.org/10.20944/preprints202502.2084.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2025 d0i:10.20944/preprints202502.2084.v1

3 of 20

2. Literature Review

The concept of the CE has emerged as a transformative model aimed at addressing the
inefficiencies of the traditional linear economy. As described by Kirchherr et al. [14], CE represents
an economic system that eliminates the “end-of-life” (EOL) concept for products, basically through
the 3R paradigm: reduce, recover, recycle. It aims to minimize the use of resources and energy in
production and consumption processes to reduce environmental impacts by extending products’
lifecycle (recover) or transforming end-of-life (EoL) products into raw materials for new production
cycles (recycle).

The CE principles find their operative application in strategies like direct reuse, reconditioning,
remanufacturing and recycling. However, the implementation of these strategies in industrial
environments is, often, very complicated. Firstly, the implementation of the processes associated to
these strategies has an increasing degree of difficulty according to the desired quality and
performance of the product. For example, reconditioning aims to return a product to a satisfactory
working condition, with overall performance and expected lifespan lower than the original [5], while
remanufacturing returns a used product into a state in which it has at least the same performance
and warranty of a new product [15,16]. This makes remanufacturing the top among the reuse
strategies, but also the more complex, since it requires several operations, ranging from the complete
disassembly of the product to reprocessing, reassembling and testing. Additionally, these operations
can be further complicated by the inherent uncertainties that EoL products have. In fact, each product
entering in the CE loop has its own story of usage and its inherent quality. Consequently, during the
execution of the CE process, some unpredictable difficulties may arise, included unexpected hazards
for workers during reprocessing [17] depending on the specific conditions of products. This creates
uncertainty on the process flow and costs, and on the product’s recovery effectiveness [18].

Furthermore, products submitted to CE processes still suffer of a low acceptance rate by the
customers, who perceive a lower quality of the reused product compared to the new, not adequately
corresponded by a decrease in the purchase price [19].

These problems may limit stakeholders in investing in CE strategies, as they see the payback
period of the investment far in time.

Despite these difficulties, entire industrial segments are starting investing to transition towards
a CE paradigm. Companies like Philips have adopted “circular lighting,” offering light as a service
where products are leased and components reused or refurbished, significantly reducing waste.
Similarly, IKEA has committed to becoming a circular business by 2030, focusing on designing
products that can be repaired, reused, and recycled, while also introducing furniture rental services
to extend product lifecycles. However, to make circularity profitable, companies must adopt
opportune strategies for each operation of the process. For example, reverse logistics (RL) represents
a cornerstone to realize a profitable and environmental-friendly CE strategy, facilitating the return
and recovery of products, components, and materials from end users back into the CE supply chain
[20]. Without RL, circularity would not be possible. But, RL also represents a cost, because it requires
transportation means, infrastructures for collection points, labor for sorting materials and incentives
to end-users to encourage product’s returns [21]. Hence, opportunely managing RL is pivotal for the
effectiveness of the entire CE strategy. The same can be said for other operations of a CE strategy.
Inspection addresses evaluating the quality of EOL products to assess the convenience of applying a
CE strategy and doing it appropriately can make the difference between profits and losses for a
company [22]. Referring to remanufacturing, an efficient disassembly has been demonstrated to
reduce the overall costs [23], but it is product-dependent and implies product-related decisions such
as the level of disassembly [24].

It is clear that the variability of the CE strategies in each operation makes the difference in
determining the profitability of circular operations. Products of high quality at the point of return
typically require minimal processing, reducing the costs of disassembly, cleaning, and repair. These
high-quality returns are more likely to be reintegrated into production cycles quickly and efficiently,
leading to faster recovery of value and lower operational expenses. Conversely, products of low
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quality introduce significant variability into the process, often necessitating extensive operations,
higher energy consumption, or complete material breakdown, which can escalate costs and increase
lead times.

To reduce this variability, simulation emerged as a useful tool. Guevara-Rivera et al. [25]
combined agent-based modeling and system dynamics (SD) to develop a simulation model to aid
stakeholders understanding the implications of transitioning from a linear to a circular economy
before the real-world implementation. The model was applied to a Mexican food bank [25] and to a
confectionary factory [26]. Their results showed the utility of a simulation model in visualizing the
mid and long term impacts of CE strategies and how these can lead to both economic and
environmental benefits if implemented strategically. Charnley et al. [27] used discrete event
simulation (DES) and SD to reproduce a remanufacturing process. DES was used to improve
decision-making for remanufacturing electric motors in shop-floors, while SD allowed for exploring
the remanufacturing system behavior over time. The paper demonstrated that using simulations
based on real sensor data reduced processing times and associated costs and improved the accuracy
in predicting the product quality. Goodall et al. [28] introduced a data-driven simulation framework
to model remanufacturing operations with high levels of uncertainty, such as varying product
returns, conditions, and processes. The framework was applied to a waste electrical and electronic
equipment (WEEE) facility that remanufactures items like mobile phones, laptops, and hard drives,
demonstrating its capability to help facing sudden changes in the industrial environment, such as
fluctuating staffing levels, process updates, and inventory. Okorie et al. [29] discussed on combining
different simulation models to move towards the concept of “smart remanufacturing”, a paradigm
based on the use of digital technologies (such as Internet of Things or data-driven analysis). The
authors focused on evaluating SD, DES and agent-based simulation, concluding that a hybrid
simulation model is the best solution to analyze complex CE environments. Many papers focused on
simulating CE production factories to optimize the scheduling of operations considering the quality
uncertainty of the EoL products [30-32]. [30] focused on the quality evaluation for recycled
automobile engines, [31] on the profit optimization for a company that remanufactures laptops and
desktops, while [32] demonstrated that the Monte Carlo simulation based approach was useful to
improve the overall CE system efficiency, not considering a specific application. The lifecycle
extension of electric vehicles (EV) batteries also represents a hot theme. In this field , simulation has
been used for different purposes. In [33], the authors proposed a DES approach to simulate the
lifecycle of batteries and vehicles separately, enabling an analysis of supply and demand for
remanufactured batteries. Results highlighted that integrating remanufactured batteries into the
system extends vehicle lifetimes and reduces the environmental footprint of battery production,
demonstrating the effectiveness of the simulation approach. In [34], the authors used SD to explore
the interplay between manufacturers, retailers, and government policies in a closed-loop supply
chains of EV batteries. Interestingly, the simulation showed that enhanced recycling technologies led
to higher profits in recycling operations, increasing both collection prices and collection volumes. In
the research by Lieder et al. [35], the authors changed the perspective, passing from a facility focused
to a customer focused approach. They used an agent-based simulation model to reproduce the
customers’ behavior and assess the acceptance of new CE business models, thereby accelerating CE
implementation. Socio-demographic factors, product utility functions, social network structures, and
inter-agent communication were the variables considered to simulate two CE approaches, one based
on the possibility for customers to return products after use in exchange for a percentage of the
original purchase price or other incentives, and another where the manufacturer maintains the
property of the products and customers pay only for the usage of a product, rather than owning it.
The results of the simulation demonstrated how the first approach favored customers who prioritized
cost savings over environmental benefits, while the main challenge of the second approach was the
cost retention, with customers frequently switching back to competitive or traditional sales offers due
to the higher perceived cost.
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The review of the literature highlighted that simulation is widely used in the field of CE
strategies to evaluate the advantages and the possible drawbacks of different policies in several
industrial sectors. To the best of the authors” knowledge, there is a gap in the use of simulation to
evaluate the implementation of CE strategies on industrial rubber floors. Some industrial initiatives
such as the CISUFLO project [36] for sustainable floor coverings, IOBAC’s adhesive-free flooring
solutions [37], and the Circular Flooring Partnership by Tarkett and IKEA [38], highlight the
industry’s commitment to promoting reuse, recycling, and sustainable manufacturing. However,
while these practical applications showcase the potential of CE principles, the scientific research
addressing this specific sector remains limited. Recently, Parvaresh and Amini [39] introduced a 9R
framework based on interviews to industrial stakeholders to promote a more sustainable and circular
economy in the flooring sector, while Wiesinger et al. [40] analyzed the chemical compositions of
industrial floors, discussing the implications of the findings on the transition to a safe and circular
economy, highlighting the challenges of identifying and removing hazardous chemicals from
recycled floors.

It is clear that those papers do not represent a sufficient sample to fill the gap evidenced before.
Hence, the present paper is a first attempt to propose a simulation approach to evaluate the economic
and environmental impact of implementing CE strategies in the rubber industrial flooring sector.

3. Materials and Methods

The research methodology employed in this study combines simulation modeling and case
study-based research. A simulation-based approach was chosen due to the well-established potential
of this technique for examining the behavior and performance of supply chain and industrial systems,
particularly when assessing changes over time. The production process analyzed in this study is
grounded in a real-life context, with data provided by a company located in Italy. The information
supplied by the company was utilized to investigate the implementation of various CE practices and
reverse logistics (RL) strategies within the rubber flooring sector, aiming to assess their suitability
and sustainability for practical adoption. This approach aligns with the case study methodology,
which is commonly used to explore new phenomena in contexts where understanding is heavily
influenced by specific contextual conditions.

The research followed several key steps. The first step involved a review of recent studies
(Section 2), aimed at analyzing existing evidence and identifying gaps regarding CE practices and
reverse logistics strategies to evaluate their practical implementation. The second step involved
analyzing a real-life process to better understand the operational flow and to identify key parameters
of the process (Section 3.1.1). This analysis also led to identify potential industrial practices for
remanufacturing and recycling specifically within the rubber flooring sector, and to design and
characterize the CE processes (Section 3.1.2). Based on the insights gained from these steps, the “to-
be “scenarios were identified, tailored to the characteristics of the specific sector under consideration.
The proposed reverse logistics strategies are described in Section 3.2, including the logic behind the
simulation model and the design of the experiments.

The final step of the research involved analyzing and organizing the results of the simulations
to assess the impact of the proposed RL strategies (Section 4). The main findings and implications
derived from these results are presented in Section 5, along with recommendations for potential
practical implementation.

3.1.”. As-Is” Scenario

This sub-section analyzes the “ As-is” process, to understand the characteristics of the production
phases. Then, the information will be used to identify the CE practices which could be potentially
applied to the sector under investigation.
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3.1.1. Linear Process

The production process of rubber flooring consists of two stages: compound preparation and
molding. The compound is obtained through two key stages. In the first stage, the elastomer (rubber)
is softened and mixed with other liquid and solid components. In the second stage, the compound is
refined to improve homogeneity, and additional additives, such as accelerators, are introduced to
prepare for the next processing steps. Once prepared, the compound is transferred to the warehouse.

The molding line consists of a series of sequential processes and operations that lead to the
production of the final product. These operations are as follows.

The extrusion operation marks the starting point of the production process. During this phase,
pressure and heat are applied to the raw material, forming a continuous shape and imparting the
necessary physical and mechanical properties. Key parameters in this stage include speed and
temperature, which must be continuously monitored to ensure the desired performance of the
flooring product. Next, the product passes through one or more rotating rollers in the calendaring
process, which serves to achieve sheets of varying thickness. The main variables to monitor in this
phase to meet the required quality standards include the speed of the calendaring machine, the
temperature of the calendar, sheet thickness, and sheet width. Following calendaring, the grinding
operation is performed to refine the product and its surface to the desired shape. The key of this stage
include the material removal rate, grinder speed, and electronic absorption. After grinding, the
vulcanization process is carried out. Critical parameters for monitoring during vulcanization include
speed, temperature, imprint paper type, and paper consumption. Once vulcanization is complete, the
rubber product is gradually cooled to stabilize its structure. Subsequently, the product is coated with
an opacifying substance to enhance its opacity and improve its physical properties. Then, the product
undergoes corona treatment, an effective method for increasing the surface tension of the material.
Key variables for this process include speed and power settings. Finally, the coating and curing
operation are performed before the cutting process.

A discrete event simulation (DES) model was developed using AnyLogic software, which is
recognized for its effectiveness in simulating complex system behaviors. Figure 1 illustrates a scheme
of the model, where each block represents a process through which the raw material is transformed
until it meets the final product specifications.

=== Fm=mm == =n = =
| Source | | AS-ISprocess | y End 1
_____ - ——— —————
~ ~
~ & ~ <
~ L N
" k ks Sactcnatts! Coxiadennts) Traneaty el guenicns! i c
® ® ® ® [ ® [ [ ® E—I——Q—Q

Taglios1  Mercatofiastraieds1

Figure 1. AS-IS simulation model.

The first block (source) is used to generate the raw material entering the system. In this regard,
the compound preparation is treated as a black box within the simulation process; therefore, it is not
simulated, but it outputs the raw material that proceeds to the subsequent stages of processing. The
arrival rate simulates the raw material entry into the system, and it was modelled according to the
data provided by the company. The next block (dummy operation) is a dummy work center, included
in the model to assign two different labels to the products, to distinguish between different thickness
and weight, reflecting the difference in products realized by the company. Thickness represents a
critical parameter for the company that affects production costs and CO: emissions; weight, which is
directly linked to thickness, is essential for calculating transportation costs and the associated
environmental impact. These labels are assigned according to the probability that a given product is
requested by the customers. Labels allows setting different processing time and energy consumption
in all the machines belonging to the following block (“AS-IS process”). The “AS-IS process” block is
used to reproduce the manufacturing process, and it includes all the operations described above, each
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one characterized by its key parameters. The final block (End) represents a decision point that
determines whether the flooring should undergo the cutting operation. If the decision is to proceed
with cutting, the material will undergo the die-cutting process and then be sent to the tile warehouse.
Alternatively, if the cutting operation is not required, the material will be sent directly to the flooring
warehouse. The data inserted reflects the probability that a given product will be cut before being
stocked.

The simulation model was run with a one-minute time step, for 25 replications of a typical
working day. The “As-Is” system was replicated using the real data provided by the company, and
the results were used to validate the model. This step allowed for a comparison between the
simulation results and the actual process results, ensuring the accuracy of the applied logic.

3.1.2. From Linear to Circular

Transitioning from a linear to a circular model is a complex process. Converting a linear
production system into a circular one requires a fundamental rethinking of how resources are
utilized, optimized, and recovered within the system. To facilitate circularity, products should be
designed for easy disassembly and reuse. Starting with these concepts, remanufacturing and
recycling processes were characterized and tailored to the product, process and sector under
investigation.

To understand the logics used to design the “to-be” scenarios, the main stages of a
remanufacturing process are described with a specific focus on the sector investigated.

Pre-Disassembly: it is a preparatory phase. It involves inspecting and assessing the product’s
condition when it is returned to the company. Based on this evaluation, decisions are made on
whether to proceed with remanufacturing, recycling, or disposal. The goal is to assess the product’s
quality to identify the most suitable process. Key operations include testing the product to determine
its state, which informs the next steps: 1) continuing with remanufacturing if the quality of the rubber
flooring is high, 2) recycling if the quality is good, but insufficient to ensure that the new flooring
meets the ‘as good as new’ condition, 3) disposing when the quality is too bad for any CE practice.

Disassembly: If remanufacturing is selected, the flooring undergoes disassembly, which, in
general, is the most complex and critical phase. Components are separated, and each one is inspected
to determine if a maintenance phase is needed. In this specific case, disassembly consists in the
removal of the top layer of the floor (sheet), which has a defined thickness that does not depend on
the thickness of the flooring.

Repair or Maintenance: Components undergo maintenance operations to restore them to a
condition close to that of new products. These operations vary, with simpler cases requiring only
cleaning and painting. This step was considered in this study according to the characteristics of the
product considered. In particular, the removed sheet is disposed of, and a new sheet is produced to
replace the old one; the remaining part of the floor will undergo the following operation.

Reassembly: In this stage, the components are reassembled to form the product. The
reassembled component may be identical to the original or upgraded, depending on customer
specifications. In this case, reassembly consists in gluing the new sheet that will form the top layer of
the floor.

Post-assembly: The final phase involves testing the reassembled product to ensure it meets
required quality standards.

If recycling is selected during the pre-disassembly phase, the flooring will undergo a specific
treatment to recycle the material, which will subsequently be used in the production of a new floor
to be sold on the market. The process begins with devulcanization, which breaks the chemical bonds
between the elastomer and the additives. Then, a grinding operation is performed, which is crucial
for reducing the material to a controlled size and for converting the devulcanized floor into recycled
raw material. The As-Is process, as outlined in the previous section, will then be applied, resulting in
the production of a floor made from recycled raw materials.
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Finally, if disposal is selected during the pre-disassembly phase, no treatment is applied to the
flooring which is directly disposed.

3.2. “To-Be” Scenarios

The To-Be scenarios represent alternative strategies that will be evaluated to identify the most
sustainable approach, considering the characteristics of the examined system. The objective is to
simulate two distinct scenarios, which differ in the reverse logistics strategy employed. The primary
distinction lies in the execution of several process stages at the manufacturer’s facility, rather than at
the customer’s location, where the flooring is to be recovered at the end of its life cycle.

The key difference between the two scenarios concerns the logistic flow of the flooring. The first
aspect involves the execution of the Pre-Disassembly phase, which can occur either at the
manufacturer’s facility or at the customer’s location. This phase is crucial for assessing the quality of
the flooring and determining the appropriate CE practice—recycling, remanufacturing, or disposal.
Indeed, the uncertainty related to the quality of the returned product is a critical factor in evaluating
the product’s suitability for remanufacturing. For both scenarios, the same assumptions regarding
the quality of the flooring, as described in section 3.1.2, were applied.

In the first scenario, referred to as ‘To-Be 1’, the flooring is returned to the manufacturer’s facility
before the inspection phase. This incurs shipping costs necessary to recover the returned product
with the aim of assessing the condition of the flooring and determining the appropriate CE practice.
In the second scenario, “To-Be 2’, the operator visits the customer’s location to inspect and, if
necessary, collect the flooring for further processing. In this case, only the operator’s travel costs are
considered.

The To-Be scenarios will be compared to assess the most sustainable reverse logistics strategy in
terms of both economic and environmental sustainability.

3.2.1. To-Be 1: Inspection at the Manufacturer’s Facility

Figure 2 show the flow chart of the ‘To-Be 1’ in which the Pre-Disassembly operation (quality
control) is carried out at the manufacturer’s facility.

ro-—-=-- e |
Removed ; Remanufacturing
sheet A
disposal -7
L’
ja
" Repair Reassembly Post-
————————— 1 Disassembly > Sheet —> NewSheet [—»|
! REVERSE 1 Sheet removal roduction luin; Testing
| _LoGISTICS_ _, T Ll gluing
Ce ey - -

Arrival of the Pre- N . )
returned — Disassembly el Devulcanization Grinding AS-IS Flt?orl.ng Final
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<
~
~
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_________

Disposal

Figure 2. To-Be 1 - operational flows (blue blocks) and logistic flows (green blocks).

Each blue block represents an operation to be carried out. In this scenario, the flooring is returned
to the manufacturer’s facility for inspection to determine the appropriate CE practice to be
implemented. The process starts with the return of the flooring, which is represented by the green
‘RL’ block. A quality control check is then performed on the returned product, and based on the
results, the next steps are determined. This decision-making process is represented by the blue
diamond shape, indicating a decision point.

At this stage, depending on the outcome of the quality control, a specific CE practice is selected
(orange blocks), and the flooring undergoes different operations and treatments. The flooring of low
quality does not undergo any treatment and is directly disposed of. Flooring of good quality is
processed for recycling materials, which is then used to produce new flooring for sale on the market.
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The process description (orange ‘recycling’ block) is provided in section 3.1.2. As the final step, the
flooring produced from recycled material is shipped to the end user (green ‘LOGISTICS’ block).

Flooring of excellent quality is processed for remanufacturing (orange ‘remanufacturing’ block),
and the resulting flooring is sold on the market. Several operations, as outlined in section 3.1.2, are
performed. Afterward, the remanufactured flooring is shipped to the end user.

Figure 3 shows the scheme of the simulation model, with pink block highlighting the dummy
operations that assign 3 labels: ‘thickness” and ‘weight’, already used in the “As-Is’ model to simulate
the difference in products realized by the company, and the label ‘quality’ that allow to assign the
quality of the returned flooring. The red block represents the As-Is process, the yellow block
represents the process related to sheet production, and the blue one represents the flooring shipment.
Finally, the green block shows the RL phase, which is performed before the inspection phase.

Sheet production

Pae eI e et ol sl b iz
==~  Floooring :
- = 1 Shipping |

= 3 e

Dummy operation | - ’ x

I REVERSE I S
! LOGISTICS

Figure 3. ‘“To-Be’ 1 simulation model.

3.2.2. To-Be 2: Inspection at the Customer’s Location

The ‘To-Be 2’ scenario involves the operator visiting the customer’s location to perform the
quality control directly on-site, in contrast to the previous approach, where the Pre-Disassembly
operation is carried out at the manufacturing facility. The flow chart is shown in Figure 4.
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Figure 4. To-Be 1 — operational flows (blue blocks) and logistic flows (green blocks).

As in the ‘To-Be 1’ scenario, the diamond shape represents a decision point that determines the
appropriate CE practices based on the flooring’s quality.

If the flooring is suitable for recycling (i.e,, of good quality), it must be shipped to the
manufacturer’s facility (green ‘RL” block), where the recycling process and production take place. In
this case, the steps from material recycling to flooring shipment follow the same process as in the
previous scenario. The key distinction is that only flooring of good quality is shipped to the
manufacturing facility, while flooring of low quality is not purchased. Therefore, this strategy enables
the company to cover the operator’s travel expenses, while potentially benefiting from cost savings
if the flooring is of bad quality.
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If the flooring is of excellent quality, the operator removes the top layer directly at the customer’s
location. The remaining part of the flooring is assembled with a new sheet, which is shipped from
the manufacturer’s facility where it is produced. The shipping of the new sheet is represented by a
green block. Once this phase is complete, no further shipment of the finished product occurs, as
reassembly and post-assembly operations are carried out at the customer’s location. Compared to the
‘To-Be 1’ scenario, for flooring undergoing remanufacturing, only the new sheet is produced at the
manufacturer’s facility and then transported to the customer’s location, eliminating the need to
transport the entire flooring back to the manufacturer’s facility.

Figure 5 represents the Anylogic model, where the blocks assigning labels are highlighted in
pink, the As-Is process is highlighted in red, the production process related to the sheet is highlighted
in yellow, and the shipments are highlighted in blue. Finally, the green block shows the RL phase,
which is performed after the inspection phase.
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Figure 5. To-Be 1 — operational flows (blue blocks) and logistic flows (green blocks).

3.2.2. Design of Experiment

As already asserted, the aim of this study is to evaluate the sustainability of two RL strategies
and assess their suitability in practice. Three factors have been identified with the aim of evaluating
the response of the system. The following key factors were considered to have a potential impact on
the performance of the system: the distance between manufacturer and customer, the flooring
thickness, and the returning flooring quality. This approach offers a realistic estimate of the various
situations that could arise.

Two possible distances from the manufacturing facility to the customer location were simulated.
Additionally, eight different quality scenarios were considered, each simulating a different
percentage of returned flooring in low, medium and highquality conditions. These scenarios were
simulated to provide a comprehensive overview of the potential end-of-life conditions of the flooring.
Finally, the effect of flooring thickness was evaluated. Four different thickness scenarios were
defined, each representing different proportions of low, medium and high thickness flooring. These
scenarios were used to assess the probability of customer demand for a specific thickness, which has
a direct impact on both the production and transportation phases.

For each experiment, the simulation model provides the results for the two “To-Be’ scenarios.
Overall, 128 different experiments have been designed. Tables 1-3 provide an overview of the data
used for each scenario.

Table 1. Distance scenarios.

Scenario Distance [km]
Scenario 1 300
Scenario 2 1000
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Table 2. Quality scenarios.

Scenario High quality [%l] Medium quality [%] Low quality [%]
Scenario 1 50% 30% 20%
Scenario 2 50% 40% 10%
Scenario 3 60% 20% 20%
Scenario 4 60% 30% 10%
Scenario 5 70% 20% 10%
Scenario 6 70% 10% 20%
Scenario 7 80% 10% 10%
Scenario 8 80% 15% 5%

Table 3. Thickness scenarios.

Scenario Low Thickness [%] Medium Thickness [%] High Thickness [%]
Scenario 1 33,3% 33,3% 33,3%
Scenario 2 60% 20% 20%
Scenario 3 20% 60% 20%
Scenario 4 20% 20% 60%

The following key performance indicators (KPIs) are used to assess the sustainability of the ‘“To-
Be’ scenarios:

* Average profit [€/kg]

* Average CO:z emissions [kgCOz/kg]

The average profit represents the mean profit per kg of flooring produced and reflects the
economic efficiency of the strategy. The average CO2 emissions measure the carbon dioxide emissions
per kg of flooring, providing an estimate of the environmental impact. Both KPIs are critical for
identifying the most sustainable strategy.

Profit is determined by accounting for all costs incurred during production and the total
revenue. Revenue is calculated based on the flooring sold, including both those that have undergone
the remanufacturing process and will be sold at a lower price, as well as those made from recycled
material, which will be sold at a higher price respect to the manufacturing one. Costs include the cost
of raw materials, labor costs, energy costs, and transportation costs (both logistics and RL phases).

The CO2 emission is calculated by considering the total amount of CO;, including emissions
generated from manufacturing, remanufacturing and recycling. For production processes, the energy
consumed was converted into CO:z emissions using the Carbon Emission Signature (CES), a specific
coefficient that translates energy consumption into kgCOz. CO2 emissions due to transportation (both
logistics and RL phases) were then added to compute the total amount of COzemissions.

All “To-Be’ scenarios were simulated using the real data provided by the company, which was
also used for the ‘As-Is’ simulation. The simulation model was run with a one-minute time step to
replicate a typical working day.

4. Results

This section summarizes the results provided by the scenarios that have been run. A full factorial
plan of experiment was conducted, and this consists of 128 different scenarios. Each scenario was
generated by combining a specific scenario for each factor under consideration. The aim is to
understand the impact of each factor and the effect of the RL strategy on the performance of the
system.

The first analysis regards the evaluation of the impact of the three factors on the environmental
and economic performance of the system; the results of the simulations were analyzed focusing on
one single factor while keeping other factors constant.
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Starting with the impact of thickness, Figure 6 shows the performance varying the probability
that the customer requests a flooring of a certain thickness (four thickness scenarios).

Average profit Average CO2 emission
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Figure 6. Impact of thickness on performance and strategy.

A clear trend emerges as the percentage of floors with greater thickness (and consequently
higher weight) increases (thickness #4), leading to a rise in average profit. This trend holds true for
both the “To-be 1" and “To-be 2" scenarios. This can likely be attributed to the fact that the increase in
weight leads to higher revenue, which outweighs the additional production and transport costs
associated with the increase in thickness. However, a similar conclusion cannot be drawn when
considering the average CO:z emissions. In this case, it is evident that thickness does not have a clear
impact under the same RL scenario, but it’s clear that the RL strategy combined with thickness is an
important element when evaluating the environmental sustainability since thickness impacts
logistics and RL processes.

Moving to the impact of distance, Figure 7 shows the performance varying the distance (two
distance scenarios).
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Figure 7. Impact of distance on performance and strategy.

As expected, the impact of distance on performance is significant. As the distance increases, both
economic and environmental performance deteriorates, as evidenced by a decrease in average profit
and an increase in CO:z emissions. Notably, the effect is more pronounced in the ‘To-Be 1’ scenario,
indicating a higher dependency of this scenario on logistics operations.

Figure 7 shows the last analysis on the performance varying the flooring quality (eight quality
scenarios).
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Figure 8. Impact of quality on performance and strategy.

It can be observed that the net profit decreases as the percentage of top-quality flooring increases
(moving from quality #1 to quality #8). This is because the top-quality flooring is sold at a lower price
compared to flooring that has undergone recycling processes. This trend is more evident in the ‘To-
Be 2’ scenario, where the logistics costs have a lower impact on economic performance.

Furthermore, as the percentage of top-quality flooring increases, implying the implementation
of remanufacturing processes and consequently lower energy consumption compared to recycling
operations, CO2 emissions tend to have a progressively lower environmental impact, which is clear
for both the RL strategies.

The last analysis still focuses on the impact of quality on performance and strategy. Specifically,
the objective is to understand how increasing the weight of the remanufacturing process affects the
system by comparing the two RL strategies and calculating the frequency with which a strategy
proves to be successful as the percentage of high-quality products increases. The comparison was
made considering 16 scenarios at a time, starting from scenarios with percentage of remanufacturing
equal to 50% to scenarios characterized by the maximum percentage of high-quality products (80%).
Figure 9 indicates the number of times one scenario is more advantageous than the other from an
economic or environmental perspective. Results show that the type of CE practice adopted does not
significantly influence profit; in fact, the two strategies are largely equivalent, with no clear trend.
However, regarding environmental sustainability, the CE practice has a considerable effect, revealing
a clear trend in which “to-be 2” emerges as the least impactful strategy. This can be easily explained
by the reduced number of trips required.
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Figure 9. Impact of remanufacturing process on performance and strategy.

5. Discussion

This study explored the effects of different reverse logistics (RL) strategies on the economic and
environmental performance of a system within the rubber flooring sector, adopting various CE
practices. By considering multiple factors, we aimed to understand how these elements influence
sustainability.

The following discussion highlights the key findings of this study, examining practical
implications, and potential directions for future research.

5.1. Main Findings

The results of the simulation demonstrate that when the percentage of products eligible for
remanufacturing is minimal (50%), the economic and environmental implications of the RL strategy
differ significantly. The centralization of inspection at the manufacturer’s facility tends to be more
economically advantageous (mainly when distances are low), as it may involve fewer operational
costs in terms of time and resources required for production. However, this strategy is generally less
sustainable, primarily due to the environmental impact of the additional transportation required.

In contrast, the inspection that takes place at the customer’s site leads to a reduction in
transportation costs, as fewer trips are necessary. However, this strategy introduces the additional
costs associated with operator travel and time spent on-site performing the inspection and
remanufacturing operations. Despite these extra costs, this solution is more environmentally and
economically sustainable, as it significantly reduces the overall transportation impact, particularly
when distances are long.

Thus, the economic advantage of the RL strategy is often driven by transportation cost efficiency,
but this advantage is counterbalanced by the higher environmental impact. On the other hand, the
choice to limit the RL process represents a more environmentally favorable approach, especially as
transportation distances increase, although it may come at a higher economic cost due to the
operational time and travel expenses required to conduct inspections at the customer’s location.

As the percentage of good-quality flooring increases and that of low-quality flooring decreases,
the proportion of flooring requiring recycling operations rises, while the number of flooring units
that are not purchased decreases. This leads to a situation where a greater amount of flooring needs
to be returned to the manufacturer’s facility for processing. At low distances, it is difficult to
definitively determine which strategy is more economically advantageous or sustainable, as the
optimal choice largely depends on the thickness of the flooring being processed. This result
demonstrates how thickness impacts on the overall sustainability of each strategy. However, when
distances increase, the environmental impact of RL operations becomes significantly higher. Despite
this, the economic advantage does not necessarily shift towards the strategy with less RL operations.
This is because, in any case, the flooring still ultimately needs to be sent back to the manufacturer’s
facility for recycling.
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Thus, the trade-off between sustainability and cost-effectiveness is influenced by a combination
of factors, including the distance involved, the quality of the flooring, and the operational
requirements of each strategy.

As the proportion of top-quality flooring increases (60%), a larger share of flooring requires
remanufacturing operations. Thus, the remanufacturing process that takes place at the customer’s
site involves only the transportation of the new sheet, rather than the entire flooring, which can
reduce the overall logistical effort. Therefore, when considering the environmental impact, the
centralization of inspection at the manufacturer’s facility typically shows a higher impact, even at
short distances.

However, when the proportion of good-quality flooring rises in relation to low-quality flooring
(i.e., when more flooring returns to the manufacturer for recycling), it is difficult to declare one
strategy as definitively more sustainable than the other. The sustainability of each strategy is
influenced by factors such as the thickness of the flooring being processed, especially when distances
are short. However, the inspection at the customer’s site is often more economically favorable, as it
reduces transportation costs, despite more operational expenses related to remanufacturing
processes at the customer’s site. Thus, the decision between these strategies depends on a
combination of economic and environmental considerations, with factors like product quality,
processing requirements, and transportation distances playing key roles in determining the optimal
approach.

As the proportion of top-quality flooring increases once again (70%), the environmental benefits
tend to favor the inspections on-site at the customer’s location, regardless of the distance. This
minimizes the overall environmental impact by avoiding the repeated trips required to transport
flooring back and forth. However, this environmental benefit could be diminished in cases where the
percentage of low-quality flooring increases, potentially decreasing the high environmental impact
of the recycling process in terms of both process and transport.

Economically, the approach with on-site inspection may also be more cost-effective, particularly
when there is a higher percentage of low-quality flooring. In this scenario, the low-quality flooring is
identified and rejected on-site, avoiding the costs associated with transporting it to the
manufacturer’s facility for inspection and disposing. On the other hand, the alternative approach,
which involves transporting all the flooring to the manufacturer, incurs additional costs related to
transportation, inspection, and potential disposal of low-quality flooring. Also in this case, the
optimal strategy depends on various factors such as transportation distance, the quality of the
flooring, and the costs associated with inspection and remanufacturing processes. Each approach has
its own trade-offs in terms of sustainability and economic efficiency, and careful consideration is
needed to determine the most effective method for a given situation.

When the proportion of top-quality flooring is at its maximum (80%), the environmental
advantage generally favors the scenario where inspections are conducted at the customer’s location,
regardless of distance. The only exception occurs in certain scenarios with short distances and
minimal low-quality flooring. This means that for short distances, even though recycling has a
significant environmental impact, it is more advantageous compared to disposal.

From an economic perspective, conducting inspections on-site is typically more cost-effective,
especially when the proportion of low-quality flooring is lower than that of good-quality flooring.
Even when the amount of flooring that needs to be discarded is minimal (making the economic
impact of disposal relatively insignificant), the scenario where inspections take place at the
customer’s location remains more advantageous. This suggests that when the quantity of flooring
requiring remanufacturing is high, the savings from avoiding transportation of the entire flooring to
the manufacturer’s facility outweigh the additional costs of operator travel and labor.

In summary, when a large proportion of flooring requires remanufacturing, the economic
benefits of on-site inspection become clear, as the transportation and labor costs associated with
returning the flooring to the manufacturer’s facility are more costly than conducting the operations
at the customer’s location.
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5.1. Final Remarks and Practical Implications

Based on the results of this analysis, some practical implications and guidelines are presented.
The aim is to help companies to choose the best strategy within a CE context.

1. Prioritize on-site inspection for reaching environmental sustainability

For companies seeking to reduce their environmental footprint within a CE framework,
conducting on-site inspections (at the customer’s location) typically represents the most sustainable
approach. This strategy significantly minimizes transportation needs by eliminating the need to
transport flooring back and forth between the customer site and the manufacturer’s facility. This is
especially true when the remanufacturing practice is prevalent and it can be also performed on-site,
as the focus on reusing and extending the life cycle of materials aligns with the environmental
principles of waste reduction and resource efficiency. On-site inspection further optimizes
sustainability by ensuring that only flooring requiring remanufacturing is processed, while materials
deemed unsuitable for reuse can be immediately discarded or repurposed, avoiding unnecessary
transportation. Additionally, this practice reduces the energy consumption associated with the
logistics of transporting large volumes of flooring.

When evaluating the environmental advantages of on-site inspection, companies should also
consider the potential environmental impact of the remanufacturing process itself. In some cases,
remanufacturing may have a significant environmental footprint, especially when high-energy
processes are involved. Therefore, adopting an integrated approach that balances the environmental
costs of both logistics and remanufacturing is essential for achieving optimal sustainability outcomes.

Moreover, it is important for companies to continually monitor and assess the environmental
impacts of their strategies. Technological advancements in both transportation and remanufacturing
processes can further enhance the sustainability of on-site inspection, making it an even more viable
strategy as innovation progresses in the field of circular economy practices.

While on-site inspections provide substantial environmental benefits, these advantages are
maximized when combined with other CE practices, such as effective waste management, energy-
efficient remanufacturing processes, and optimized transportation logistics. Future research and
practice should explore the integration of these factors to create comprehensive, sustainable systems
for product life cycle management.

2. Short distances can justify recycling at the manufacturer’s facility

Short distances between the manufacturer and the customer can significantly influence the
sustainability and economic viability of different CE practices. When distances between the
manufacturer and the customers are short, it may be more beneficial to prioritize recycling rather
than other CE practices. Despite the higher environmental impact of recycling processes, the reduced
transportation costs make recycling the more economical and environmentally favorable option in
such cases.

The environmental impact of recycling, particularly in terms of energy consumption and
emissions, is often considerable due to the complex and energy-intensive nature of many recycling
processes. However, when transportation distances are minimal, the overall environmental footprint
is substantially reduced. The decreased need for extensive transportation mitigates the carbon
emissions typically associated with long-haul logistics, making recycling a more environmentally
favorable option in such circumstances.

Economically, short transportation distances can also make recycling more profitable due to the
higher prices of recycled products. This is particularly relevant in cases where the volume of products
requiring recycling is significant, and where the cost of manufacturing would otherwise impose a
heavier financial burden.

It is important to recognize that the choice between recycling and other CE practices should be
based on a comprehensive analysis of both environmental and economic factors, including
transportation costs, energy consumption, and the specific requirements of the remanufacturing
process. Companies should also take into account the evolving nature of recycling technologies,
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which may increasingly reduce the environmental impact of recycling and improve its economic
viability in the future.

Thus, while recycling is typically associated with a higher environmental impact, short distances
can make it a more favorable option, both environmentally and economically, when transportation
costs are minimized. Future research should explore the integration of these factors and investigate
how short-distance logistics can be optimized within circular economy strategies to achieve greater
sustainability outcomes.

4. Consider the quality of the returned item as the main driver

When a significant proportion of flooring requires remanufacturing, the strategy can have
considerable implications for both environmental and economic performance. In these cases, the
savings generated from reducing transportation costs—by conducting on-site inspections and
avoiding the need to transport entire flooring units —can often outweigh the additional costs incurred
for operator travel and labor. On-site inspections reduce the need for long-distance transport of
flooring, thereby minimizing the associated emissions, energy consumption, and logistical costs.
Furthermore, remanufacturing a large volume of flooring on-site aligns with the principles of the CE,
as it promotes material reuse while reducing the carbon footprint of transport.

From an economic perspective, while the costs of operator travel and additional labor for on-site
inspections must be considered, these are often compensated by the avoidance of transportation and
related handling costs. The higher the volume of flooring requiring remanufacturing, the greater the
potential savings from minimizing transportation-related expenses. Consequently, this approach can
contribute to the optimization of both environmental and economic performance, making it a
strategically sound choice in scenarios with substantial remanufacturing needs.

In contrast, when only a small proportion of the flooring requires remanufacturing, it may be
more efficient to conduct inspections at the manufacturer’s facility. This is particularly relevant when
the volume of flooring to be inspected and processed does not justify the additional costs associated
with transporting operators to the customer’s location and conducting the remanufacturing at the
customer’s site. In such scenarios, the complexities involved in on-site inspections—such as time,
logistics coordination, and labor costs—may outweigh the potential savings from reducing
transportation.

Moreover, the manufacturer’s facility is typically better equipped to handle a variety of
remanufacturing processes and can achieve higher efficiencies due to economies of scale, which may
not be achievable in on-site operations for smaller volumes. By centralizing the inspection and
remanufacturing activities at the manufacturer’s location, companies can optimize operational
efficiency and minimize the overall cost per unit of remanufactured flooring.

The decision to prioritize on-site inspections or centralize operations at the manufacturer’s
facility should be based on a thorough analysis of remanufacturing volumes. When large volumes of
flooring require remanufacturing, on-site inspections are likely to yield better environmental and
economic outcomes. Conversely, for smaller volumes, centralizing operations at the manufacturer’s
facility remains a more efficient option.

In conclusion, the volume of remanufactured flooring plays a key role in determining the most
appropriate strategy for optimizing the balance between sustainability and economic viability. A
comprehensive approach that integrates remanufacturing volume with logistical considerations is
crucial for maximizing the effectiveness CE practices in the flooring sector.

5. Digital twins and dynamic decision-making help improve sustainability

To maximize the effectiveness of CE practices, companies must adopt a dynamic and flexible
decision-making approach that integrates both environmental and economic considerations. The
optimal strategy is not static but depends on several factors that can vary over time, such as
transportation distance, the quality of flooring materials, and the specific characteristics of the
product required. As these factors can fluctuate, it is crucial for companies to regularly reassess their
strategies to ensure they are selecting the most efficient approach for each situation.
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A flexible decision-making framework allows companies to adapt their strategies in real time
based on changing operational conditions. For example, when transportation distances are short,
prioritizing recycling or centralizing inspection may be more environmentally and economically
favorable. Conversely, for long-distance logistics, inspection and remanufacturing processes at the
customer’s facility could minimize transportation costs and environmental impact. By continuously
evaluating these variables, companies can ensure that their strategies remain aligned with both their
sustainability goals and economic objectives.

To support dynamic decision-making, companies should leverage simulation approaches
through the implementation of decision-support tools or software. These tools can analyze a wide
range of scenarios and provide insights into how best to optimize logistics, inspection processes, and
remanufacturing volumes. By integrating data on transportation distances, product quality,
remanufacturing requirements, and other relevant factors, companies can model various strategies
and predict their impacts on both environmental sustainability and economic performance.
Simulation models can help companies assess how changes in one variable, such as an increase in
remanufacturing volume or a shift in transportation distance, will influence overall performance.
This approach not only improves the accuracy of decision-making but also enhances the company’s
ability to respond to emerging trends, shifts in customer demand, and regulatory changes.

Furthermore, by adopting decision-support tools, companies can track key performance
indicators related to environmental sustainability, operational efficiency, and cost-effectiveness. This
continuous monitoring of performance allows for iterative improvements and ensures that
companies can stay competitive in a rapidly evolving CE landscape.

In conclusion, companies aiming to integrate sustainable practices into their operations should
adopt flexible, data-informed strategies that account for the variability of key factors. By utilizing
decision-support systems to analyze and optimize these factors, companies can enhance their
operational efficiency, improve their environmental performance, and ensure that their practices
align with long-term sustainability goals.

6. Conclusions

The study highlights the importance of evaluating reverse logistics strategies in a CE landscape
and considering both economic and environmental performance. On-site inspections at customers’
locations offer significant environmental benefits by reducing transportation. However, short
transportation distances may make recycling at the manufacturer’s facility more cost-effective,
despite the higher environmental impact. Large remanufacturing volumes benefit from on-site
inspections, while small volumes may be more efficient at the manufacturer’s facility. The study
highlights the importance of dynamic, data-driven decision-making, using simulation tools to
optimize logistics and Ce practices, balancing sustainability with cost-effectiveness.
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