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Abstract

Remanufacturing is recognized as one of the most profitable and environmentally conscious options of the circular economy. A remanufacturing

process chain includes disassembly, cleaning, inspection, reconditioning and reassembly stages to recover the functionality and value of post-use

products. However, the efficiency and profitability of remanufacturing are significantly affected by the variability of post-use product conditions.

Consequently, the disassembly tasks times are highly uncertain, and this leads to a lack of robustness in disassembly lines designed without

considering these challenges. This paper aims at finding the optimal disassembly line design under uncertainty of tasks times to support remanu-

facturing. A mathematical optimization model with the objective of profit maximization is proposed which jointly optimizes and determines (1)

the sequence of components to be disassembled and the assignment of disassembly tasks to workstations and (2) the allocation of buffers in order

to provide a disassembly line design which has the maximum profit and satisfies the desired cycle time. The benefits of the proposed model are

validated within a real case study dedicated to the remanufacturing of mechatronic components in the automotive industry.
c© 2017 The Authors. Published by Elsevier B.V.
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1. Introduction, motivation and objectives

The concept of circular economy has been configured as a

new economic paradigm, leading to the growth and wealth sep-

arated from the consumption of natural resources [1]. The back-

bone of this paradigm is the involvement of sustainability and

social responsibility. Nevertheless, incorporating the concept

of sustainability inside the circular economy requires some ef-

fective technological advancements. Remanufacturing is one of

the main pillars of technology for the circular economy, espe-

cially in automotive industries. The remanufacturing process

chain of a post-use product consists of disassembly, cleaning,

inspection, reconditioning, reassembly and testing. The reman-

ufacturing process contains high complexity, which is mainly

due to the variability of post-use product conditions. This leads

to the highly uncertain disassembly tasks times. Consequently,

this uncertainty can significantly disturb performance and fea-

sibility of remanufacturing, since disassembly is the prerequi-

site of other steps [3]. The second effect is the partial potential

use of post-use products, which indicates all the components to

be disassembled do not have an acceptable final value. There-

fore, it is important to define the optimal sequence and level

of disassembly. Disassembly process is mostly performed in

a line configuration consisting of several manual workstations.

The manual nature of disassembly process imposes higher cost

and uncertainty on remanufacturing. The high level of uncer-

tainty leads to interruptions inside the line. Hence, the disas-

sembly line is required to be well designed to work efficiently.

In the scientific literature, most of the works are related to the

disassembly planning, which is defined as finding the best se-

quence of disassembly tasks and defining the depth of disas-

sembly sequence. Several studies focused on finding the op-

timal disassembly sequence which leads to the maximum rev-

enue by the consideration of uncertainty in End-of-Life (EOL)

products [4,5]. Besides, some works are dedicated to the disas-

sembly line balancing which defines the disassembly sequence

and the assignment of tasks to workstations in order to achieve

the desired cycle time and a balanced line under consideration

of some sources of uncertainties [2,6,7]. In these methods, the

desired cycle time of the line is investigated in each worksta-

tion by limiting the operation time of each workstation to be

less than the desired cycle time. However, the inter-departure

© 201  The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the scientifi c committee of the 25th CIRP Life Cycle Engineering (LCE) Conference 



922   N. Shabanpour and M. Colledani  /  Procedia CIRP   69  ( 2018 )  921 – 926 

tain operation times of workstations. The uncertainty makes

the efficiency of workstations variable. This variability imposes

interruptions to workstations, such as blockage and starvation

phenomena which affect the achievement of desired cycle time.

Consequently, the achievement of the desired cycle time de-

pends on the line configuration rather than on each workstation

separately. Therefore, proper assignment of tasks to worksta-

tions and appropriate allocation of buffer capacities between

workstations are the most probable solutions to compensate the

line interruptions and in turn achieve the desired cycle time.

This paper develops a mathematical optimization model with

the objective of profit maximization which jointly optimizes

and determines (1) the sequence of components to be disassem-

bled, and the assignment of disassembly tasks to workstations

and (2) the allocation of buffers between workstations in order

to provide a disassembly line design which has the maximum

profit and satisfies the desired cycle time. Moreover, this pa-

per provides a new method in order to properly evaluate the

achievement of the desired cycle time by analyzing the inter-

departure time of finished components from the line. The pro-

posed method is applied to a real case study in the automotive

remanufacturing sector to demonstrate its industrial application

and the provided benefits.

2. Disassembly problem formulation

In this paper, we consider an asynchronous and serial dis-

assembly line contains several manual workstations. It is as-

sumed that uncertainties of workstations are due to variations

of post-use products and the inherent nature of manual opera-

tions. Accordingly, disassembly task times are considered to be

random variables. Uncertain task time has an independent nor-

mal distribution. Besides, uncertainties can impose amount of

time to complete the tasks for workstations. These irregularities

for a workstation can interrupt the operations of other worksta-

tions and impose blocking and starvation phenomena. In order

to mitigate the effects of interruptions, the workstations are de-

coupled by buffers. Figure 1 shows the structure of the consid-

ered disassembly line. The joint disassembly tasks sequencing,

depth of disassembly, the assignment of tasks to workstations

and buffer capacities under uncertainty of tasks times, is formu-

lated as follows. The objective is to design a disassembly line

consisting of a sequence of workstations ’W’, which are decou-

pled by ’B’ buffers. The number of workstations cannot exceeds

from ’WS ’. The set of possible disassembled components ’N’

is given, but it is possible to disassemble a set of components

if complete disassembly is not profitable. The objective is to

maximize the profit of the disassembly line, which is defined

as the difference between the net revenue of recovered compo-

nents ,’RCi’, from the post-use products and the line cost. The

latter includes five categories of costs described as follows:

• DCi: The cost of recycling or disposing un-reusable non-

target component or subassembly ’i’,
• FC: Fixed cost per operation time unit,

• FW: Fixed cost per opening a workstation,

Fig. 1. Representation of workstations and buffers

• FB: Fixed unit cost of buffer ’b’,
• FI: The cost of stocking a component in buffer ’b’.

The precedence relations among the components to be disas-

sembled, ’Pim’, are defined by precedence graph. If it is equal

to 1, component ’m’ is the predecessor of component ’i’ in the

sequence. Besides by this information a set of successors ,’S i’,

for each component will be defined. Each sequence has ’K’ po-

sitions for disassembled components.

Disassembly task time of a component, ’Ti(ζ)’, has known

mean and variance (μi, σ
2
i ). The disassembly task of a com-

ponent can be done with any, but just one workstation. In ad-

dition, we consider the sequence dependent repositioning time

between the disassembly tasks of components (S TTim).

The workstation is blocked when it does not have space to pass

the work and the workstation is starved when it does not have

a work to process. It is considered that only limited number

of buffers ,’Nb’, can be allocated between each pair of work-

stations, and the first workstation is never starved and the last

workstation is never blocked.

The disassembly line design guarantees the desired cycle time

(CT ). The cycle time is defined as the time between the succes-

sive finished works of the line.

3. Description of the disassembly line design procedure

In this section, the mathematical optimization model of

the monolithic problem (integrated sequencing, assignment of

tasks to workstations and buffer allocation) is presented.

3.1. Decision variables

Tomodel the disassembly line design problem, the following

decision variables are considered.

• xikw: Binary variable. It takes the value ’1’ if the compo-

nent ’i’ is disassembled in position ’k’ of a sequence and
assigned to station ’w’, and ’0’ otherwise,

• zi: Positive Integer variable. Position of component ’i’ in
a sequence,

• yim: Binary variables. It takes the value ’1’ if the com-

ponent ’i’ is disassembled before component ’m’ of a se-

quence, and ’0’ otherwise,

• qim: Binary variable. It takes the value ’1’ if the compo-

nent ’i’ is just disassembled before component ’m’ of a

sequence, and ’0’ otherwise,

• aw: Binary variable. It takes the value ’1’ if the worksta-

tion ’w’ is occupied, and ’0’ otherwise,

• nb: Positive Integer variable. It is the capacity of buffer

’b’,
• n̄b: Positive real variables. It is the average inventory level

of buffer ’b’,
• IT : Positive real variables. Inter-departure time of the line,

which is defined as the time between two successive com-

ponents from the last workstation.

3.2. Objective function

The objective function (1) is the maximization of the total

profit of the disassembly line by summing up the total revenue
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and minimizing the total cost.

Maximize R =
N∑

i=1

(RCi − μi ∗ FC)

K∑

k=1

W∑

w=1

xi,k,w −
N∑

i=1

(1−
K∑

k=1

W∑

w=1

xi,k,w) ∗ DCi − FC ∗
N∑

i=1 i�m

N∑

m=1

qi,m ∗ S TTi,m

−FW ∗
W∑

w=1

aw −
B∑

b=1

(FB ∗ nb + FI ∗ n̄b)

(1)
3.3. Constraints

Constraint (2) ensures that component ’i’ holds as a maxi-

mum one position in a sequence:
K∑

k=1

W∑

w=1

xi,k,w ≤ 1 (∀i = 1, ...,N) (2)

Constraint (3) ensures that each position in a sequence only

contains as a maximum one component:
N∑

i=1

W∑

w=1

xi,k,w ≤ 1 (∀k = 1, ...,K) (3)

Constraint (4) defines the position of component ’i’ in a se-

quence path:
K∑

k=1

W∑

w=1

xi,k,w ∗ k = zi (∀i = 1, ...,N) (4)

Constraints (5) and (6) ensure the precedence constraints:
K∑

k=1

W∑

w=1

xi′ ,k,w ≤
K∑

k=1

W∑

w=1

xi,k,w (∀i
′
, i = 1, ...,N, i

′ ∈ S i)

(5)W∑

w=1

xi′ ,u,w ≤
K∑

k=1

W∑

w=1

xi,k,w (∀i
′
, i = 1, ...,N, i

′ ∈ S i,

∀u = 1, ..., k)

(6)

Constraints (7) and (8) express the Miller-Tucker-Zemlin sub-

tour elimination condition. These two constraints link the se-

quence of components with the variable which expresses the

components connections:

zi − zm ≤ N ∗ (1 − yim) (∀i,m = 1, ...,N, i � m) (7)

zm − zi ≤ N ∗ yim (∀i,m = 1, ...,N, i � m) (8)
Constraint (9) represents that if component ’m’ be disassembled

after component ’i’ in a sequence, it can be disassembled after

it immediately:

qim ≤ yim (∀i,m = 1, ...,N, i = m) (9)

Constraint (10) ensures that only the component ’i’ which is

disassembled immediately before the component ’m’ is consid-

ered: N∑

i=1

N∑

m=1

qim − (
N∑

i=1

K∑

k=1

W∑

w=1

xikw − 1) = 0 (10)

Constraint (11) assures that positions are assigned in an increas-

ing order:
N∑

i=1

W∑

w=1

xi,k′ ,w ≤
N∑

i=1

W∑

w=1

xi,k,w (∀k
′
, k = 1, ...,K, k

′ ≤ k)

(11)
Constraint (12) assures that stations are assigned in an increas-

ing order:
N∑

i=1

K∑

k=1

xi,k,w′ ≤
N∑

i=1

K∑

k=1

xi,k,w (∀w
′
,w = 1, ...,W,w ≤ w

′
)

(12)

Constraint (13) defines that if workstation ’w’ is occupied or

not:

aw ≥
N∑

i=1

K∑

k=1

xi,k,w/W (∀w = 1, ...,W) (13)

Constraint (14) defines the repositioning time calculation

(TRimw) between the components to be disassembled inside

each workstation and between the last component to be disas-

sembled in workstation ’w’ and the first component to be disas-

sembled in workstation ’w + 1’:
TRimw = S TTim ∗ (xikw + xmk′w′ − 1)
(∀i,m = 1, ...,N, i � m,∀k = 1, ...,K, k

′
= k + 1,

∀w = 1, ...,W,w
′
= w or w

′
= w + 1)

(14)

Constraint (15) assures that cycle time is respected in each

workstation:
N∑

i=1

K∑

k=1

xikw ∗ μi +

N∑

i=1

N∑

m=1 m�i

TRimw ≤ CT (∀w = 1, ...,W)

(15)

Constraint (16) defines the maximum number of workstations:
W∑

w=1

aw ≤ WS (16)

Constraint (17) satisfies maximum buffer capacity:

nb ≤ Nb (17)

The constraint (18) satisfies that the expected value of the inter-

departure time between the successive finished works meets the

cycle time:

E(IT ) ≤ CT (18)

Since the disassembly times of components are considered to be

random variables, the inter-departure time of finished works is

a random variable.So, the expected value of the inter-departure

time is considered.

3.4. Non-linear quantities of the model

The proposed model has two non-linear quantities. Equa-

tions (19) and (20) explain that the average inter-departure of

the line and the average inventory level in each buffer are func-

tions of disassembly sequencing, task assignments to worksta-

tions and allocation of buffer capacities.

E(IT ) = f (xikw, Ti(ζ), aw, nb) (19)

n̄b = g(xikw, Ti(ζ), aw, nb) (20)

As a consequence, the monolithic problem cannot be solved by

an MIP(Mixed Integer Programming) model.

4. Solution Methodology

The methodology entails a decomposition of the monolithic

problem ((1)-(18)) into two sub-problems that can be iteratively

solved in order to provide a good estimation of the optimal

solution. The problem is decomposed into two sub-problems:

1) disassembly sequence of components and assignment of the

disassembly tasks to several workstations, and 2) buffer alloca-

tion problem. Table 2 presents the mathematical optimization

modeling of the two sub-problems. First sub-problem is opti-

mized by an MIP model. For the second sub-problem, an ana-

lytic decomposition method based on Markovian chain models

is used to evaluate the expected inter-departure time and av-

erage inventory level of the line. This method was developed

for estimating the performance of generally unreliable transfer
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lines with finite capacity buffers where machines have prede-

termined failure modes [8]. In order to apply this method for

our problem which contains reliable workstations, the comple-

tion time approach is utilized [9]. This approach incorporates

failures and repairs into processing time of workstations. Ac-

cordingly, the distribution of disassembly time duration at each

work station is approximated by ADPH(2) (Acyclic Discrete

Phase Type distribution of second order), which perfectly de-

scribes the behavior of normal distribution with coefficient of

variation higher than 0.5. From this assumption, a reliable work

station can be modeled by an unreliable machine which has two

down states and the repair processes of down states have dis-

crete acyclic phase-type distribution. Therefore, the disassem-

bly line with manual workstations is converted to a disassembly

line with several unreliable machines. We use the decomposi-

tion method proposed in [10], which is appropriate for a line

consists of machines with discrete acyclic phase-type distribu-

tion for repair processes of failure modes. By application of this

method, expected value of the inter-departure time and average

inventory level are achievable under consideration of various

buffer capacities. Moreover, the optimization model of the sec-

ond sub-problem is solved by the algorithm proposed in [11] to

find the minimum buffer capacities between workstations that

will guarantee the desired cycle time.

The two sub-problems should be solved in an integrated way,

since the configuration of disassembly workstations from the

first sub-problem may not meet the desired cycle time by the

allocation of the available buffer capacities. This mismatching

is derived from the fact that in the first sub-problem the aver-

age operation time of a workstation, ’μw’(sum of the mean time

values of the assigned tasks and the repositioning time in work-

station w), is constrained by the desired cycle time. Neverthe-

less, this constraint cannot guarantee the desired cycle time of

the line for the following two reasons: 1) the disassembly task

times are random variables, so the operation time of a work-

station may exceed its mean time value; 2) the workstations

are working jointly, so if the operation time of a workstation

exceeds from its mean value, the other workstations will be af-

fected in terms of being blocked or starved.

Moreover, the optimal solution from the first sub-problem can

be feasible for the monolithic problem but it may not have the

minimum buffer and inventory costs in comparison to the other

feasible solutions. Therefore, an algorithm which iteratively

solves the two sub-problems is required to achieve the solution

that has minimum disassembly costs, meets the desired cycle

Table 1. Mathematical optimization model of sub-problems

Sub-problem1 Sub-problem2

Maximize Z1 =
N∑

i=1

(RCi − μi ∗ FC)

K∑

k=1

W∑

w=1

xi,k,w

−
N∑

i=1

(1 −
K∑

k=1

W∑

w=1

xi,k,w) ∗ DCi

−FC ∗
N∑

i=1 i�m

N∑

m=1

qi,m ∗ S TTi,m

−FW ∗
W∑

w=1

aw Mainimize Z2 =
B∑

b=1

(FB ∗ nb + FI ∗ n̄b)

subject to subject to

Constraints (2) to (16) Constraints (17) and (18)

time and leads to the minimum buffer and inventory costs.

4.1. Iterative algorithm

An iterative algorithm is developed to provide an

optimal/near-optimal solution which proposes a disassembly

line with higher profit. The proposed algorithm starts with solv-

ing the first sub-problem. In order to generate the feasible solu-

tions, constraint (15) is substituted with constraint (21).
N∑

i=1

K∑

k=1

xikw ∗ μi +

N∑

i=1

N∑

m=1 m�i

TRimw ≤ (1 − α) ∗CT

(∀w = 1, ...,W, 0 ≤ α ≤ 1)

(21)

By applying this constraint, the maximum allowed operation

time in each workstation ((1 − α) ∗ CT ) can be reduced, which

in turn limits the mean operation time of each workstation (μw)

to be strictly less than ’CT ’. Therefore, the probability to reach
the desired cycle time will increase as ’μw’ is reduced for each

workstation. Figure 2 shows the iterative algorithm for joint op-

timization of the two sub-problems. The algorithm begins with

solving the first sub-problem by considering ’α = 0’. Then, the

value of ’α’ increases until the optimal solution from the first

sub-problem becomes a feasible configuration of workstations

that can reach the desired cycle time in the second sub-problem.

Afterwards, it is possible to reduce the buffer and inventory

costs by modifying mean operation time of each workstation

(μw). In other words, the sequence of components which are

disassembled can be changed that leads to the different mean

operation time of each workstation (μw). However, the change

in the disassembly sequence of components should not impose

the high disassembly repositioning cost. Also, by increasing

the value of ’α’, the number of workstations increases as well.

Therefore, the increase in the value of ’α’ is limited by the max-

imum number of workstations.

A sensitivity analysis is proposed to provide the value of ’μw’

for each workstation, that will reduce significantly buffer and

inventory costs under the consideration of not imposing high

repositioning cost. It is started with the primal solution (W, α1,
μW (1), Z2(1)). The primal solution is obtained by the value of

’α’(α1) that leads to a feasible configuration with ’W’ worksta-

tions and with a set of mean operations times,’μW (1)’, in which

the desired cycle time is achievable with the cost amount of

’Z2(1)’ in the second sub-problem. Then, starting from the first

workstation, an iteration which increases the value of ’α1’ is
performed (αt → αt−1+ε). In each iteration, the ’ε’ value is

added until the total number of workstations does not exceed

from ’W’. To evaluate the value of objective function ’Z2’ un-

Fig. 2. Iterative algorithm
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der various levels of ’αt’, (ΔZ2)/(Δμw), is defined. This prop-

erty describes the change in the objective function(Z2t −Z2(1))
over the change in the mean operation time of a workstation

(μw(t) − μw(1)). Among various values of ’αt’, the one which

significantly reduces the value of ’Z2’ in comparison to the

change in the value of ’μw’ is the optimal value (αopt). Then,

the value of ’α’ in constraint (21) is substituted with ’αopt’ for

workstation ’w’. This procedure is implemented for several it-

erations with values of ’αopt’ instead of α1 from the first step

until the decrease in the ’(1-α) ∗ CT ’ is not possible for any

of workstations. Also, to evaluate other disassembly configu-

rations with more number of workstations, the proposed algo-

rithm will increase the first accepted ’α’ in the primal solution

to increase the number of workstations from ’W’ to ’W + 1’

and the sensitivity analysis is implemented again for new con-

figurations. Finally, the best solution is chosen on the basis of

maximum profit. The sensitivity analysis steps are as follows:

1) Accepted α→ α1, w→ 1, t→ 1

2) t→ t + 1
3) αt → αt−1+ε, 0 ≤ ε ≤ 1;

4) Solve the two sub-problems;

5) Calculate (ΔZ2)/(Δμw), and return to step 2 until the increase

in the value of α is not possible;
6) Choose the value of αt that generates the largest value of

(ΔZ2)/(Δμw), and put this ’αt as αopt. Then, update the value

of α in constraint (21) with αopt for workstation w;
7) w→ w + 1, and return to step 2. if w is the last workstation,

go to step 9;

8) Solve the two sub-problems with the updated values of α and
save the solution. The updated α→ Accepted α;
9) Steps 1 to 8 are done for several iterations until the increase

in α is not possible.

5. Validation of the solution methodology

In this section we evaluate the performance of the proposed

solution methodology. Due to the division of the monolithic

problem into sub-problems, some feasible solutions are ne-

glected. Therefore, for validation of the obtained solution, Ex-

tensive Search Method (ESM) is developed. ESM generates all

the feasible solutions and provides the optimal solution on the

basis of the maximum profit value. It provides all the possible

solutions by generating all the feasible sets of binary values for

’xi,k,w’. Consequently, all the possible disassembly workstation

configurations will be achieved. Then, by applying all the com-

binations of buffer capacities for each configuration that leads

to a accepted solution, the whole set of feasible disassembly

lines are generated. We used ModeFrontier software to gener-

ate all the feasible disassembly lines that have the desired cycle

time by the minimum allocation of buffer capacities. In order to

show the accuracy and efficiency of our solution methodology,

an experiment has been performed. This experiment is dedi-

cated to the disassembly line design of a post-use product with

6 components. The desired cycle time is equal to 18 Time Unit

(TU) and the buffer capacities are considered to be maximum

4 units. The disassembly task times (mean, variance) for each

components are reported in (TU) as following: Task1 (6,36),

Task2 (8,64), Task3 (9,81), Task4 (10,100), Task5 (12,144),

Task6 (7,49). Table 2 provides solution of disassembly line de-

signs from the proposed method in this paper (1) and the ex-

tensive search method (2). As it is presented, the number of it-

Table 2. Solution validation by extensive search method

Method
Tasks

assignment

Buffer

allocation
Iteration

1
ε=0.1

ws1(T1,T6), ws2(T4)

,ws3(T3),ws4(T2)

,ws5(T5)

3-3-3-3 74

ε=0.2

ws1(T1,T6), ws2(T3)

,ws3(T2),ws4(T4)

,ws5(T5)

3-3-4-3 41

2

ws1(T1,T6),ws2(T4)

,ws3(T3),ws4(T2)

,ws5(T5)

3-3-3-3 108

erations in terms of the number of evaluated disassembly lines

to achieve the optimal solution is reduced significantly by the

proposed method in this paper. On the other hand, the accuracy

of the solution depends on the value of ’ε’. By choosing the

small value of ’ε’, the solution is more accurate but the number

of iterations will increase.

6. Application to a real remanufacturing industrial case

The proposed methodology has been implemented in the re-

manufacturing sector of automotive mechatronic products at

Knorr-Bremse, the worlds leading manufacturer of braking sys-

tems for rail and commercial vehicles. In this research, the

disassembly line design analysis is dedicated to the complex

and critical mechatronic product, Electro-Pneumatic Module

(EPM-2). A picture of the EPM-2 and its exploded view are

shown in figure 3. To design a profitable disassembly line for

this product, the case study was implemented by the two main

phases. Providing disassembly information. A sample of 60

post-use EPMs has been analyzed through complete disassem-

bly in the Mechatronics Demanufacturing Pilot Plant at ITIA-

CNR, Milan. Then, a list of components with their estimated

disassembly task times are reported in Table 3. In this table, the

time unit (TU) duration is excluded for confidentiality reasons.

Disassembly line design. In the second phase, the method

proposed in this paper has been utilized to jointly optimize the

disassembly level, assignment of disassembly tasks to worksta-

tions and allocation of buffer capacities with the information

provided from product analysis and company data base. The

cost and revenue parameters are excluded due to confidential-

ity reasons. The maximum allowed number of workstations is

equal to 5. The disposition times between tasks are between

0.5 and 1 TU. Buffer capacities could be allocated between any

workstations under the respect of maximum available buffer ca-

pacities (4 units). Particularly, three disassembly line designs

are compared. Design 1 is obtained by traditional disassembly

line balancing method that are described in the introduction.

Design 2 is acquired by solving the disassembly line design

Fig. 3. EBS-5, EPM-2 (left) and its exploded view (right)
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Table 3. Task description for the study case

ID Disassembled component Mean task time Variance

1 PCB Cap 16.04 162.07

2 PCB 22.18 285.33

3 Pressure sensor 2.12 3.14

4 Fixing plate 10.96 84.08

5 Solenoid 9.84 77.45

6 Cap connector 2.5 5.62

7 Connector 1.64 1.61

8 Air filter 1 1

9 Connector cap 7.28 31.79

10 Silencer cap 2.13 2.72

11 Silencer 4.2 10.58

12 Upper part 32 921.60

13 Lower part 12 86.39

14 First stage piston 2.06 2.54

15 Sealing ring 2.07 2.78

16 Second stage piston 2.06 2.80

Table 4. Optimal line designs

Design
Workstation and

Task assignment

Buffer

allocation

Average

inventory level
Profit

1
ws1(T1,T10,T6),

ws2(T2), ws3(T4,T3,T5,T7)
/ /

Infeasible

solution

2

ws1(T1),ws2(T2),

ws3(T4,T3,T5),

ws4(T10,T6,T7)

4-4-4 5.25 10.05

3
ws1(T1,T10),ws2(T2),

ws3(T4,T3,T6,T7),ws4(T5)
3-3-3 2.94 12.75

problem in which the tasks are assigned to workstations and

then the required buffer is allocated to achieve the desired cycle

time. Design 3 is achieved by adopting the method proposed

in this paper. The disassembly line designs, by consideration

of the desired cycle time equal to 30 TU are reported in Ta-

ble 4. Table 4 shows that the disassembly line achieved by the

traditional method cannot provide the desired cycle time, so it

is an infeasible solution. This infeasibility is due to neglect-

ing the evaluation of the line configuration in order to achieve

the desired cycle time. The disassembly line design 2 shows

that if the iterative way of solving tasks assignment to worksta-

tions and buffer allocation is neglected (Design 2), 8 tasks are

assigned to the 4 workstations with buffer and inventory levels

equal to 12 and 5.25, respectively. On the other hand, if the

proposed method in this paper is applied (Design 3), the op-

timal solution is a disassembly line with the assignment of 8

tasks to 4 workstations with buffer and inventory levels equal

to 9 and 2.94, respectively. Besides, in Design 3 the disposition

time is only 0.9 TU more than Design 2. The profit difference

between Design 3 and Design 2 is 21.2 which is a significant

amount. Knorr-Bremse has stated the following outcomes by

the implementation of the proposed method for designing the

disassembly line:

• The profit margin obtained by the disassembly process

makes the remanufacturing alternative an economically at-

tractive option for product recovery.

• The optimized disassembly sequence provides 30 % in-

crease in the regeneration rate of disassembled compo-

nents;

7. Discussion
The results in Table 4 shows that the achieved disassembly

line by the proposed method provides a more efficient and a

more profitable solution in comparison to the two other line de-

signs. The priority of the proposed method in comparison to the

two other methods is due to two main reasons. First, it evaluates

properly the achievement of desired cycle time by introducing

and analyzing the inter-departure time of the finished compo-

nents. Second, it provides a mathematical optimization model

in which the disassembly sequencing, workstation assignments,

and buffer allocation are jointly optimized. In traditional line

balancing methods, the achievement of the desired cycle time

is evaluated by limiting the operation time of each workstation

to be less than the desired cycle time. Nevertheless, due to the

uncertainty of tasks times, limiting the operation times of the

workstations by the desired cycle time will not necessarily lead

to the achievement of the desired cycle time. As it is shown

by Design 1, the obtained disassembly line design in infeasible.

On the other hand, the disassembly line design 2 is a feasible

solution but the provided profit is lower than the profit of de-

sign 3. This signifies the importance of the joint optimization of

workstation assignments and buffers allocation. In other words,

the line design 2 has the lower costs of disassembly sequencing

but it requires a higher number of buffers to achieve the desired

cycle time and due to the cost and revenue parameters, it arrives

at the lower profit in comparison to design 3.

8. Conclusions and future research
In this paper, a new method to support a profitable disassem-

bly line design of the post-use products has been proposed. The

method has been successfully implemented on a real case study

in the remanufacturing sector of Knorr-Bremse. Numerical re-

sults show that the proposed method can improve the profitabil-

ity and efficiency of disassembly processes, which in turn sup-

ports remanufacturing. Future research will concern the con-

sideration of various uncertainty resources inside the model for

validation of the systems service level in order to increase re-

silience in remanufacturing systems. Moreover, the method can

be extended to disassembly lines consist of manual, and semi-

automatic tasks.
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