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CHAPTER 1

INTRODUCTION

1.1 Supply chain management

In today’s globalized and competitive business environment, effective supply chain
management (SCM) is crucial for companies to remain competitive. Conventional
supply chains prioritize forward logistics, but closed-loop supply chains (CLSC) inte-
grate both forward and reverse logistics, enabling value recovery from used products
and promoting sustainability and efficiency [1]. CLSC reduces waste, conserves re-
sources, and achieves sustainability by strategically designing the RL network, closing
the loop, and creating a more environmentally conscious supply chain [2], [3].

Implementing CLSC yields economic benefits, including increased efficiency and
enhanced customer value, while reducing environmental impacts, specifically carbon
emissions, thereby contributing to sustainable development [4]. Reverse logistics (RL)
is crucial for driving change towards sustainability and operational efficiency, yielding
significant environmental and resource-sharing benefits [5].

In addition to the importance of CLSC and RL, there are three key considerations



that companies must prioritize: environmental considerations, customer satisfaction,

and cost optimization.

1.1.1 Environmental consideration

Effective management of diverse returns (end-of-life, end-of-use, and warranty returns)
is critical to prevent landfill disposal and promote sustainable resource utilization. De-
signing a RL network enables efficient handling of returns, refurbishment processes,
and conservation of natural resources. Remanufacturing and repair extend product
life-cycles, reducing demand for primary resource extraction and minimizing environ-
mental impacts [2], [6]. Moreover, the RL network optimizes transportation routes,
resulting in additional carbon footprint reductions and contributing to a more envi-

ronmentally friendly supply chain [1].

1.1.2 Customer satisfaction

Transparent and efficient RL network policies minimize customer inconvenience, en-
hance the customer satisfaction and loyalty [7]. The RL network encompasses not only
product returns but also prompt resolution of related issues, particularly warranty-
related concerns. Effective RL is vital for efficient warranty management, maintaining
positive customer relationships, and ensuring long-term customer satisfaction [8]. Min-
imizing cycle time for refurbishment processes and return handling is also crucial, as
it directly impacts customer satisfaction [7]. Companies that integrate environmental
considerations into their vision and mission encourage customers to select sustainable
products, aligning purchasing decisions with environmental sustainability [9].

2



1.1.3 Cost optimization

The RL network presents a strategic opportunity for cost reduction through the uti-
lization of returned products, which can be refurbished with minimal energy and
resource consumption [1]. By refurbishing these products for resale, companies can
avoid disposal costs, divert items from landfills, reduce waste, and promote a more
circular economy [10].

Considering the important factors, return management necessitates a robust RL
network design, involving strategic facility allocation to meet forecasted demand [11],
[12]. The strategic allocation of facilities with dedicated purposes is essential for the
RL network design [13]. Product returns generally fall into three categories: warranty-
related, end-of-use, and end-of-life, which may involve remanufacturing, recycling,
resale, or disposal, thereby completing resource utilization and minimizing waste [14].

However, companies face challenges when managing RL systems, including trans-
portation, handling, and processing costs [15], managerial and financial challenges [1],
and a lack of strategic decisions and technical knowledge [16]. To overcome these chal-
lenges, companies must prioritize RL network design, facility allocation, and strategic
decision-making to achieve sustainability and operational efficiency.

This case study investigates the challenges a cell phone company faces in manag-
ing warranty returns. Specifically, it focuses on selecting an optimal RL management
structure and designing RL networks that balance cost, environmental, and customer
satisfaction factors. In this study, a multi-objective, RL network design is formu-

lated as a mixed-integer linear programming (MILP) model. This approach provides



valuable insights into the optimal location of facility types, the allocation of demand
types, environmental considerations, cycle time, and inter-facility transportation. The
findings of this study contribute to the development of effective warranty return man-
agement strategies that balance economic, environmental, and customer satisfaction
objectives.

To address the first part of this study, configuring a RL network involves mul-
tiple objectives, criteria, and attributes, making it a challenging problem. Decision-
making techniques can help select the optimal network by weighing these factors
and identifying the best fit for an organization’s needs. Researchers have employed
various methods, including multi-objective optimization [17], fuzzy decision-making,
and multi-criteria decision-making techniques like AHP [18] and TOPSIS, to balance
economic, environmental, and social objectives and address uncertainty. Our litera-
ture review identifies a significant research gap in exploring the potential benefits of
combining AHP and DTA for selecting the optimal RL management structure.

RL network design has been modeled using various techniques, including linear,
nonlinear, mixed-integer linear programming (MILP), and mixed-integer nonlinear
programming models; as seen in the literature [19]. The model’s inclusion of binary
decision variables for facility selection (i.e., selected or not) necessitates the use of
MILP in this study. MILP is a powerful optimization technique renowned for its ability
to model discrete decision variables, thereby enabling the identification of optimal
facility location configurations [20].

Two primary solution approaches are utilized in addressing mathematical models

in reverse logistics: heuristics and exact methods. Heuristics offer the advantage of



finding near-optimal solutions efficiently, making them particularly suited for large
and complex network design problems, where computational efficiency is crucial [21].
Heuristic techniques such as genetic algorithms (GA) [22] and simulated annealing
(SA) [11] are commonly utilized for solving reverse logistics problems. In contrast,
exact solvers like GLPK [23], CPLEX [24], and Gurobi guarantees optimal solutions.

This approach achieves a balance between costs (including facility installation,
refurbishing, transportation, and environmental costs) and minimizing cycle time,
thereby ensuring customer satisfaction [7], [8], [9]. The RL model strategically inte-
grates scalable facilities characterized by adaptable capacity and capability, providing

a distinct advantage in navigating variability and accommodating multi-type demand.

1.2 Problem statement

A mobile phone manufacturing company receives customer returns for various reasons,
including warranty returns, consumer complaints, and buyer’s remorse. This study
focuses on warranty returns, which must be handled within a deadline and are cat-
egorized into function or appearance failure, and further graded into different types.
Three types of product failures are considered: Type A (minor failures, e.g., minor
software issues), Type B (major failures that are repairable, e.g., major software and
hardware issues), and Type C (major failures that are non-repairable or not feasible
to repair). Each type has dedicated facilities for handling, reflecting varying levels of
complexity and repair requirements

To efficiently manage these returns, the company needs to establish facilities in



different cities to receive warranty products. The goal is to develop a decision-making
framework that selects the optimal RL management structure (centralized or de-
centralized) and return channel (carrier or in-store), and designs an efficient multi-
objective RL network that can handle graded demand and multiple return channels
(same-channel and cross-channel). The selected RL structure will be configured to
manage warranty claims, and the company must design an optimal RL network that
minimizes cost, environmental impact, and cycle time while maximizing customer
satisfaction. The aim is to develop a multi-objective RL network that balances these

competing factors and ensures efficient handling of warranty returns.

1.3 Motivation

This research is motivated by the need to optimize warranty return management
for electronics companies, enhancing customer satisfaction and loyalty while reducing
costs and environmental impact. The study aims to develop a practical solution for
selecting an optimal RL management system and designing an efficient RL network,
thereby contributing to the advancement of sustainable and effective reverse logistics

practices in the industry.

1.4 Objectives

1. To strategically configure the optimal RL network structure (centralized or de-
centralized) and return channel (carrier or in-store) for handling warranty re-

turns.



2. To design an optimal RL network for an electronics company, the objectives are
to minimize total costs—comprising fixed, transportation, and environmental
costs—and also minimize the process cycle time, which depends on transporta-

tion, refurbishing, and target times.

3. To evaluate the impact of different demand scenarios on the RL network design

and performance.

1.5 Contribution

In the first part of Chapter 2, this research makes a contribution to the field of RL
by identifying the best RL network configuration for a multi-channel (courier and
in-store) and multi-RL system (centralized and decentralized). The study employs
AHP and DTA to evaluate and select the most suitable network structure, based on
decision criteria identified and demonstrated based on a case study. In the second
part of the thesis, Chapter 3, a novel RL network model is designed to incorporate
multi-type warranty returns and facility capacity/capability considerations. An opti-
mization model is developed to strategically allocate facilities to locations based on
their capacities and capabilities. Additionally, the model initiates inter-facility trans-

portation when facilities exceed capacity or capability thresholds.



1.6 Thesis organization

This thesis is structured into four chapters. Chapter 2 provides a comprehensive lit-
erature review and explores RL strategies. Chapter 3 reviews the literature related
to RL network design, presents a mathematical model, and discusses the experimen-
tation, results, and sensitivity analysis for RL networks. Chapter 4 summarizes the

conclusions, discusses the findings, and outlines future research directions.



CHAPTER 2

REVERSE LOGISTICS
NETWORK STRUCTURE
SELECTION USING DECISION

MAKING TECHNIQUES

2.1 Literature review

Traditionally, the flow of electronic products (EP) to the secondary market is referred
to as forward logistics (FL). When an EP becomes non-functional, it enters the RL
network. [25] explained the processes in the RL network which include, collection
of the returned products, disassembly, recycling, and disposing of them based on
their product value. [26] added, that FL included the flow of EP from raw material

collection to manufacturing, distribution, use, and reuse.



Usually, RL focuses on the final condition of used products, it starts from the
collection of used materials, followed by dismantling and decision-making on whether
to re-manufacture, recycle, or dispose of the materials. [27] expanded on this ap-
proach by considering both the primary and secondary markets, where recycled and
re-manufactured products can be sold at a lower price. After collecting the mate-
rial from the scrap yard, [28] added more categories manufacturable parts, recyclable
materials, non-recyclable but reusable materials, and useless materials.

The methods of customer return and receiving in an RL network are the key to
meeting the network objectives. [29] Designed a policy for customer returns which are
either collected by a courier or returned to the physical stores and how the retailer
manages these returns.

In their classification of product returns, [30] classified them into subcategories in-
cluding small use, just-opened packaging, performance, and remorse. They discovered
that time value decay and new return criteria are the main forces behind RL network
configuration. [31] evaluates the effectiveness of a dual-channel retailer’s BOPS (buy
online, pickup in-store) strategy choice by taking into account a variety of costs, in-
cluding delivery, shopping trip, operational, transaction, marketing, and employee
costs.

Generally, the configuration of an RL network is a challenging management task,
as it requires the consideration of single or multiple objectives, multiple criteria, and
attributes. Decision-making techniques can be used to select the optimal network
by assessing the importance of these factors and by identifying the network that

best meets the organization’s needs. [17] used multi-objective optimization, fuzzy
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decision-making, and MILP to find solutions that balance economic, environmental,
and social objectives, and deal with uncertainty in the constraints. Multi-criteria
decision-making techniques like AHP and TOPSIS have been widely used in supply
chain network problems with multiple criteria and alternatives. [18] proposed a theo-
retical model for the automotive industry by using price, quality, delivery, and service
as criteria and AHP and quality function deployment (QFD) as decision-making tech-
niques to select the third party for a cost-effective supply chain. Using the same
criteria as [18], [17] solved a multi-criteria supplier selection problem using AHP, to
reduce the overall cost. Moreover, the use of Fuzzy AHP in RL can help to improve
the accuracy and robustness of decision-making, by allowing for the incorporation
of subjective or uncertain information and by providing a structured and system-
atic approach to evaluating complex issues. [32], using a hybrid approach combining

interpretive structure modeling and fuzzy TOPSIS to select third-party RL.

2.2 RL strategies

This section introduces the assumptions, notations, and formulations that are essential
for computing the average costs for the various RL network configurations addressed

by this study.

2.2.1 Assumptions

The stakeholders of the supply chain department believe that these assumptions are

reasonable and will allow them to select the optimal strategic RL network design for

11



their company.

1. In a decentralized RL network, the retail store can also decide on warranty
claims, unlike a centralized RL network where only the company makes the

decisions.

2. In a decentralized RL network, customers can only communicate with retail
stores, while in a centralized RL network, customers can communicate with

both retail stores and the company.

3. All products returned under warranty have actual problems that fall under the

company warranty policy.

4. No refund will be issued for customer defect type C. The returned product will

be disposed of and will be replaced by a new product.

5. For the centralized and decentralized RL network, the in-store shipment cost is

the same.

6. The in-store shipment cost is less than the courier shipment cost.

7. In a decentralized RL network, warranty claims associated with type A defects
will be managed directly by the retail store, while claims related to other defect

types will be addressed by the company.

2.2.2 Notations

This notations list describes the variables and parameters used in our study on RL
systems. They include descriptions of the types of systems (centralized or decentral-

12



ized), the different channels for returning and receiving products (courier or in-store),
and the activities that take place at the company or retail store. It also includes the
different processing and transportation cost elements of the model. Other variables

include the different return types and their probabilities.

Table 2.1: Table of notations

Symbol | Description

Superscripts
s Activities at stores.
f Activities at the company.

Subscripts
c Centralized RL system.
d Decentralized RL system.
0 Return and receive through a courier.
P Return and receive in-store.
op Return courier and receive in-store.
po Return in-store and receive through a courier.

Parameters
C’f; Unit cost to repair warranty claim of defect type A at the company.
4 Unit cost to repair warranty claim of defect type A at the store.
C’{; Unit cost to replace warranty claim of defect type B at the company.
C’é Cost to replace warranty claim of defect type C.

13




Total shipment cost between the store and the company using in-store.

Co13 Total shipment cost between customer and company through a courier.

A) Per unit administration cost at the store using in-store.

Ag Per Unit administration cost at the company using in-store.

A Per unit administration cost at the company using a courier (For centralized
RL network only).

qa The proportion warranty return with defect type A.

qB The proportion warranty return with defect type B.

qc The proportion warranty return with defect type C.

2.2.3 Strategies

In this study, centralized and decentralized RL networks will be considered. The

decentralized RL network brings services closer to customers, whereas the centralized

RL network has more decision-making power and lower costs. In the decentralized

RL network system, the retail store is part of the system, and repairing the product

can be done there, but for major repairs, the retail store will ship the product to the

company. In the second system, the retail store serves only as a collection center, and

the repairs are done at the factory. Next, we discuss the different possible RL supply

chain configurations for the problem at hand.

14




Same channel decentralized (Scenario 1)

In Figure 1, customers, retail stores, and the company are connected through arrows,
the solid arrow indicates the customer’s return warranty claim, whereas the dotted
arrow indicates the customer receives a warranty claim. According to this configu-
ration, the customers visit the store to return and receive warranty products. After
receiving the warranty claim, the store will decide on the product deposition. In the
case of a type A defect, the store will handle the claim, otherwise, it will be shipped

by the store to the company.

Forward Supply Baclkoward Supply
-------- - —

. Customer AStora C] Factory

Figure 2.2: Figure of a centralized RL network with the same and cross-channel return
and receive.
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For handling defect A, the store representative will collect the claim and perform an
administrative task, followed by the handling activity. For other defects, shipment is
an additional activity. The expected per/unit cost is given in the Equation (2.1). The
first, second, and third terms represent the expected administrative and transportation

costs for type A, B, and C defects respectively.

Expected cost (S;) = [(A5 + C3)qa + (AL + Cpoz x 2+ CL)as + (A + Cpas x 2+

Cl)ac]

(2.1)

The expected cost of warranty claims in a decentralized RL network during return
and receive is calculated by summing the expected repairing or replacing, shipping,

and administrative costs for each defect type.

Same channel centralized (Scenario 2)

In this scenario, the customer returns the product to the company and receives it
through the same channel. The customer, using courier as an option to return and
receive a warranty product, will choose the company as a destination. After receiving
the warranty return through courier, the company makes the disposition decision,
and according to the defect type, processing will be completed, and the customer will

receive the warranty through a courier. Equation (2.2) provides the expected cost for

16



this scenario.

Expected cost (S,) = |(AL + Coiz x 2+ C))ga + (AL + Cors x 2+ CL)ap + (AL +
Cotz X 2+ Cg)QC]

(2.2)

Same channel centralized (Scenario 3)

This scenario is similar to scenario 2 except that the customer can choose the in-store
channel, where he visits a store for warranty return, In this scenario, the store is a
collection center i.e. store will ship the warranty return and the company will make
a disposition decision. The company will carry out the refurbishing processes and

return the product to the store, where the customer receives the product.

Expected cost (S;) = | (A + Cpoz x 2+ C4)qa + (AL + Cpas x 2+ CL)ap + (Al +
Chas X 2+ CL)qo

(2.3)

The Equation (2.3) provides the expected cost of warranty claims for scenario 3.

Cross channel centralized (scenario 4)

In this scenario, the customer can return through a courier and receive in-store and
vice versa. The company receives the claim through courier, and after administrative

activities, the warranty product is handed over to the warranty department. Based

17



on the defect type, a refurbishing process occurs, the warranty product is returned to
the retail store and the customer receives it in-store. Similarly, customers can use the
opposite channel for the return and receiving of the warranty product.

1

5 (Al 4+ Ci3 x 24 C)ga + (AL + Cors x 24 CL)gp + (Al +

Expected cost (S,)
Corz X 2+ Ccf)qc] + (AL + Chaz x 2+ Ch)ga + (A + Cpay x 2
+ O + (AL + Chas x 2+ CL)qc

(2.4)

The expected cost of handling warranty claims in a centralized RL network with
cross-channel returns is calculated by taking the average of the expressions in Equa-

tions (2.2) and (2.3).

2.3 Case study

When configuring an RL network, it is important to consider the cost implications of
the different types of returns. In our decentralized RL network, the administrative
costs for replacing a defective product are higher compared to the centralized network.
This is mainly due to the location of the retail store and the added cost of shipping
the replacement part from the company’s store. Type C warranty cost is higher than
types A and B cost; this is due to the new product price and the added processing
cost for disposing of the type C product. This leads to a higher administrative cost
compared to the other defects. Courier shipment cost is higher than in-store. In in-

store shipments, a vehicle that is returning to the company is typically used, while

18



special delivery is required for courier returns and receiving of the warranty product.

Based on the data, the total number of warranty returns amounts to 2280 units.
The probability of occurrence of defect type A is 14.8%, while the probability of
occurrence of defect type B is 82.5%. The probability of occurrence of defect type
C is 2.7%. We assume that there is a 50% chance that the warranty rate will either
increase or decrease by 20%. The cost of implementing and maintaining the RL
system will either increase or decrease by 25%. These probabilities must be taken into
consideration when deciding on the appropriate RL system for the company. Using

Equations (1-4), Table 2.2 lists the estimated costs for scenarios (1-4).

Table 2.2: Table of total cost for RL network configuration

Strategies Expected per-unit-cost ($)
Same channel decentralized (Scenario 1) 18.872
Same channel centralized (Scenario 2) 18.898
Same channel centralized (Scenario 3) 25.298
Cross channel centralized (Scenario 4) 22.098

The AHP method was used to compare the different RL network configurations

considering the following criteria;

1. Cost: The cost of implementing and maintaining the strategy.

2. Customer satisfaction: The level of satisfaction that customers will experience.

3. Environmental impact: The effect of the strategy considering environmental

impact.

4. Efficacy: The effectiveness of the strategy in achieving its objectives.
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This helps the company make informed decisions that aim to find the best bal-
ance between the aforementioned criteria. In the stakeholder meeting, weights were
systematically assigned to the aforementioned criteria. Table 2.3 lists the normalized

average weight for each criterion following the pairwise matrix evaluation process.

Table 2.3: Table of selected criteria weights
Cost | Efficacy | Customer satisfaction | Environmental impact
0.46 0.07 0.16 0.31

Overall score (scaled w.r.t. max score)

12.00

10.00
10.00

7.39
8.00 6.62
6.00
4.41

4.00
2.00
0.00

same channel same channel same channel cross channel

decentralized centralized centralized centralized

(scenario 1) (scenario 2) (scenario 3) (scenario 4)

Figure 2.3: Figure of overall score

Figure 2.3 shows the overall score based on AHP results, the same channel central-
ized (Scenario 2) has the highest overall score, followed by the same channel decen-
tralized (Scenario 1), the cross channel centralized (Scenario 4), and the same channel
centralized (Scenario 3). This suggests that the same channel centralized (Scenario
2) is the most preferred option, followed by the same channel decentralized (Scenario
1) and the cross channel centralized (Scenario 4). The same channel centralized (Sce-
nario 3) has the lowest overall score based on the evaluation using AHP. This is due
to the high transportation cost and higher environmental impact compared to the
other options. However, it does have a higher level of customer satisfaction. When
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considering the decision for the RL network, it is important to consider all factors
and their relative importance to the company’s objectives. After selecting the best
scenario using AHP, uncertainty in both cost and demand was addressed using DTA
as explained in Fig 2.4 over three periods. Assuming a 0.25 probability of an increase
or decrease in cost and demand for each period, the analysis considered the impact of
uncertainty on future cash flows. Finally, the Net Present Value (NPV) calculation
was employed to determine the present value of expected future cash flows, resulting
in a value of $143,534. This NPV calculation provides a key indicator of financial

performance and investment potential.
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Figure 2.4: Figure of decision tree
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CHAPTER 3

A NOVEL NETWORK

APPROACH FOR WARRANTY

REPAIR COVERAGE

3.1 Literature review

Forward logistics (FL) includes the flow of products from raw material collection to
manufacturing, distribution, use, and reuse [26]. In contrast, reverse logistics (RL)
focuses on the final condition of products, which starts with the collection of used
products, followed by dismantling and decision-making on whether to re-manufacture,
recycle, or dispose off them.

The variability in the rate and types of returns influences the company’s decision
to re-manufacture the product internally or externally. According to [33], remanufac-

turing is often considered a non-core process for highly variable products. Companies
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may choose to outsource the re-manufacturing process to a third-party entity with the
capabilities and capacity to handle all returned products. This decision is informed
by the complexities and resource requirements emphasized by [34], [35] in their rec-
ommendations for selecting third-party reverse logistics providers. This study focuses
on in-house refurbishing under company supervision, due to copyright concerns and
the need to protect critical business information.

RL network design is complex, requiring consideration of various cost perspectives
to ensure effectiveness. Understanding these costs is crucial for optimal RL network
design. These costs include 1) fixed costs associated with facility construction, installa-
tion, or renting; 2) transportation costs related to product movement across echelons;
3) processing costs for refurbishing returned products; 4) carrying costs associated with
holding and storing returned products; 5) grading costs connected to defect identi-
fication and segregation; and 6) disposal costs for non-repairable product disposal.
Understanding these six key cost components (1-6) is crucial for effective RL network
design, and Table 3.1 provides a summary of relevant studies in reverse logistics.

In reverse logistics network design, researchers have proposed various facility roles.
For instance, initial collection centers for gathering returned products [36], remanu-
facturing units for handling returns [37], and combined collection, remanufacturing,
and disposal centers [38] have been suggested. Other designs include initial and cen-
tralized collection points [39], and inspection, remanufacturing, and recycling centers
for RL network optimization [28]. Strategic placement of collection, disassembly, and
remanufacturing centers is crucial for robust optimization [41]. These variations are

largely due to variability in product type, value, and return rate.
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Table 3.1: Table of cost considerations in supply chain model design literature
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Traditionally, research in reverse logistics and supply chain network design has
centered on single-objective optimization, prioritizing cost reduction or profit maxi-
mization. However, the growing emphasis on sustainability and social responsibility
demands a multi-objective approach, which simultaneously considers cost minimiza-
tion, environmental impact, customer satisfaction, and social welfare.

Recent studies [54], [49] highlight the importance of recycling, efficient disassembly
processes, and responsible disposal of returned products to minimize environmental
impacts and support sustainable practices. Furthermore, governments are now estab-
lishing and enforcing regulations to ensure a sustainable environment, adding legal
imperatives to the growing environmental concerns and emphasizing the need for eco-
friendly practices [55]. Effective demand fulfillment is also critical, ensuring efficient
handling of returns and requests [32], [38], [43], [45], [56], [46]. Optimizing delivery
times is a key objective in RL models, directly enhancing customer satisfaction [45].
Furthermore, allowing flexibility in return deadlines through the concept of tardiness
can also improve the customer experience [57]. This study optimizes the reverse lo-
gistics network design by minimizing cycle time as the primary objective, while also
ensuring demand fulfillment as a key constraint.

Heuristics and exact methodologies have been used to solve RL network design
models. Simulated annealing (SA) has been applied to address problems in RL net-
works [11], while artificial immune systems (AIS) and genetic algorithms (GA) have
been utilized to tackle challenges in RL networks [28].

For deterministic RL network design, CPLEX is the preferred solution method,

as seen in studies [41], [40]. In deterministic closed-loop networks, researchers have
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utilized different approaches, such as GA [42] and CPLEX [43], [44]. According to [58],
exact methods like CPLEX are preferred for designing RL networks, as the long-term
cost savings justify the additional computational time required.

This study contributes to the advancing field of RL by investigating the optimiza-
tion of network design costs, including facility location, processing, grading, carbon
cap, and transportation expenses, while minimizing the cycle time to maximize cus-
tomer satisfaction. This research highlights the significance of taking a comprehensive
approach to RL network design, which aligns business operations with sustainability
and societal well-being. Specifically, this study addresses the literature gaps identified
in Table 3.2, providing a thorough analysis of the existing knowledge and furthering
the field of RL network design.

A Chinese mobile phone manufacturer operating in Pakistan is experiencing chal-
lenges with its warranty return system. The company offers a one-year warranty
starting from the purchase date, during which customers can return defective prod-
ucts for repair or replacement. The current inefficient system generates excessive
transportation-related C'Oy emissions and longer response times which ultimately
leads to customer dissatisfaction. To address these challenges, the company needs
a strategically optimized RL network design. This design should optimize facility lo-
cations and resource allocations, balancing multi-type demand, costs, and cycle time
minimization, to achieve efficient warranty management.

Mlustratively, warranty returns for cell phones are categorized into three groups.

1. Type A: minor failures (e.g. minor software issues)
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Warranty returned type | Minor service center | Major service center | Company
Type A Y Y N
Type B N Y N
Type C N N Y

Table 3.3: Table of returned type capability matrix
2. Type B: major failures that are repairable (e.g. major software & hardware

issues)

3. Type C: major failures that are non-repairable or not feasible to repair

Phones are graded into types A, B, and C based on their return condition. Unlike
types B and C, type A is easily repairable, requiring less technical skill.

From the company’s perspective, warranty services comprise a range of activities,
including transportation, shipping, refurbishment operations, and environmental ex-
penses. Additionally, the company has established a service level agreement (SLA)
for processing warranty claims, defined as the duration between the return and receipt
dates, which serves as a key performance indicator for customer satisfaction.

This study proposes a multi-echelon facility network, comprising major and minor
facilities with distinct capacities and capabilities to process various types of returns.
Table 3.3 outlines the services offered by each facility type, based on their capabilities
and capacities. When these capacities are exceeded, transportation to higher-echelon
facilities is initiated. Both minor and major facilities operate independently, efficiently
managing returns and ensuring seamless warranty service delivery

The facility location strategy takes into account varying fixed and transportation
costs across different locations, while assuming the same process costs and refurbish-
ment quality. This approach enables optimization of cost optimization and cycle time
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Facilities distance matrix
Facilities | 51 | j2 | 73 | ... | J
J1 din | dig | diz | ... | dig
J2 doy | dag | daz | ... | dar
J3 d3y | d3p | d3z | ... | d3g
J dpy | dpg | dps | ... | dpg

Table 3.4: Table of an RL network transportation distance matrix

while maintaining SLA and ensuring efficient warranty management.

Table 3.4 dy, between facilities of type j at various locations, as well as between
facilities and the company. This distance matrix is a crucial input for calculating
transportation costs, optimizing routes, and informing location-based decisions in the

RL network, supporting data-driven decision-making and network optimization.

3.1.1 Model assumptions

1. Products returned comply with the company’s warranty policy.

2. Returned products are categorized (A, B, C) with varying refurbishing processes;

facility types include minor service centers (for A), major repair centers (for A,

B), and the company (for C).

3. A transportation system is in place among the facilities to refurbish returns,

considering their respective capacities and capabilities.
4. Multiple customer zones with known demand are identified.

5. Customers are served by the nearest facility based on geographic location.
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3.1.2 Notations

Sets

J: Set of facility types (e.g., J = {minor service center, major repair center, company })

L: Set of all possible facility locations.

G: Set of return item grades (G = {4, B,C}), where A: Minor failures (e.g.,
minor software issues), B: Major failures that are repairable (e.g., major software &
hardware issues) , and C: Major failures that are non-repairable or not feasible to
repair

K: Set of customer locations

Indices

J, 7'+ Indices used to denote facility type (j, 7' € J), where j": Facility where the
item is initially returned. and j: Facility where the item is ultimately repaired or
handled.

¢,0': Indices used to denote facility location (¢,¢ € L).

g: Index used to denote return item grade (g € G).

k: Index used to denote customer location (k € K).

Superscripts

f: superscript for facility installation fixed cost.

r: superscript for refurbishing processes (associated with refurbishing costs and
cycle time).

t: superscript for transshipment (associated with transshipment costs and cycle

time).
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e: superscript for expected or targeted cycle time.

Input Parameters

C]fg: Fixed cost of the locating facility type j in location /.

Cy: Represents unit refurbishing cost of product returned type g, This cost is
independent of facility type j and location /.

Cl,,: The transportation cost of shipping warranty product from one facility type
j" located at ¢’ to another facility type J located at ¢. This cost is independent of
warranty type g and facility type j.

C?: Unit grading cost of warranty return products. This cost remains constant
across facility types.

Mgkt Expected product returns by the customers of type ¢ in zone k.

Qr: Total returns by the facility to the customer in zone k.

fq: The fraction of the grade returns g. This is location-independent.

D: A square matrix, with dy, elements, which captures distances between the
facility types j at different locations /.

dye: The element representing the distance between facility type j' located at ¢
and j located at /.

Rje: The capacity in hours of the facility j located in ¢ for return type g.

a: The cost priority factor for the RL network design (determines the importance
of costs in the optimization process)

B: The cycle time priority factor for the RL network design (determines the im-

portance of cycle time in the optimization process)
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~: The per-unit consumption of C'O, during transportation.

ty: The time required for refurbishing warranty returns.

Decision Variables

Xj¢: The binary decision variable is equal to 1 if the facility of type j is opened in
location ¢; 0 otherwise, where j varies based on the different capacity and capability.

Ygjrikee: A decision variable that indicates the amount of the product returns type
g from the customer zone k is handled by the facility type j at location ¢ through the

facility type ;' located in ¢'.

3.1.3 Mathematical model

Minimize:

Z:a[ZZXﬂ XCLAY YIS ygginee x C

jeJ Lel g€G j'eJ jeJ keK t'eL LeL

2020 D > varmee  Ci

geG j'ed jeJ ke K V'eL LeL

DD DD D waginer X Chps 7]

g€G j'eJ jeJ keK 0'cL (el

+8 [ Z Z Z Z Z Z max(t; + toe — toees 0) X Ygjrjnere (3.1)

g€G j'eJ jeJ ke K l'eL ¢eL

Equation 3.1 comprises two main components: cost-related terms and cycle time-
related terms. The first term represents the fixed cost of establishing a facility, which

varies depending on the type of repair facility (minor service center or major service
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center) and location. The next three terms account for the costs of refurbishing,
transportation, and environmental impacts related to handling returned items. The
final term calculates the difference between the expected cycle time and the combined
refurbishing and transportation time, ensuring a non-negative value. The two sets of
terms are weighted by a (cost factors) and § (cycle time factors).

A returned product is sent to a minor service center, which may or may not have
the capacity and capability to refurbish it. If the facility (j' at ¢') can be refurbished,
only refurbishment costs and time are incurred. However, if it lacks the necessary
capacity or capability, the model initiates resource sharing with another facility (j at
¢), incurring additional transportation costs, environmental costs, and transportation
time.

In this study, capacity refers to the physical resources available, specifically the
number of workstations, each operating for 8 hours daily. Capability, on the other
hand, refers to the technical expertise and skill set required to repair different types
of returned products.

Single facility allocation constraint

Y Xpu<1, Vlel (3.2)

j€J
Equation 3.2 guarantees that each location ¢ is assigned no more than one facility
type j, regardless of the facility type, to prevent multiple allocations to the same
location.

Demand satisfaction constraint
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SISTSTS wgiinee = A Vg€ GVR €K, (3.3)

j'eJ jeJ L'eL LeL
Equation 3.3 ensures that customer demand is fully met, by allocating the total
quantity of warranty returns to their nearest facilities, thereby satisfying the demand
requirements.

Total conservation of the returned products

D foxAp=Qr VEEK, (3.4)

geG
Constraint 3.4 ensures that all products received at repair facility centers are refur-
bished and returned to their respective customers, maintaining a closed-loop process
where every product is accounted for and returned to its original owner.

Capacity constraints

Z Z Z Zygj'jwe Xty < RjyxXj VjelJlel (3.5)

9€G j'eJ keK U'cL
The operating hours of an opened facility type j in location ¢ are limited by its
capacity, which is defined in terms of hours. This time-based representation assumes
consistent processing times for all items, ignoring any variability. However, Constraint
(3.5) can be modified to account for human factors by introducing t,, a variable
dependent on facility type 7, to capture the impact of human factors on processing

times.
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Capability constraints

If product grade is ’C’ and facility type is 'company’, handling is allowed (non-negative):
Ygirjkin > 0, Vg€ C,j="company’, Vj' e Jke K]l eLleclL

If product grade is A’ and facility type is ‘'minor’, handling is allowed (non-negative):
Ygirikrr > 0, Vg ="A’,j="minor’, Vj e Jke Kl e€LlelL

If product grade is A" and "B’ and facility type is 'major’, handling is allowed (non-negative):
Ygirikn > 0, Vg ="A’’B’ j ="major’, VjeJkeKIleLlecl

In all other cases, handling is not allowed, and facility sharing will be initiated by the model:

Yt =0, VgeG,jeld, Vji'elJkeK]Il eLlel
(3.6)

Environmental constraint

Z Z Z Z Z Z Yajrjkee X Cpy -7 < Ceap (3.7)

9eG j'e] jeJ keK Vel (el

According to [59], carbon policies are integrated into the objective function, al-
locating a carbon cap to warranty return management. This cap sets the maximum
carbon emissions allowed over the planning horizon. The study uses to represent the
carbon emission percentage attributed to transportation costs, which must stay below
the allocated cap to avoid penalty costs.

Company location constraint

The company, distinguished by its facility type, is already operational, thereby

incurring zero fixed costs for opening. Furthermore, this facility type is exclusively
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capable of addressing problem type C.

X;¢o=1 Vj="company’, (= {, (3.8)

Binary and non-negative constraint

X, €{0,1} VjeJVlelLl (3.9)

Equation 3.9 defines a binary variable that indicates whether a facility type j at
location ¢ is operational (1) or closed (0).

The non-negative integer constraint for Yy xe is given by:

Ytqj’jkf’f c Z+ (310)

3.2 Model experimentation

This study applies the proposed RL network design model to a real-world scenario
with a Chinese mobile phone manufacturer. The company, chosen for its extensive
data, plans to implement the model in its Pakistani branch, providing a practical test
of the model’s effectiveness.

The current warranty return process, which relies on courier services, is costly,
inefficient, and environmentally harmful. It leads to high costs, frequent customer
complaints, and increased C'O; emissions due to the use of individual couriers for each

return, posing significant environmental concerns.

36



The company management is committed to resolving warranty return issues, recog-
nizing their impact on customer satisfaction and environmental sustainability. They
aim to efficiently manage returns, addressing customer needs across different regions.

The study divides customers into five zones (k1-k5) and allocates facilities based on
capacity and capability to handle warranty returns. Returns are categorized into three
types: minor software failures (A), repairable major failures (B), and non-repairable
major failures (C). Out of 7.7 million mobile phone sales, the average warranty return
rate is 0.05%. Type A returns account for 14.1%, Type B returns for 76.1%, and Type
C returns for 9.8% of total warranty returns.

Facilities are structured based on their handling capabilities and capacities to en-
sure efficient management of warranty returns. Each workstation operates for 8 hours
per day and is active for 26 days per month. Consequently, facilities are categorized
as follows: minor facility centers, equipped with one workstation and a capacity of 208
hours per month, are designated for handling type A refurbishments; major facility
centers, equipped with five workstations and a capacity of 1041 hours per month, can
manage type A and B refurbishments; and the company, having four workstations and
a capacity of 832 hours per month, exclusively handles type C warranty returns. The
average refurbishment time for warranty returns remains consistent and independent
of location. Refurbishment times vary by warranty return type: type A takes 1 hour,
type B takes 1.5 hours, and type C takes 2 hours. Transportation time varies based on
facility location distances. The company has an SLA that commits to a specific time
frame for handling returned products. The net time, which is the difference between

actual handling time (refurbishing and transportation) and targeted time, is always

37



0 ly s ly Os ]
¢; 0.00 0.92 6.81 1.99 2.02
l, 092 0.00 7.53 3.18 1.75
¢35 6.81 7.53 0.00 9.64 8.80
4y 199 3.18 9.64 0.00 1.12
ls 2.02 1.80 8.80 1.12 0.00]

Table 3.5: Table of an RL network transportation cost matrix ($)

non-negative. The Table 3.6 displays the transportation time in hours between various
locations. The table provides a comprehensive overview of the time required to trans-
port goods from one location to another, facilitating the planning and optimization
of logistics operations.

The company currently handles warranty returns at location ¢;. It can open one
additional facility, either a minor or a major facility center, at each location ¢. Facility
centers (minor and major) receive and categorize warranty returns. Transportation
decisions are then made based on the return type. Transportation costs vary de-
pending on the distance between facilities, with per-unit costs listed in Table 3.5 for
different facility locations.

The fixed costs for opening facility centers at five locations (¢; to ¢5) vary depending
on the location, capacity, and capability of each facility. For major facility centers,
the estimated facility opening costs are $31,000 at ¢;, $27,000 at ¢, $34,500 at /3,
$28,000 at ¢4, and $31,500 at £,. Meanwhile, minor facility centers have estimated
opening costs of $19,000 at ¢;, $22,000 at ¢5, $23,000 at ¢3, $21,000 at ¢4, and $21,000
at f5. These variations in fixed costs are attributed to the location, capacity, and
capability (skill required to handle the warranty return type) of each facility. The

unit grading cost is $5 across all locations and facility types. Refurbishing costs vary
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2 ly s ly O5 |
¢, 0.00 2.0 157 54 4.3
¢, 2.0 000 173 6.3 4.5
¢s 15.7 17.3 0.00 18.4 19.1
¢y 54 63 184 0.00 24
ls 43 45 191 24 0.00]

Table 3.6: Table of an RL network transportation time matrix (hr)

by warranty return type: $15 for type A, $30 for type B, and $550 for type C, but
remain consistent across locations and facility types.

The mathematical model (Section 3.1.3) was solved by using GLPK (version 5.0).
To find an optimal solution, GLPK first employs the simplex algorithm to solve the LP
relaxation of the problem. Then, due to the presence of integer variables, it utilizes
a branch-and-bound method. This solution process was computationally efficient,
exhibiting a near-negligible solution time on a 12" generation, core i7 with 12 [1.7

GHZ] cores and 16 GB RAM. The results are detailed in the following section.

3.3 Results

This study presents a multi-objective mixed-integer linear programming (MILP) model
designed to optimize warranty return operations within a reverse logistics (RL) net-
work. The model strategically minimizes costs associated with facility opening, re-
furbishment, transportation, and environmental expenses, while also reducing cycle
time. The case company’s experts have designated weights and for the purpose of
this analysis. These weights enable the model to balance between minimizing costs «
and maximizing customer satisfaction 3 by optimizing cycle time. Our analysis shows

that the proposed model can efficiently handle the total demand of 3995 warranty
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Figure 3.1: Figure of facility utilization

returns at a cost of $0.255 million, demonstrating its cost-effectiveness. Moreover,
the optimal solution achieves a total cycle time of 109,084 hours, highlighting the
model’s ability to optimize the RL network design while minimizing costs and to-
tal cycle time. Notably, the model identifies five major facilities for handling type
A and B returns, complementing the existing company dedicated to type C returns.
These findings contribute to the development of a more efficient and sustainable RL
network, highlighting the potential of MILP modeling in optimizing warranty return
operations.

The Figure 3.1 reveals that major facilities at ¢1, {5, and ¢4 are fully utilized, while
facilities at f3 and /5 are underutilized. Additionally, the company located at ¢; is
underutilized. These findings indicate that demand can be rerouted from fully utilized

facilities at ¢1, /5, and ¢, to underutilized facilities at /3 and /s.
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To ensure demand satisfaction and enhance customer service satisfaction, the
model incorporated flexibility for inter-facility product transportation. When demand
exceeded individual facility capacity and/or capability, as depicted in Figure 3.2, a
total of 1394 warranty returns were transported between facilities, incurring a trans-
portation cost of $2434. A significant proportion of warranty returns comprise type B
products, accounting for 20% of the total type B received. This is attributed to their
higher demand and the limited capacity of major service centers to handle them. In
contrast, type A products constitute 68% of the total type A received, and can be
handled by both major and minor service centers, resulting in minimal transportation
requirements due to capacity constraints. Meanwhile, type C products make up 100%
of the total type C received and always require transportation due to the lack of direct
communication between customers and the company.

This study’s findings offer valuable insights for optimizing warranty return oper-
ations. By implementing a multi-objective MILP model, the company can design an
efficient RL network that minimizes costs and cycle time while maximizing customer
satisfaction. The model identifies suitable facilities, prioritizing major service centers
for type A and B returns and utilizing minor service centers for type A returns when
demand is high. The company can achieve a balance between cost and customer sat-
isfaction by adjusting weights o and 8. The MILP model’s ability to accommodate
demand variations makes it a valuable tool for navigating uncertain demand scenarios.
By adopting a data-driven approach, the company can make informed decisions and

drive business success.
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Figure 3.2: Figure of quantity transportation

3.4 Sensitivity analysis

The company’s strategic decision to open a Reverse Logistics (RL) network for war-
ranty return management requires a robust design phase. To address demand variabil-
ity, this study conducts sensitivity analysis to test the network’s performance under
different demand scenarios, ensuring the optimal design parameters and adaptability
to handle variations in demand data, and providing a reliable solution. Given that
demand is always satisfied and capacity always met, Table 3.7 illustrates a series of
scenarios, numbered from 1 to 36 with a step size of 0.1. The sum of probabilities for
occurrences categorized as P(A)+P(B)+P(C)=1, no probability is less than 0.1. The

objective function represents the RL network’s total cost in million $, while cycle time

42



is measured in hours for each scenario.

Table 3.7: Table of scenario analysis: Costs ($ million (M)) and cycle time (hours)

Sc.No| P(A] P(B) P(C)) O.F | CT | Sc.No| P(A) P(B) P(C)] O.F | CT
(M) | (hour) (M) | (hour)
1 0.1 | 0.1 |0.8 | $1.00 |427,301| 19 0.3 |04 |03 | $0.46 | 196,491
2 0.1 |02 0.7 |$0.91 | 387,918| 20 0.3 |05 |0.2 | $0.37 | 156,749
3 0.1 |03 |0.6 |$0.79 | 338,375/ 21 0.3 |06 |0.1 |$0.25 | 105,107
4 0.1 |04 |0.5 |$0.70 | 300,052| 22 04 [0.1 [0.5 |$0.68 | 291,698
) 0.1 | 0.5 |04 |$0.59 | 250,966| 23 04 |02 |04 | $0.57 | 243,888
6 0.1 | 0.6 |0.3 | $0.47 | 203,088| 24 04 |03 |03 |$0.46 | 195,171
7 0.1 [0.7 [0.2 |$0.38 | 163,145| 25 04 |04 |02 |$0.36 | 155,428
8 0.1 |08 |0.1 | $0.26 | 110,967 26 04 (0.5 0.1 |$0.24 | 103,282
9 0.2 | 0.1 |0.7 | $0.89 | 382,638| 27 0.5 | 0.1 |04 |$0.56 | 240,232
10 0.2 102 | 0.6 |$0.78 | 334,892| 28 0.5 |02 |03 |$0.45 | 193,846
11 0.2 103 |05 |$0.69 | 295569| 29 0.5 |03 |02 | $0.35 | 150,261
12 02 |04 |04 |3$0.58 | 249,653 30 0.5 |04 |01 |$0.24 | 101,920
13 0.2 |05 |03 |$047 | 201,710/ 31 0.6 [0.1 0.3 |$0.45 | 190,944
14 02 |06 |0.2 |$0.37 | 158,073| 32 0.6 |02 |0.2 | $0.35 | 148,900
15 0.2 | 0.7 | 0.1 |$0.26 | 109,641| 33 0.6 |03 |01 |$0.23 | 100,583
16 0.3 | 0.1 | 0.6 |$0.78 | 333,214| 34 0.7 | 0.1 |02 | $0.34 | 144,610
17 0.3 | 0.2 | 0.5 | $0.69 | 293,892| 35 0.7 102 | 0.1 |$0.23 | 96,806
18 0.3 |03 |04 | $0.57 | 246,183| 36 0.8 | 0.1 |0.1 | $0.22 | 94,943

In Figure 3.3, the X-axis represents the scenarios, as explained earlier in Table 3.7,
and the Y-axis represents the percentage of the facility types opened, distinguished

with different colors.

1. Sensitivity analysis reveals that opening more than 50% of company facilities
is optimal when the probability of type C warranty returns (P(C)) exceeds 0.4,
emphasizing the importance of robust company-level operations in managing

high demand.

2. When P(A) is low (scenarios 1 and 3), the minor service center remains closed.

However, the analysis emphasizes the need for at least one facility type to be

43




90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Facility types' by 'Scenerios'

® P @ o Y
®
® e o0 o o e
o o © o o 000
o0 ® ® e o o
o0 ® ® o
o e oo e o o0 o ®
® ® ® e _oeoee
o o ° °
0 5 10 15 20 25 30 35 40
Scenerios

@ company @ major minor

Figure 3.3: Figure of scenario analysis: facility allocation

operational, with a preference for opening major and company facilities to effi-

ciently manage warranty returns.

The sensitivity analysis highlights the strategic importance of prioritizing major
facilities over minor service centers, despite slightly higher facility-related costs.
By prioritizing major facilities, costs (transportation, environmental) and cycle

time are minimized, due to their higher capacity and capability.

Based on demand data, sensitivity analysis reveals distinct feasibility ranges for
facility openings. To effectively manage Type C returns, the model mandates
opening a minimum of 20% of company facilities, with a maximum of 83% to
accommodate demand fluctuations with higher probabilities of Type C returns.
Major facilities demonstrate adaptability, with a feasibility range of 14% to 80%,

reflecting their capacity to handle both Type A and B returns. Minor service
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centers, primarily focused on Type A returns, exhibit a narrower range of 0%

to 40%.

Figure 3.4 shows a decreasing trend in costs and cycle time for the first seven
scenarios, with a significant reduction in both metrics. This is primarily due to the
decrease in type C products and the closure of company facilities with high fixed costs,
which also have higher refurbishing costs and times. However, as type C products
increase and more company facilities are installed, cycle time increases, leading to a
temporary surge. Ultimately, the trend decreases again in the final scenarios as the
percentage of type A increases, resulting in lower fixed cost facility installation and

reduced cycle time.
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Figure 3.4: Figure of scenario analysis: impact on objective function

46



CHAPTER 4

CONCLUSION

This study has addressed the strategic-level design considerations involved in estab-
lishing an RLMS for an electronics company and selecting the best one. The method-
ology includes the AHP for comparing different return mechanisms. Additionally,
DTA has been used to calculate the expected values of uncertain parameters in the
AHP analysis.

Based on AHP results, the same channel centralized (Scenario 2) has the high-
est overall score, followed by the same channel decentralized (Scenario 1), the cross
channel centralized (Scenario 4), and the same channel centralized (Scenario 3). This
suggests that the same channel, centralized (Scenario 2), is the most preferred option,
followed by the same channel decentralized (Scenario 1) and the cross channel central-
ized (Scenario 4). The same channel centralized (Scenario 3) has the lowest overall
score based on the evaluation using AHP. This is due to the high transportation cost
and higher impact on the environment compared to the other options. However, it
does have a higher level of customer satisfaction. When considering the decision for

the reverse logistics (RL) system, it is important to consider all factors and their
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relative importance to the company’s objectives.

Some managerial insights that may be useful for considering an RL network config-
uration include: An RL network can provide cost savings through reduced waste and
improved resource efficiency, it can improve customer satisfaction by offering conve-
nient and efficient return and repair options, and it can reduce environmental impact
by reducing waste and improving resource efficiency. However, an RL network may
require significant investments in infrastructure, such as transportation and repair
facilities, and may also require changes to company processes and policies. It is im-
portant to carefully evaluate the feasibility of implementing an RL before committing
to it. Finally, AHP can be used to compare different options for an RL based on a set
of predefined criteria, such as cost, customer satisfaction, efficacy, and environmental
impact. This can help the company choose the option that is most suitable for its
needs and objectives. In making a strategic choice regarding the RL management sys-
tem, it is imperative to comprehensively evaluate all relevant factors while considering
their respective importance to the company’s overarching objectives.

In order to provide the solution for the second part, this study presents a multi-
objective mixed-integer linear programming (MILP) model designed to optimize war-
ranty return operations within an RL network. The model strategically minimizes
costs associated with facility opening, refurbishment, transportation, and environ-
mental expenses, while also reducing cycle time. The case company’s experts have
designated weights and for the purpose of this analysis. These weights enable the
model to strike a balance between minimizing costs a and maximizing customer sat-

isfaction § by optimizing cycle time. Our analysis shows that the proposed model
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can efficiently handle the total demand of 3995 warranty returns at a cost of $0.255
million, demonstrating its cost-effectiveness. Moreover, the optimal solution achieves
a total cycle time of 109,084 hours, highlighting the model’s ability to optimize the
RL network design while minimizing costs and total cycle time. Notably, the model
identifies five major facilities for handling type A and B returns, complementing the
existing company dedicated to type C returns. These findings contribute to the de-
velopment of a more efficient and sustainable RL network, highlighting the potential
of MILP modeling in optimizing warranty return operations.

The model accommodates variations in demand, a critical aspect of reverse logistics
design. It facilitates inter-facility transportation to mitigate scenarios where demand
surpasses the capacity and/or capability of a single facility.

Sensitivity analysis, conducted across diverse demand scenarios, establishes a foun-
dation for determining the maximum number of facilities required to efficiently satisfy
demand. The analysis recommends minor service centers when there’s a substantial
likelihood of type A returns. Major facilities emerge as a priority due to their capac-
ity and capability to process type A and B returns, emphasizing their significance in
streamlining operations. Where type C returns are highly probable, company facilities

prove essential, highlighting their specialized function within the network.

4.1 Future research directions

1. Investigate how uncertainty in demand, supply, or other factors affects RL net-

work performance and develop strategies to mitigate these effects.
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2. Extend MILP models to accommodate multiple channels and investigate the

impact on RL network efficiency and effectiveness.
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