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ABSTRACT

Due to technological boom, the quantity of electronic
goods is significantly growing. After their useful life, they
become e-waste which has considerable impacts on the
environment and society. To mitigate the issue, the reverse
supply chain (RSC) has been investigated to reuse components
or recycle raw materials contained in e-waste. The total cost of
RSC operation is one of the vital issues which has been receiving
more attention from both industry and academia. The existing
research concentrates on minimizing the overall cost of the
system like transportation, operating, disposal and fixed costs.
However, risks normally involved during the transportation of
e-waste in RSC network has not been addressed. These risks
might involve collection delays, breakdown of trucks, accidents
and the variation of hazardous materials which can result in
unexpected disruptions and significantly higher cost.
Currently, there is no research incorporating transportation
risk in RSC operation. This paper is aimed to develop a
mathematical model for the total cost minimization of an e-
waste RSC system with consideration of transportation risk. A
mixed integer linear programming is applied in the proposed
model and solved by an optimization software. To illustrate the
applicability of the proposed model, a numerical example is also
examined. The results of this paper can decide the optimal
locations for treatment centers and the flow of used products or
components delivered within an e-waste RSC network. This
result can support managers to design an e-waste RSC network
whilst transportation risk factors are considered.

Keywords: e-waste, mixed integer linear programming, reverse
supply chain, transportation risk

1. INTRODUCTION

The amount of e-waste is rapidly increasing with the
generation of 20-50 million tons, and a growth rate of 3% to
5% annually (Cucchiella et al., 2015). This rate is
approximately three times faster compared to other waste
streams (Singh et al., 2016). The reason is that the lifetime of
many electronic devices has been considerably shortened
due to technological advancement, attractive designs of
electronic products, and compatibility problems (Kiddee et
al., 2013). For instance, the average lifetime of a new
computer in India is decreasing from 7 years to 4 years
(Dwivedy and Mittal, 2010). The huge amount of e-waste
leads to significant environmental issues that require global
and national attention. The large quantity of e-waste in
Guiyu, China, for example, is manually processed with
improper methods for a long period that has influences on
the quality of water, air, soil and human health
(Sthiannopkao and Wong, 2013). One of the effective ways
to mitigate the environmental effect of e-waste is to
implement reverse supply chain (RSC) to gain recycled
materials or reusable parts from such waste streams (Rahman
and Subramanian, 2012). The scarcity of raw materials,
sustainable development, and environmental regulations
create RSC operation which makes the recovery of returned
products and materials more attractive (Rahman and
Subramanian, 2012, Dowlatshahi, 2000, Nagalingam et al.,
2013, Chandiran, 2014)

The RSC operation may require a large initial
investment for establishing collection areas,
remanufacturing, and recycling facilities (Govindan and
Soleimani, 2017). Hence, studies on total cost minimization
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of RSC system have been of interest for researchers and
managers (Rogersetal., 2012, Dat et al., 2012, Gomes et al.,
2011, Mahmoudi and Fazlollahtabar, 2014, Kilic et al., 2015,
John et al., 2017, Anish Sachdeva et al., 2015). In the
literature of RSC modelling, mixed integer linear
programming (MILP) formulation is one of the major tools
used (John et al., 2017). A basic RSC model in the product
recovery configuration was introduced by Fleischmann et al.
(2001). The main objective function of the model was to
minimize the total cost for a multi-tier, single-product,
uncapacitated facility location model. To demonstrate the
usefulness of the suggested model, two cases involving
copier manufacturing and paper recycling were considered.
Min and Ko (2008) also suggested a MILP and used Genetic
Algorithm (GA) to address the RSC problems relating to the
location of repair centers for third-party logistics companies.
The model can assist the company to combine the existing
forward supply chain with the RSC chain for return products.
As aresult, this allows a company to establish a whole supply
chain process to manage returned products from the
comprehensive aspect. Pishvaee et al. (2010) developed a
MILP model for multi-echelon RSC networks in order to
minimize fixed and transportation costs. To find out the near-
optimal solution for the large-size problem, they used a
simulated annealing (SA) algorithm with special
neighbourhood search mechanisms. To address the inventory
and production planning issues in RSC operation, Gomes et
al. (2011) presented a MILP model for recovery network of
e-waste, which was used to determine the optimal locations
for collection and sorting facilities. They concluded that the
costs of recycling and transportation are the main factors in
the establishment of this network. Regarding the variation of
input values, Anish Sachdeva et al. (2015) suggested a
mathematical model for multi-layer RSC and solved by
Lingo software. Sensitivity analysis with the different input
values was obtained, and the model can assist managers to
have a better decision in designing RSC network.

It is clear that a supply chain consists of multiple
organisations with many echelons of suppliers or customers,
which can lead to several risks at different stages (Manoj
Hudnurkar, 2017). In supply chain operations, risks can be
defined as a potential fluctuation from the initial objective,
which can lead to non-value added activities at various stages
(Eldabee, 2015). Kumar et al. (2010) suggested a
mathematical model to minimize the total cost with
incorporating the various kinds of risks and their impacts on
the forward supply chain. A study on supply chain risk
management was conducted by Thun and Hoenig (2011)
through investigation of 67 manufacturing companies in
Germany. The research examined the primary risks in supply
chain system and analysed their loss of occurrence and their
consequences. Some main risks such as purchasing risks,
transportation risks, demand risks and environmental risks
were considered in the research. The result illustrates that
most of supply chain risks come from inside supply chain
which managers can mitigate these risks directly.

Based on literature review, it is found that risks are
majorly analysed in a forward supply chain but rarely
considered in a reverse supply chain. A recent study
conducted by Sohani and Chaurasia (2016) is to examine
risks related to RSC operation. The framework analysed the
probability and impacts of those risks and suggested a
possible way to reduce such risks to improve the flow of

materials more effectively. In RSC system, earlier studies
mainly consider investment, processing, disposal and
transportation costs in the overall cost. According to Dat et
al. (2012) and Gomes et al. (2011), transportation cost
constitutes a large percentage of total cost for RSC network.
Especially, e-waste contains a variety of dangerous
substances like lead, cadmium, and mercury (Kiddee et al.,
2013). Unlike other materials, the transportation of
hazardous substances might leads to a potential risk to
human health and environment (Fabiano et al., 2002). In
spite of the low likelihood of accidents occurred, the
consequences might be higher in the case of hazardous
materials transportation (Yamk, 2015). To our best
knowledge, transportation risk associated with RSC
operation is not investigated in the existing research.
Transportation risks can generally derive from shipping of
toxic materials contained in e-waste which can affect the
transportation and total costs (Fabiano et al., 2002).
Therefore, the current models are insufficient to represent the
real e-waste RSC model. Hence, this paper aims to develop
a multi-product, multi-tier RSC model, especially for e-
waste to minimize the total cost with transportation risk
integrated.

The rest of this paper is organized as follows; Section 2
presents the problem description whereas Section 3 shows
the model development. In Section 4, the numerical example
is addressed to demonstrate the usefulness of the proposed
model. Finally, conclusions and future work are provided in
Section 5.

2. PROBLEM DESCRIPTION

Figure 1 shows the general e-waste reverse supply
chain network consisting of 4 tiers.

As shown in Figure 1, the used products from retailers
or consumers are first picked up at collection areas (K). After
that, they are delivered to disassembly centers (D) where the
used products are disassembled into different parts or
materials. In the next step, some recyclable materials like
metals, and plastics are sent to recycling centers (R) while
broken or damaged items are delivered to remanufacturing
centers (M). Hazardous materials or waste will be
transported to disposal site (L) for special treatments.
Finally, recyclable and renewable materials are transferred to
demand and secondary markets respectively.

To establish the RSC model with transportation risk,
the key assumptions used in this study are as follows:

- The cost parameters used in the proposed model are
deterministic and predefined.

- The location of collection areas, disposal sites,
secondary and demand markets are known in
advance.

- The size of treatment centers is limited.

- The probability of the accident happening and the
consequence of the accident are available.

The notations, decision variables, and parameters used
in the proposed model are given in the below:
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Collection areas (K)

V lukd
Disassembly centers
(D)
vzedm/ \/f,ydr
: ) Vi
Remanufacturing Recycling centers
centers (M) (R)
V5ems J V6yrp
y
Secondary markets Demand markets Disposal sites
(S) (P) (L)
Figure 1 The e-waste reverse supply chain network
V1ks The quantity of used product u delivered Decision variables:
from center k to center d Parameters:
V2:m  The quantity of reusable item e delivered Nuk The need of used product u at collection
from center d to center m site k, ke{1..K}
V3yar The quantity of recycling material y Tuy The unit transportation cost of used
delivered from center d to center r productu, u e/1..U}
V4 The quantity of hazardous material t Tee The unit transportation cost of reusable
delivered from center d to center | itemse, e e/1..E}
V5equ  The quantity of reusable item e delivered Tyy The unit transportation cost of recycling
from center d to center u materials y, ye/1..Y
V6y, The quantity of recycling material y Tt The unit transportation cost of hazardous
delivered from center r to center p materials t, te/1..T}
Fo  =1ifadisassembly center is opened, Fq = BCs  Fixed cost of disassembly center d,
0 otherwise de/1.D}
Fn = 1ifaremanufacturing center is opened, BCn  Fixed cost of remanufacturing center m,
Fm= 0 otherwise me/l.M}
- c__)tfllelrf\/\;EIisr: cyeling center Is opened, F=0 BC: Fixed cost of recycling center r,re/1..R }
Indices: LCu The unit cost of hazardous material t at
K I.d  fixed pick ites kel K disposal site |
ndex of fixed pick-up sites, ke¢1..K/ Ree The unit revenue for reusable item e
d Index of potential locations for disassembly Ry, The unit revenue for recycling material y
centers,de/1.D} _ Ouw  The unit operating cost of used product
m Index of  potential locations  for u, ueyl.U} at treatment center d
remanufacturing centers, me/1..M} de/1.D}
r Index of potential locations for recycling Oeen  The unit operating cost of reusable item
centers, re/1.R/ _ e, ee/l.E} at treatment center m,
s Index of fixed locations for secondary me/Ll.M);
markets, s€/1.5/ Oyyr  The unit operating cost of recycling
p Index of fixed locations for demand markets, material y, ye/1.Y, at treatment center
pe/l.P} _ rre/l.R}
I Index of fixed disposal site, | €/1..L} Big Distance between centers k and d,
U Index of used products, ue{1..U} kefl.K},de/1..D}
€ Index of reusable items, e /1..E} Bam Distance between centers d and m,
y  Index of recycling materials, y € /1..Y } de/1.D}, me/l.M/
t  Index of hazardous materials, te/1..T Bar Distance between centers d and T,

de{l.D}refl.R}
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POl
PO24n
PO34r
PO4q
PO5s
P06,
COLg
CO2um
CO3y
CO4q
COBps

CO6yp

Distance between centers d and |,
de{l1.DA lefl.L}

Distance between centers m and s,
me{l.M}, se{1.S}

Distance between centers r and p,
ke{l.K}, de{1.D}

The number of reusable item e, e {1..E}
obtained from the used product u,
uefl.U}

The number of recycling material v,
ye{1..Y } obtained from the used product
uuefl.U}

The number of hazardous materials t,
te{1..T } obtained from the used product
uuefl.U}

The average percentage of renewable
material e obtained at remanufacturing
center

The average percentage of recycling
material y obtained at recycling center
Maximum need of reusable item e,
ee{l.E} at secondary market s,
sef1.S}

Maximum need of recycling material y,
ye{1..Y } at demand market p, pe¢1..P 2
Maximum capacity of used product u,
ue{l..Uy at disassembly center d,
def1.D}

Maximum capacity of reusable item e,
ee/1..E} at remanufacturing center m,
me{1.M}

Maximum capacity of recycling material
y, ye{l.Y} at recycling center r,

re{l.R}
Maximum capacity of hazardous
material t, tey1..T} at disposal site I,
le/l.L)}

The probability of occurrence of an
accident on route k to d
The probability of occurrence of an
accident on route d to m
The probability of occurrence of an
accidentonrouted to r
The probability of occurrence of an
accident on route d to |
The probability of occurrence of an
accident on route mto s
The probability of occurrence of an
accident on route r to p
The consequence of occurrence of an
accident on route k to d
The consequence of occurrence of an
accident on route d to m
The consequence of occurrence of an
accidentonroutedtor
The consequence of occurrence of an
accident on route d to |
The consequence of occurrence of an
accident on route mto s
The consequence of occurrence of an
accident on route r to p

Note that the risk factors in the transportation are
described as the probability of occurrences in POlyq,
PO24m, ..., PO6r, and the consequence of occurrences in
CO1w, CO24m,... , COG6r, Which are evaluated from the
scale of 1 (lowest) to 10 (highest) adopted from (EI Dabee
etal., 2014).

3. MODEL DEVELOPMENT

The main objective of the proposed model is like to
other existing approaches, to minimize the total cost (TC)
shown in Eqg.1. The first three terms in Eq.1 represent
operating costs in disassembly, remanufacturing, and
recycling facilities, respectively. The next three terms
describe the fixed cost for establishing those treatment
centers, respectively. The last term in the second line of
Eq.1 is the disposal cost for hazardous materials. The next
six terms present the transportation cost between centers.
The next terms (sixth line in Eq.1) indicate the revenue
received from selling recovery materials and reusable
items. The costs related to the transportation risks is
presented in the last six terms. In this paper, the risk cost,
for transportation risk, is calculated by multiplying the
percentage of risk score and corresponding transportation
cost. Transportation risks include transportation delays, the
breakdown of trucks or the uncertainty of hazardous
materials normally stemmed from delivering components
or materials between nodes in the RSC network, which can
result in higher transportation cost (Sheu, 2007).

To represent the established model as the real RSC
model, the following constraints are considered in the
model;

Subject to:

D
SV, = Ny, Vu,k
d=1

)
M U K
ZV 2edm = Z (aleu X ZVlukd )1 Ve, d
m=1 u=1 k=1 (3)

R

U K
zvsydr ZZ((ZZW XZV]'ukd)’ Vy,d
r=1 u=1 k=1 (4)

L u K
ZV4tdl = Z(aBtu XZV]'ukd)’ vt,d
-1 u=1 k=1

®)
S D
szems =ﬂe xzvzedm’ Ve,m
s=1 d=1 (6)
P D
DV6,,=8,x> V3,4, Vyr
p=1 d=1 (7)
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POL,, xCOL,,

PO3,, xCO3,,

PO5,  xCO5

E M S Y R P
+ V5, x B, xTE, x + V8, x By, xTY,
2,2, 2.V Su: X B XTE, Max(PO5, xCO5 ., 2,2, 2.V0y0 By XTY, Max(PO6,, x COS, )

K
D V1,4 <FdyxCU,, Vu,d
k=1

= (8)
D
> V2., <Fm xCE,, Ve,m

d=1 9
D
D V3, <Fr.xCY, Vyr

d=1 (10)

D
> V4, <CT,, vt
d-1 (11)

M
D V5., <Fm xNe,,Ve,s
m=1 (12)
R
D V6, <Fr.xNy,,Vy,p
r-1 (13)
F,, F,, F, :binary (14)
Vlukd ’Vzedm ’V3ydr7V4tdI 'V5ems'V6yrp 2 O (15)

Constraint (2) presents all used products are collected
at collecting zones. The outcomes of disassembly facilities
are described by constraints (3)-(5). Constraints (6)-(7)
ensure the flow equivalence of different kinds at facilities.
Constraints (8)-(11) require that a number of items at
disassembly, remanufacturing, recycling facilities and
disposal sites are not greater than the maximum capacity of
these facilities. Constraints (12)-(13) make sure that the
quantities of reusable and recycling materials do not exceed
the maximum need of demand and secondary markets.
Constraints (14)-(15) show the binary and integer variables.

Y D R c -
+§Z§V3ydr x By, xTy, x Max(PO3, xCO3, ) +ZZZ

PO2,, xCO2,,

U K D E D M
+ V1, xB.4xTu, x + V2, xB, xTe, x
;ZZ wa T T T Max(POL,, xCOL, ) 2,22V 2un* B XTe, Max(P0O2,, xC02,,)

PO4,, xCO4,
Max(PO4,, xCO4,,)
PO6,, xCOS,,

1)

4. NUMERICAL EXAMPLE

This section presents a numerical example to evaluate
the practicability of the proposed model. In this example, two
different types of used products are considered and the
product structure tree of these used products are shown in
Figures 2 and 3. There are one unit of reusable item (E31),
two units of recycling materials (Y1, Y2), and one unit of
hazardous material (T1) in used product U; while there are
one unit of reusable component (E>), three units of recycling
materials (Y3, Ya, Ys) and one unit of hazardous material in
used product U,.

In addition, there are two collection areas (K1, K), three
potential locations for disassembly centers (D1, D2, D3), three
potential locations for remanufacturing centers (Mz, My, M),
two secondary markets (Si, S2), two demand markets (P1, P2)
and one disposal site (L1). These parameters (Tables 1-10)
in the model are generated within a reasonable range and
adopted from John et al. (2017) and Phuc et al. (2013). Table
1 presents the size of the numerical example while unit
revenue received from recycled and reusable items is given
in Table 2. The distance between centers is provided in
Table 4 whereas the unit of transportation, operating, fixed
costs are shown in Tables 3, 5 and 6, respectively. The
maximum capacity at facilities is represented in Tables 7
and 8. Table 9 shows the number of used products at
collection areas. It is assumed that the value of the
probability and the consequence of accident occurrence from
transportation between centers is in the scale of 1 to 10
adopted from El Dabee et al. (2013) as shown in Table 10.

Table 1 The size of the numerical example
K b Mm R 8 P L U E Y T

2 3 3 2 2 2 1 2 2 5 2
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[ Used product U 1

\ 4 ‘} V
Reusable Recycling Recycling
item (Ex1) material (Y1) material (Y2) Hazardous material (T1)

Figure 2 Product structure of used product U

[ Used product Uz }

\4 v A
item (E2) material (Y3) material (Y4) || material (Ys) Hazardous

material (T>)

Figure 3 Product structure of used product U2

Table 2 Unit revenue received from recycled and reusable components ($)
Re1 Re: Ryr Ry Rys Rys Rys
18 15 2 18 16 16 23

Table 3 The unit transportation cost per km (3$)

Used Reusable Recycling Hazardous materials
products items materials
Tur  Tuz Ter Te2 Tyr Ty2 Tys Tys Tys Tt Th
2 16 05 04 02 03 04 03 02 06 05
Table 4 Distance between centers (km)
Dist. Ki K2 M M2 Ms Ri R2 Rs L1
D1 20 20 34 36 39 37 43 42 23
D2 22 26 25 38 30 40 42 44 28
Ds 32 37 28 30 33 38 39 42 24
Dist. S1 S2 Dist. P4 P,
M# 28 24 Ri 23 19
Mz 27 26 R2 24 26
M 25 27 Rs 25 23

Table 5 Operating cost at disassembly, recycling and remanufacturing centers ($)

Returned Recycling Reusable
products materials Items
Ou1d Ouzg Oyir Oyar Oysr Oyar Oysr Oeim  Oezm
d=1 3 34 r=1 20 24 22 17 20 m=1 2 3
d=2 3.2 3.0 r=2 20 24 18 20 26 m=2 24 25
d=3 3.3 3.2 r=3 22 18 23 15 18 m=3 2.3 25
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Table 6 Fixed cost for building disassembly, recycling and remanufacturing centers and disposal cost ($)

BCq BC: BCnm LC LC2
d=1 950 r=1 750 m=1 850 [=1 3 2
d=2 920 r=2 840 m=2 800
d=3 870 r=3 800 m=3 820
Table 7 Maximum capacity at disassembly, recycling and remanufacturing centers (unit)
CU1q CU2zq CYir CYar CYs CYar CYs CEim CEzm
d=1 650 550 r=1 642 746 868 953 864 m=1 250 300
d=2 600 730 = 920 836 924 826 790 m=2 350 450
d=3 650 550 r=3 1060 1480 467 470 440 m=3
Table 8 Maximum need at secondary markets, demand markets, and disposal site (unit)
Neis Ne2s Ny1p Ny2p Nysp Nysp Nysp CTu CTa
s=1 860 700 p=1 550 650 500 520 680 =1 1500 820
s=2 900 520 p=2 840 640 527 674 730
Table 9 The number of used products at collection areas (unit)
Nuk
N 1 2
1 350 460
2 250 340
Table 10 The probability and the consequence of accident occurrence from transportation between centers
Probability Consequence
(1-10) (1-10)
Route k-d PO114 PO124 CO11d CO12q
d=1 2 2 2 3
d=2 2 2 2 3
d=3 1 1 2 2
Route d-m PO21m PO22m PO23m CO21m CO22m CO2sm
m=1 3 2 1 2 2 2
m=2 2 2 1 1 2 1
m=3 2 2 1 1 1 1
Route d-r PO3+ PO3ar PO3s CO3:, CO3 CO33
r=1 2 1 1 2 3 2
r=2 4 2 4 3 2 3
r=3 3 3 2 1 2 2
Route d-| PO44 PO42 PO43 CO44 CO4z CO43
=1 4 3 2 2 2 3
Route m-s PO51s PO52s PO53s CO51m COb52m CO53m
s=1 3 2 1 2 3 1
§=2 3 2 1 3 3 1
Route r-p POB1p POG62p POG63p COB1p COB6z2p CO63p
p=1 2 4 2 2 3 2
p=2 1 2 2 2 2 2

The proposed model is solved by an optimization
software to find the optimal solution. There are two cases
considered in the study. With risk cost (case 1), the total
cost obtained is $52371. On the other hand, the result is
$44159 without risk cost (case 2). The results also indicate
that the treatment centers (D1, D2, M1, M3, Rz, and R3)
should be opened in case 1 while D1, D2, M1, M2, Ry, and
Rs should be utilised in case 2. It can be seen that R; and
D3 are not selected in both cases since the disassembly
centers (D1, D.) and recycling centers (Rz, Rs) are
sufficient to handle used products and components with
cost minimization. However, there is a difference in

remanufacturing centers chosen in two cases. M1 and M3
are selected in case 1 while M1 and M are chosen in case
2. Consequently, there are some changes in the movement
of items and materials in the RSC network (V1ukd, V2edm,
V3yar, and V) in the two cases (as seen in Figures 4 and
5). For example, as can be seen in the second stage, 250
units of 2™ used product are delivered from D, to M; in
case 2 while this figure rises to 330 units shipped from D,
to My in case 1. The main reason is that the risk cost from
D: to My is higher than that from D, to Mi. Hence, it is
better to increase the number of used products delivered
from D; to My in order to reduce the total cost.
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The results in the example clearly show that the
transportation risk is one of the major factors in terms of
the total cost and RSC network designs. In the numerical
example, the total cost increases more than 18% with risk
cost incorporated. In addition, the flow of materials or
items can be considerably changed when transportation
risk is considered (as shown in Figures 4 and 5). Thus, it
can be concluded that it is necessary to include
transportation risk in the model to represent the real RSC.

A RSC system generally needs a large initial
investment for constructing dismantling, remanufacturing,
and recycling facilities. Hence, one of the key issues in a
RSC that decision makers are facing is the determination
of the number and location of different centers, as well as
the optimal flow of materials and components through the
network. The proposed mathematical model suggests the
optimal decisions to establish a RSC network design while

transportation risk is incorporated. Furthermore, each kind
of waste has transferred to different treatment processes
based on its characteristic. Therefore, the proposed model
presented in this study has practical implications for the
network design of an e-waste RSC.

5. CONCLUSIONS

A multi-product and multi-tier RSC model for e-
waste with consideration of transportation risk has been
developed in this paper. This model is to optimize the total
cost of RSC system while considering transportation risk.
The example shows that there is a considerable difference
in the comparison of two cases (case 1- with risk cost and
case 2- without risk cost). The results also show that the
movement of items and materials can be significantly
affected by risk cost.

Figure 5 The flow of items and materials without considering risk cost (case 2)
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The proposed model in this paper can be a good starting point
for further studies in the field of RSC network designs with
integrating risk cost. This paper can assist managers to have
a better perception in establishing e-waste RSC system in
consideration of risk factors in order to achieve the desired
goal.

However, there are some limitations in this research
that are waiting for further research. Firstly, it is assumed that
the amount of returned products and the cost are
deterministic in this paper but in reality, these parameters are
uncertain. Therefore, stochastic or fuzzy approaches should
be developed to deal with such uncertain elements. Secondly,
the proposed model only considers transportation risk, and
hence other risks in the RSC operation such as demand risk,
processing risk, or environmental risk need to be
incorporated in the future research to establish a more
comprehensive model for the real e-waste RSC system.
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