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In the recent decade, special attention is paid to reverse logistic due
to economic benefits of recovery and recycling of used products as
well as environmental legislation and social concerns. On the other
hand, many studies claim that separate, sequential planning of
forward and reverse logistic causes sub-optimality. Effective
transport activities are also one of the most important components of
a logistic system, and it needs an accurate planning. In this study, a
mixed integer linear programming model is proposed for integrated
forward / reverse supply chain as well as vehicles routing. Logistic
network used in this paper is a multi-echelon integrated forward
[/reverse logistic network, which is comprised of capacitated facility,
common facilities of production/recovery and distribution/collection,
disposal facilities and customers. The proposed model is multi-period
and multi-product with the ability to consider several facilities in
each level. Various types of vehicle routing models are also included
such as multi-period routing, multi-depot, multi-products, routing
with simultaneous delivery and pick-up, flexible depot assignment,
and split delivery. The model results present the product flow
between the various facilities in forward and reverse directions
throughout the planning horizon with the objective minimization of
total cost. Numerical example for solving the model using GAMS
shows that the proposed model could reach the optimal solution in
reasonable time for small and medium real-world problems.

© 2016 IUST Publication, IJIEPR. Vol. 27, No.3, All Rights
Reserved

1. Introduction

than in the past. Competition among companies

In today's world, the changes in the economic and
industrial spheres are occurring more quickly
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has increased, and costumers want high quality
goods at a lower price and low delivery time. To
respond to this request and maintaining
competitive  advantage, = companies  have
increasingly established supply chain networks
and integrated logistics. On the other hand and
parallel to these developments in the economic
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sphere, because of environmental impact of used
products, increasing environmental consciousness
of customers and environmental legislations,
attention to the reverse logistics (RL) networks
has increased. In some countries, environmental
legislations  force  companies to  take
responsibility for their products over the entire
life cycle of the products. From an economic
point of view, recovery and recycling of used
products is profitable for the companies. In some
products, establishment of after-sales repair
service results in customer satisfaction; in this
way, it indirectly leads to more profits for
company. In recent years, many studies have
been done on the economic benefits of recycling
used products [1]. In the past three decades, many
important companies, such as General Motors,
Kodak, Xerox, have paid special attention to
refurbishing and repairing of the return products.

In the literature, different classifications of
reverse logistics’ processes are presented. reverse
logistics, in general forms, start from end users
(i.e., consumers) where used products (returned
products) are collected and then attempts to
manage end of life products through different
decisions such as remanufacturing (to resale them
to second markets or if possible to first
customers), recycling (to convert them to raw
materials), repairing (to sell in the second
markets through repairing), and finally, disposing
of some hazardous materials.

Many studies in the literature showed that
separate or sequential planning of forward and
reverse logistics result in sub-optimality.
According to these studies, integrated design of
forward and reverse logistics courses lead to
considerable savings in costs [2]. In the literature,
the integrated system includes forward and
reverses logistics, which is called closed-loop
supply chain (CLSC) that has recently gained
significant importance [3]. Typically, a closed-
loop supply chain in forward flow includes
Supply of raw materials from suppliers, convert
raw materials into finished products in plants, and
distribution of finished products to the final
costumers through the distribution centers. The
CLSC in reverse flow includes collecting the
returned products from final consumers and
remanufacturing, recycling or disposing them in a
way that is appropriate. Fig. 1 shows the generic
form of CLSC.

Distribution
Suppliers Plants centres Customers

Recovery S

Disposal
plan
planis centre L

Fig. 1. The generic form of CLSC

Collection
centres

One of the most important activities of each
supply chain is logistic activities that includes
inventory and  transportation activities.
Wajszczuk [4] showed that the logistic costs are
20%-30% of the total costs of manufacturing
companies. Therefore, any optimization in these
activities can create sustainable competitive
advantage for companies. As mentioned earlier,
effective transportation activities are one of the
most important components of each logistic
system, and it needs an accurate planning. In
reverse logistics, non-effective transportation
activities limit the economic success of the
products recovery. Collection of returned
products should be done at the right time and in a
route with the lowest cost. Also, transportation
and distribution of products in the forward
direction is one of the most important problems
in the supply chain management.

Transportation activities in CLSC are divided
into two types:

Collection of returned products from final
costumers and move in the reverse flow.
Distribution of refurbished and new products in
forward flow.

An important issue in CLSC is creating synergies
between two different flows in different
directions. In this case, integrating flow is a
suitable approach to cost savings. For example,
integration of distribution and collection
activities results in the vehicles with full of
returned products on the way back to the depot.
Hence, an important operational decision
concerns finding optimal vehicle routes to
transfer the products through the network
efficiently by implementation of mathematical
models such as vehicle routing models in CLSC
distribution planning.

Inventory management is another important
operational decision that is known as one of the
main tools to improve responsiveness at lower

International Journal of Industrial Engineering & Production Research, SEptember 2016, Vol. 27, No. 3



Closed Loop Supply Chain Planning With Vehicle ......

M. Mirzabaghi, A. Rashidi Komijan'& A.

H. Sarfaraz 289

cost, reducing inventory costs, and improving
customer service.

This paper is organized as follows: in Section 2, a
brief discussion about previous related works is
presented; the problem description and its
mathematical formulation are comprised in
Section 3. The generation of data instances and
computational results are presented in Section 4.
In Section 5, some concluding remarks are
offered.

2. Literature review

2-1. Closed-loop supply chain management

According to the American Reverse Logistics
Executive Council, reverse logistics is defined as
““The process of planning, implementing, and
controlling the efficient, cost-effective flow of
raw materials, in-process inventory, finished
goods and related information from the point of
consumption to the point of origin for the purpose
of recapturing value or proper disposal’’([5],[6]).
A review of the supply chain management
literature shows that a large part of the studies is
in the field of forward logistics network design
from supplier to final costumers; a relatively
smaller part of the literature is in the field of
reverse logistics [3]. A review of the reverse
logistics literature shows that studies in this field,
especially after 2005, are increasing [7]. Main
objective in RL network design is to define the
number and location of facilities such as
collection centers, remanufacturing centers and
disposal centers, as well as determine their
capacity and the optimal flow among them.
Pishvaee et al. [8] proposed a MILP formulation
to design a single product and multiple-echelon
reverse logistics network consisting of costumers,
collection centers, recovery centers, and disposal
centers with limited capacities. As mentioned
earlier, separate or sequential planning of forward
and reverse logistics results in sub-optimality.
The configuration of reverse logistics network,
including location of facilities and material flow
between  them, influences all network
components. Some studies in this field show that
integrated planning and design of forward and
reverse logistics reduces the total supply chain
costs ([2],[9],[10],[11]). In general, the purpose
of many of these papers is to determine the
number, location, and capacity of facilities, such
as plants, distribution centers also collection,
recovery, disposal centers, as well as determining
the optimal products flow among them in forward
and reverse direction. Jayarman et al. [12]
proposed a MILP model to design an integrated

forward/reverse logistics system based on
customer demand for remanufactured products.
Selma et al. [13] considered a multi-product
CLSC with capacitated facilities and uncertainty
on demand and returned products. They
developed a MILP formulation to design this
network. Beamon et al. [14] developed a mixed
integer linear programing formulation for a four-
echelon CLSC, in which the quality of new and
remanufactured products is the same.

Another issue in design of integrated
forward/reverse logistics networks that received
considerable attention is the use of common
facilities such as distribution/ collection centers
or manufacturing/ recovery centers. Considering
common facilities not only reduces the planning
complexity, but also construction and
maintenance costs are reduced from economic
point of view, duo to using common facilities and
infrastructure. Lee and Dong [15] developed a
MILP model to design the CLSC network of
electronic products with distribution/collection
common facilities and solved this model with
tabu search meta-heuristic algorithm. But, this
article has some weaknesses. For example,
simple assumptions such as the specified number
and location of common facilities and the use of
only one plant. Also, in reverse flow, only
remanufacturing process is considered. Zhou and
Wang [16] presented a model on design of
integrated forward/reverse logistics network with
manufacturing/recovery common facilities, which
is one of the most popular models for CLSC
network design. It also assumes that the quality
of remanufactured products and new products is
the same. Thus, remanufactured products, such as
new products, come to market to satisfy
demands. However, their model does not
consider some real-world important assumptions
(e.g., capacity constraints,  multi-product
production, and the uncertainty in demand and
returned products). Pishvaee et al. [10] proposed
a mathematical model to design integrated
forward/ reverse logistics network  with
manufacturing/ recovery and  distribution/
collection common facilities and disposal centers
in two modes with stochastic and deterministic
parameters. Outputs of their model were the
product flow among various facilities in forward
and reverse direction throughout the planning
horizon with the objective of minimizing total
cost.

2.2. Vehicle routing problems

As mentioned earlier, finding optimal vehicle
routes is one of the most important operational
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decisions in CLSC management that can
significantly reduce costs and improve customer
service. Many of the studies in the area of CLSC
management did not consider this important
operational decision. The Vehicle Routing
Problem (VRP), introduced by Dantzig and
Ramser [17], is a well-known problem in
operations research applied to transportation
sciences. Basic formulation of this problem is the
so-called Capacitated Vehicle Routing Problem
(CVRP), in which geographically dispersed
costumers around a central depot have demands
for a homogeneous product. They have to be
served by homogeneous vehicles with a limited
capacity based at the depot. The CVRP aims to
determine a set of delivery routes of minimum
total cost over a single period, such that: (i) each
route starts and ends at the depot; (ii) each
customer is served by only one vehicle; (iii) the
total demand on each route does not exceed the
vehicle capacity. This problem and all of its
extensions are NP-hard combinatorial
optimization problems [18]. For this reason, the
majority of articles focused on the development
of effective solution procedures. There are some
review papers in this filed in the literature. A
comprehensive review can be found in Eksioglu
etal. [19].

Since the first article of VRP by Dantzig and
Ramser in 1959, this problem has been extended
in many ways by introducing additional real-
world aspects, resulting in a large number of
variants of the VRP. One of the variants of VRP
is Multi-depot VRP (MDVRP), which was firstly
studied by Sumichrast et al. [20]. MDVRP
assumes that multiple depots are geographically
scattered among the customers and each customer
is visited by a vehicle that is assigned to one of
these depots (i.e., each route must start and end at
a same depot). Wu et al. [21] developed the
MDVRP to multiple-depot location-routing
problem. Sepehri et al. [22] proposed a MILP
model for multi-product MDVRP in a multi-
echelon supply chain. They wused Lagrange
method to solve the problem by decomposing the
model to a single product model. Mahdavi et al.
[22] proposed a mathematical model and a
heuristic approach for multiple products MDVRP
that minimizes total traveled distance.

In another kind of VRP, planning is made over a
time horizon, and deliveries to the customer can
be made in different days. The objective of this
problem is to find a feasible routing solution in
each period, such that the total cost of the routes
over the planning horizon is minimized. This

problem is known as the Periodic Vehicle
Routing Problem (PVRP) which is introduced by
Beltrami et al. [24] and the first mathematical
formulation of this problem is proposed by
Christofides et al. [26]. Foster and Ryan [25]
presented an extension of PVRP to a problem
with pre-defined days to visit each costumer.
Francis et al. [27] developed PVRP for a
problem, in which the number of visiting each
customer was a decision variable of the problem.
An extension of PVRP is Multi-depot PVRP
(MDPVRP). The MDVRP and the PVRP have
received a great deal of attention in the literature,
but the MDPVRP has been rarely studied and
relatively few studies have been done in this area.
such as Kang et al. [28], that used an exact
algorithm to solve this problem.

In the basic MDPVRP, every vehicle route has to
start and end in the same depot. In other words,
the number of vehicles of each depot is fixed and
each vehicle starts its travel from its depot and
ends in the same depot. A new type of MDPVRP
is developed in which no obligation is made to
vehicles to return to the initial depot and each
vehicle starts from an initial depot and after
servicing to sub-set of costumers, ends to a depot
that servicing of the customers in the next period
be performed at lower cost. The idea of the
flexibility in determining the last depot of each
route as "flexible assignment" was introduced by
Kek et al. [29]. Eydi and Abdorahimi [30]
considered a MILP model for the MDVRP with
flexible assignment and solved this model with
genetic algorithm.

One of the variants of VRP that is widely used to
deal with the issues in reverse logistics is the
vehicle routing problem with simultaneous
pickup and delivery (VRPSPD), in which each
costumer requires both delivery and pickup. This
problem has been introduced first by Min et al.
[31]. A general assumption in this problem is that
all deliveries must be originated from the depot,
all pickups must be transported back to the depot.
Deliveries and pickups must be met
simultaneously when each customer is visited by
a vehicle and unloading is carried out before
loading at each customer. The application of
VRPSPD is frequently encountered in the
distribution system of grocery store chains. Each
grocery store may have both a delivery (e.g.,
fresh food or soft drink) and pickup (e.g.,
outdated items or empty bottles) demand [32].
Reverse logistics and CLSC are also another
application area for VRPSPD. In this case,
integration of forward and reverse flows (for
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instance, integration of distribution and
collection) is a suitable approach to cost savings.
Dethloff [33] developed a MILP model for
VRPSPD in a reverse logistics network with one
depot. This model has been developed in many
subsequent studies. Salhi and Nagi [34] proposed
multiple depots VRP with simultaneous pickup
and delivery.

In the majority of vehicle routing problems, each
customer is served by only one vehicle exactly
only once. However, this assumption is not
always realistic because sometimes the customer
demand exceeds the vehicle capacity. In this
case, the possibility of multiple visits to the same
customer characterizes the VRP with Split
Deliveries (SDVRP) Archetti et al. [35] showed
that allowing split servicing can reduce routing
costs up to 50%.

As said earlier, VRP is an NP-hard problem, thus
the majority of studies on this problem have been
mainly focused on heuristic and meta-heuristic
approaches. Despite the increasing interest in
heuristic approaches for VRP, developing
efficient mathematical formulations for this
problem has received much less attention from
researchers. However, efficient mathematical
formulations may allow us to solve small or
moderate-sized problem instance by using any
commercial package or to develop new exact
and/or mathematical model-based heuristic
algorithms for the problem. This is the main
motivation of our paper. On the other hand,
according to the literature, there is a few studies
on vehicle routing in closed-loop supply chain.
Therefore, in this paper, a comprehensive model
is proposed to combine different types of vehicle
routing problems and implement them in a multi-
echelon closed-loop supply chain.

3. Problem Description and Formulation
In this paper, we consider a multi-echelon, multi-
period, and multi-product closed-loop supply
chain network considering common facilities.
This chain consists of production/ recovery
centers, distribution/ collection facilities, disposal
centers and customers’ nodes (see Fig. 2). As we
said in the literature review section, with the
forward and reverse features of network
simultaneously and proposing an integrated
model, we aim to prevent sub-optimal solutions.
Moreover, employing common facilities for
common activities (e.g., production and recovery)
saves more money, time and energy and decrease
the  operational  cost. Each  common
distribution/collection  (production/ recovery)

center plays a distributor (producer) role in the
forward flow on the network, and a collector
(recovery) role in the reverse one (e.g.,
considered at Pishvaee et al. [10]).

Costumers

t=y

Production/Recovery ’ Distribution/Collection
centers K: I centers

=

Disposal centers

Forward flow sl
Reverse flow <3—

K1: The set of employed vehicles at the first stage
K2: The set of employed vehicles at the second stage
K3: The set of employed vehicles at the third stage

Fig. 2. The considered network

In this network and in the reverse flow, returned
products from customers are transported to the
distribution/collection centers. Some of these
products, which are recoverable, are transported
to the production/recovery centers and the others
that are not recoverable are transported to
disposal centers. According to Zhou and Wang
[16], demand of customers can be satisfied
through the recovered products and new
products. They assumed that the quality of new
and recovered products is the same. In the
forward flow, the new and recovered products by
the production/recovery centers are transported to
the end customers through the
distribution/collection centers. There is a capacity
limitation for all facilities and the transportation
fleet.

Moreover, the model deals with transportation
planning at each echelon. The employed
transportation vehicles in each echelon are
independent of other echelons. Travels in all
echelons are indirect (tour; such as the routing
problem) and each vehicle starts its travel from
an initial center and after servicing a subset of
nodes, go to a final center.

In each period, each vehicle starts and ends its
travel at a center, so that the initial and final
centers are not the same necessarily (flexible
assignment). In each period, each vehicle starts
its travel from the final center in the previous
period. In the echelon 1 (2), each vehicle delivers
the products to the distribution/ collection centers
(costumers) and picks up the returned product
from it simultaneously (VRPSPD). In the echelon
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1 (2), in each period, the demand of each
distribution/ collection center (customer) can be
satisfied by multiple visits by multiple vehicles
(i.e., split servicing is allowable). But, in the
echelon 3 in each  period, each
distribution/collection center is served by only
one vehicle exactly only once.

In the first echelon, produced and recovered
products in each production/recovery center in
each period can be stocked (regarding to holding
capacity), and after that can be distributed in the
next period. In each period, each vehicle,
regarding its capacity limitation, picks up
required products from the stock of a production/
recovery center and starts its travel and delivers
products to a subset of distribution/ collection
centers (simultaneously, vehicles collect the
returned products) and returns to one of the
production/ recovery centers with collected
returned products. (Delivered products to
distribution/collection centers can be distributed
to the customers in the next period, and all of the
collected  returned  products in each
production/recovery center are remanufactured at
the next period). On the other side, the new
products are produced regarding the demand of
customers. In each of production/recovery center,
the products can be stocked to tackle the
plausible fluctuation in demand.

In the second echelon, in each period, each
vehicle (regarding its capacity limitation) picks
up required products from the stock of a
distribution/ collection center, delivers them to a
subset of customers (simultaneously, vehicles
collect the returned products), and returns them to
one of the distribution/ collection centers with
collected returned products. Shortages in
deliveries to customers are allowed (lost sale),

Mixed integer linear programming model (MILP):
Sets:

but pickups from customers are not allowed.
Also, there is no possibility to stock the returned
products in the distribution/ collection centers for
several periods, so that recoverable proportions
of them are transported to the production/
recovery. centers and the rest are transported to
the disposal centers in the next period. It is
notable that the distribution/collection centers can
stock the new and recovered products for
distribution to the customers in the next periods.
In the third echelon, in each period, each vehicle
starts its travel from a disposal center, picks up
the unrecoverable products from a subset of
distribution/collection centers, and returns them
to one of the disposal centers with collected
products. In this echelon, shortage in pickups are
not allowed too. The network should be planned
with the aim of minimizing total operational cost
including of production, remanufacturing,
holding, and transportation.

Assumptions:

In the section above, some assumptions were
expressed. Additional assumptions which are
considered in the modeling are:

- The number of periods during the
planning horizon is defined and limited.

- The number, capacity, also location of all
facilities are known.

- In each echelon, the vehicles are
heterogeneous, with certain capacity and
operate independently of other echelon.

- The number and location of all costumers
in all periods are known and quantity of
delivery demand and returned products
to/from each customer and also all
parameters are deterministic.

A The set of production/recovery centers

B The set of distribution/collection centers

C The set of customers

D The set of disposal centers i, je A/B/C/D

T The set of periods t eT

P The set of products p €P

K1 The set of employed vehicles in the first echelon

K2 The set of employed vehicles in the second echelon

K3 The set of employed vehicles in the third echelon k € K1/ K2 /K3
Parameters:
t1p; Time to produce a unit of product p at production/recovery center i (hour)
t2p Time to remanufacture a unit of product p at production/recovery center i (hour)
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t3; Time to dispose a unit of product p at production/recovery center i (hour)

Cpj Production cost of product p per unit at production/recovery center i

C8y,i Remanufacturing cost of product p per unit at production/recovery center i

c9;i Disposal cost of each product per unit at disposal center i

Cij Travel cost from node i to node j

ti Travel time from node i to node j

hhl Holding cost of product per unit (Independent of product type) per period at production/
recovery centers

hh2 Holding cost of product per unit (Independent of product type) per period at distribution/
collection centers

ql Shortage cost per unit

U2iy Production capacity of production/recovery center i in period t (hour)

U4 Remanufacturing capacity for production/recovery center i in period t (hour)

ul, Holc;ing capacity of production/recovery center i in period t (Independent of product
type

u3; Holding capacity of distribution/collection center i in period t (Independent of product
type)

us; Collection capacity of distribution/collection center i in period t

u6i Disposal capacity of disposal center i in period t (hour)

g1« Capacity of vehicle k which employed in the first echelon k e K 1

02« Capacity of vehicle k which employed in the second echelon k € K 2

g3k Capacity of vehicle k which employed in the third echelon k € K 3

dipt Demand of customer j for product p in period t

Pip.t Quantity of returned product p of costumer zone j in period t

sp Proportion of unrecoverable returned products

I Duration of period t (hour)

M A large positive constant

Variables:

X1i j ket 1 if vehicle k e K1 travels from node i to node j in period t. (i, j e B ); otherwise 0

yli’j’k,t 1 if vehicle k € K1 travels from node i to node j in period t. (i e A, j € B ); otherwise 0
Zli k.t 1 if vehicle k e K1 travels from node i to node j in period t. (ie B, j € A); otherwise 0
X2ijkt  lifvehicle k e K2 travels from node i to node j in period t. (i, j e C ); otherwise 0

y2i,j,k,t 1 if vehicle k € K2 travels from node i to node j in period t. (i€ B , j e C ); otherwise 0
22 j k.t 1 if vehicle k e k2 travels from node i to node j in period t. (ieC , j e B ); otherwise 0
X3i,j k.t 1 if vehicle k € K3 travels from node i to node j in period t. (i, j € B ); otherwise 0

y3i,j,k,t 1 if vehicle k e k3 travels from node i to node j in period t. (i e D , j e B ); otherwise 0

Z3i,j k. 1 if vehicle k e k3 travels from node i to node j in period t. (i B , j € D ); otherwise 0

g 1p,i t The amount of product p manufactured in production/ recovery center i at period t

g2 pit The amount of product p recovered in production/ recovery center i at period t

(‘3]3i,t The amount of product disposed in disposal center i at period t

V1 The amount of shortage of product p in costumer i at period t

hlpis Inventory of product p in production/recovery center i after loading the vehicles at the
beginning of period t

Slpis Inventory level of product p in production/recovery center i after adding new and

recovered products at the end of period t
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h2 it Inventory level of product p in distribution/collection center i after loading the vehicles at
the beginning of period t
S 2p . Inventory level of product p in.distribution/collection center i afterl receiving new and
e recovered products from production/recovery centers at the end of period t
[ Teips Load of product p of vehicle k e k1 when leaving the production/recovery center i at the
beginning of period t
124 Load of product p of vehicle k e k1 after servicing the distribution/collection center i in
1P period t
aly ; 0.t A.mo.unt. of pr(?duct P delive.red from prqduction/recovery center j to
7 distribution/collection center i by vehicle k € k1 at period t
blyi, ;. Amount of returned product p picked up from distribution/collection center i and
delivered to production/recovery center j by vehicle k < k1 at period t
alyip: Sum of returned product p delivered to production/recovery center i by vehicle k < k1 at
the end of period t
0l 1 if vehicle k e k1 is in the production/recovery center i at the end of period t; otherwise 0
Nl 1 if Ve'hicle k e k1 is in the production/recovery center i at the beginning of period t;
= otherwise 0
Ulik.t The sub tours elimination variable in the first echelon
13k p. Load of product p of vehicle k € k2 when leaving the distribution/collection center i at
the beginning of period t
141, pt Load of product p of vehicle k e k2 after servicing the costumer i in period t
a3y 0t Ampunt of product p delivered from distribution/collection center j to costumer i by
P vehicle k e k2 at period t
b3, Amount of returned product p picked up from costumer i and delivered to
distribution/collection center j by vehicle k € k2 at period t
adyip Sum of returned product p delivered to distribution/collection center i by vehicle k e k2
at the end of period t
02 1 if vehicle k e k2is in the distribution/collection center i at the end of period t; otherwise
kit 0
1 if vehicle k € k2is in the distribution/collection center i at the beginning of period t;
N2k otherwise 0
U2ixt The sub tours elimination variable in the second echelon
154..p Load of product p of vehicle k e k3 after servicing the distribution/collection center i in
o period t
as,. Sum of returned product p delivered to disposal center i by vehicle k € k3 at the end of
LRt period t
031 1 if vehicle k e k3 is in the disposal center i at the end of period t; otherwise 0
N3 1 if vehicle k € k3 is in the disposal center i at the beginning of period t; otherwise 0
b4, ;. Amount of returned product p picked up from distribution/collection center i and
delivered to disposal center j by vehicle k e k3 at period t
U3ixt The sub tours elimination variable in the third echelon

In terms of the above notations, the proposed MILP model is presented as follows:

Objective function:

Min Z

= DIDIDI Zyliﬂjﬂklciﬂﬁ PIDIDINDI XTijksCijt 22X ZZIi,j,k,tCi,j"'

tel keKlieA jeB tel keKlieB jeB,i#j tel keKlieB jeA

22X Zy2i,jﬁk,tci,j+ IDNDINDY X2ijksCij™* DIDINDD Zz2i,j,k,tci,j+

tel keK2ieB jeC tel keK2ieC jeCi#j tel keK2ieC jeB
22X XXY3 it Z XX X X3ikCigt 2 X X Xz Ciyt
tel keK3ieD jeB tel keK3ieB jeB,i#]j tel keK3ieB jeD
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222017t 22X 202,08+ 2 X 93,,¢9+ XX Xhlychhl +
tel pePieA tel pePieA teT ieD tel pePieA
Z Z thp,i,t'hhz + Z z ZVIp,i,tql
tel pePieB tel pePieC
Subject to:
Zyli,j,k,t+_ E;_Xli,j,k,tSl V] €B.t,k eKl (2)
ieBi#j
22yl 2zl vk eK Lt (3)
Ié]éylljkt vk eK 1t 4)
§ ik _Z X1 = BZ xl,.kt+Zzl,.kt Vj €B.k ekt (5)
| ieB.i#j
2 2 Xl (ZZyl,,kJ vk KLt (6)
ieB jeB,i#j
Ulijp ULy +(B+DX1 j <[B] Vi,jeB( #j)k eklt (7)
iZAnlk,ifl vk e K Lt (8)
ZAolk,ifl vk e KLt (9)
»Zéyli,j’k’tﬁnlk,i,t vk eK1t,i €A (10)
je
Zéle,i,k,tSOIk,i,t vk eKLt,i €A (11)
je
Olk,i,t—lznlk,i,t Vk eK1t>2i eA (12)
CIPSTEI] PRTRSUSDIRRINEEOES vk eKLt,icA (13)
je
Ilk,i,p,t=j§8alk,,-,p,i,t vk eKLt,i A, p (14)
ZFZJ 1 ,.<01, vk eK1Lt,i €A (15)
pe
I2k,j,p,tz|:| Liipe @l jpic Zblk,j,p,if : ’yl, kt):l vk eKLt,p,ieA,jeB (16)
icA
I2k,j,p,1§|:Ilk,i,p,t_alk,j,p,i,t+i§b1k,j,plt (—ylljkt)} vk eKLt,p,icA,jeB (17)
12,5:2 {zw Zalk,p.l kaw M. wa)} vk eKLt,p,i eB,jeB,i=j (18)
|2«th |:|2klpt Za]«“m Zb]“pn+M(l X]-l]kt):| vk eKLt,p,i €B,jeB,i#]j (19)
ZA:sz:blka” (ZBAMNJU sp) Vj eB.,t,p (20)
ie eK1
Z;t__)lzk,j,p,tgqlk vk eKlt,j B (21)
pe
zalk dspsit T |:y1| i kt z Xli,j,k,t:|'M vk EKl’t’i GA’j B (22)

peP ieBi#]
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S Yl {Zyl,,kt}

peP jeB

%;blkjplt |:Zy1”kt z X].l]kt:|

ieB.i#]

S Sbl e {zzl,.kt}

jeB peP jeB

2Y2 _sz.,kt—l
22Y2 ZZZZ,H

ieB jeC iC jeB

22Y2 <

ieB jeC

EB: Jlkt Z:ijlkt Z:lejkt Z‘422|Jkt
]

Ci# JeC,i#j

sy xz,kt—[ZZy j

icC jeC.i#j ieB jeC
U2 —u2; +(
ank,i,t_

ieB

ZOZKH =1

ieB

Zyzljkt n2k't

jeC

Wi 2iik1 5021
jec

Cl+Dx2 ;.. <[C|

ij.kt —

02¢ita=N2ix
02k,i,t ank,i,t+(l_ Z yzi,j,k,t)_1

jeC

134100 = 2283 )i
jeC

Z|3k,i,P,t < q2k

p

I4kat |:I3k|pt a3kjplt _Zb3kjp|t7M(7y2 ):l

I4k,j,p‘t = I 4k,i,p‘t - Z“a3k,j,p,i,t +_zb3k,j,p,i,t ( X2I N3 t)i|

ieB ieB

I 4'k,j,p,t S|:I 4'k,i,p,t 7za3k,j,p,i,t Jrzb3k‘j‘p‘i‘t +M ' | ik t)j|
ieB ieB

214,202,
> 2 b3k,j,p,i,t: P

j.pt
ieB keK2 1P

vk eKLt,i €A

vk eK1t,jeB

Vk eKLt,i €A

vj eCt,k eK2
vk e K2,t

vk e K2t

Vi eC,k ek 2,t

vk e K2t

Vi,j eC(i ).k ekt
vk e K2,t

vk e K2,t
Vi eB.k ek 2t

Vi eB,k ek2,t
vk eK2t>2ieB

vk e K2,t,i eB
Yk eK2t,p,i eB

vk eK2,t,i eB

vk eK2,t,p,i €B,jeC
vk eK2,t,p,i €B,jeC
vk eK2,t,p,i eC,jeC,i =]
vk eK2,t,p,i €C,jeC,i#]j

vk eK2t,jeC

vt,p,jeC
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Za3k qpitS {y2. et 2 x2i,,-,k,t}'M vk eK2t,jeC.icB (46)
i eCi#]

22 a3 pi s[z y2i’j’k’t}.M vk eK2,t,i B (47)

p jeC jeC

2203, 55 {Zyzw 2 X2i,j,m}-'\" vk eK2t,jeC (48)

p ieB ieCi#j

22b3k,p.t {222““} vk eK2,t,i eB (49)

pjeC

ZZy3|]kt Z z Xajkt_l w EB,t (50)

keK3ieD keK3ieB,ij

k;ézsi,j,kl k;_eBZ_X&,,-,kél Vi eB,t (51)

] jeBi#)

E)JEZBy3IJk;IEZBJZ Z3i ik W K3t (52)

2 %‘;yl Pkt S vk eK3,t (53)

jz|:3y3j’i’kt J; X3jlkt JZI¢]X3IJ|<I+ZZ3IJ|(I Vi eB,k ek3,t (54)

Z Z X3,,kt (22y3”“] vk eK3,t (55)

ieB jeB,i#] ieD jeB

U3i,t_U3j,t+(|B +1)'sz}X3i,j,k,t£|B| Vi,jeB(i #j)k ek3,t (56)

ian3“":1 vk K3t (57)

iz.;O3k"":1 vk K3t (58)

_ZB:y?)i,jwkytSn:sk,i,t Vi eD.k ek3t (59)

je

ZBIZ?),-,i,k,tSO?:k,i,[ Vi eD,k ek3,t (60)

je

03ki:1=N3is vk eK3,t>2,i eD (61)

03¢i:2N3ic Jzklay3llkt) vk eK3,t,i eD (62)

I5k,j,p,t{(Zb4k,,-,p,i,t]—'\/l-(l—Zy3i J. kt)} vk eK3,t,p,j B (63)

ieD ieD e

|5k1pt |:(Zb4kjpltJ+M(l_Zy3|jkt):| vk eK3tp.jeB (64)

15 pe 2 { 15 1 (Zb‘lkj pltj M.(l—X3i’j’k’t)} vk eK3,t,p,i eB,jeB,i#] (69)
ieD

155 { | 5¢i.ps (zb4kjpltl M.(l—X3iﬂj’kﬂt):| vk eK3,t,p,i €B,jeB,i=] (66)
ieD

lek,j,p,tsq?’k vk eK3t,j B (67)

p
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keK3ieD

pieb

p jeB jeB
Z Z a3k’j,p,i’t +V1p’j’t 2(j j’p’t
ieB keK2

(gt 02,

Z (g 2p,i ,t'tzp,i ) éu 4i 1t

peP
93,.t3:<u6i,
2p it = Z a2k,i,p,t—l

keK1

3, ¢ :z z a5k,i,p,t_1

p keK3

azk,i,p,t = zblk,j,p,i,t

jeB

Adipe = Zb3k,j,p,i t

a5k|pt Zb4kjplt

jeB

Z Z a4k,i,p,t Su 5i

p keK2

Slp,i ' hlp,i,t + g lp,i,t + gzp,i,t

hlpvi t :SIp,i = Z Ilk,i,p,t
keK1

Z Slp,i,t SU 1i

peP
SZp,j,t=h2p,j,t+Z zalk,,-,p,i,t
ieAkeK1
h2p,j,t zszp,”_l_ z I3k,j,p,t
keK?2

Zszp,,-,tﬁu?a,-

ZZyl,m 20 2 Xty * 2 2 Z1 et <1

icA jeB ieB jeB,i#]

22 Y2 it 2 X2t T X X Z 20kt S

ieB jeC ieC jeC,i#]

DIDINTE NS I JE WIRINS 35 3 2 N PSS

ieD jeB ieB jeB.i#]

binary variable:x1.yl.zlx2y2z2x3 y3 z3nl.0ln2.02mn3.03 ;
positive variable:gl .g2 g3 s1 &2 hl h2 vldlala4.13 @3 14 b3 12 15 bl b4 a2 a5 ;

1<ul,, <[B|+1
1<u2,,, <[C|+1
1<u3;, <[B|+1

it —
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VieD,t,k eK3
vp,t,j eC

Vi eA,t

Vi eAt
VieD,t

Vi eAt,peP
VieD,t

Vi eA t,p,k eKl
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Vi eAt,p
YieAtp

Vi eA,t
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Vj eB.t,p
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Slp’iﬂozc VI GA ,p (95)
§2;,50=C VieB.p 00

The objective function (1) minimizes total costs
throughout the planning horizon, which includes
total travel costs in all stages, production and
recovery costs in production/ recovery centers
and disposal costs in disposal centers, total
holding costs in production/ recovery centers and
distribution/ collection centers, and total shortage
costs. Constraints (2)-(25) are related to the first
echelon. Constraints (2) consider that each
vehicle visits each distribution/ collection center
at most once. According to constraint (3), each
vehicle route starts and ends at a production /
recovery center. The start and end node need not
be the same. Constraint (4) ensures that in each
period, each vehicle starts their route at most
from one production/ recovery center. Constraint
(5) defines a flow by which the number of
arrivals is equal to the number of departures for
all distribution/ collection centers. Constraint (6)
ensures that each vehicle can travel among
distribution/ collection centers if it leaves a
production/recovery center. Constraint (7) is sub-
tours elimination constraint. Constraints (8) to
(13) are constraints of flexible assignment.
According to the Constraints (8) to (11), each
vehicle ( k e k1) route starts and ends at a
production/recovery center and the start and end
node need not be the same. Constraint (12)
ensures that origin of each vehicle at the
beginning of period t is same as destination of
that vehicle at the end of period t-1. Constraint
(13) ensures that vehicle k e k1 stays in its place
without moving if it is idle in period t. Constraint
(14) defines the load of vehicle k € k1 when
leaving the production/ recovery center i at the
beginning of each period. Constraint (15) is the
capacity constraint for vehiclek e k1 . Constraints
(16) to (19) define the load of product p of
vehicle k ekl after having serviced
distribution/collection center j in period t.
Constraint (20) imposes that, in period t and for
each product, the flow exiting from each
distribution/  collection  center to  all
production/recovery centers be equal to the flow
entering to each distribution/collection center in
period t-1 from all customers by various vehicles
multiplied by the (1-sp). Constraint (21) is the
capacity constraint for vehiclek e k1 . Constraints
(22) and (23) cite the logical constraints related to
variable alypj: ; Constraints (24) and (25) cite
the logical constraints related to variable blyp); .

Constraints (26) to (49) are corresponding with
the constraints (2) to (25) but for the second
echelon.

Constraints (50) to (70) are related to the third
echelon. Constraints (50) to (56) guarantee that
the established tours in third echelon are feasible
according to the problem assumptions.
Constraints (57) to (62) are flexible assignment
constraints and have similar function with
constraints (8) to (13) but in third echelon.
Constraints (63) to (66) define the load of product
p of vehicle ke k3 after having serviced
distribution/collection center j in period t, and
Constraint (67) is the capacity constraint for
vehicle k e k3 . Constraint (68) imposes that, in
period t and for each product, the flow exiting
from each distribution/ collection center to all
disposal centers is equal to the flow entering to
each distribution/collection center in period t-1
from all customers by various vehicles multiplied
by the sp. Constraints (69) and (70) cite the
logical constraints related to variable b4y -
Constraint (71) defines that a portion of customer
demand is satisfied and the rest will be lost.
Constraints (72)-(73) are production and recovery
capacity constraints of production/recovery
centers, and constraint (74) is disposal capacity
constraint of disposal centers. According to
constraint (75), The amount of product p
recovered in production/ recovery center i at
period t is equal to quantity of recoverable
product p shipped from various
distribution/collection centers by various vehicles
( k ekl ) in period t-1, and according to
constraint (76), all of unrecoverable products
shipped from various distribution/collection
centers to each disposal center in each period are
disposed in the next period. Constraints (77) to
(79) are logical constraints. Constraint (80) is the
collection  capacity  constraint of each
distribution/ collection center. Constraints (81)
and (82) define the variables Slyi; and hlp;s;
constraint (83) is the holding capacity constraint
of each production/ recovery center. Constraints
(84) and (85) define the variables 2, and h2,; ,
and constraint (86) is the holding capacity
constraint of each distribution/ collection center.
Constraints (87) to (89) ensure that total travel
time of all vehicles in all echelons and in each
period is less than duration of that period.
Constraints (90) and (91) enforce the binary and
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non-negativity restrictions on corresponding
decision variables; constraint (92) to (94) are the
upper and lower bounds for sub-tours elimination
variable. Finally, constraints (95) and (96) define
inventory of various products in the production/
recovery centers and distribution/ collection
centers at the beginning of planning horizon.

4. Computational Experiments
To evaluate the performance of the model, some
random examples with different dimensions are
solved by Branch and Cuts algorithm in GAMS
23.6. We have used a system Intel core i7 1.73
GHz, 4GB RAM. The results are presented in
table 1.

Tab. 1. Numerical Examples

. . timal optimal
Problem dimension ~ ©P1Ma objective
solution .
No. . function

time :
A.B,C,D,PK1,K2,K3,T (seconds) ( values

seconds) (seconds)

near to best
optlmal integer Bes.t nqde Absolute Relative
solution (objective (objective N N
time Jee function) gap gap
function)

1,2,3,1,1,2,4,2,3 25 1130
2,2,3,1,2,4,4,2.5 650 6666
2,3,5,1,2,4,4,3,5 - -
3,3,5,1,3,4,5,3,7 - -

AW N —

12260 11982.8832 277.1168 0.0226
17595 17570.2 24.8 0.00141

4000
5000

Solving different problems with different
dimensions represents the model ability to
achieve optimal solution in proper time for small
problems such as examples 1 and 2. It also
represents its ability to achieve near-optimal
solution in reasonable time for larger problems
such as examples 3 and 4. Due to limited memory
of computer and the large computation time,
optimal solution cannot be achieved for large-
sized problems. Hence, we investigated these
problems regarding the gap between the best
integer solution and the best possible solution
(lower bound) and their convergence by Branch
and Cut algorithm. Solving the problem by
Branch and Cut algorithm in GAMS, the best
integer solution and the best possible solution

18200
18000
217800
o
17600
2 17400
17200
17000

™~
S
~—

N9 D DD A X DD
N A R
=== Dbest integer Time
=== Dbest possible

(2)

(i.e., relaxed LP) are, respectively, returned as
output in columns best integer and best node
(best possible). In addition, we should consider
the convergence of solution to the optimal
solution. As an example, in Problem 4, this is
studied by diagrams of Fig. 3 in 2000 seconds.In
Fig. 3a, the convergence between the best integer
solution and the best feasible solution is studied.
As we can see, any significant improvement
cannot be made in the solutions after 600
seconds. Also, in Fig. 3b, the relative gap
between the solutions is less than 0.005 after 600
seconds. This means that the integer solution
reached in that time is the optimal, or the one so
near to it.

0 rr r r r 1 1 1 1 1 1 1 1rr°rrT11
A R I TSN
PR

) Time
e relative gap

(b)

Fig. 3. The convergence (a) and the relative gap (b) between the best integer solution and the
best possible solution.
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5. Conclusion and Future Researches

This paper contributes to vehicle routing and
production planning in a closed-loop supply
chain. In this paper, a comprehensive MILP
model was presented to combine different types
of VRP assumptions and applying them to a multi
echelon closed loop supply chain. Indeed, the
model contributes to the literature by considering
more real-world complexities. The logistic
network, which is considered in this paper, is a
multi-echelon closed-loop supply chain network
with facilities and limited capacity which is
comprised: common facilities of
production/recovery and distribution/collection,
disposal centers, and customers. The proposed
model is a multi-period and multi-product one
with the ability to regard several facilities at each
level of the chain. Transportation in all echelons
of the network is indirect (tours). In this model,
various types of routing assumptions are included
such as multi-depot, multi-products, periodic
routing, flexible assignment, routing with
simultaneous delivery and pick-up, and split
servicing. Obtained numerical results by Branch
and Cuts algorithm shows that the proposed
model capable to reach the optimal solution in
reasonable time for small- and medium-sized
problems. The current paper can be extended in
several ways; first, combination the model by
stochastic  assumptions such as demand
uncertainty. Second, development of the model to
a time-dependent model by considering traffic
congestions. Third, developing a meta-heuristic
method to solve the large-sized problems. Forth,
extending the model to a multi-objective one by
considering different and conflict objectives such
as tardiness minimization and balancing the
shipped load by various vehicles.
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