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Abstract— Supply chains have been more serious for
environmental issues such as material starvation and
global warming. It is essential for material circulation

to construct and operate recycling factories, where
End-of-life  (EOL) assembly products are
disassembled into each part in order to recover
materials. Also, the recycling is able to reduce CO,
emissions since virgin materials which release CO,
volumes caused by production and logistics can be
saved by the usage of the recovered materials. To
design and realize the recycling factories
environmentally and economically, this paper
proposes a disassembly system design with an optimal
environmental and economic parts selection for CO,
saving rate and recycling cost. The first stage is to
conduct the environmental and economic parts
selection by the integer programming with &
constraint, and the second stage is to carry out the
disassembly line balancing for minimizing the
number of stations. The proposed design method
contributes to find alternative solutions/designs for
harmonizing the CO, saving rate and the recycling
cost using a Life Cycle Inventory (L Cl) database.
Keywords—Low-carbon and closed-loop supply chains,
Environmentally-conscious manufacturing, Sustaieabl
manufacturing, Disassembly line balancing, Integer
programming withe constraint, Life cycle inventory
database, Recyclability evaluation method

1. I ntroduction

Since economy and population on our earth is still
emerging and growing, environmental issues in
supply chains have been more serious for material
starvation [1], [2]. For the material circulatiory b
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reuse and recycling [3], reverse [4] and closegloo
[2] supply chains have been more essential for
assembly products such as home electric
appliances, so that disassembly systems [3]-[14]
which remove and recover part/material values
from End-of-Life (EOL) assembly products should
be realized environmentally and economically for
sustainability.

At the actual recycling factories [8], the
disassembly parts selection for removal or dispose
is often carried out to harmonize recycling ratd an
cost for the economic and sustainable material
circulation. In research of part selection [9], |18
disassembly part selection of reuse, recycling, or
cancellation was performed by disassembly cost
and reproduction value. However, this parts
selection also affect the disassembly line balapcin
[3] which assign tasks to each work station.
Various solving techniques were adopted to the
disassembly line balancing [11], [12]. However,
there seems no research of the disassembly line
balancing by the selected parts, therefore, a
disassembly system design integrating the
environmental and economic parts selection and the
line balancing has been proposed [13], [14].

On the other hand, global warming caused by
Greenhouse Gases (GHG) such as, @another
environmental issue [1], [2] and still a challerige
the regular and reverse supply chains to reducg CO
emissions in production, logistics and recovery
stages as low-carbon supply chains [2]. From a
viewpoint of the EOL stage for the assembly
products, it is useful to remove and recover the
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parts/materials with higher GOvolumes in the
disassembly system because they can save the CO
volumes comparing to produce the same virgin
parts/materials. Then, the @&aving rate at a
product is defined and considered in this studg as
rate of the C@volumes in their part production for
each disassembled and collected part which saves
the virgin parts/materials to the total €@lumes

of the whole product.

To realize this disassembly parts selection
environmentally and economically in the recycling
factories, the parts/materials with the higher,CO
saving rate should be disassembled for the
environment if the C@volumes of each part can be
estimated. In constant, ones with lower recycling
cost should be also disassembled for the economy
if the recycling cost of each part can be estimated
Also, as we already discussed, it is known that a
disassembly line balancing are affected by the
optimal environmental and economic parts
selection [13], [14]. However, there is still thiher
design issue how to obtain product and
environmental information such as the disassembly
time and the C® saving rate. Moreover, the
recycling cost and the GGsaving rate depend on
material types. To overcome this issue, the Life
Cycle Inventory (LCI) database by the input-output
tables [15] and Recyclability Evaluation Method
(REM) software developed by Hitachi, Ltd. [16],
[17] can be used simultaneously in this study.

This paper proposes a disassembly system design
with the optimal environmental and economic parts
selection which harmonizes the €®aving rate
and the recycling cost using the LCI database by
the input-output tables. The first step is to ojén
the environmental and economic parts selection
with the integer programming with constraint
[18]-[20], and the second step is to carried oet th
line balancing for minimizing the number of
stations with the integer programming [21], [22].

The outline of this paper is as follows: Section 2
overviews a design procedure for a disassembly
system with an environmental and economic parts
selection for the CPsaving rate and the recycling
cost. Also, the relationship between the
disassembly parts selection and its subsequent
disassembly line balancing is explained for the, CO
saving rate and the recycling cost. In additior, th
LCI database and the REM are explained and used
how to estimate the information required for the

disassembly system design in this study. Section 3
generally formulates an optimization problem by
the 2-stage disassembly system design with the
environmental and economic parts selection at the
first stage for the CPsaving rate and the recycling
cost, and the subsequent disassembly line balancing
at the second stage for minimizing the number of
stations. Section 4 develops a design example by
the 2-stage disassembly system design for a cleaner
using the same example [13] to compare to another
case with the disassembly part selection for the
recycling rate and cost [14]. Section 5 further
analyses and discusses the results in terms of the
product vs. line designs, and the L£8&aving vs.
recycling rates [14]. Finally, section 6 concludes
this study and identifies future works.

2. Disassembly Design Procedure
with Optimal Environmental and
Economic Parts Selection for
CO; Saving Rate and Recycling
Cost

21 Overview and relationships among
input/output  information  and

design results

/Stage 1: Environmental and Economic Disassembly Parth
Selection for CO, Saving Rate and Recycling Cost

(1) Estimation of CO, Saving Rate and Recycling Cost and Disassembly
Time using LCI Database and REM

(2) Environmental and Economic Parts Selection by Integer
Programming with € constraint

(3) Disassembly Precedence Relationships with Environmental and
Economic Parts Selection for CO, Saving Rate and Recycling Cost j

4 Stage 2: Disassembly Line Balancing using Integer N\

Programming for Minimizing the Number of Stations

(1) Cycle Time
(2) Condition on the Minimal Number of Stations
(3) Disassembly Line balancing with CO, Saving Rate using
Integer Programming
\ (4) Disassembly Line Evaluation with Product Recovery Values /

Figure 1. Optimal disassembly design procedure

with an environmental and economic parts
selection for C@saving rate and recycling cost

To overview a disassembly system design of this
paper proposed, the procedure of disassembly
system design and the relationships among
input/output information and design results are
explained in this section. This paper proposes an
optimal disassembly design procedure with an
optimal environmental and economic parts
selection for harmonizing the GQ@aving rate and
the recycling cost as shown in Figure 1.
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Figure 2. Relationships among types of input/output infoioraind results in disassembly system design
for CO, saving rates and recycling cost

Table 1. Relationship between GQaving rate and
recycling cost by recycling or disposing in an
environmental and economic disassembly parts
selection at stage 1

Recycling
Objective functions by Disposing
disassembly
Material selling
. Increase None
income
Recycling | Landfill,
cost process and
. Increase None
disassembly
(labor) cost
CO, saving rate Increase Decrease

A 2-stage disassembly design procedure for the
recycling rate and cost [14] is applied to this
problem for the C@saving and the recycling cost.
The first stage is to optimize the environmental an
economic parts selection for the £€®aving rate
and the recycling cost by the integer programming
with ¢ constraint [18]-[20]. The second step is to
carry out the disassembly line balancing for
minimizing the number of stations by the integer
programming [21], [22] according to the
environmental and economic parts selection at
Stage 1.

In the environmental and economic parts
selection, the LCI database by the input-output

tables with the bill of materials [23] is adopted t

estimate the COvolumes for each part as the
environmental loads. Also, the Recyclability
Evaluation Method (REM) software developed by
Hitachi. Ltd. [16], [17] is used to estimate the
disassembly times of each part.

Based on the both product recovery information
obtained by the LCI database and REM, it is noted
that a trade-off between the g€aving rate and the
recycling cost exists by decisions regarding
recycling or disposing as shown in Table 1. The
recycling parts by the disassembly can increase not
only the CQ saving rate but also the material
selling revenue while the disposal, process and
disassembly (labour) costs increase. In contrast, t
disposal, process and disassembly costs become
decreased if parts are disposed of. However, the
material selling profit and the GBaving rate also
decrease.

After this parts selection, product/parts structure
for the disassembly are changed, so that the
preceding relationships among the disassembly
tasks are also changed as well as a case for the
recycling rate and cost [13], [14]. Figure 2 shows
relationships among types of input/output
information and results in the disassembly system
design for the C@saving rates and the recycling
cost proposed in this study. For example, the
material type of a part affects GQOemission
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intensity, landfill cost and process cost. Ther th
CO, saving rate is calculated by @@mission
intensity. Finally, the C® saving rate, disposal
cost, and process cost affect the result of parts
selection.

2.2 Life cycle inventory (LCI) database

by input-output tables and
Recyclability evaluation method
(REM)

In order to estimate the GGaving rate for each
part, this research uses the LCI database by the
Japanese input-output (I/O) tables [15]. In general
the input-output tables define economic
relationships among sectors by  matrix
representation based on annual transactions among
sectors, so that the carbon dioxide emission
intensity is obtained by using the LCI database by
the input-output tables. With the LCI database by
the 1/O tables, the COvolumes at each part are
estimated with the product information such as
prices and weights [23]. Then the £€aving rate

for each part is also calculated as a percentage fo
the CQ volumes of that part per the total volumes
at the whole of product.

On the other hand, the disassembly time and
recycling cost of each part are estimated by
inputting product information such as material
type, weight and disassembly motion at each part to
the REM software [16], [17]. In the software, the
recycling cost is the differences between the
recovered material prices and costs, where the cost
consist of disassembly, material process and
disposal costs, respectively. If the recovered
material prices are higher than the recycling gosts
the value of the cost becomes negative, which
means positive profits earned by the recycling.

3. For mulation of Optimal
Disassembly System Design with
Environmental and Economic
Parts Selection for CO, Saving
Rate and Recycling Cost

31 Notation and assumptions

With the product disassembly data and the, CO
saving rate obtained by the LCI database [15] and
the REM [16], [17], O-1 integer programming with
& constraint [18]-[20] is used in this study for the

selection of the parts disassembled or not in terms
of the CQ saving rate and the recycling cost
similar to [13], [14]. The combinatorial solution
which maximizes the CQ saving rate but
minimizes the total recycling cost of the prodiet i
examined to satisfy the constraints of the
disassembly precedence relation. It is assumed that
there is only one disassembly tgdlor each parj.

The notation of the disassembly parts selection at
stage 1 and the line balancing at stage 2 used for
the integer programming is as follows:

i . Index for predecessors of pgrtwith
task;j

j Index of parts/task§<1,2,...N)

k Index of stationskEKy,...,K)

N Number of parts

J Set of parts/tasks

Jselec Set of selected parts/tasks at Stage 1

Jeance Set of disposed parts/tasks at Stage 1

G . Recycling cost at pajt

g . CO, saving rate at pajt

E . Total CQ saving rate by selected parts

Enax : Maximum CQ saving rate of a product
in all parts disassembled

C . Total recycling cost by selected parts

X : Binary wvalue; 1 if part s
disassembled, else 0

Ecoe Constraint of total C®saving rate of
selected parts

CT Cycle time

Ko : Number of necessary stations

K :  Total number of stations in a design

o} : Disassembly (processing) time of task
atpartj

Yk Binary value; 1 if task at partj is

assigned to statiok 0 otherwise
P; . Set of tasks that immediately precede
taskj at part

To : Production planning period

Q :  Demands for collected EOL products
during T,

S . Total disassembly time

3.2 Optimization for environmental and

economic parts selection and for
disassembly line balancing

Similar to [13], [14], the bi-objective functionsrf
maximizing CQ saving rate and minimizing total
recycling cost with the disassembly parts selection
at Stage 1 are respectively set as Eq. (1) and (2).
Also, the constraint of the disassembly precedence
relations are set as Eq. (3) based on Nof et &]: [2



Int. ] Sup. Chain. Mgt

163

Vol. 3, No. 3, September 2014

N
C=> ¢,x; - Min (1)
=1
N
E=)ex - Max )
i=1
Subiject to:
X =X, <0 igp . (3)

To solve this multiple purpose optimizatios,
constraint method [18]-[20] is used as well as [13]
[14]. The objective functiolk is made into the only
objective function, a nonlinear optimization is
performed to each of those combinations by
changinge gradually similar to [13], [14]. The
function E looks for the Pareto optimum solution
set. TherE is transposed to

E=ec, . 4

Based on [21], the objective function for the

disassembly line balancing at Stage 2 is set as Eq.

(5) for minimizing total number of stations as well
as [14].

K

z kyk"‘]select‘ - Mln (5)
s=Kp+1
Subiject to:

‘] = {‘]select U ‘]cancel} (6)
where ‘]select n ‘]cancel = ¢ '

K .

Z yk,j =1 J U Jselect! (7)
k=1

K K . .

zkyk,i _zkyk,j S 0 J D ‘Jselect' I D PJ ' (8)
k=1 k=1

‘]se\ect

D> PY.; sCT k=1...K, (9

j=1

Yi,i :{0,1}

Similar to Igarashi, et al. (2014) [14], sets of
selected parts/tasks and of disposed parts (cadcell
tasks) at Stage 1 are set as Eg. (6). As the
constraints of line balancing based on Baybars
(1986) [22], constraint (7) requires that each task
be assigned to exactly one station. Constrainis(8)

i0d...k=1....K. (10

select?

the precedence constraint that if taskannot be
assigned to a station downstream from tésk
Constraint (9) is cycle time constraint where the
total disassembly time for all tasks assigned to a
station does not exceed the cycle time. Constraint
(10) does not allow a task to be assigned to more
than one station.

4, Design Procedure Example of
Disassembly System with
Optimal Environmental and

Economic Parts Selection for
CO; Saving Rate and Recycling
Cost

41 A disassembly design problem and

scenarios

To validate the proposed design procedure of the
disassembly system by comparing to another
design case for the recycling rate and cost [14] in
Section 5 later, the same example of the assembly
product and the production plan [13], [14] is here
prepared for a cleaner by a 3D-CAD model [24].
Table 2 shows the production plan prepared in [13],
[14].

Table 2. Example of disassembly problem for
cleaner [13], [14]

Production Planning | Demand<Q for Collected
PeriodT, EOL products durind,

504,000 [sec] (=20
[days] x 7 [hours]
x3,600 [sec])

12,000

To harmonize the CQO emissions and the
recycling cost in the obtained disassembly part
selection with the integer programming [18]-[20],
four scenarios similar to [13], [14] are here
considered and discussed for the product evaluation
as follows: 1) All parts disassembled, 2) £O
volumes maximum, 3) COvolumes and cost
coexistence, and 4) Recycling cost minimum. In
the scenario of 2) COvolumes maximum, a
solution with the highest value of the total colést
CO; volumes at the produét is selected within the
candidates whom their collected €®olumes is
higher than 50 [%]. For the line evaluation, the
disassembly line balancing is carried out by the
integer programming [18] for minimizing the
number of stations based on the selected
disassembly parts at each scenario, respectively.
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Table 3. Bill of materials (BOM) with CQ saving rate and recycling cost: Case of the cleane

. . COz saving ) Disassembl
No. | Part name Material typ{ Weight [g] rate (%) Recycling cog Time [sec]
1 Wheel PP 7.7 0.42 21.y7 16]20
2 Wheel stoppe |PF 1.7] 0.15 20.0¢ 15.0(
3 Upper nozzl  |PF 50.3§ 2.2 17.4¢ 13.2(
4 Lower nozzl |PF 41.25 1.8 17.4¢ 13.2(
5 Nozzle PF 34.5( 1.52] 17.4¢ 13.2(
6 Right handl PF 48.97 2.1§ 13.37 10.2(
7 Switch PVC 4.65 0.6( 13.3 10.2(
8 Left handl PF 51.7(] 2.28 17.4¢ 13.2(
9 Left body PF 187.2 8.31] 36.5] 27.6(
10 |Right bod) PF 179.8¢ 7.97 17.4¢ 13.2(
11 |Dust case cov [PMMA 36.57 3.0¢ 17.4¢ 13.2(
12 |Mesh filtel cloth/Fibe 18.4¢ 19.2¢ 18.4] 13.2(
13 | Connection pige Al/Al alloy 47.37 216 17131 14.60
14 |Dust cas PMMA 175.6¢ 15.21 17.4¢ 13.2(
15 |Exhausttub |PVC 32.04 1.27 17.4¢ 13.2(
16 |Upper filtel cloth/Fibe 17.74 18.54 18.3] 13.2(
17 |Lower filter PF 29.37 1.29 17.4¢ 13.2(
18 |Protection ca |ABS 22.2¢ 1.3¢ 17.4¢ 13.2(
19 |Motor Motor 279.27 10.5( 13.2(
20 |Rubberofoutely e 22.8p 44o 18.63 13po
flame of far
21 fgﬁterﬂame o [ Aval alloy 55.11 2.64 8.9 1090
22 |Lower far PF 15.0¢ 0.6€ 17.4¢ 13.2(
23 |Far Al/Al alloy 62.1(] 2.85 12.52 13.2(
Total 1421.0 100.0p 402.17 31620
Average 61.79 4.5 17.49 13.10
Standard deviation 70.19 5.6 4.98 3.47

4.2 Design example for environmental
and economic parts selection for

CO; saving rate and recycling cost

This section develops a procedure for a bi-criteria
disassembly system design for the £Qfving rate
and recycling cost using a cleaner as a case
example.

4.2.1 Environmental and economic
disassembly parts selection for €O
saving rate and recycling cost at stage
1

(1) Estimation of C@ saving rate, recycling cost
and disassembly time using LCI database and REM

Similar to [13], [14], the prepared product example
in this study is a cleaner, and their basic
products/parts information is obtained with 3D-
CAD [24]. A bill of materials with the C@saving
rate, disassembly time, recycling cost and required
for the disassembly system design are estimated
and assumed using the LCI database and the REM
as shown in Table 3. It is found that the £&@ving

rate of the parts #12 “Mesh filter”, #14 “Dust case

and #16 “Upper filter” are higher than its average
value by 14.7%, 10.7% and 14.0%, respectively.
Since the C@saving rate of part #19 “motor” is
too large (95% of the whole) in this example, it is
assumed that the motor is certainly disassembled
and is removed from the percentage of the, CO
saving rate. Therefore, the @Qaving rate has
been taken and shown percentage except the motor
as shown in Table 3.

Figure 3 shows the precedence relationships of
the cleaner with the estimated disassembly time,
recycling cost and CQOsaving rate. In this figure,
solid or dotted line links mean the constrained or
non-constrained precedence relationships among
the disassembly tasks by Eg. (3), respectively

(2) Environmental and economic parts selection by
integer programming with constraint

Using the Integer Programming withconstraint
[18]-[20], the pareto optimal solution is obtained
for the CQ saving rate and recycling cost by
GLPK [25] which is a package for the linear
programming, mixed integer programming and
other related problems. Figure 4 shows the pareto
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optimal solutions for the CQOsaving rate and the
recycling cost in the case of the cleaner. It is
observed that recycling cost monotonically
increases as the G®aving rate increases.

In order to choose the parts selection for the
disassembly line balancing of the Stage 2, four
scenarios are here considered and discussed as
follows: 1) All parts disassembled, 2) Maximum
CO, saving rate, 3) COsaving rate and cost
coexistence, 4) Minimum recycling cost. To choose
coexistence solution as Scenario 3 by the pareto

:Recycling cost index °

I:l: Recycling rate
-: CO2 saving rate

optimum solutions, a recycling efficien®E is set

as Eq. (13) as well as [13], [14]. The maximal
solution for the recycling efficiency RE is chos&n
¢=50 among the alternative solutions as the
coexistence solution for the GGaving rate and
cost in Scenario 3 in Figure 4.

RE= (13)

E
C

s CE2 T E2])

4.00 2.64 | 0.66 | 2.85

1. Wheel

2. Wheel stopper
3. Upper nozzle
4. Lower nozzle
5. Nozzle

6. Right handle
7. Switch

8. Left handle

9. Left body

10. Right body
11. Dust case cover
12. Mesh filter

13. Connection pipe
14. Dust case

15. Exhaust tube

16. Upper filter

17. Lower filter

18. Protection cap

19. Motor

20. Rubber of outer flame of fan
21. Outer flame of fan
22. Lower fan

23.Fan

Figure 3. Precedence relationship with €&€aving rate and recycling rate and cost: Caskeotleaner

450

400

Scenario 1

350

All parts disassembled f

Scenario 2
Maximum CO2 saving rate

~

50

N

00

Scenario 3
CO2 saving rate and cost coexistence

(e=90)

Recycleing cost

(e=50) ///
150

Scenario 4

100 Minimum recycling cost

o

(e= %20)/'

20%

60% 70% 80% 90% 100%

€02 saving rate [%]

Figure 4. Behaviour of recycling cost for GB&aving rate: Case of the cleaner
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B: Disassembly time

i:Recycling cost index

- : CO2 saving rate

1. Wheel

2. Wheel stopper
3. Upper nozzle
4. Lower nozzle
5. Nozzle

6. Right handle

7. Switch

8. Left handle

9. Left body

10. Right body
11. Dust case cover
12. Mesh filter

13. Connection pipe
14. Dust case

15. Exhaust tube

16. Upper filter

17. Lower filter

18. Protection cap
19. Motor

20. Rubber of outer flame of fan
21. Outer flame of fan
22. Lower fan

23.Fan

Figure5. Precedence relations among disassembly eleméastudsh optimal environmental and economic
parts selection: Scenario 3) €€aving rate and recycling cost coexistence

(3) Disassembly precedence relationships with
environmental and economic parts selection for
CO, saving rate and recycling cost

Figure 5 shows the precedence relations among
disassembly element tasks after the environmental
and economic parts selection in the scenario 3 for
the CQ saving rate and recycling cost coexistence.
A mark “x” in the figure means the cancelled
disassembly tasks with the non-selective parts.
Similar to [13], [14], is observed that the
cancelled parts are collected by a module, for
example, part #1 to #5 and #15 because of their
precedence relationships.

4.2.2 Disassembly line balancing using
integer programming at stage 2

(1) Cycle time

The cycle time is obtained by dividing the
production planning quantit®) by the production
planning period T, as well as the
assembly/disassembly line designs. From the given
production planning period and demands in Table
3, the cycle timeCT is calculated as Eq. (14).

2[sec]

CT = T, _ 50,400[sec]

Q 8400[un|ts

(14)

(2) Condition of the number of stations

The minimal number of stations, is obtained by
dividing the total disassembly tinf by the cycle
time CT. In case of scenario 3 for the €6€aving

rate and cost coexistence, the total disassembly
time becomes 102.6 [sec]. Then, the minimal
number of stationkg is calculated as Eq. (15).

K =[S ]_[1026[sed] _
°ler 42[sed
(3) Disassembly line balancing with ¢@aving

rate using integer programming

(15)

By using the disassembly precedence relations
among the selected tasks, the disassembly line
balancing is carried out by the integer
programming [18] for minimizing the number of
stations. The assignment of each task to statians a
also shown in Figure 6, and the pitch diagram with
the optimal environmental and economic parts
selection at scenario 3 for the £€€aving rate and
recycling cost coexistence are drawn as shown in
Figure 7.
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\S’: Disassembly time

i :Recycling cost index

- : CO2 saving rate

1. Wheel

2. Wheel stopper
3. Upper nozzle
4. Lower nozzle
S. Nozzle

6. Right handle
7. Switch

8. Left handle

9. Left body

10. Right body
11. Dust case cover
12. Mesh filter

13. Connection pipe
14. Dust case

15. Exhaust tube

16. Upper filter

17. Lower filter

18. Protection cap

19. Motor

20. Rubber of outer flame of fan
21. Outer flame of fan
22. Lower fan

23.Fan

Figure 6. Precedence relationships among assignment of bysikéeger programming: With selected parts for
CO, saving rate and recycling cost

(4) Disassembly line evaluation with product
recovery values

Product and line evaluations are here conducted to
the obtained disassembly system. The, G@ving
rate and the recycling cost are simultaneously used
for the product evaluation. The number of
disassembly stations, balance del&p which
indicates a percentage of idol times and smoothness
index Sl as a variation of the total disassembly task
time among disassembly stations are evaluated for
the line evaluations. Table 4 shows the examples of
the disassembly system design with the
environmental and economic parts selection for the
CGO, saving rate and recycling cost in the case of
the cleaner.

42

36

18
21

30

24
12 17 20

18

12

16 19

T
st2 st3

Figure 7. Pitch diagram with optimal
environmental and economic parts selection:
Scenario 3) C@saving rate and recycling cost
coexistence

5. Results of Product and Line
Design Evaluation

5.1 Product vs. linedesigns

This section discusses the results of the prodsict v
line designs as shown in Table 4. With the product
evaluation, the recycling cost was reduced by
32.15% at scenario 2 for the recycling and,CO
saving rates maximum, by 68.34% at scenario 3 for
the CQ saving rate and cost coexistence, and by
84.12% at scenario 4 for the recycling cost
minimum as compared with the scenario 1 for the
all parts disassembled. However, the ,Cfving
rate was maintained on more than 50% at scenario
2 for the recycling and COsaving rates maximum
and at scenario 3 for the G®aving rate and cost
coexistence.

With the line evaluation, 16.7% of the Balance
Delay BD and 61.6% of the Smoothness Indgix
were increased at the scenario 3 for the, €4¥ing
rate and cost coexistence compared with the
scenario 1 for the all parts disassembled. Onbeof t
reasons is that they did not consider to these
evaluations for the optimization at stage 2 in the
proposed model of this study after the parts
selection. However, the other all scenarios 2,® an
4 could reduce respective 2, 5 and 6 disassembly
stations as compared with the scenario 1.
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Table 4. Example of disassembly system design with enviemtal and economic parts selection for,CO
saving rate and recycling cost

Table 5. Comparison of disassembly system design for rewy¢l4] vs. CQ saving rates and cost

- scenario 2: C2 scenario 3: C2 savin( scenario ¢
scenario 1: All parts saving rate rate and recycling cos{ Recycling cost
disassmbled . . -
maximun coexistenc minimun
Total disassembly time [s¢ 316.2( 219.0( 102.¢ 52.¢
Product Number of pari 23 16 8 4
evaluation| CO2 saving rate [%] 100.00 90.12 50.21 21.2p
Recycling cost 402.17 272.89 127.34 63.85
. |Minimal 8 6 3 2
Line Number of station Actual 8 6 3 >
evaluation| Balance deladD 0.06 0.18 0.07 0.37
Smoothness indel| 8.38 22.55 13.54 26.4D

) . . scenario 3: C®saving rate anfl
scenario 1 scenario 2: C@saving rate ) f — '
. ; recycling cost coexistence scenario 5: Recycling cost
All parts maximum (or Reycling rate : -
! . (or Recycling rate and cost minimum
disassmbled maximum) .
coexistence [14])
Recycling CO2 ) Recycling CQz ) Recycling CC.)Z ’
I K Difference saving | Difference saving | Difference|
Objective - rate and| saving rat¢ %] rate and rate and %] rate and rate and (%]
cost [14]| and cost cost [14] cost [14]
cost cost
Total disassembly 316.2( 303.0p 219.90 28%  122|40 142.6 16% 27.60 52.8 91%
Product Number of parts 23 22 16 27% 8 8 0% 1 4 -300%
evaluation—Recycling rate [%] 95.48 95.4 79.57 17p6 64.p2 29|16 4% 13.10 2p.75 74%
| CO2 saving rate [% 100.0( 80.77 90.12 -12% 54.83 50.2] 8% 8.31 21.27)  -155%
Recycling cost 402.17 383.7¢ 272.8¢ 29% 152.64 127.3¢ 17% 36.51 63.8¢ -75%]
Number| Minimal 8| 3 q 259 0% L R -100p6
Line |of stationg Actual 8 8 6 25% 3 3 0% 1 2 -100%
evaluatior) Balance dela3D 0.0€ 0.1¢ 0.1 -80% 0.03 0.07  -133% 0.34 0.37 -9%
Smoothness indelI 8.3§ 17.7 22.56 -27% 2.68 13/54 -404% Q.00 26.40 :
5.2 CO, saving vs. recycling rates and 12% at the scenario 2. It is considered that thie pa

cost

In order to consider the characteristic of the esyst
design by the difference of the objective functions
the optimal disassembly parts selection of bi-
objective in the previous study for the recycling
rate and cost [14], and for the €€aving rate and
cost in Section 5.1 are compared and analysed in
this section.

Figure 8 shows the respective behaviour of the
recycling cost for the COsaving rate at the four
scenarios of the bi-objective for the recyclingerat
and cost in [14] and for the GGaving rate and
cost in this study. With the both cases, the
recycling cost basically increases as the, 6&¥ing
rate increases. Also, it is observed that these
solutions were plotted nearly on the similar lisés
scenarios 1, 3 and 4. However, the,@ving rate
of the bi-objective for the recycling rate and cigst
lower than that for the C{Osaving rate and cost by

#12 “Mesh filter” with higher C@ saving rate for
19.28% was cancelled in the case for the bi-
objective between the recycling rate and cost. One
of the reasons is that the recycling rate is 0% [14
for the part #12 although the GQaving rate is
19.28%. Therefore, it is considered that the part
#12 is preferentially cancelled in the case when th
recycling rate and cost are the bi-objectives.

Table 5 shows the differences of the product and
line evaluations between two bi-objective cases for
the recycling vs. the COsaving rates and the cost.
At the scenario 3 for the recycling or the £O
saving rates and the cost coexistence, the total
disassembly time in the case of the bi-objectiwe fo
the recycling rate and cost are longer than the
optimization for the C@ saving rate and cost by
16% with the product evaluation. However, the
number of stations was not changed between the
both cases with the line evaluation.
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Figure 8. Behaviour of recycling cost for GBaving rate:
Cases of bi-objective optimization for @8aving vs. recycling rates and cost

6. Conclusions L4

This paper proposed the disassembly system design
with the optimal environmental and economic parts
selection which harmonized the ¢®aving rate
and the recycling cost using the Life Cycle
Inventory database by the input-output tables and
the Recyclability Evaluation Method. The design

example demonstrated that the recycling cost was @

minimized in spite of maintaining the GBaving
rate by selecting disassembled parts with the highe
CO, saving rate. The main conclusions are as
follows:

® By constructing a bill of materials with the
CO, saving rate and recycling cost, the
characteristics for each part are quantitatively
identified environmentally and economically.
In the example, it is found that the €€aving
rate of the parts #12 “Mesh filter”, #14 “Dust
case” and #16 “Upper filter” are higher than
its average value by 14.7%, 10.7% and 14.0%,
respectively.

® With the product evaluation, the recycling
cost was reduced by 32.15% and by 68.34% at
respective scenarios 2 and 3 for the ,CO
saving rate considered by comparing with the

scenario 1 for the all parts disassembled inthe @

experiments.

With the line evaluation, the number of the

disassembly stations at scenarios 2, 3 and 4
was minimized after the parts selection and
could be reduced for respective 2, 5 and 6
stations as compared with the scenario 1
though the balance delay and smoothness
index were not improved.

With the both cases of bi-objective for the
CO, saving/recycling rates and cost, these
solutions were plotted nearly on the similar
lines between bi-objectives for the g€aving
rate and cost and for the recycling rate and
cost at scenarios 1, 3 and 4. However, the CO
saving rate of the bi-objective for recycling
rate and cost is lower than that for the ,.CO
saving rate and cost by 12% at the scenario 2.
It is considered that the part #12 “Mesh filter”
with higher CQ saving rate for 19.28% was
canceled in the case for the recycling rate and
cost, but was not canceled in another case for
the CQ saving rate and cost. One of the
reasons is that there is a part where the
recycling rate is 0% but the G®@aving rate is
19.28% like a part #12 depending on material
types. Therefore, the proposed method could
have the C@saving rate higher.

At the scenario 3 for the GGsaving or the
recycling rate and the cost coexistence, there
are no difference for the number of
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disassembly stations with the line evaluation,
while the total disassembly time in the case of
the bi-objective for the recycling rate and cost
are longer than that in the optimization for the
CO, saving rate and cost by 16%.

Further study should optimize the multi criteria

design [7], [20] for the cost, recycling and £0
saving rates, consider a simultaneous design &or th
assembly and disassembly systems, etc.
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