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Abstract

Logistics and warehouse operations experience an increasing pressure to adopt sustainable
practices. The logistics industry generates substantial material waste, with cardboard
being the primary packaging material. Adopting Circular Economy (CE) principles to
control this waste is important for enhancing sustainability. However, there is a lack
of studies on transforming warehouses into more sustainable operations. This paper
studies the ability to transform the linear supply chain of a distribution warehouse into a
circular supply chain by applying lean manufacturing principles to eliminate cardboard
waste. A structured framework is presented to outline the project’s methodology and
illustrate the steps taken to apply the concept of CE. The paper also tests the capability
to simulate warehouse operations with engineering software using limited available data
to generate various scenarios. This study contributes by showing how discrete-event
simulation combined with VSM and 6R principles can provide operational insights under
data-constrained conditions. Bridging the gap between theory and practice. Multiple
operational scenarios were modelled and run, including peak and off-peak demand periods,
as well as a sensitivity analysis for recycling durations. A comparative evaluation is shown
to demonstrate the effectiveness of each alternative and determine the most feasible solution.
Results indicate that introducing recycling activities created some bottlenecks in the system
and reduced its efficiency. Furthermore, suggestions for future improvements are presented,
ensuring that on-site actions are grounded in a simulation that reflects reality.

Keywords: circular supply chain (CSC); circular economy (CE); LEAN manufacturing;
WITNESS software; engineering simulation

1. Introduction

In today’s fast-changing world, logistics and transport companies must prioritise
sustainability and find practical ways to adopt greener practices in their warehouses [1].
Warehouses, as critical nodes in supply chains, play a central role in resource use, waste
generation, and operational efficiency, making them key targets for sustainability im-
provements [2,3]. This study provides practical approaches to reduce waste and improve
sustainability by converting warehouse operations into a circular, closed-loop system. Shift-
ing toward greener solutions is an important first step in contributing to the broader aim
of a circular economy. While the circular economy (CE) has been widely promoted as a
strategy to reduce waste and improve sustainability, its practical implementation at the
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warehouse level remains limited. Existing studies often focus on conceptual models or
generalised frameworks, leaving a gap in data-driven, operational evaluations of circular
strategies in real warehouse settings [4]. This project explores the implementation of cir-
cular economy principles in the warehouse through discrete-event simulation (DES). The
simulation model, built using WITNESS Process Management Software V25 by Lanner,
relies on data provided by the company. Multiple scenarios are evaluated to identify the
most effective design for achieving sustainability objectives. The study focuses on iden-
tifying practical interventions that enhance sustainability while maintaining operational
efficiency. A sensitivity test is performed to evaluate the robustness of the built model. For
the simulation development, Lean manufacturing principles are incorporated, alongside
the VSM and 6R concepts.

Creating a fully closed-loop system requires consideration of many factors across
various industries, such as stakeholders, warehouses, recycling partners, and uncontrollable
elements like customer behaviour. This study concentrates on a specific part of the process
rather than the entire supply chain. During warehouse observations, several types of waste
were identified. Due to time and resource limitations, this study focuses specifically on
cardboard waste, though the methodology could be extended to other materials.

The aim of this study is to assess the current state of the warehouse and explore
practical ideas for turning it into a fully circular supply chain. This study contributes to
the literature by providing a real-world, operational-level evaluation of CE strategies in
warehouses, addressing a critical gap between theory and practice.

The study’s three main key contributions are shown as follows. First, it proposes
a methodological framework integrating VSM and 6R principles with DES under data-
constrained conditions, allowing operational evaluation with limited datasets. Second,
it compares on-site versus outsourced recycling strategies. Highlighting their impact
on warehouse efficiency and circularity. Finally, it demonstrates how DES can generate
actionable insights in constrained contexts, providing both practical and methodological
value for circular supply chain management.

It will also consider how other waste materials can be modified or improved to
implement this new concept. To achieve its aim, this project is carried out through defined
objectives: identifying solutions to reduce the observed types of waste, understanding
the industries involved in facilitating the circular economy (CE) transition, developing
strategies to secure the long-term sustainability of the closed-loop supply chain model, and
proposing improvements for future development.

The structure of this paper is organised as follows: Section 1 introduces the objectives
and scope of the study. Section 2 reviews the background and literature, outlining key
concepts and highlighting research gaps. Section 3 explains the methodology used to
transform the linear supply chain into a circular model. Section 4 presents the simulation
model and scenarios. Section 5 shows the outcomes obtained from the simulation. Section 6
discusses and analyses the findings in detail. Section 7 concludes the study.

2. Background and Literature Review
2.1. Overview of the Environmental Impact of Logistics Operations

Environmental sustainability is influenced by logistics operations both directly and
indirectly through pollution and resource consumption [2]. This serves as a primary motiva-
tion for logistics companies to pursue change [3]. Moving toward greener logistics practices
significantly enhances the sustainability of supply chain functions [4]. Consequently, the
greener the operations, the greater the reduction in environmental impact, making it essen-
tial for logistics companies to integrate environmental sustainability into their practices [5].
The definition of ecological sustainability is the environment’s ability to function correctly,



Appl. Sci. 2025, 15, 10910

30f19

continuously and for an indefinite period. Ecological sustainability circles around the
purpose of minimising the harm to the environment and countering the process that led to
harming the environment. To accomplish this goal, a change initiative should be planned,
engaging multiple stakeholders from both the private and public sectors [6].

2.2. The Concept and Importance of the Circular Economy in Enhancing Warehouse Operations

As noted by [7], organisations are placing greater emphasis on environmental man-
agement. In this setting, companies are expected to show stakeholders the sustainability
principles they uphold and the strategies to maintain them. According to [8], adopting a
circular economy can be an effective approach, particularly for sectors aiming for more sus-
tainable growth [9]. This circular economy framework seeks to reduce waste and pollution
by reusing, recycling, refurbishing, and repairing existing systems that are environmentally
inefficient [10].

Recent studies, such as [11] have highlighted how circular economy frameworks
are now being applied to warehouse fulfilment centres, though practical implementation
still faces several operational and digital barriers. Another paper also points out the
theoretical and technological gaps businesses face when trying to shift to circular models,
especially in supply chain logistics, where integration with Industry 4.0 technologies
remains incomplete [12].

Given the environmental impact of logistics, particularly in goods transportation,
various sectors are working together to limit greenhouse gas emissions [5]. Integrating
logistics into management decisions has become increasingly important. The circular
economy model offers a practical approach for sustainable business development. Many
stakeholders seek clearer explanations of how circular economy practices apply to their
business models, as these practices directly affect them [13].

Moreover, a study underlines the importance of digital readiness and process coordi-
nation in circular logistics [14], noting that barriers such as limited digital adoption, data
fragmentation, and unclear cost-benefit justifications can slow CE integration at the ware-
house and network level. As noted by [15], one of the key enablers of circular transition
in logistics is an effective reverse logistics infrastructure. Their study identifies a range of
organisational and operational barriers that must be addressed to make circular strategies
viable in real-time logistics environments.

Warehouse operations are important for supply chain logistics strategies. It influences
performance, operational costs, and productivity [16]. To achieve improvements in sustain-
able performance, warehouses must adapt to evolving economic trends in their planning
and strategic decisions [17]. Implementing these changes also involves evaluating their
environmental and economic value to the company [18].

2.3. Lean Manufacturing Tools and Their Importance in Improving the Sustainability of
Warehouse Operations

One of the concepts used in this paper is the Lean manufacturing process, which
utilises value stream mapping (VSM) to identify waste. A value stream map collects all
value-added and non-value-added activities, starting from raw materials and extending to
end retailers or customers, to identify and eliminate waste activities from the process [19].
The integration of VSMs and related concepts has been carried out to enhance their capabil-
ities. For example, VSM emerged with supply chain product development methodologies
and agent-based systems. Integrated 6R into the VSM makes activities with the potential to
reduce, redesign, reuse, recycle, recover, and remanufacture more easily identified. Compa-
nies are integrating lean and 6R concepts to analyse waste and reduce resources in a circular
economy [20]. This integration is further advanced through the development of Sustainable
VSM (SusVSM), which incorporates real-time simulation and environmental metrics to
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support continuous improvement in lean supply chains, particularly in manufacturing
warehouses [21].

Training and education play a crucial role in ensuring sustainable value creation and
promoting social well-being. The circular economy approach is effective as it seeks to
minimise costs and waste while maximising resource efficiency through the 6R principles:
reuse, reduce, recycle, recover, redesign, and reprocess [22]. It is important to note that, in
practice, the 6R method is often applied in a limited form, focusing on only 3R strategies
for certain products [23]. Recent case studies demonstrate how lean implementation has
significantly optimised warehouse picking and packing operations, leading to reduced
material waste and enhanced CE alignment [24]. Furthermore, the use of hybrid VSM
and discrete-event simulation in Industry 4.0 settings provides real-time visibility for
operational improvements in lean warehouses [25]. Additionally, survey-based approaches
and structural equation modelling studies support this integration, demonstrating its ability
to enhance operational sustainability and resource efficiency [26].

However, there is a strong interaction between lean and circular economy (CE) princi-
ples, which can bring substantial benefits to the industrial sector. Thus, their integration
arises naturally. The CE approach proposes an optimum solution to the current shortage of
natural resources and environmental challenges while enabling a closed-loop economic
system [27]. Meanwhile, lean methodologies focus on waste reduction and value creation,
enhancing both operational efficiency and financial performance [20]. Additionally, expand-
ing VSM frameworks with social and environmental dimensions is becoming common in
sustainable logistics planning, aligning warehouse practices with broader CE targets [28,29].

2.4. Discrete Event Simulation in Circular Logistics

Discrete Event Simulation (DES) is used to study how changes in a system affect its
performance. It is also useful for modelling logistics environments where timing, queues,
and resource limitations are important. In the context of the circular economy, DES has
been utilised to investigate how materials can be more efficiently circulated through closed-
loop systems.

For example, [30] used DES to study several reverse logistics options in remanufactur-
ing. Their results helped compare different setups by measuring both environmental and
economic outcomes. In addition, [31] shows how DES supports reverse logistics decision-
making by examining and comparing the financial and environmental impact of utilising
remanufactured spare parts versus new parts.

In other work, [32] applied DES to improve internal production and logistics processes.
Their findings show that simulation can help identify inefficient areas and improve them
without disrupting the real operations. Reference [33] also emphasised that DES can align
with circular principles like reduce, reuse, and recycle. Mainly when planning a sustainable
production system.

In general, Discrete Event Simulation has been applied only to a limited extent in
modelling warehouse operations within the context of the circular economy. As a result,
many studies in this area rely on limited or hypothetical data, which makes them difficult
to apply in real-world settings.

2.5. Challenges and Gaps in Current Research on Circular Supply Chain Implementation

The circular economy (CE) is growing rapidly across the industrial sector. While
warehouse operation implementations remain behind. Several studies have shown that
CE enablers are still in their early stage and lack integration into operational logistics [4].
Many existing studies focus on the conceptual models or the manufacturing systems in
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general. On the other hand, few studies provide detailed insights into how these ideas can
be applied at the operational level.

Warehouse operations are complex, and one of the main issues is the lack of real-
world data. However, much of the current research relies on assumptions or simplified
case studies. The lack of actual data will limit the effectiveness of the models in actual
decision-making. There is also a noticeable gap in simulation work that targets warehouse
systems as they transition from linear to circular models.

Due to these limitations, there is still a need for studies that incorporate CE strategies
directly into warehouse operations using realistic data-driven tools. Research that focuses
on real case studies can offer practical solutions that help bridge this gap.

3. Methodology

This section outlines the methodology for transforming warehouse operations into a
circular supply chain, focusing on cardboard flow. The methodology includes collecting
data to gain an understanding of warehouse operations, setting parameters based on
various resources, and making some necessary operational assumptions to address the
missing or unclear operational details. Finally, based on the previous inputs, the current
model is built.

This study is a simulation-based experimental study. Aim to evaluate circular econ-
omy strategies in warehouse operations. A discrete-event simulation (DES) approach was
employed to model the system, supported by Lean manufacturing tools (VSM and 6R)
and Multi-Criteria Decision Analysis (MCDA) for performance evaluation. The simula-
tion model was developed using operational data provided by the warehouse, including
process times, inventory flows, machine utilisation, and blockage levels. These data were
organised and used to calibrate the model parameters. In this study, the term “experiment”
refers to simulation-based experiments, where different scenarios were defined (original
model vs. no-recycling model, under peak and off-peak demand conditions). Each scenario
was run in WITNESS under controlled settings, and performance indicators such as utilisa-
tion, blockage level, and circularity index were collected to support comparative analysis.
The next section presents a diagram to illustrate the study’s methodology in more detail.

3.1. Framework Construction

Several steps are essential to construct the model, as outlined in Figure 1. The process
begins with understanding the current operations of the warehouse to detect key parame-
ters and identify sources of waste. This understanding will be developed by applying a
flow map of the process, which helps visualise how materials move through the system.
Once the current operations are clear, the next step involves reviewing and defining the
parameters that will shape the model. After that, a set of assumptions is introduced to
address any missing or unclear data. This is followed by an analysis of the current model’s
outcomes to identify areas for improvement. These improvements are important for transi-
tioning the model from a traditional process to a closed-loop, circular system. The final
step is to propose the enhanced model based on all previous points.

1- Understand 2- collecting data, set 3-Find solutions 4-Designand 5-Use the 6 Crgat(-i
the current parameters and making for closing the visually represent WITNESS ggzla;(;srhg
model and build some assumptions supply chain to the circular supply software to build ' esl?lts and
it by Process regarding the transform it from chain model using a the circular model obtain the best
Flow Chart warehouse operations linear to circular Process Flow chart and validate it scenario

Figure 1. The proposed framework.
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3.2. Detailed Explanation of the Current Warehouse Operations
3.2.1. Data Collection

The needed numerical data were provided by the company expert, such as estimated
process durations, the number of staff, and the number of packages arriving daily. These
data are collected through structured interviews and a review of the company’s annual re-
ports. Additionally, an online review of case studies and academic literature was conducted
to identify common warehouse layouts and operation patterns in similar settings. Based on
the insights gained, a detailed workflow model was developed, and approximate figures
were proposed. These values were then reviewed and validated by the company’s logistics
expert to ensure accuracy and operational relevance. Furthermore, where parameter uncer-
tainty existed, sensitivity analyses were performed to evaluate the potential impact on the
simulation outcomes.

3.2.2. Parameters

The selection of the parameters was performed by a comprehensive review of ex-
isting literature, primarily by examining studies that addressed warehouse operations
and logistics systems. While there are only a limited studies specifically on the circular
economy in warehousing or logistics, several related articles have been identified and
analysed [34-37]. A preliminary parameter matrix was constructed to outline potentially
significant variables based on both literature findings and operational insights from the
company’s meeting. This matrix was then cross-referenced with the current process flow
diagram to determine which parameters were most relevant to the modelled system. These
parameters were selected for their direct impact on system efficiency, resource allocation,
and capacity planning. These operational parameters are identified in Table 1.

Table 1. The parameters required for building the model.

Parameter Unit
The number of cardboard boxes arrives Part/hour
The time between arrivals Hours
Packages preparation time Hours
Packaging time Hours
Storage capacity Parts
Number of packages dispatched Part/hour
Packages return rate Part/hour

3.2.3. Assumptions

After analysing the entire process flow, some variables remained unknown or could
not be directly measured. Therefore, several assumptions were made to facilitate the
development of a functional simulation model. These assumptions are set based on a
combination of expert input, common practices in warehouse operations, and relevant
literature. The assumptions used in the model are as follows:

1.  Cardboard boxes” dimensions are standardised to 30 x 30 x 30 cm.

2. The daily delivery trucks are ten trucks. Each one transports a maximum of fifteen
pallets containing eighty boxes.

The barcodes containing parcel information are printed directly onto the boxes.
Packaging operations are performed within the warehouse.

The warehouse operates continuously 24 h per day using rotating shifts.

SANRCLN-

Idle times and machine maintenance are not considered.

These assumptions are designed to support the simulation without affecting its rele-
vance to real-world warehouse processes.
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cardboard
arrival

3.2.4. The Current Model: Process Flow Map

The process flow map presented in this section is intended to depict the main card-
board handling processes. It is important to note that no directly comparable work was
found in the literature. Consequently, the map was developed based on related studies and
observations of warehouse operations. Figure 2 illustrates the current module, showing
cardboard operations from arrival at the warehouse through to dispatch.

. Supporting materials
/ Goods // (shredded cardboard) // Tape /
[ |
Enter goods Print and attach . Storage
. . . Packaging
information info. labels N package

Package c Transport to Prepare to
dispatched trucks dispatch

Figure 2. The warehouse operations’ current model.

3.3. Technical Approach

Starting a fully circular economy process in the initial phases is unrealistic. In order
to achieve full circularity, the wasted cardboard in the existing model should be brought
back into the system. Several factors contribute to this challenge. This includes cardboard
waste that comes from consumers (businesses and individuals) whose behaviour cannot be
managed or forced to support the company’s orientation. Some of the returned cardboard
cannot be recycled and needs to be treated as scrap. Based on this, a number of recommen-
dations are proposed to simplify the process and encourage customers to collaborate.

The first proposed solution targets business customers, who are generally more open
to collaboration. Contractual agreements can be established by the company that aim
to encourage users to cooperate in returning the cardboard packages in exchange for
faster deliveries and special pricing. Additionally, a loyalty programme can be introduced
to further promote sustainable behaviour by offering tangible benefits. Supported by
previous papers [38], this cost-effective approach can increase awareness of environmental
responsibility. Customers would earn reward points for returning the cardboard to the
warehouse. These points could be redeemed for exclusive promotions, discounts, or partner
vouchers. As a result, it will foster community engagement and highlight the personal and
social rewards of sustainability.

Additionally, the company should monitor cardboard within its operations before
it leaves the warehouse, instead of treating it as waste. As illustrated in Figure 3, this
tracking process follows dispatched and returned cardboard and helps identify cooperating
businesses or customers. Given the prohibitive cost of advanced digital solutions such as
IoT or blockchain, a more viable option is to implement barcoded or QR-coded labels on
each shipment. These can be scanned at dispatch and upon return, providing a low-cost
yet effective method for tracking cardboard flow. Integration with existing warehouse or
inventory systems enables the company to analyse return rates, identify high-performing
customers, and reward them with further incentives.
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Produce cardboards with a
barcode on each box

4

Prepare the shipment barcodes to creatc a database with all the shipment details

rQ?@@

j #5627 Delivered

-> # Cardboard 583847 - :
# Cardboard 837365
# Cardboard 693739

# Cardboard 143542

Scan all the shipme A icall loaded to softwarce Track cach shipment including all

boxes delivered and returned

I'racking system

Figure 3. The process of cardboard tracking.

Recycling or refurbishing the cardboard is the final proposed solution. Choosing
between the two processes is based on the cardboard condition. To assess its condition, the
returned cardboard goes through a quality inspection. If the cardboard has minimal issues,
such as scratches or small tears, the most efficient and cost-effective solution would be re-
furbishing. However, if the condition of the cardboard is bad, it will be recycled. It is worth
noting that recycling forms the basis for establishing a circular economy, particularly in
this study. Returning the cardboard back into the system by converting waste into new raw
materials will extend the lifecycle of materials. To further increase engagement, especially
among individual consumers (B2C), the company can introduce simplified drop-off options
or coordinate pick-up with deliveries to increase convenience. Clear signage or app-based
reminders can be integrated to streamline the returns process. In parallel, educational
campaigns showcasing the environmental impact of returned materials, such as estimated
CO, savings or landfill reduction, can reinforce pro-environmental behaviours. Finally,
the design of cardboard packaging should be taken into consideration. Incorporating
easy-to-fold designs, reusable inserts, or printed return instructions can make it easier for
customers to handle and return used packaging. These design modifications will support
refurbishment efforts and reduce logistical inefficiencies.

The Circular Model: Process Flow Map

The linear supply chain is converted into a circular and more sustainable system to
minimise waste and improve resource efficiency. All the proposed solutions in the previous
sections—such as contract-based returns, loyalty incentives, condition-based refurbishment
or recycling, and low-cost tracking—are integrated to improve the circular model. This
new model was built by applying the flow map concept, which provides a clear and
comprehensive visual representation of the entire lifecycle of cardboard, as illustrated in
Figure 4.

Supporting materials
/ Goods // (shredded cardboard) [ ~ TaPe

v
Store Cardboard . “ % "epart
cardboard arrival to>—>/ il;:)el;;ga(:i(:)(:ls rlt)mlltlalll)dl —> Packaging —> Sto]l\_age —> P(li?pmf lto —
until needed : process / attach labels package ispatch
. Returned cardboard ) ) N
L Refurbish Good 'Quaht-y < andsupporting < Péclt?ge | Package || Tlallsp(?l‘t |
inspection " tracking dispatched to trucks
materials
Poor [ =
&
Cardboard ) L § ) Cardboard collected Prepare - S
— arrived at < C_aldbo.a rd dispatched < C_aldboald €1 by therecycling €~ cardboard . Quamjy 5
) recycling company recycled o inspection e
warehouse company for recycle

=
15}
[}
@
w
w

( Dispatched to the paper industry )

Figure 4. The process flow map of the circular supply chain.
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This structured approach supports sustainability goals and streamlines operational
efficiency by reducing unnecessary material loss and enabling strategic reuse. The process
begins with packaging and labelling, followed by usage, collection, quality assessment,
and either refurbishment or recycling. Cardboard that fails quality checks is redirected to
the paper industry, ensuring minimal waste disposal. This closed-loop system aligns with
established circular economy principles, which emphasise the extension of product lifecy-
cles and minimisation of raw material consumption [9,39]. By applying these principles to
the supply chain, the warehouse significantly improves its environmental performance,
while also aligning with regulatory and consumer expectations for sustainability.

4. Simulation

Digital modelling and simulation can aid decision-making in remaking operations.
The Discrete Event Simulation (DES) method enables data-driven analysis to simulate
reprocessing systems, although its application in this specific context—particularly in
packaging remanufacturing—is still underexplored [39]. While DES has been applied
in construction remanufacturing, automotive, logistics, and electronics, there is a need
for more robust and domain-specific simulations that reflect the complexities of circular
economy frameworks.

At this phase, the preparation of data involved mapping all individual processes,
identifying their periods, configuring machinery based on process types, setting inter-
arrival times for returned parts, calculating buffer capacities, and assigning labour resources
based on task requirements. To monitor performance across the simulation, variables
were introduced as counters, allowing for quantitative analysis of system behaviour and
bottleneck identification.

The Experiment

The simulation software (WITNESS) can build a model using numerous elements,
such as parts, machinery, operators, and buffers. In the software, A simulation model was
constructed and tested based on the previously illustrated circular model flow map. The
results from running the model showed the existence of several bottlenecks, indicating that
some aspects of the system require improvement.

Value Stream Mapping (VSM) was systematically integrated into the simulation pro-
cess to identify and eliminate non-value-adding activities. As shown in Figure 5, a detailed
VSM was manually constructed to analyse each process. All aspects of the system were
considered, from the arrival of materials into the system to the final recycling stage. Time,
resource usage, and queue durations were assessed for each element in the model. The map
was reviewed to identify areas that need improvement. These potential areas have been
highlighted with a KanBan burst symbol, indicating the need for a thorough assessment to
determine more effective and efficient implementation strategies.

After completing the VSM analysis, several adjustments were applied to the simulation.
First, the two quality control stations were combined into one quality control process to
increase the system’s efficiency. Multiple unnecessary storage areas were eliminated to
enhance process flow. The whole recycling steps were integrated into one process within
the simulation to facilitate time control and support effective sensitivity testing. Labour
utilisation was optimised based on process demands and peak operating times. These
improvements help in reducing wait times and blockages within the simulation.
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Figure 5. The Value Stream Mapping (VSM).

The refined simulation in Figure 6 shows the enhanced model that incorporates all
proposed circularity strategies. After confirming the model’s accuracy and functionality,
it was presented and validated by a warehouse operation expert to ensure its feasibility
and realism.
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Figure 6. The simulation model with the recycling process (peak demand).

Based on this, several scenarios were developed to explore potential improvements in
the performance of the warehouse. These scenarios are summarised in Table 2. As shown
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in Figure 7, two models were considered: one with recycling operations and the other
without, where recycling is managed by an external company. Seasonal changes in demand
were also considered, with off-peak seasons handling an average of 6000 packages per day
and peak seasons handling an average of 10,000 packages per day. In the early testing,
shorter timeframes like one shift or one week were also tested. However, the one-month
simulation was chosen because it gave clearer results for comparing different scenarios and
operating conditions.

Table 2. The model scenarios.

Scenario Type Demand Condition Description
1 Original Model Off-peak One month
2 Original Model peak One month
3 No Recycling Model Off-peak One month
4 No Recycling Model Peak One month
5 Original Model Moderate —20% recycling time Sensitivity test (faster recycling process)
6 Original Model Moderate +20% recycling time Sensitivity test (slower recycling process)
NumberOfPackages
0
NumberReturnCB
0
NumberRycCB
0
Push S
Barrival Labels_Labours Prep_Labours
= : :
GoodsInfo PAlabels PrepDispatch

CBstlmge

Pull

Push

N Pul—] ] ¥
B, il 2
> ==

PackageStore

PackageD TransToTruck
Push Push
I L 3 -
S >
® \, @
D_Laboix Trans_Labour
UC_ArrivalTimes T \ B
ff
SHIP "SCRAP SCRAP SHIP

Figure 7. The simulation model without the recycling process (peak demand).

5. Results

This section presents a detailed analysis of the results from each scenario, providing
insights into their outcomes and performance. Each scenario was assessed based on key
indicators, including processing time, utilisation, blockage levels, and efficiency. The
outcomes were evaluated and compared to determine the most effective alternatives to
be adopted by the warehouse. Taking into consideration both operational efficiency and
alignment with circular economy principles. The results were represented in a visual format,
presenting the statistical outputs. These diagrams offer a clear and informative summary
of the outcomes and performance associated with each scenario. For this study, running
the model assumes continuous operations and does not include equipment maintenance or
downtime. These simplifications were made to focus on process flow comparisons.
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5.1. The Original Model and the No-Recycling Model in Off-Peak Demands (Scenarios 1 and 3)

Scenario 1 (S1) used the original model with the internal recycling process (as shown
in Figure 8). Scenario S7 used a lean model without recycling. Both ran under off-peak
demand for one month. In S1, some processes, such as PackageT (scanning barcodes and
tracking returned cardboard) and QI1 (cardboard quality control), showed high levels of
cycle wait labour. This indicated blocking and delays in the system. Several machines
also had more idle time, which reduced overall utilisation. The recycling loop introduced
extra complexity, and some stations waited for resources to become available. In contrast,
S3 showed better flow across the entire system (as shown in Figure 9). All stations were
active with no signs of blocking or cycle wait. Machines like GoodsInfo, Packaging, and
TransToTruck had high utilisation. Process times were shorter and more consistent. The
system smoothly transitioned items from one step to the next. The Refurbish station stayed
idle in S3 since recycling was not included. This confirmed that it was no longer needed in
the lean setup. Overall, the lean model in S3 worked more efficiently under low demand. It
reduced idle time, avoided delays, and simplified process flow.
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Figure 8. The original model (off-peak demand).

Goodstofo | N S S S S S S
paisoes | N S SO SO S S S S S |
1
aagro() | | S S S S S S —
1
rdeono@) | R S R S N S S —
T
PrepDispateh N S S S S S e
|
TransToTruck .
1)
1
Packaged -
: I I I I I I I
Package |
1 1 1 1 1 1 1 |
T T T T T T T T
an e
| | l | ] l 1 |
1 I I I I I
Refurbish e
} } } } } } } } } !
0 10 20 30 40 50 60 70 80 90 100

%1de [l %Busy [l %Blocked

Figure 9. The no-recycling model (off-peak demand).
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5.2. The Original Model and the No-Recycling Model in Peak Demands (Scenarios 2 and 4)

Scenario S2 used the original circular model with internal recycling (as shown in
Figure 10). Scenario S4 used a lean model without recycling (as shown in Figure 11). Both
scenarios ran under peak demand for one month. To handle the high load, additional
resources were added in both models. These included extra packaging stations and labelling
units. In S2, stations such as PackageT and QI1 showed high levels of blockages, indicating
delays in the system. Even with extra resources, the recycling loop caused waiting at
certain points. Some machines were overused while others had idle time, leading to uneven
utilisation and longer process times. On the other hand, S4 showed smoother performance.
There were no signs of blocking or cycle wait. All stations, including the newly added ones,
were well utilised. Process times were more stable and consistent across the system. The
Refurbish station remained idle in 54, since recycling was not included. The lean setup
enabled the system to respond more effectively to peak demand without delays. Overall,
the lean model in 5S4 handled high demand more efficiently than the original model in S2.
It maintained high utilisation, avoided delays, and made better use of added resources.
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Figure 10. The original model (peak demand).
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Figure 11. The no-recycling model (peak demand).
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5.3. The Sensitivity Test (Scenarios 5 and 6)

A sensitivity analysis was conducted to test how changes in recycling time affect sys-
tem performance. The original scenario was compared with two alternatives: a faster and a
slower recycling duration. These scenarios represent a +20% variation. These percentages
were chosen based on common practice in simulation studies. £10-20% variation is used
to assess model stability [40]. Scenario 5 (faster recycling time, see Figure 12 resulted in
improved system flow slightly, reduced idle times, and greater consistency in processing
durations. Although some bottlenecks exist, the overall system performance has been
enhanced. On the other hand, Scenario 6 (slower recycling time, see Figure 13 led to
increased idle times in upstream processes and more variability in machine utilisation.
However, the system continued to function acceptably under these conditions. Although
the graphs do not initially show significant differences, these changes will have a greater
impact as the system continues to operate over time. An additional analysis is carried
out with a wider £30% variation. The —30% case showed no further improvements and
slightly raised idle times. In comparison, the +30% introduced more delays and disrupted
the system’s flow. These findings confirmed that a +=20% variation offered a suitable range
for sensitivity testing. It provides meaningful performance insights without compromising
overall system stability.

PackageT
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o e

T
}
t

0 10 20 30 40 50 60 70 80 90 100

Figure 12. The Sensitivity test result (Scenarios 5).
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Figure 13. The Sensitivity test result (Scenarios 6).

6. Discussion

An analysis was carried out to compare the results based on the simulation outcomes
presented in the previous section. This analysis examines the percentage of utilisation of
the various outputs, which is directly related to the circularity index, with higher rates
indicating greater process efficiency. Another key parameter considered is the level of
blockage within each process. The assessment criteria are defined as follows: blockages
below 20% are classified as ‘low,” those between 20% and 50% as ‘moderate,” and those

above 50% as ‘high.” To summarise these comparisons clearly, the results are presented in
Table 3.

Table 3. The scenarios’ utilisation rate and blockage level.

Type Demand Utilisation Rate Blockage Level
1 Original off-peak 75% High
2 Original Peak 70% High
3 No Recycling off-peak 65% Very Low
4 No Recycling Peak 60% Very Low

This analysis is structured according to the type of the model. Enables systematic
comparison between recycling inside the warehouse and the outsourced recycling process.
The percentages of process utilisation are commonly lower in off-peak seasons than in peak
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seasons. Moreover, the level of blockages varies based on the demand fluctuations. In
the model with no recycling processes, utilisation percentages are considered reasonable,
suggesting ideal process flow and potential for developed resource effectiveness. By
contrast, the original model shows increasing blockage over time, emphasising the system’s
responsiveness and sensitivity to external influences and fluctuating demand. The model
with no recycling process shows minimum blockages during peak and off-peak periods,
indicating an increase in operations efficiency [12,14,15]. Efficiency during off-peak periods
can be improved through adjustments like labour allocation or shift scheduling. The
optimal scenario is determined using a weighting system that classifies blockage levels
as very low, low, moderate, high, and very high, assigned factors of 5, 4, 3, 2, and 1,
respectively. The circularity score is calculated by multiplying utilisation with the blockage
factor, where a higher score indicates a more efficient simulation outcome, as shown in
Table 4.

Table 4. The Circularity Index.

Utilisation Blockage Factor Circularity Index
1 0.75 2 1.5
2 0.7 2 1.4
3 0.65 5 3.25
4 0.6 5 3

To obtain a better evaluation of the scenario’s performance, a Multi-Criteria Decision
Analysis (MCDA) was employed. MCDA is widely used in supply chain and logistics
research to support structured decision-making [41,42]. This method was chosen because it
allows the comparison of multiple performance indicators. These main indicators are the
idle time, machine utilisation, blockage level, and circularity index. These indicators reflect
both operational efficiency and sustainability, which are central to the aim of this study.

After a comprehensive comparison of all scenarios and calculation of the Circularity
Factor (2.9 for the original model and 6.25 for the no-recycling model), it is clear that
the inclusion of on-site recycling leads to consistently higher blockage levels, indicating
operational bottlenecks [10,13,27]. The observed bottlenecks can be attributed to several
structural factors within the recycling process. The system showed insufficient buffer capac-
ity, which limited the flow of materials when demand increased. In addition, unbalanced
workstation cycle times between recycling and other warehouse activities created wait-
ing periods and inefficiencies. These issues align with the Lean manufacturing concerns.
Some improvements can be applied by using Lean and 6R tools. These improvements
include balancing workstation cycle times through workload reallocation, expanding buffer
capacity to absorb demand fluctuations, and redesigning recycling tasks to reduce wait-
ing. Such measures would support smoother flow and reduce the system’s sensitivity to
demand variability.

The no-recycling model achieves a higher score compared to the original model.
Given that the warehouse has an agreement with an external recycling company, on-site
recycling is not required at this point. Outsourcing the recycling process guarantees a
smooth flow. This allows the circular system to run more efficiently without struggling
with blockages [4,30,33]. Furthermore, by outsourcing recycling, the warehouse can focus
more on optimising its circular transformation. This creates an opportunity to improve
internal efficiency by reducing idle times and eliminating residual blockages through better
resource allocation and process control.
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Beyond operational insights, this study also provides theoretical contributions to the
academic field and managerial implications for practitioners. Table 5 summarises how the
research responds to existing gaps and highlights future research directions.

Table 5. The summary of research existing gaps and future directions.

Existing Research Gaps Contributions from This Study Future Research
o . . Provides a practical, data-driven Extend to multi-material flows
Limited operational-level evaluation . : - .
. . simulation of circular warehouse beyond cardboard; include cost and

of CE in warehouses; most studies . . it . .
operations using DES, highlighting environmental indicators (LCA,

focus on conceptual frameworks - .
bottlenecks and efficiency metrics COy, energy)

Lack of integration between Lean between Lean (VSM) and 6R
and CE in warehouse contexts principles to optimise material flow

Demonstrates the interaction Explore other Lean tools or hybrid

approaches for wider

and reduce waste operational efficiency

Lack of structured methodology to ~ Shows DES modelling under limited
handle data-constrained data conditions, validated via expert

environments

Apply methodology to other
warehouses or industries with
incomplete data to

input and scenario analysis o
generalise findings

7. Conclusions

In recent years, as the focus on sustainability and technological advancements is
rapidly increasing, logistics supply chains are connected systems that manage substantial re-
sources. This level of complexity allows the opportunity for researchers to investigate solu-
tions to reduce waste and emphasise continuous improvement. As businesses increasingly
focus on sustainability and implement innovative technologies, improving logistics opera-
tions is crucial for achieving both environmental responsibility and operational efficiency.

This study successfully achieved its overall goal by gaining a comprehensive under-
standing of the warehouse’s operations. Also, the ability to identify the opportunities
for developing a circular supply chain. The model was developed and validated using
Discrete Event Simulation software. Starting with default data and subsequently refined
through lean manufacturing approaches, including Value Stream Mapping. This iterative
refinement ensured both the accuracy and practical relevance of the model.

The final circular model, validated with more accurate data, captures the complexities
of warehouse operations and provides practical insights for performance improvement
while supporting circular supply chain principles. Material flows were analysed across
peak and off-peak seasons, producing different scenario outcomes. Notably, under the
operating conditions considered in this study, the model without on-site recycling presents
greater efficiency and flexibility, indicating that outsourcing recycling to external providers
can be more beneficial. This approach enhances system flow and facilitates the reintegration
of recycled materials, aligning with circular supply chain objectives. The suggestions for
future work include extending the methodology to other materials, such as supporting ma-
terials and stretch wrapping foil, considering environmental and economic indicators, and
further analysing bottlenecks like buffer capacities and cycle-time imbalances. Expanding
sensitivity analysis and integrating customer collaboration strategies in a phased roadmap
would also enhance the practical and academic value of the framework. Future research
could explore a more comprehensive comparison using multi-objective optimisation or
Pareto frontier analysis, incorporating efficiency, cost, and environmental impacts.
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