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Abstract. The quantity of Electronic waste (E-waste) is considerably growing due to the rapid 
development of technology. To diminish the influences of E-waste to the environment and 
recover raw materials, the reverse supply chain (RSC) has been examined. Most research focuses 
on minimizing the total cost of the system, however, does not integrate risk factors related to 
RSC operation. Risks generally derive from transportation activity in E-waste RSC such as 
delays for pick up, breakdown of trucks, the uncertainty of dangerous materials which might lead 
to disruptions and higher cost. Therefore, this paper aims to develop a mathematical model for 
minimizing the total cost of E-waste RSC which integrates transportation risk. A mixed integer 
linear programming is utilized in the model and addressed by an optimization software. The 
results of the proposed model can determine the optimal locations and the amount of used 
products transported within the RSC network.  The numerical example also demonstrates that 
the movement of materials or components in the RSC network is considerably affected by 
considering transportation risk. The suggested model can assist decision makers about 
establishing RSC network in which risk elements are incorporated. 

Keywords: Electronic waste, mixed integer linear programming, supply chain management, 
transportation risk 

1. Introduction
E-waste is becoming the largest waste with the generation of 20-50 million tons, and increasing rate 
from 3% to 5% every year (1).  To address the E-waste issue, the reverse supply chain (RSC) is being 
investigated because it can help companies to maintain profits and sustainable development (2).  

The cost for RSC system is relatively high since this system may require an enormous initial 
investment (3). To minimize the total cost of an RSC system, studies have focused on RSC optimization 
(4–6). Mixed integer linear programming (MILP) formulation is commonly adopted in the literature of 
RSC modeling (7).  Fleichmann et al. (8) introduced a basic RSC network design in the product recovery 
context. The developed formulation was a multi-echelon, single-product, uncapacitated facility location 
model for designing RSC, considering cost minimization as the objective function. To evaluate the 
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developed model, they applied it in two examples: copier remanufacturing and paper recycling. John 
and  Sridharan (9) presented a mathematical model for multi-layer RSC. This model used MILP and 
solved by Lingo software. Sensitivity analysis was obtained, and they recommended that the variation 
of input values can assist managers to have a better decision. In supply chain operations, risk is 
considered as a potential fluctuation from the initial objective, which can cause non- value added 
activities at various steps (10). Kumar et al (11) suggested a mathematical model to minimize the total 
cost with incorporating the different types of risks and their influences on the supply chain system. A 
study on supply chain  risk management was conducted by Thun and Hoeing (12) through investigation 
of 67 manufacturing companies in German. The research analysed the key risks in supply chain system 
and examined their probability of occurrence and their impact. The result illustrates that most of supply 
chain risks derive from inside supply chain which managers can mitigate these risk directly. 

In summary, most studies mainly consider investment, processing, disposal and transportation costs 
in the overall cost of RSC operation.  According to Dat et al. (6), transportation cost constitutes a large 
percentage of total cost for RL. To our best knowledge, transportation risk related to RSC operation is 
not investigated by most authors. Risks can typically result in shipping of toxic materials contained in 
E-waste which can affect transportation and the total costs (13). Therefore, the existing models are 
insufficient for a representative of E-waste RSC model. Hence, this paper aims to develop a multi-
product, multi-echelon RSC model for E-waste to minimize the total cost considering transportation 
risk. 

The remaining sections of this paper are organized as follow: Section 2 contains problem 
descriptions while Section 3 discusses the modeling of E-waste RSC. The numerical example is 
presented in Section 4.  Lastly, conclusions and future work are discussed in Section 5. 

2. Problem descriptions  
 

 

 

 

 

 

 

 

Figure 1. The E-waste reverse supply chain network. 
 
In the RSC model for E-waste (shown in Figure 1), used products from retailers or consumers are first 
collected at pick-up sites. After that, they are delivered to disassembly centers where these used products 
are disassembled into different parts or materials at this stage. In the next step, some recyclable materials 
like metals, plastics are sent to recycling facilities while broken or damaged items are delivered to 
remanufacturing facilities. Toxic materials or waste will be transported to disposal site for special 
treatment. Finally, recyclable and renewable materials are transferred to demand and secondary markets 
respectively. The assumptions of the suggested model are presented as following: 

- The sites of pick-up, secondary and demand markets are selected in advance. 
- The treatment facilities are limited size 
- The unit transportation cost is calculated depending on distance traveled. 
- The probability of accident happened and the consequence of the accident are estimated  
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3. Model development 
In the proposed model, the main objective is to minimize total cost (1), involving the sum of 
constructing cost, operation cost, transportation cost, disposal cost, and risk costs and minus income 
receiving from selling useful materials. Comparing to existing models, risks associated with 
transportation activities in the RSC operation are considered in this paper. These risks such as 
transportation delays, the breakdown of trucks or the uncertainty of hazardous materials normally stem 
from delivering components or materials between nodes in the RSC network, which can lead to higher 
transportation cost (14). In this paper, the risk cost, especially transportation risk, can be 
calculated by multiplying the percentage value of risk score and corresponding transportation 
cost. Total cost (TC) of the proposed model can be calculated as Equation (1). Constraint (2) indicates 
all used products are received at collecting areas. 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 landfill sites do 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.  

 

yp

Y

y

R

r

P

p
yrpes

E

e

M

m

S

s
ems

rprp

rprp
iyrp

Y

y

R

r

P

p
yrp

msms

msms
ems

E

e

M

m

S

s
ems

dldl

dldl
tdl

T

t

D

d

L

l
tdl

drdr

drdr
ydr

Y

y

D

d

R

r
ydr

dmdm

dmdm
edm

E

e

D

d

M

m
edm

kdkd

kdkd
ukm

U

u

K

k

D

d
ukd

tl

T

t

D

d

L

l
tdliyrp

Y

y

R

r

P

p
yrpems

E

e

M

m

S

s
emstdl

T

t

D

d

L

l
tdl

ydr

Y

y

D

d

R

r
ydredm

E

e

D

d

M

m
edmukm

U

u

K

k

D

d
ukdyr

Y

y

D

d

R

r
ydr

em

E

e

D

d

M

m
edmud

U

u

K

k

D

d
ukdr

R

r
rm

M

m
md

D

d
d

RyQQ

COPOMax
COPO

TYTDQ
COPOMax

COPOTETDQ

COPOMax
COPOTtTDQ

COPOMax
COPOTyTDQ

COPOMax
COPOTeTDQ

COPOMax
COPOTuTDQ

LCQTYTDQTETDQTtTDQ

TyTDQTeTDQTuTDQOyQ

OeQOuQBCFrBCFmBCFdTC

×−×−

×

×
×××+

×
×

×××+

×
×

×××+
×

×
×××+

×
×

×××+
×

×
×××+

×+××+××+××+

××+××+××+×+

×+×+++=

∑∑∑∑∑∑

∑∑∑∑∑∑

∑∑∑∑∑∑

∑∑∑∑∑∑

∑∑∑∑∑∑∑∑∑∑∑∑

∑∑∑∑∑∑∑∑∑∑∑∑

∑∑∑∑∑∑∑∑∑

= = == = =

= = == = =

= = == = =

= = == = =

= = == = == = == = =

= = == = == = == = =

= = == = ====

1 1 11 1 1

1 1 11 1 1

1 1 11 1 1

1 1 11 1 1

1 1 11 1 11 1 11 1 1

1 1 11 1 11 1 11 1 1

1 1 11 1 1111

6Re5

)66(
66

6
)55(

555

)44(
444

)33(
333

)22(
222

)11(
111

6654

3213

21

  

Subject to: 

kuNQ uk

D

d
ukd ,,1

1
∀=∑

=

 (2) 
meCEFQ emm

D

d
edm ,,

1
∀×≤∑

=

 
(9) 

deQQ
K

k
ukdeu

U

u

M

m
edm ,   ,)11(2

111
∀×= ∑∑∑

===

α  (3) 
ryCYFQ yrr

D

d
ydr ,,

1
∀×≤∑

=

  
(10) 

dyQQ
K

k
ukdyu

U

u

R

r
ydr ,    ,)2(3

111
∀×= ∑∑∑

===

α   (4) 
ltCTQ tl

D

d
tdl ,,

1
∀≤∑

=

  
(11) 

dtQQ
K

k
ucdtu

U

u

L

l
tdl ,   ,)3(4

111
∀×= ∑∑∑

===

α   
(5) 

seNeFmQ esm

M

m
ems ,,5

1
∀×≤∑

=

  
(12) 

meQQ
S

s
emse

D

d
edm ,        ,5

11
∀×= ∑∑

==

β   
(6) 

pyNyFrQ ypr

R

r
yrp ,,6

1
∀×≤∑

=

  
(13) 

ryQQ
D

d
ydry

P

p
yrp ,    ,6

11
∀×= ∑∑

==

β   
(7) binaryFrFmFd rmd :,,  (14) 

(1) 



33 

duCuFdQ udd

K

k
ukd ,,1

1
∀×≤∑

=

  
(8) 

06,5
,4,3,2,1

≥yrpems

tdlydredmukd

QQ
QQQQ

 
(15) 

4. Numerical Example 
To illustrate the usefulness of the proposed model, a numerical example is examined in this section. It 
is assumed that two different types of used products are investigated.  In addition, there are two pick-
up sites (K1, K2), three candidate locations for disassembly centers (D1,D2,D3), three candidate 
locations for remanufacturing centers (M1, M2, M3), two secondary markets (S1, S2), two demand 
markets (P1,P2) and one disposal site (L1). These parameters in the model are randomly generated and 
adopted from (15,16). After solving the proposed model, the objective value is equal to $52371 (case 
1-with risk cost) while the objective value is $44159 (case 2- without risk cost). The result also indicates 
that the treatment centers (D1, D2, M1, M3, R2, and R3) should be opened in case 1 whereas D1, D2, 
M1, M2, R2, and R3 should be constructed in case 2. As a consequence, there are some changes in the 
flow of items of materials in the RSC network (Q1ukd, Q2edm, Q3ydr, and Q4tdl) in the two cases (as seen 
in Figures 2-3). For example, as can be seen in the second stage, 250 units of 2nd used product are 
delivered from D2 to M1 in case 1 while this figure rises to 330 units shipped from D2 to M1 in the 
case 2. The reason is that with considering risk cost, the risk cost from D1 to M1 is higher than that 
from D2 to M1, so it is better to increase the amount of used products delivered from D2 to M1 in order 
to achieve the total cost minimization. 

 

 

 

 

 

 

 

 

 

 

Figure 2. The flow of items and materials with considering risk cost (case 1). 
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Figure 3. The flow of items and materials without considering risk cost (case 2). 

5. Conclusions 
In this paper, a proposed model for a multi-product and multi-tier RSC has been developed. This model 
is to optimize the total cost with comprising transportation risk within RSC system. Risks might arise 
from shipping hazardous materials involved in E-waste, damages due to accidents, delays in pick-up, 
and ect. From the numerical example, it is clear that the movement of items and materials can be 
significantly affected with considering risk cost. The proposed model can help managers to have 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 waiting for the further research. Firstly, we 
assume that the amount of returned products and the cost is deterministic so stochastic or fuzzy 
approaches should be developed to deal with uncertain elements. Secondly, the proposed model only 
consider transportation risk, and other risks in the RSC operation such as demand risk, processing risk, 
or environmental risk which can be incorporated in the future research. In the further development, 
these limitations are expected to address to have a comprehensive model for E-waste RSC. 

The notations and decision variables are presented as below:  
Indexes: 

k Pick-up sites, k∈{1..K} l Disposal site, l ∈{1..L} 
d Disassembly centers, d∈{1..D} u Used products, u∈{1..U} 
m Remanufacturing centers, m∈{1..M} e Reusable items, e∈{1..E} 
r Recycling centers, r∈{1..R} y Recycling materials, y∈{1..Y} 
s Secondary markets, s∈{1..S} t Toxic substances, t∈{1..T} 
p Demand markets, p∈{1..P}   

Decision variables: 
Qciab

 The quality of used product or component i, i∈{u,e,y,t} delivered from center a, 
a∈{k,d,m,r} to  center b, b∈{d,m,r,s,p,l}, and c∈{1,..,6} 

Fdd,Fmm, Frr  Binary variables 
Parameters: 

Nuk The need of  used product u at pick-up site k, u ∈{1..U}, k∈{1..K} 
Tii The unit transportation cost of used product or component  i, i∈{u,e,y,t} 
BCb Fixed cost of center b,  b∈{d,m,r} 
LCtl The unit cost for toxic substance t at disposal site l 
Riib The unit revenue for component i, i∈{e,y}  market b, b∈{s,p} 
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Oiin The unit operating cost of used product, component i, i ∈{u,e,y} at treatment centers 
n∈{d,m,r} 

TDab Distance between centers a, a∈{k,d,m,r} and b, b∈{d,m,r,s,p,l} 
αceu The number of units of component or material i∈{e,y,t} obtained from used product u, and 

c∈{1,..3} 
βe The average  percentage of renewable material e obtained at remanufacturing center 
βy The average  percentage of recycling material y recycled at recycling center  
Niib Maximum need of component or material i,  i∈{e,y} at market b, b∈{s,p} 
Ciib Maximum capacity for  component and material i, i ∈{u,e,y,t}  at  center b, b∈{d,m,r,l} 
POcab Probability of occurrence of an accident on route a, a∈{k,d,m,r} to b, b∈{d,m,r,s,p,l}, and  

c∈{1,..,6} 
COcab The consequence of occurrence of an accident on route a, a∈{k,d,m,r} to b, b∈{d,m,r,s,p,l}, 

and  c∈{1,..,6} 
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