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Abstract: One of the factors that can enable a shift towards a circular economy is the efficient
organization of product disassembly. To this end, we study the disassembly line balancing
problem, i.e., the assignment of disassembly tasks to workstations and extend it by practical
aspects. We present a profit oriented optimization model, specifically taking into account the
resource needs to carry out each task, and the limited space at workstations. The model is applied
to a case study from literature and, by means of a sensitivity analysis, we demonstrate the impact
of various problem specific parameters on the objective value and solution characteristics.
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1. INTRODUCTION

During the last decade, research on disassembly lines has
grown in importance due to several reasons. The ever-
increasing consumption and shortening product life cycles
give rise to the environmental awareness by both con-
sumers and producers. The subsequent product steward-
ship shifts the responsibility for limiting the ecological
impact for a great extent to the producer. Furthermore,
environmental legislation is becoming more stringent. The
extended manufacturer responsibility draws attention to
reverse production systems to make a closed loop supply
chain. Disassembly is often an elementary requirement for
a more desirable end-of-life option such as remanufactur-
ing, reusing, and recycling (Jia and Shuwei, 2017). In ad-
dition to environmental aspects, there are some economic
reasons to support disassembly as well. That is, a possible
reduction of production cost or lead times.

Research on disassembly can be grouped in several cate-
gories. On the one hand, research is concerned with the de-
sign for disassembly (DFD) concept. This product design
process takes the end-of-life options into account such that
products can be easily and rapidly taken apart (Alting,
1992). On the other hand, research focuses on the execu-
tion of disassembly, which again can be divided into three
subareas. First, it involves disassembly scheduling. This
deals with the problem of determining the quantity and
timing of product disassembly to satisfy part demand over
a planning horizon (Kim et al., 2007). Second, sequencing
captures the selection of the optimal order of operations
in the separation for a given product on a single station
(Lambert, 2003). Lastly, and subject of this study, is the
disassembly line balancing problem (DLBP) which deals
with the assignment of disassembly tasks to workstations.
Although a single workstation or a disassembly cell is more

flexible, disassembly lines are preferred in terms of higher
productivity rates and their potential for automation.

Installing a disassembly line requires a large capital in-
vestment for the workstations and the material-handling
systems. In consequence, running the disassembly line
should be as efficient as possible, which can be achieved by
balancing the disassembly line. By increasing the efficiency
of the disassembly process and reducing the used resources,
assembly lines can be designed to be more competitive.
The DLBP is a relatively young research area in contrast
to the assembly variant. So far, research on disassembly
covers the base problem with limited extensions. Thus,
further development of the DLBP-approach is desirable.
We propose a new model for the DLBP adopting a profit
oriented approach that takes tool requirements into ac-
count and considers that space at workstations is limited.

The profit oriented approach can be motivated by the rev-
enue structure of the problem. The revenues of disassembly
depend on the released parts by several tasks through-
out the disassembly process. For each released part, the
revenues obtained by selling differ from the correspond-
ing disposal costs. This contrasts assembly line balanc-
ing problems, where revenues mainly depend on amount
of finished end products. Therefore, partial assembly is
undesirable, as the revenues are only obtained when the
product is fully assembled. On the contrary, disassembly
can be either partial or complete. The partial option is
either required because of technical limitations such as non
reversible connections or it can be motivated by economic
desirability. For example, for recycling, disassembling two
parts, made from the same material, is not needed. There-
fore, the problem at hand, considers the trade-off between
the task revenues and the costs of workstations, tasks,
and tools. This results in an optimum degree of disassem-
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Figure 1. Trade-off between degree of disassembly and
benefits (Opali¢ et al., 2010)

bly, which mostly does not cover all disassembly tasks.
A common observed trade-off is illustrated in Figure 1.
Disassembling further than the optimal degree may result
in higher costs for smaller gains (Opali¢ et al., 2010).
In case components are obliged to be disassembled by
legislation, e.g., hazardous materials, the desired degree of
disassembly is influenced. Even though partial disassembly
complicates the problem, it should be considered as it
allows to optimize the disassembly depth.

Currently, the disassembly process is rather labor inten-
sive. Nevertheless, to reach higher productivity levels and
cope with increasing labor costs, disassembly plants urge
to invest in process automation. In addition, precision
tools are frequently needed for disassembly operations. If
a product contains hazardous or explosive materials, there
may be a need for additional special tools and resources
(Mete et al., 2016). The tools should be added to the
line in an efficient way avoiding unnecessary costs, i.e.,
it should be assured that only the optimal amount of tools
are acquired and positioned efficiently.

Finally, in order to obtain solutions that are feasible in
practice, space constraints have to be taken into account.
Both the resources (tools and machines), and the increas-
ing number of disassembled parts in a mass customization
era, require space at the border of the line. Considering
space may lead to a different optimal assignment of tasks
to workstations. This has already been proven in assembly
lines (Bautista and Pereira, 2007) but to the best of our
knowledge, it has not been investigated in disassembly
systems yet.

The remainder of this paper is organized as follows: First,
we review related literature in the next section. Next,
we propose the optimization model in Section 3 before
presenting the results of applying the model to a case
study in Section 4. We end the text with a conclusion
and directions for future research.

2. LITERATURE

The basic DLBP can be defined as “the assignment of
disassembly tasks to workstations such that all the disas-
sembly precedence relations are satisfied and some mea-
sure of effectiveness is optimized” (Ding et al., 2010). Al-
though the assembly line balancing problem (ALBP) has
been extensively studied in the literature, the literature
considering the DLBP is relatively sparse (Battaia and

Dolgui, 2013). This last study summarized the line bal-
ancing problem literature into an extensive taxonomy and
states that mathematical models, developed for assembly
and machining lines, are not directly applicable to the
disassembly variant.

Gungor and Gupta (1999) first described the complications
of the DLBP. They developed a simple heuristic using
candidate tasks and a priority function to solve it. It is
described as a problem with multiple weighted objectives.
A matrix was proposed as alternative representation for
the precedence relationships, which they later generalized
as the disassembly precedence matrix (DPM) in Giingor
and Gupta (2001). Uncertainties in the quality of the parts
were considered in the extension of this model to task
failures resulting in complications such as early-leaving,
skipping and revisiting workpieces (Giingér and Gupta,
2001).

Later, Altekin et al. (2008) proposed a profit-oriented
approach in which products can be partially disassembled.
A mixed-integer formulation was developed to simultane-
ously determine which tasks to complete, which demand
of parts needs to be fulfilled, the number of workstations
to open, the cycle time and the disassembly line balance.
Koc et al. (2009) utilized a transformed AND/OR-graph
to ensure the feasibility of the precedence relationships and
proposed an integer mathematical formulation minimizing
the amount of workstations opened.

Kalayci and Gupta (2013b) researched the sequence-
dependent DLBP (SDDLBP) where the task times of two
tasks may interact when precedence relations are absent.
Sequence-dependent time increments are included based
on the order in which these tasks are performed. An
artificial bee colony algorithm was proposed as suitable
approach and proved to outperform other meta-heuristics.
Liu and Wang (2017) presented an improved discrete ar-
tificial bee colony algorithm for solving the SDDLBP.

Similar to the earlier mentioned Altekin et al. (2008), the
partial profit-oriented optimization problem was described
by Bentaha et al. (2014) and Kalaycilar et al. (2016).
In addition, they included task time uncertainty and
minimum release quantities in respective order. Altekin
et al. (2016) approached the stochastic profit-oriented
DLBP by involving remedial actions, among which the line
is interrupted and disassembly is activated offline.

Although straight lines for single-model product disas-
sembly dominate the research, there are a few articles
on other types. Hezer and Kara (2015) and Agrawal and
Tiwari (2008) investigated multi-product parallel and U-
type disassembly lines respectively. Also in Paksoy et al.
(2013) the disassembly line is focused on mixed-model
products and incorporates the fuzziness of targeted goals.

Li et al. (2020) study the disassembly line balancing prob-
lem with AND/OR precedence, minimising the number
of stations. They propose a branch, bound and remember
algorithm.

The DLBP was shown by McGovern and Gupta (2007) to
be an NP-complete problem. Two main streams, namely
exact solution and (meta-)heuristic approaches, are ob-
served to optimize the DLBP. Mixed-integer (Altekin



et al., 2008) and multi-objective models are frequently
used for exact solution approaches. Also integer program-
ming (Koc et al., 2009) and goal programming (Paksoy
et al., 2013) are often researched. For metaheuristics,
genetic algorithm (McGovern and Gupta (2007), Kalayci
et al. (2016)) and ant colony optimization (McGovern and
Gupta (2006), Kalayci and Gupta (2013a)) are popular
in research. Research methodologies for the DLBP are far
less explored than for the ALBP. Recently, an extensive
review on all model categories as well as on all solution
methodologies in the DLBP-research was published in
Deniz and Ozcelik (2019).

The aspects of the extensions targeted in this study,
namely space and tool constraints, can only be found to a
limited extent in the literature. These were studied in the
ALBP, as in Bautista et al. (2013) and Agpak and Gokgen
(2005) respectively. Mete et al. (2016) did a first attempt
to include resource constraints in the DLBP, in which the
number of resources used in workstations is minimized.

For a thorough and recent review of the disassembly line

balancing problem we refer the reader to Ozceylan et al.
(2019).

3. THE OPTIMIZATION MODEL

In this section, the model is formally described. Before
doing so, the notation is presented in Table 1.

Table 1. Model notation

Sets
7 Set of tasks
K Set of workstations

R Set of resources
P;  Set of immediate predecessors of task i

! Set of possible immediate predecessors of task i
Z, Set of tasks that need tool r

Variables

1, if task ¢ is assigned to workstation k
Tik = .
0, otherwise

1, if workstation k is opened
Yk = 0
Y

B {1, if resource r is assigned to workstation k
rk =
0,

otherwise

otherwise
Parameters
t; Task time of task 7
T Net revenue generated from task 4
Si Space required to store parts originating from
task @
Sy Space required to store resource r
¢, Cost for 1 unit of resource r per cycle
S Space available at every workstation

C Cycle time
F Cost for setting up a workstation

In the following, the main assumptions are given:

e The model applies to cases where one type of product
is disassembled.

e A paced line is considered.

e Disassembly can be either partial or complete. The
rationale of this choice is discussed in section 1.

e Task preemption (interruptions) is not allowed.

e The parameters used in the model are assumed to be
deterministic, known and independent of the assigned
workstation.

e The cycle time and the available area in each work-
station is assumed to be greater than all individual
task times and task areas, respectively.

e The available area in a workstation is the area that
can be used to store parts and tools, consequently
without working space and moving area.

e Precedence relations of type AND, OR and AND/OR,
typical for disassembly, are incorporated (see Giingor
and Gupta (2001)).

Minimize:
D Pt D D emk=d > mwa (1)
keK reR ke ieT kek
subject to:
dwin <1 Viel (2)
kek
Ztimik < Cyk Vk e K (3)
=
d w <Mzy VEeKVreR  (4)
i€z,
Zsixik + Z Srzrk < S Vk e K (5)
i€l reR
Tik — Z ijk/go VZ€I|IP1|>0
k' eK:k/<k

VjeP; Vke K (6)
VieZ:|P|>0

Tik — Z ijk/go

k' €K:k! <k jEP!

Vk e K (7)
yr <yr—1 Vke€ K\l (8)
zi €{0,1} VieIVkeK (9)
yr €{0,1} Vkek (10)
zrk €{0,1} VreRVEe K (11)

The proposed model minimizes the net costs, which is
similar to maximizing the net revenue. It simultaneously
determines which workstations will be opened (yy), which
resources will be used at which workstation (zx), and
which tasks will be executed. If a task is executed, it
is assigned to a workstation (z;x) such that the line is
balanced as good as possible. By using a cost- and revenue-
based objective, the opening of workstations and use of
resources is not minimized, but balanced in an economic
sense. Constraint (2) states that each task can be assigned
to at most one workstation. This implies the possibility of
partial disassembly which distinguishes the problem from
assembly problems. If a task must definitely be carried
out, for instance because of the hazardous character, the
inequality sign must be replaced by an equality sign for
that task. Constraint (3) deals with the cycle time limit.



Tasks can only be assigned to a certain workstation as
long as the total duration of the assigned tasks to that
workstation does not exceed the cycle time. Besides, it
ensures that assigning a task leads to the use of that
workstation. Constraint (4) ensures that if at least one
task requires resource r and is assigned to workstation k,
that specific resource is allocated to that workstation. This
is done by means of a big-M constraint, with M = |Z,.|.
A resource can be used for several tasks at the same
workstation and should only be assigned once. In this
model, a task may require several resources and the same
type of resource can be used in multiple workstations.
Constraint (5) includes space limitations into the model.
The space needed at a specific workstation cannot exceed
the available space. This includes both the space to store
parts that are released at that workstation and space that
is occupied by the resources assigned to the workstation.
Due to simplicity, it is assumed that each workstation
has the same amount of available space. However, the
model can easily be adapted to accomodate specific val-
ues. The following two constraints ensure the satisfaction
of precedence relations. Constraint (6) incorporates the
AND-precedence relationships. A task ¢ cannot be assigned
to a workstation k that is before any of the workstations of
its AND-predecessors j. Constraint (7) implies that task i
can only be assigned to a workstation k if at least one of its
OR-predecessors is already assigned to a station before k
or to station k itself. Constraint (8) deals with opening the
workstations in the right order. Workstation k& can only be
opened if the prior one is already opened. This is rather
a technical constraint reducing symmetry in the model.
Lastly, Constraints (9), (10), and (11) define the domains
of the decision variables.

4. COMPUTATIONAL STUDY

The number of dataset available in the DLBP-literature is
very limited. Furthermore, there are no data sets available
for the DLBP with the considered extensions. In the
following subsection we describe how we supplemented
existing data with the required information on space, tools,
costs and revenues. Thereafter, we present some results.

4.1 Case study

We apply the model to a case study of a cellular telephone
instance consisting of n = 25 components. The case study
and the associated data has originally been described by
Kalayci and Gupta (2013a) and we will refer to it as
KG13. The space requirements, tool assignments, and the
information about cost and revenue structure was added
as follows. The spatial attributes were created following a
discrete binomial distribution with a minimum of 0 and
maximum of 20 space units. The workstation space was
fixed at this maximum of 20 space units. The workstation
cost was fixed at 10 for each workstation. Besides, the
number of resource types |R| was selected by drawing a
number between 1 and 4 from a uniform distribution. For
each of the resources, the number of tasks needing that
resource was generated between 1 and 5. Tasks were drawn
with a uniform probability and assigned to these resources.
Consequently, there are in between 1 and 20 distinct
resource requirements. The resource space and cost was

derived from uniform distributions with a minimum of 1
and a maximum of 5 and 10 respectively. Lastly, the net
revenue for each task was generated following a discrete
distribution between -5 and 20.

4.2 Results

The presented mathematical model is implemented in
CPLEX 12.8 on a computer with 8 GB Ram and an
Intel Core 15-7200U processor with 2.50GHz. We carried
out a one-factor-at-a-time (OFAT) analysis to get insight
in the influence of a parameter change on the objective
value and the three main outputs, i.e., the number of
opened workstations, the number of assigned tasks and
the number of assigned resources.

Space

As described above, workstations are limited in space. In
this section, the impact of changing available workstation
space (per unit) is tested. Figure 2 shows the results with
the available space on the x-axis. The objective func-
tion value is displayed on the right y-axis. The number
of opened workstations, assigned tasks and assigned re-
sources may be read from the left y-axis.

As can be seen in Figure 2, a decrease of space worsens
the objective value, which can be expected as the problem
is more constrained. When the decision variables in the
solution change, the objective function logically adapts
unless the effects neutralise each other. If the space is
too small, obviously no task is assigned at all. Despite
some tasks exist that need less space than the limit,
those tasks are not assigned if their revenue cannot bear
the workstation cost or their predecessors require more
space than what is available. Here, this is the case for .S
between 0 and 6. These solutions are also depicted, as not
conducting any disassembly is a feasible solution. When it
becomes economically viable, workstations are opened and
tasks are assigned to workstations such that the objective
value improves rapidly. The steep increase in workstation
openings and assignments is followed by a fluctuating
development and stabilizes, starting from S equal to 31. At
this point the cycle time constraint completely dominates
spatial constraints. Nevertheless, these results show that
the consideration of space heavily impacts the profitability
and design of a disassembly line.

KG13 - Sensitivity of S
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Figure 2. Impact of space S



Workstation cost

A similar graph is shown in Figure 3, displaying the results
per unit change of the workstation cost F. The higher
the workstation cost, the higher (and thus worse) the
objective value. However, the pace, at which the objective
function worsens, decreases with increasing workstation
costs. This is logical as the objective value deteriorates
with the amount of opened workstations times the change
in the workstation cost. As more workstations are closed
with increasing costs, the net costs change gets smaller.
Breakpoints can be observed. At a breakpoint, one or
more workstations are closed until none of them operates.
Consequently, the number of assigned tasks and resources
also diminish at that point. Between two breakpoints,
these remain at the same amount and the objective value
varies proportionately. Note that a workstation cost of 0
is not realistic in practice.
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Figure 3. Impact of work station cost F’

Resource costs

Figure 4 represents the results for varying resource costs
c. All resource costs were systematically increased or de-
creased with 2% percentage change steps upon its starting
value. Again, there is a step-like pattern in the number
of task assignments and station openings. The net costs
increase with a diminishing pace at every breakpoint. As
one can see, a resource cost of 0 leads to the use of more
resources than needed. This indicates that spatial consid-
erations may not circumvent the placement of superfluous
resources and only the introduction of resource costs does.

Task revenues

Lastly, the influence of the tasks’ revenues was tested
(see Figure 5). To this end, their revenues were adjusted
in relation to their starting value, per 2%. When task
revenues decline, some tasks are not assigned anymore.
This concerns tasks whose resource and workstation costs
are larger than the revenue that can be generated. This
can be seen as fewer workstations are opened and fewer
resources are assigned. Consequently, one would not assign
any task if revenues are very low. The assignments stabilize
when all tasks are performed or when all workstations are
filled. The objective value is ever-increasing with the task
revenues.

KG13 - Sensitivity of c,

-100%  100%  300% 500%  700%  900%  1100%  1300%  1500%

40 20
8 35 0
] 30 20
s 40
5125 g
60 5
g 80 %
§ i
alas g
-100
5 o
5 -120
g5 | 140
z

o 1 -160
100%  100%  300% 500%  700%  900%  1100%  1300%  1500%

Percentage change in resource costs
Number of opened workstation: Number of assigned tasks

e Number of assigned resources e Objective function

Figure 4. Impact of resource costs ¢,

KG13 - Sensitivity of r

-80% -60% -40% -20% 0% 20% 40% 60% 80% 100%  120%

Number of openings or assignment

-80% -60% -40% -20% 0% 20% 40% 60% 80% 100%  120%

%

Percentage change in net revenue

Number of opened workstations e Number of assigned tasks

——Number of assigned resources = Objective function

Figure 5. Impact of task revenues r;

5. CONCLUSION

In this research, we proposed to optimize disassembly line
balancing while considering tool and space requirements.
Disassembly is gaining importance as a result of envi-
ronmental awareness and legislation, and in this study
important practical considerations are added. A profit-
oriented integer mathematical program was proposed to
model its characteristics. This way it reflects real-world
decision-making problems. The model was tested for a case
study from literature and the impact of various parameters
has been analyzed extensively.

In future research, the analysis should be extended to other
problem instances to validate the results. This may include
the investigation of various probability distributions in the
data generation. As mentioned before, a limited number
of problem instances are available in literature and they
are small-sized. Testing on larger sized data instances is
desirable. For this, research should also be targeted at
improving the computational solution approach, as larger
instances will be more computationally demanding to
solve.
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