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Abstract: Remanufacturing is a key player in supportinganable manufacturing methods, a regenerative eaizno
model, and the equitable allocation of resourcéberever-evolving environment of sustainable depelent. Our study
tackles the scheduling difficulties in remanufaetgrto facilitate sustainable practices. Specificakve concentrate on
scheduling operations on a mixed assembly/disadgelinb, taking into account sequence-dependenipséme to
minimize makespan, considering its substantial chge remanufacturing efficiency. This work expkra crucial
scheduling problem in hybrid production lines, aamitating on a mixed-flow job-shop structure. Thegstems provide
an NP-hard scheduling challenge since they havetypes of operations that need to be processedghrthe same
group of workstations in different directions. Quoain goal is to reduce the makespan or the maxismmount of time
it takes to complete all the jobs. A mixed intedieear programming model (MILP) specifically addses the
complexities of this remanufacturing schedulinggbeon. Our goal in using this method is to find besst solutions for
different cases while giving priority to processiifgiciency. Extensive testing results confirm gféectiveness of our
proposed mathematical framework, showing it carsisbently provide outstanding performance in vasiscenarios. In
this work, the implementation of modified schedglmethodologies to meet sustainable developmens gagpands the
study of remanufacturing scheduling. It also highis areas that may require more research, suotegsating logistics
and improving the energy efficiency of remanufacigiprocesses.

1 Introduction economy represents a significant opportunity tomsaer
Over the past few decades, resource extraction alitf relationship between production, consumptiarg a
consumption have tripled due to a considerable riggsources. Moving to a circular paradigm involves

brought on by simultaneous increases in consumptigéhanging the economic logic from the traditionalefr
population growth, and economic development [1]. I§UPPly chain to a closed-loop supply chain in which
addition, the waste output is increasing due taddition to the usual direct flow of goods (fromteréal
technological improvements resulting in shorterdoi ~ Sourcing to production to distribution), a reveflsav of

life spans [2]. To slow the rate of environmentaPoods back to the manufacturers takes place [8].
deterioration, we must make significant changéwmte we To effectively close the supply chain loop, allessal
consume and conduct business [3]. This entaifféements must be involved, from suppliers to
establishing innovative strategies to reduce the ofs Manufacturers, distribution centers and customers,
energy and resources, as well as adopting sustainagollection and return centers, product and compbnen
practices that encourage the reuse of materials,gh of recovery systems, and waste and polluting compsnent
renewable energy sources, and energy-efficientatipes ~ disposal facilities. There have been 5|gn|f|canmngs in

[4]. Because of this, sustainability has becomenegry reverse flow research over the past few years, mitish

in today's world, where climate change is the ndtra to  Of it focusing on the movement of goods back insoaply
mounting social pressure and environmental concerfain [8]. In the traditional supply chain, the guot flow
[5-7]. Sustainable development represents a proofise Moves from the supplier to the plant, and the fiesitems
better world without compromising the environmeot f are sent out to the customers. With the introdactd
future generations. The circular economy is comeitlea reverse flows, end-of-life goods are being returfrech
viable tool to achieve economic sustainabilityitaims to end destinations (usually customers) back to the
bring the industry back into harmony with themanufacturers, who either reintroduce them into the

environment. As a result, the movement towardscaleir
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manufacturing system to be remanufactured or despbs processes. The integration of mixed disassembly and
them responsibly in a waste treatment facility. assembly operations on a single remanufacturing lin

In the circular economy, remanufacturing plays assumes that the sequence of disassembly operasions
crucial role in maintaining the functionality andprecisely the inverse of the sequence of assembly
performance of products after their end-of-use/lifeis is operations.
achieved by recovering the value of used produgts b Featuring dual workflows, this hybrid remanufaatgri
reusing and recovering components and using them lioe is typical of a job-shop configuration or tenfluence
produce new or like-new products [9]. Remanufaotyri of two parallel flow shops, where one is dedicated
not only extends the useful life of products babakduces assembly with a direct flow and the other to disagdy
the amount of waste materials entering the wasteith a reverse flow. To better understand this peegl
management system. Simultaneously, remanufacturingxed assembly/disassembly line model, Figure Lifes
presents manufacturers worldwide with opportunities a visual representation of its structure and corepts In
make significant savings in materials and enerdgimize  order to provide a clearer understanding of howsitstem
the amount of waste generated, and boost employmenpterates, let us examine a hypothetical producsisting
while bringing products of impeccable quality atéy cost  of three distinct components or subassemblies,tddras
into the market. A, B, and C. The product is sequentially assemHiest,

As industries increasingly adopt sustainable prasti with part A, followed by part B, and concluding kvipart
the importance of efficient scheduling in remantdang C, so replicating the workflow of an assembly liGa the
processes has grown. Scheduling is an approachtaseather hand, when disassembling, it is presumed that
optimize manufacturing processes in order to endndime components are taken out in the exact oppositer afde
performance of a given system or to get closertdo itheir assembly. This means starting with C, therar]
optimality in a short period of time (short-termhedule). lastly, A. To further illustrate this concept, cales the
Scheduling in remanufacturing is complex due to thexample of a computer hard drive. The assemblygsc
variability in product conditions, the need for @miory involves attaching the printed circuit board (A) ttee
management, and the integration of disassembly andsing, followed by placing the platters (B) ontee t
assembly tasks. Therefore, proper scheduling amsgindle, and finally securing the top of the cas{@.
execution of remanufacturing operations such d3isassembly follows the reverse order, startinghwit
disassembly and reassembly would make a significartmoving the casing (C), then lifting the platté®3, and
impact in terms of achieving sustainability, costiags, lastly detaching the printed circuit board (A). ¥ practical
and resource conservation [10]. Since assembly aepdample mirrors the sequential assembly and reverse
disassembly are key processes in remanufacturig, tdisassembly process outlined in the model, highhgtits
concept of hybrid assembly and disassembly lines happlicability to real-world scenarios. This hybliite aims
gained significant attention due to the increasiagd for to effectively disassemble components and sub-dsesm
efficient production systems that can adapt to botlom used items and eventually reassemble new
manufacturing and remanufacturing processes. Hybridmanufactured products.
systems integrate assembly and disassembly tasks,Recent works have additionally focused on producing
allowing for a more flexible approach to productihvat more realistic mathematical models by taking irdocant
can accommodate the complexities of modera range of parameters and constraints, including
manufacturing and sustainability goals. A hybricavailability constraints, learning effects, deteaiton
assembly/disassembly line is characterized bybilgyato  effects, transportation, resource consumption, and
perform both assembly and disassembly operatioing ussequence-dependent setup times [13]. Consequéndy,
shared workstations and resources. This integrason literature has yet to investigate the integratibseguence-
essential for optimizing productivity and resourcelependent setup time in the context of a mixed
utilization in remanufacturing environments. assembly/disassembly scheduling problem. In pmgctic

Most studies in the technical literature omsequence-dependent setup times are of significant
remanufacturing scheduling deal separately witerabty importance when transitioning from one operation to
and disassembly scheduling problems. Only a feiglest another, as different setup times may be necessary
consider integrated assembly and disassembly amd ttomplete a specific sequence of assembly and eisdibg
possibility of using the same lines and equipmenbbth operations. The growing need to take into account
processes, such as the studies proposed by [1][l2hd sequence-dependent setup times in order to achieve
which present hybrid systems for assembly andptimal and relevant scheduling is, therefore, waiing
disassembly that can also be applied for remanufagt research efforts in this field.
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Figure 1 Schematic representation illustrating the setup of a combined assembly and disassembly line

The current study aims to create a resolution ambro
to remanufacturing operation scheduling that will The remainder of this paper is presented methdglical
maximize operational efficiency by successfullyto present the various facets related to this reffaaturing
addressing the different aspects of this hybridcheduling problem. Section 2 presents a reviewhef
remanufacturing line. Our paper explores a relitive available literature highlighting the importance of
unexplored area of research, namely how to effisien addressing this challenge. A detailed descriptibrihe
schedule two key remanufacturing processes, disdobge problem studied, and its mathematical formulatggiven
and assembly, to minimize the makespan whilm Section 3, aimed at providing optimal solutiémssmall
considering sequence-dependent setup time betwesmd medium-sized instances of the problem, anédatich
assembly and disassembly operations. This researthwe validate the proposed MILP model, providiegtt
explores how remanufacturing processes affect laircu results that are also discussed. Finally, we ptesan
economy principles and the quest for sustainabilty conclusions in Section 5, summarizing our main
present, this particular approach to remanufagjurircontributions to the field of remanufacturing schlad)
scheduling and the proposed mathematical formulddp and their implications for both academic researod a
its resolution address an important gap in thetiegs practical applications, as well as proposing paaént
literature on remanufacturing scheduling, highlightan directions for future exploration in this dynamrea.
innovative aspect of crucial importance for futtesearch

on this topic. 2 Literaturereview
To resume, this paper presents two key contribation |t js increasingly agreed that moving from the pres
the field of remanufacturing: linear industrial model to a circular economy is #ey to

* This study introduces a hybrid line system fopchieving sustainable production and development,
remanufacturing end-of-life/used products desigieed thereby creating a more sustainable and envirorathgnt
optimize both assembly and disassembly processes.aware society. Transitioning to a circular economy

« The research proposes a Mixed Integer Linegavolves rethinking traditional manufacturing preses
Programming (MILP) model to solve the schedulingind product life cycles to prioritize sustainable
problem of assembly and disassembly operatiofevelopment. The challenge of achieving sustaiityls,
optimally while considering sequence-dependentpsetin general, a complicated process requiring nungerou
time. considerations, including technology and enginggrine

* The proposed MILP model offers an optimal solutiornvironment, economics, human health and well-heing
for minimizing makespan and maximizing reSOUrC%ommunity aspirationS' as well as pub“c policy'
utilization on the hybrld |ine, Contributiﬂg to n®or proceduresl and Strategies [14'15] This multieatet
SUSta.inable and cost-effective remanufacturingpproach ensures that sustainable practices wamd
practices. at every industrial and societal development level.
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Sustainable manufacturing as a whole relates tf scheduling these processes. The process of datgd
technical and organizational approaches that dant&ito encompasses multiple layers of constraints, eaghih
developing and implementing innovative manufacwrinrequires special attention in order to guarantéece¥e
methods, designs, processes, and technologiestoomwe operations and the most effective allocation obueses.
the global scarcity of resources, reduce excessiiéus, enhancing profitability and operating efficy, as
environmental impact, and achieve environment-éign well as lowering energy and resource consumptidin, a
product life cycles [16,17]. These innovations amnecial depend on effective scheduling in the remanufamguri
in driving the shift towards cleaner productiongiiges. sector [26]. As for assembly scheduling [27,28réhare
Sustainability in manufacturing encompasses alstages numerous studies on disassembly scheduling issues,
of the product life cycle: design, pre-manufactgrin including [29,30], and [31]. However, integratingete
producing, usage, and post-utilization (reduce,segu two scheduling processes remains to be explored.
recycle, recover, redesign, and remanufacturel f18By Given the complexity of remanufacturing activitithe
considering each stage of a product life cyclegppic of combined assembly and disassembly prosdese
manufacturers identify opportunities to minimize stea obviously attracted some attention, as can be detdiuom
and enhance resource efficiency. the works of [11,12,32,33]. Indeed, these resepagers

Furthermore, today’s market is characterized by lave laid the foundations for understanding angnated
growing demand for better-quality customized pragluc production system's complexities and potential
which can be obtained at the lowest cost in thetebb efficiencies. Although a fundamental framework &xier
possible time. This production, which responds he t the application of mixed assembly and disassenibgs]
strong demand for new and customized productsltseéau significant gaps remain when it comes to addrestineg
enormous quantities of obsolete products that @ontanherent multifaceted challenges of scheduling the
significant amounts of renewable resources. Thiaqux processes of these systems. Addressing these nesdle
highlights the need for effective strategies to agmn requires innovative scheduling solutions that cdapa to
product obsolescence and resource recovery. Alatig wthe dynamic nature of hybrid production systems. An
the increased environmental protection regulati®®, adjustment or setup operation often occurs in nraay
the increasing demand for environmentally friendlsituations while moving between operations, heree t
products [21] as well and the urge to take socidénportance of considering setup times. Scheduling
responsibility [22], manufacturers are activelyideg new problems on the shop floor involving sequence-ddpeh
approaches to the way they operate their actiyitigich setup times are encountered in numerous real-world
led to consider the return and the recycling ofdpads at  situations, such as in the aerospace, printing, and
the end of their useful lives for reuse, recyclio§ semiconductor manufacturing industries [34,35].
materials, remanufacturing of products, reuse of To sum up, this hybrid assembly/disassembly line
component. Hence, the new kind of physical flowtha scheduling problem requires complex coordination of
supply chains, known as reverse flows [23,24]. €hesssembly and disassembly jobs, carefully consigdtie
reverse flows represent a significant shift in ngam@ setup times associated with each type of job, émpec
supply chains, prioritizing sustainable practices. given their sequence-dependent nature. The prigeay

The most forward-thinking companies see thin solving this problem is developing an optimal
opportunities presented by this evolving landscapea scheduling plan for the jobs on the equipment wighaim
new revenue stream. For instance, item segregation of lowering the maximum completion time, or makespa
disassembly (i.e., the separation of a part orgfiparts Reaching this goal is essential to improving
from an assembly using a reverse assembly flowpbas remanufacturing businesses' overall efficiency.
facilitated by the development of disassembly tetdgies
and the creation of product designs that take Bpeci3  Problem description and formulation
consideration of disassembly requirements [25]. s€he | the context of this remanufacturing setup, rsjofth
developments lessen waste production and the carb@ibwn processing times are ready to be processémat
impact by simplifying recovering and reuse of vallea o, across m workstations denotedvis M,, ..., M,,, with
components of end-of-life/use goods. each job being treated on its assigned workstatigthput

Components can be repurposed, refurbished, or savggbrruption. These jobs have two possible flows:
for later use after being disassembled. By demlgam'aste . For the assemb|y process: a set of assemb|y jobs
and optimizing resource consumption, these stresd®lp g, = {J,,1,, ..., J,} are processed following a direct flow
to create an economy with greater circularity whergomp, > M, - - > M,,,.
resources are continuously cycled through the syste . For the disassembly process: a set of disassembly

Th_ese_ initiatives _also help the comp_any‘s sustdityab i5pg Ep={ai1Jasar - Ja} are processed following a
objectives and improve its reputation. As a resulfeverse flow, i.e., fronM,, > M,,_; — -+ > M,
y (e m m— .

businesses get a competitive edge in the marleatdition

to environmental benefits. To take full advantagéhese This hybrid line scheduling problem is an NP-hard
prospects, businesses also need to deal with &#l@0bes gcenario that combines the constraints of sequence-
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dependent setup times with complicated assembly and

disassembly processes. The term "setup time" desctiie  \/ariables

amount of time needed to prepare a resource for an ,
operation, which may include activities like cleami
modifying parameters, or switching out tools. Tatdr is
a decisive factor in production efficiency, givéatlonger
setup times can result in longer downtimes and fowe
productivity. Setup times are significant in read
manufacturing and remanufacturing environmentscamd
significantly impact the overall processing time or
makespan.

In this framework, the setup time associated with a

Xy ji: Binary variable, equal to 1if job j is
assigned to workstation k at position i, 0
otherwise.

Yk, Yk Binary variables, equal to 1 if job j €
E, is followed by job j' € E, on workstation k
at positions i,i + 1 or vice versa, and 0
otherwise.

t; j+ Setup time between job j and job j when
transitioning between assembly and

disassembly operations on the same
workstation k.

given job is not determined solely by the job itselther,
it depends on the juxtaposition of this job witk tine that

precedes it. This dependency introduces a varahtsunt * P, Processing time of job j on workstation k.
of transition time between successive jobs, whish i« g, ;:Starttime of job j on workstation k.
intrinsically dependent on their sequence. For gtenthe *  c¢x;: Completion time of job j on workstation k.
time needed to configure the workstation to go fjom1

e ¢,: Completion time of all jobs on workstation
to job 2 may be very different from that neededadrom k’_‘ P )

job 1 to job 5, regardless of the constancy of the .
workstation used. This additional dimension of ahility Cmax: Makespan.
considerably increases the complexity of thi%1 Mixed-integer linear programming model
remanufacturing scheduling problem, requiring highl .The objective function seeks to minimize the
specialized scheduling strategies to optimize dweramakespan represented by equation (1), which is the
production efficiency and keep workstation downtitoe om Ietion' time of the last iob on the fir’st or thst
minimum. Also, one notable feature of this hybria\fvorthation' J

production line is the separable nature of thesgdenes, '
allowing the setup to begin as soon as a workstatio

becomes available (anticipatory setup). This chiarestic

significantly influences the efficiency of the sdéng . .
process. The equations can be grouped into sets, and eagbp gr

A mathematical formulation is presented to prowde of equations corresponds to a type of constramlh@
orecise and formal definiion of the hybri qsystem. An explanation is given for each set ostaints:

assembly/disassembly shop scheduling problem. This Workstation and job assgnment constraints
mixed-integer linear programming model includes an
objective function that aims to minimize the makespnd
a set of constraints that model the specific chargstics,
constraints and requirements of this problem.

Let the following notations be defined:

Minimize Cpgy Q)

Z},enxkﬁz 1, VkeM,ieP )

Equation (2) ensures that each position on every
workstation is assigned to exactly one job from sbeof
all jobs. This constraint guarantees that no pmsion a
workstation is left unassigned or assigned to riteaa one
job.

Sets and I ndices

e M: Set of all available workstations, M =
{1,..,m}.

e J:Setofall jobs to be scheduled,] = {1, ..., n}.

e P:setof positions, P = {1, ..., p}, position of a
job on the workstation.

e k:workstation index.

e j:jobindex.

e i:position index.

e E,={]1,]2,...]Ja}: set of assembly jobs.

e Ep ={Jat1,Ja+2,...Jn}: set of disassembly jobs.

Ziepxkﬁz 1, VkeM,je] (3)

Equation (3) ensures that each job is assignechictlg
one position on each workstation and prevents drfoh
being processed in more than one position on thee sa
workstation.

Assembly and disassembly sequencing constraints:

Y55 = Xiji X Xijreny Yk € M, i € P —{p},j € Ey J' €Ep 4)
Y= Xpejri X Xijieny Vk € M,i € P —{p},j € E, (5)
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Constraints (4) and (5) define the order of assgiafdl position i and i+1, or vice versa, this order isreotly
disassembly jobs. They ensure that if an assemblyis reflected in the variablé§’f§ andyL.
followed by a disassembly job pn workstation k at Binaryvariableconstr]aintsf(])r]sequencing:

Y5 < Xy, Vk € M,i € P —{p},j €Eyj € Ep (6)

Y5 < Xjrany Yk EM,i € P —{p},j € Eyj' €Ep 7)

Y = (X + Xejrasn) =1, VKEM,i€P —{p},j €E,j €E)p (8)
Y <Xy,  VKEM,i€P—{p}jEE,) €E (9)

YH < Xijaeny VKEM,i€P—{p}j€E,j €E) (10)

Y= (X + Xjarn) =1, VKEM,i € P—{p},j €E,j' € Ep (11)

Equations (6) to (11) link the binary variabPQgi,lg.’]‘.‘}, corr.e_spon_ding .jobs j and are assigned_ to consecutive
and 16’,‘]‘ These constraints ensure that the sequenciRSsmons i and i+1 on the same workstation k.

. . , ) Start timeconstraints for assembly and disassembly
binary variables Y are set to 1 if and only if bo”]obs:

s;; <M-(1-Xyj1), Vj€E, (12)

Constraint (12) sets a large enough start timetHer
first job in the assembly jobs set if it isn't ggmd to the
first position on the first workstation.

Smi<M-(1=Xp1), Vj€E (13)

Constraint (13) is similar to the previous equation Sequencing and setup-time constraints:
for disassembly jobs. It sets the start time feadsembly
jobs on the last workstation m.

Skj+ P F by S s+ M-(1-Y5),  VkeMi€P—{p}jEE,j €k (14)

Sk P Hty Ssig M- (1-Y8),  vkeMieP—(p}jEE,) €E, (15)

Equations (14) and (15) ensure the correct seqgugncisetup times, accounting for the order of assembly a
of jobs, including the sequence-dependent setug tirdisassembly jobs.
required between them. These constraints define the Continuity of jobs constraints:
relationship between start times, processing tinses|

Skj + Pij < Ckjs vk e M,j €EE, (16)
Ckj < Sk+1)j» VkeM—-{m},j€EE, a7
Skj + DPij < Ckjs vk € M,j € E, (18)
Ckj < Sk-1)j» vkeM—{1},j € E, (29)

Since we have one direct and one reverse flown the next one, and for disassembly jobs, the &tiop
constraints (16) to (19) ensure that for assentibg,jthe time on one workstation is before the start timetlom
completion time on one workstation is before tlgtdime previous one.
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Positional continuity constraints:
Sij M- (1= Xyjoen) Zpijr + 50 —M-(1—-Xpjir), V), j €L keM,i€P—{p} (20)

Considering the processing times, constraint (2@xecution on that workstation. The length of thechl
ensures the continuity of job positions on eachkafation. signifies the processing time, while any gaps betwe

Maximum completion time constraints: blocks indicate idle periods and the red segmeuiesent
the setup phase.To provide a comprehensive
o =maxfcy;}, VkeEM,jE] (21) understanding of the schedule, let us examine thettG
chart step-by-step.
C.e = max{c,},Vk € M (22) Table 1 Processing times
M1 | Mz | M3 | M4 | Ms
Equation (21) calculates the completion time ofats J [51]47118[95]|35
on each workstation k as the maximum completioe tirh J |59|62]27 8126
individual jobs. Equation (22) defines the makesasithe J | 8756|7513 36
maximum of these completion times across all Js | 75191 5473|511
workstations. Js | 523729 |13]|63
J |20 | 64 | 58 | 20 | 48

4 Reaultsand discussion

To validate the efficacy of the proposed model, we Table 2 Setup times
conducted extensive computational experiments acros Mi| M2 | M3 |Ma| Ms | Me
various small and medium-sized instances with sesnpi Jh|-1-1-116]5]1
processing times with 6(1.99) and setup times with a 2| -1 -1-14]11]16
U(1.30) distribution in order to reflect the actogkrating Bl -1 -1-1514]4
conditions in our test cases, giving a more realist Ja |14 5 |15] - | - | -
assessment of this scheduling challenge. The mixed- J |11]117 1214 - | - | -
integer linear programming model developed for shigly |19 46| -|-1|-

was solved using IBM ILOG CPLEX solver. This softea

is renowned for its efficient handling of linear Beginning with Machine 1, we observe that it iniis
programming, mixed-integer programming, and manjhe assembly process by processing Job 1, folldyelbb
other complex computational applications. The folfty 2 and then 3. Once Job 3 is complete, the machine
is a sample instance that was solved effectivelyobly transitions to handle disassembly jobs after a psetu
MILP model: operation, starting with Job 4, then Job 5, anttyladob 6.

Consider, for instance, a workshop featuring aiaybrThe red segments interspersed between these jobs
production line equipped with five workstationsndeed  represent the setup-time required when switchirgyéen
as My,M,,...,Ms. Three assembly jobs designateyssembly and disassembly operations. Moving on to
J1,J2,and J5 are handled alongside three disassembly joldgachine 5, it commences with Job 4 at time 0, seded
JuJs,and Jg. While the assembly operations traverse thgy Job 5 and then 6. Subsequently, after the setup
line in a forward sequence fraMy, M,, ..through M5, the operation, it processes Job 2 from the assembly set
disassembly operations undergo processing in revergllowed by Job 1, and finally, Job 3. The patteontinues
order, i.e., fromM; to M;. similarly across the remaining machines, with each

An illustrative instance is presented to demonsttia¢ machine handling a mix of assembly and disassejobsy
model's application, followed by a detailed solatio based on their designated flow and the optimizééduale
analysis and a Gantt chart visualization. Tablallitates achieved by the MILP model.
the processing times for each job's operations,reese The chart visually depicts the makespan, whiclhés t
Table 2 details the sequence-dependent setup timegltime required to complete all jobs, as 4Gfis. This
required when transitioning between assembly angktailed walkthrough of the Gantt chart underscohes
disassembly jobs on the same workstation. model's ability to efficiently allocate and sequerjobs

Our MILP model uses strategic sequencing of th@hile considering setup time constraints and theridy
operations across the workstations to mitigate tleng nature of the assembly/disassembly line. Cruciaihg
setup times, which is essential to minimizing therall  chart showcases the model's strategic sequencing to
production time (makespan). The Gantt chart (réfer minimize makespan. For example, on workstationo$, J
Figure 2) provides a visual representation of thntal 5's operation precedes Job 6's, yet this ordevisrsed on
schedule generated by the MILP model of the instanguorkstation 4. This deliberate reordering stemsnfithe
given as an example. Each row corresponds to varying setup times between different job comburagi
workstation, and each colored block denotes a jolBs prioritizing the sequence with the shortest gethe
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model effectively reduces overall production tirSamilar
strategic sequencing is evident for Jobs 1 and 2 on
workstations 2 and 3.

Machine 5 - s 5 — 5 kespan: 465.0

Machine 4 4 B 65 SETUP TIME

ine

Machine 3 4

Mach

Machine 2 4

Machine 1 14 I5 6

0 100 200 300 400
Time

Figure 2 Gantt chart of the sample instance

This purposeful reordering is motivated by theatiéht effective strategy for optimizing small and medigired
requirements of subsequent jobs, leading the nodslek instances of this NP-hard problem, potentially iegdo
out the optimal sequence that requires the shortéstproved resource allocation, reduced costs, ahdrered
applicable setup time. These sequencing decisiossstainability in remanufacturing facilities. Thell@
underline the MILP's ability to take careful accowmi model's efficacy was demonstrated through compurati
setup times between jobs. While the MILP model ptbv experiments showcasing its ability to generate nogiti
its effectiveness in solving the problem facedimalband schedules. The Gantt chart visualization further
some medium-sized instances, it encounters signific highlighted the model's strategic sequencing of jad
computational limitations as the size of the proble minimize makespan and effectively manage the
increases. The complexities of larger instanced teaan complexities of the assembly disassembly hybrie.lin
exponential increase in computational time, thuBlevertheless, the research also acknowledges the
preventing the MILP from providing timely solutiof@  computational limitations of the MILP model wheratieg
large-scale applications. The execution of the MfbP  with instances of significant scale. This limitatio
small and medium-sized is carried out quickly, @&he highlights the need for further exploration intovadced
results are available immediately. When running theptimization techniques and algorithms that caicieffitly
mathematical model for larger instances, it toakmiany handle the complexities of larger remanufacturisjems.
cases, over three hours to successfully run theehwaith Future work could focus on developing and evalgatin
20 jobs/3 workstations instances and over 12 héwrs advanced algorithms that can efficiently tacklgéascale
execute the problem with 20 jobs/5 workstationsgishe hybrid assembly/disassembly scheduling problemesé&h
model proposed. So, the bigger the instance, thgeloit algorithms  could incorporate  techniques  like

takes to solve the problem. decomposition, relaxation, or machine learningrtioeace
computational performance. The current model cded
5 Conclusion and perspectives extended to include additional real-world constsisuch

Efficient scheduling in remanufacturing is essdritin @S machine breakdowns, uncertain processing tipaets
maximizing resource allocation and improving effiity, transportation, or multiple product types. Sucteestons
and this study contributes to the field of remantifing Would further enhance the model's applicability and
optimization by developing and validating a mixeteger ~Practicality. Furthermore, exploring the integratiof this
linear programming (M”_P) model for Schedu"ng h'ybr SChedUllng model with |ndUStry 4.0 teChnOlOg|e$maS
assembly/disassembly lines with sequence-dependép@l-time data collection and analysis, could emabl
setup times, an aspect that has not been adequafdfjjamic scheduling and further optimize production
addressed in the existing literature. This modédrefan Processes. By taking these directions, a morettwogjgasp
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of remanufacturing systems can be achieved, wisiaf i
growing relevance in the context of resource staard
the global drive towards more environmentally fdign
manufacturing practices. As such, this paper seagea
solution to a current challenge and serves as rdfition

for further research into the evolving landscape of

remanufacturing optimization.
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