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Abstract: We consider the problem of utilizing the parcel locker network for the logistics solution in
the metropolitan area. Two-echelon distribution systems are attractive from an economic standpoint,
whereas the product from the depot can be distributed from or to intermediate facilities. In this
case, the intermediate facilities are considered as locker facilities present in an accessible location
in the vicinity of the final customers. In addition, the utilization of locker facilities can reduce the
cost caused by the unattended deliveries. The problem is addressed as an optimization model that
formulated into an integer linear programming model denoted as the two-echelon vehicle routing
problem with locker facilities (2EVRP-LF). The objective is to minimize the cost of transportation
with regards to the vehicle travelling cost, the intermediate facilities renting cost, and the additional
cost to compensate the customer that needs to travel to access the intermediate facilities. Because of
its complexity, a simulated annealing algorithm is proposed to solve the problem. On the other hand,
the modelling approach can be conducted by generating two-phase optimization model approaches,
which are the p-median problem and the capacitated vehicle routing problem. The results from both
methods are compared in numerical experiments. The results show the effectiveness of 2EVRP-LF
compared to the two-phase optimization. Furthermore, the simulated annealing algorithm showed
an effective performance in solving 2EVRP-LF.

Keywords: vehicle routing problem; locker facilities; integer linear programming

1. Introduction

E-commerce, also known as electronic commerce, refers to the buying and selling of goods
or services using the Internet, and the transfer of money and data to execute these transactions.
E-commerce sales worldwide amounted to 1.86 trillion US dollars and projected to grow to 4.48 trillion
US dollars in 2021 [1]. The growth of e-commerce has evolved to make products easier to purchase
through online retailers and marketplaces. Small businesses and large corporations have all benefited
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from e-commerce, which enables them to sell their goods and services at a scale that was not possible
with traditional offline retail. Moreover, the growth of e-commerce is associated with an increasing
number of packages delivered to individual customers. Thus, the last mile distribution plays a vital
role in serving customers.

The last mile distribution are commonly used home delivery (HD) methods, and the packages are
delivered directly to the recipients’ site. However, it is seen as a cost-ineffective approach for goods
distribution. It is because this approach often met unfortunate condition such as heavy traffic and
environmental issues, especially in the urban area. Therefore, the last mile distribution is regarded as
the most expensive, most polluting, and the least efficient part of the e-commerce supply chain [2].
Moreover, there are occasional unattended deliveries that can raise the re-delivery cost.

Customer pickup (CP) is an option for the customers that is considered to be a less time-consuming
and less costly process than the HD. In CP, customers are allowed to pick up or deliver the packages
via intermediate facilities located nearby the customers’ home or office. The customer pickup locations
are usually located in a public area that is easy to be accessed. A more traditional form of parcel locker
is seen in the implementation of a reception box which is a fixed locker to receive a package that is
installed outside a consumer’s home. Kämäräinen et al. [3] showed that the utilization of a reception
box can reduce the cost of home delivery by 42%. Lemke et al. [4] found that 15% of the customer
tends to have more intention to use the lockers if it is located near to their home.

Reverse logistics is a logistics network that consists of activities such as there are flows of product
goes at least one step back in the supply chain. Business activities consist of moving goods from
the customer to the retailer, the retailer to the distributor, and the distributor to the manufacturer.
The purpose of those activities is varied from proper disposal at the end of the product life cycle,
refurbish, product recall, to become a part of the green supply chain. These activities are beneficial for
a company image which involved a trade-off with the cost required to support the process. Therefore,
to unlock the full benefits of reverse logistics activities, the use of a parcel locker network needs to be
further investigated.

Our proposed research concerns on how to conduct reverse logistics activities such as product
return, refurbish, and product recall by utilizing parcel locker network. The problem is addressed
as an optimization model that formulated into an integer linear programming model denoted as the
two-echelon vehicle routing problem with locker facilities (2EVRP-LF). The objective is to minimize
the cost of transportation with regards to the vehicle travelling cost to pick up the product from locker
facilities/intermediate facilities, and the additional cost to compensate the customer that needs to travel
to access the locker. Figure 1 shows the illustration of 2EVRP-LF.
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The remainder of this paper is organized as follows: In Section 2 we listed the literature review
related to the study. Section 3 shows the formulation of the two-echelon VRP-LF model. We demonstrate
the numerical experiments of this problem in Section 4. Finally, the conclusion and future research
direction are discussed in Section 5.

2. Literature Review

In city logistics, direct delivery might be challenged by unexpected traffic and unattended
delivery. This condition was one of the motivations for the introduction of two-echelon VRP (2E-VRP).
Many studies are comparing the effectiveness of the HD approach using a single echelon strategy
modelled as CVRP model to the CP approach of using two-echelon strategy.

The basic form of 2E-VRP is considered the two-echelon capacitated vehicle routing problem
(2E-CVRP). The term was introduced by Perboli et al. [5]. The study proposed a mathematical model
for the 2E-CVRP, which is based on the classical CVRP problem with the addition that the delivery
from depot to customers is managed by routing and consolidating freight through intermediate depots.
The nature of CVRP is an NP-Hard problem. Therefore, the 2E-CVRP as an extension of the CVRP is
NP-hard [6].

Research conducted by Jepsen et al. [7] shows that the basic method used is the branch and cut
algorithm in non-mathematical mathematical models that provides a strict lower limit for 2E-CVRP
symmetrical. The computational results show that our algorithm is superior to the algorithm previously
proposed in the literature, and we can complete 47 of 93 tests as an example of optimality in which 34
of them are solved for optimality for the first time. Santos et al. [8] developed Integer Programming
formulation and two branch-and-price implementations for the Two-Echelon Capacitated Vehicle
Routing Problem. One algorithm considers routes that satisfy the elementary conditions, while the other
relaxes such constraints when pricing routes. Baldacci et al. [9] developed 2E-VRP through the addition
of side constraints that function to derive valid lower bounds and an exact method that decomposes
the 2E-CVRP into a limited set of multi depot capacitated vehicle routing problems. This research has
quite a good impact on the 2E-VRP research area because it is able to offer an exact algorithm that is
proven capable of solving 2E-VRP problems from journal sources before 2013. The research’s exact
algorithm solved to optimality 144 out of the 153 instances from the literature and closed 97 of them
for the first time. Sitek [10] in his paper presents a concept known as hybrid approach to modeling and
optimization the 2E-VRP with integrating two environment of mathematical programing (MP) and
constraint logic programming (CLP). There is also interesting research conducted by Soysal et al. [11]
with a comprehensive MILP formulation for time-dependent two-echelon capacitated vehicle routing
problem that accounts for vehicle type, traveled distance, vehicle speed, load, multiple time zones, and
emissions. The paper offers insight on economies of environmentally friendly vehicle routing in 2E-VRP.
The result shows the best solution is obtained from the use of the two-echelon distribution system.

Research on 2E-VRP continued to grow even from several previous studies, the application of
metaheuristic, and applied in several other areas. Santos et al. [12] developed research in 2E-VRP from
the previous research with a branch-and-cut-and-price for 2E-VRP. The algorithm tried reformulation
based on q-routes that combines two important features. First, the symmetry issues observed in a
formulation coming from a previous study of the problem that has been overcome. Second, it is
strengthened with several classes of valid inequalities. Breunig et al. [13] in their paper addressed
two optimization problems. The two-echelon routing problem and two-echelon location problem.
The problems will be combined to produce itineraries to deliver goods to customers, with transit
through intermediate facilities. The paper purposes hybrid metaheuristic approach which combines
enumerative local search with destroy-and-repair principles, as well as some tailored operators to
optimize the selections of intermediate facilities. Li et al. [14] conducted research with multi-echelon
distribution strategy to minimize environmental impact as a consequence of logistic operations.
The paper considered short-term tactical problem named two-echelon time-constrained vehicle
routing problem (2E-TVRP) which was a little bit different from 2E-VRP. The result shows the
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scheduling provided by 2E-TVRP is promising to reduce the CO2 emissions per ton-kilometer of the
linehaul-delivery system by adjusting the central depot location or developing the loaded-semitrailer
demand among O-D pairs to eliminate empty-running of tractors. Eitzen et al. [15] applied 2E-VRP in
transporting goods in urban logistics to reduce traffic congestion that might occur.

Wang et al. [16] in their research applied a metaheuristic approach based on variable neighborhood
search (VNS) and integer programming to solve 2E-CVRP-E. The integer programing has a role
to find better optimal result after VNS algorithm was applied. To validate its effectiveness, the
metaheuristic first performs tests on 2E-CVRP instances and improves 13 current best-known solutions
out of 234 instances. Wang et al. [17] proposed a genetic-algorithm-based (GA) approach to solve the
2E-CVRPSD. A simple encoding and decoding scheme, a modified route copy crossover operator,
and a satellite-selection-based mutation operator are devised in this approach. The numerical results
show that for all instances, the expected cost of the best 2E-CVRPSD solution found by the proposed
approach is not greater than that of the best-known 2E-CVRP solution with an average relative gap
of 2.57%. Therefore, the GA-based approach can find high-quality solutions for the 2E-CVRPSD.
Liu et al. [18] formulated the problem as a mixed 0-1 linear program and proposed five families of
valid inequalities to strengthen the model. Based on the model and the inequalities, we implement a
branch-and-cut algorithm to solve the problem. The proposed branch-and-cut algorithm was evaluated
on two classes of randomly generated instances. The computational results show that the five families
of valid inequalities can substantially improve the lower bounds yielded by the LP relaxation of the
model, and the branch-and-cut algorithm can solve more instances to optimality than CPLEX. We also
conduct additional experiments to analyze the impacts of the grouping constraints on the problem and
illustrate the differences between the 2E-CVRPGC and the 2E-CVRP. Sahraeian and Esmaeili [19] tried
to minimize the total travel cost, customer waiting time, and carbon dioxide emission in 2E-CVRP
with perishable food. The proposed model is a mixed-integer non-linear programming (MINLP).
By applying some linearization methods, the MINLP model exchanged to a mixed-integer linear
programming (MILP). This paper uses a non-dominated sorting genetic (NSGA-II) algorithm to solve
the presented mathematical model. The related results would be compared with Lp-metric results in
small-sized test problems and with multi-objective particle swarm optimization (MOPSO) algorithm in
medium and large-sized test problems. In order to evaluate the quality of the solution sets, the results
of two meta-heuristic algorithms are compared based on four comparison metrics in medium-sized
problems. The obtained results indicate the efficiency of the NSGA-II algorithm.

Kitjacharoenchai et al. [20] introduced a new routing model that considers a synchronized
truck-drone operation by allowing multiple drones to fly from a truck, serve one or multiple customers,
and return to the same truck for a battery swap and package retrieval. The model addresses two levels
(echelons) of delivery: primary truck routing from the main depot to serve assigned customers and
secondary drone routing from the truck, which behaves like a moveable intermediate depot to serve
other sets of customers. The model takes into account both trucks’ and drones’ capacities with the
objective of finding optimal routes of both trucks and drones that minimizes the total arrival time of
both trucks and drones at the depot after completing the deliveries. The problem can be solved by
formulated mixed integer programming (MIP) for the small-size problem, and two efficient heuristic
algorithms are designed to solve the large-size problems: Drone Truck Route Construction (DTRC)
and Large Neighborhood Search (LNS). The development of 2E-VRP research shows if there is no
research that combines the 2E-VRP problem with the locker facility. So that the research carried out in
this paper will provide a good addition to research in the field of 2E-VRP.

The solution approach for solving 2E-CVRP consist of developing exact approaches, heuristic
methods, or a combination of both. The exact approach commonly using column generation techniques
such as branch and bound or branch and prices. Meanwhile, heuristics methods are mostly using
metaheuristics such as GA, TS, and ALNS. Recent developments are combining exact approach and
heuristics approach known as math-heuristics.



Algorithms 2020, 13, 218 5 of 14

The use of two-echelon for parcel distribution is applied in many real-life problems. Therefore,
there is an increasing number of distribution modelled using the two-echelon approaches shows in
the literature. A survey regarding the overview of two-echelon distribution systems are presented in
Cuda, Guastaroba, and Speranza [6]. Despite the use of the two-echelon on various type of application,
to our knowledge, a model that considers the use of parcel locker facilities for reverse logistics using
2E-VRP based model is not available. Therefore, this study proposed the two-echelon vehicle routing
problem with locker facilities for reverse logistics. One of the references used in the development of
this research case was carried out by Deutsch and Golany [21]. This research focuses on the problem
of designing a parcel locker network as a solution to the Logistics Last Mile Problem: choosing the
optimal number, locations, and sizes of parcel lockers facilities. The objective is to maximize the total
profit, consisting of the revenue from customers who use the service, minus the facilities’ fixed and
operational setup costs, the discounts in the delivery costs for customers who need to travel in order
to collect their parcels, and the loss of potential customers who are not willing to travel for service.
Therefore, this study proposes a two-echelon vehicle routing problem with locker facilities for reverse
logistics. This research tries to find the best solution to minimize the traveling cost and the discount
given to the customer using the 2E-VRP model approach and the search for optimal solutions using a
simulated annealing metaheuristic.

3. Two-Echelon Vehicle Routing Problem with Locker Facilities

The network structure of 2EVRP-LF consists of two-echelon distribution network; the first echelon
comprises of Set M = {1 . . . |M|}, where m = 1 represent the depot, and the rest are intermediate
facilities (locker facilities). The nodes in the first echelon are connected and associated with the distance.
Csij represents distance travelled from node i to j where i, j ∈ M. The second echelon consists of the
locker facilities and the customer node. The customer node are represented in set N = {1 . . . |N|} and
also includes the distance between pairs of customers and lockers facilities represented as Ccij represent
distance travelled from node i to j where i ∈ N, j ∈ M. Each customer is associated with demand
Dn where n ∈ N. The customer assignment in the second echelon is restricted to the parcel locker
facility Qsm where m ∈ {2 . . . |M|}. The routing decision in the first echelon is limited by the capacity
of the available vehicle Qvv where v is one of the vehicles available represented in set V = {1 . . . |V|}.
The models developed are using the decision variables as follows.

Decision variables

Xi,j,v 1; if there is a route from i to j using vehicle v 0; Otherwise
Zi 1; if the locker i is opened 0; Otherwise
Si,j 1; if customer i is served by parcel locker j
Qi Total amount of demand in parcel locker i
ai,v Number of demand in parcel locker i using vehicle v

Objective

Minimize Z =
M∑

i=1

M∑
j=1

V∑
v=1

Csi, j · xi, j,v +
N∑

i=1

M∑
j=2

Cci, j · si, j (1)

M∑
i=1

V∑
v=1

xi, j,v = z j ∀ j ∈ {2 . . .M} (2)

M∑
j=1

V∑
v=1

xi, j,v = zi ∀i ∈ {2 . . .M} (3)

M∑
i=1

xi,l,v −

M∑
j=1

xl, j,v = 0 ∀i ∈ {2 . . .M};∀v ∈ {1 . . .V} (4)



Algorithms 2020, 13, 218 6 of 14

M∑
j=2

x1, j,v ≤ 1 ∀v ∈ {1 . . .V} (5)

M∑
i=2

xi,1,v ≤ 1 ∀v ∈ {1 . . .V} (6)

N∑
i=1

Di · si, j ≤ Q j ∀ j ∈ {2 . . .M} (7)

Q j ≤ Qs j · z j ∀ j ∈ {2 . . .M} (8)

M∑
j

si, j = 1 ∀i ∈ {1 . . .N} (9)

ai,v + Q j − L · (1− xi, j,v) ≤ a j,v
∀i ∈ {1 . . .M};

∀ j ∈ {2 . . .M};∀v ∈ {1 . . .V}
(10)

M∑
i=1

M∑
j=2

xi, j,v ·Q j ≤ Qvv ∀v ∈ {1 . . .V} (11)

The objective function (1) minimizes the total system costs that consist of transportation cost for
the first echelon and the cost occurred to compensate for additional distance travelled by the customers
in the second echelon. Constraints (2) and (3) ensure that the locker opened are served once in the
routing decision of the first echelon. Constraint (4) ensures the consecutive movement of vehicles in
the first echelon. Constraints (5) and (6) ensure that a vehicle is starting and returning to the depot.
Constraints (7) and (8) restrict the parcel capacity limits the total customers’ demand assigned to each
parcel. Constraint (9) restricts a customer is served only by one locker facility. Constraint (10) ensures
the flow continuity. Lastly, constraint (11) ensures that the demand being served at each vehicle does
not exceed its capacity limit.

4. Simulated Annealing for Solving 2EVRP-LF

In this study, a simulated annealing (SA) algorithm is used to solve the proposed 2EVRP-LF. SA has
been reported successfully to solve the VRP and its variants [22–25]. The main characteristic of SA
that differs from the other approaches is the mechanism to allow exploration on worse solutions, even
infeasible solutions with a small probability in order to escape from local optimal. The probability to
accept worse solution is determined by a formula that considered the difference between solutions and
parameter denoted as temperature. This section describes the detail component of implementing SA for
2EVRP-LF, including solution representation, parameters used, SA procedure, and neighborhood move.

4.1. Solution Representation

A solution is represented by a string of numbers consisting of intermediate facilities denoted by
the set {1,2, . . . , |M|}, |V| − 1 dummy zeros represent the vehicle being used, and the set {|M|, . . . , |M| +

|N|} represents the customers. Figure 2 shows the solution representation and the illustration of the
solution associated with it. The mechanism to convert from the solution representation is described as
follows. First of all, two lists are generated based on the solution, namely an intermediate facility list
(IFL) and customer list (CL). IFL consists of the intermediate facilities and dummy zeros ordered by
the sequence of its appearance in the solution. IFL represents the priority of visiting each intermediate
facilities on each vehicle that is represented by the dummy zeros; take the example for the solution in
Figure 2. The solution is generated based on data provided in Tables 1 and 2. In this example, each
intermediate facility has a capacity of 20. In addition, the demand associated with each customer is 10.
It is also assumed that the vehicle capacity is 50. The solution list of {2,5,6,1,7,8,0,4,10,9,3} is broken
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down into IFL and CL. The IFL consists of {2,1,0,4,3}. Meanwhile, the CL consists of the priority list of
customer ordered by the sequence of its appearance in the solution. In this example, CL consists of
{5,6,7,8,10,9}. Based on these two list, we can assign the customer to the intermediate facility based
on the order of IFL and CL. Also, we use the list in IFL to determine which IF is visited by the first
vehicle, second vehicle, and so on. In this case, the first vehicle is visiting the intermediate facility 2
then intermediate facility 1. The intermediate facility 2 is only receiving a package from customer
5 and 6 because of the capacity constraint of the facility. While intermediate facility 1 is receiving a
package from customer 7 and 8. Then, the next vehicle is assigned to visit intermediate facility 4 and 3.
Intermediate facility 4 is assigned to receive a package from customer 10 and 9. However, intermediate
facility 3 is not necessary as all customers have been served. Therefore, in this case intermediate facility
3 is not visited.

Table 1. Illustration of input data for 2EVRP-LF.

Node X Y Capacity Demand

0 7 8 - -
1 3 10 20 -
2 4 5 20 -
3 9 12 20 -
4 12 8 20 -
5 2 2 - 10
6 1 4 - 10
7 1 12 - 10
8 3 14 - 10
9 15 10 - 10
10 14 3 - 10

Table 2. Example of cost-matrix between nodes for 2EVRP-LF.

Nodes 0 1 2 3 4 5 6 7 8 9 10

0 0.00 4.47 4.24 4.47 5.00 7.81 7.21 7.21 7.21 8.25 8.60
1 4.47 0.00 5.10 6.32 9.22 8.06 6.32 2.83 4.00 12.00 13.04
2 4.24 5.10 0.00 8.60 8.54 3.61 3.16 7.62 9.06 12.08 10.20
3 4.47 6.32 8.60 0.00 5.00 12.21 11.31 8.00 6.32 6.32 10.30
4 5.00 9.22 8.54 5.00 0.00 11.66 11.70 11.70 10.82 3.61 5.39
5 7.81 8.06 3.61 12.21 11.66 0.00 2.24 10.05 12.04 15.26 12.04
6 7.21 6.32 3.16 11.31 11.70 2.24 0.00 8.00 10.20 15.23 13.04
7 7.21 2.83 7.62 8.00 11.70 10.05 8.00 0.00 2.83 14.14 15.81
8 7.21 4.00 9.06 6.32 10.82 12.04 10.20 2.83 0.00 12.65 15.56
9 8.25 12.00 12.08 6.32 3.61 15.26 15.23 14.14 12.65 0.00 7.07

10 8.60 13.04 10.20 10.30 5.39 12.04 13.04 15.81 15.56 7.07 0.00
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4.2. Parameters Used

The proposed SA algorithm requires four parameters: Iiter, T0, Tf, and alpha. Iiter denotes the
number of iterations with which the search proceeds at a particular temperature. T0 represents the
initial temperature. Tf is final temperature, and alpha is a coefficient used to control the speed of the
cooling schedule.

4.3. SA Procedure

The proposed simulated annealing (SA) starts with an initial random solution. After the initial
phase, the algorithm continues to improvement phase. The improvement phase tries to get a better
solution than the initial phase by randomly choosing different neighborhood moves, such as swap,
insertion, and reverse moves. At the beginning, the current temperature T is set to T0 and randomly
generates initial solution denoted as X. The current best solution, Xbest, and the best objective function
of X, denoted by Fbest, are set to be X and objective (X), respectively.

In the improvement phase a new solution Y is generated from the neighborhood of current
solution X, N(X), and its objective function value is evaluated. Let ∆ is equal to the difference between
objective of Y and objective of X. If ∆ is less than zero, then it means that Y is better than X, and therefore
X is replaced by Y; otherwise, the probability of replacing X with Y is exp(∆/T). Here, Xbest and Fbest
record the current best solution and the best objective function value, correspondingly. The current
temperature T decreases after Iiter using formula T = T*alpha. The algorithm terminates when the
current temperature is lower than Tf.

4.4. Neighborhood

There are three neighborhood moves used in the proposed SA. They are swap, insert, and reverse.
The swap neighborhood consists of exchanging the positions of two nodes in the solution. The insertion
neighborhood consists of removing a node from it and inserting it after a random position j in the
solution. The reverse move is performed by randomly choosing two nodes and reversing the order of
the nodes between them.

5. Computational Experiments

The mathematical model solved using a commercial MILP solver, GUROBI, that coded on AMPL
a mathematical programming language. The experiment was performed on a PC with specifications of
Intel (R) Core (TM) i7 at 3.60 GHz, 16 Gb of RAM, and running on a 64-bit platform under Windows
10 Operating System. The computational experiments were conducted to show the improvement
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gained by considering 2EVRP-LF and the effectiveness of the proposed SA on solving 2EVRP-LF.
The following sub-section describe the test instances, parameter settings, and computational results

5.1. Test Instances

The test instances are generated based on the CVRP dataset proposed by Augerat et al. (datasets
A, B, and P), by Christofides and Eilon (for dataset E), by Fisher (for dataset F), and by Christofides,
Mingozzi, and Toth (for dataset M). From those instances, a number of m randomly positioned parcel
lockers are generated around the customers’ location. Therefore, the result from CVRP can be compared
to the result of the first echelon distance travelled in 2EVRP-LF. Meanwhile, another approach is being
tested to solve the problem. This approach consists of two steps commonly known as two phases
optimization. The first step is optimizing the allocation of customers to the locker facility using an
optimization approach which is modelled as the p-median problem. Then the result of the first phase
optimization is used as an input for the second phase optimization. The second phase optimization is
to generate vehicle routes to serve the demand at each locker facility. This phase is solved using a
CVRP model.

The second experiment uses the proposed SA to solve the same instances. In this experiment a
comparison between the results of SA with the results generated using exact solution is carried out.
The purpose is to show the effectiveness of SA to solve 2EVRP-LF.

5.2. Parameter Settings

This study uses one-factor-at-a-time (OFAT) procedure for the parameter tuning that is shown to
be effective to choose the parameter for the simulated annealing heuristics [23]. The OFAT procedure
set one parameter sequentially at a time. In these experiment, each parameter has several option to
choose as follows.

Iiter: 10 N, 25 N, 250 N
T0: 5, 25, 50
TF: 5, 0.5, 0.05
Alpha: 0.25, 0.5, 0.9
For example, as shown in Figure 3a, three parameter of Iiter were observed, meanwhile the other

parameters were fixed at the same number. The experiment shows that parameter with Iiter is equal to
25 N provides the best objective function with acceptable computational time. Therefore, the selected
parameter for Iiter is 25 N, where N represents the number of customers. Meanwhile, when observing
T0, the result shows that the objective values of all three parameters were not much different. Therefore,
computational time was used as the tie-breaker that ends up choosing T0 is equals to 5. The rest of the
parameters use the same principle. After parameter tuning, it is decided that the parameter used for
the experiments are T0 = 5, Tf = 0.05, Iiter =25N, and alpha = 0.9. The analysis on impact of each SA
parameters on objective function and computational time is shown in Figure 3.
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5.3. Computational Results

The numerical results for the first experiment are shown in Table 3. Columns 1–3 consist of the
instance no, name, and a number of parcel locker facility in the corresponding instance. The following
columns 4 and 5 are the objective and number of vehicle being used for the CVRP solution. The next
columns are the results related to 2EVRP and 2Phases approaches. Those columns use header Echelon1
(objective value of the first echelon), Echelon2 (objective value of the first echelon), NV (number of
the vehicle used for the routing in the first echelon), and the CPU solving time to obtain the results.
The last two columns show the saving of routing cost using 2EVRP-LF compared to the CVRP and the
comparison between the total cost of using 2EVRP-LF and 2Phases optimization approach.

The results show that using 2EVRP-LF can give benefits by having on average 70.4% less cost
compared to conducting the last mile using HD concept or in this case modelled as CVRP. However, in
order to make this saving the user needs to travel to the designated pickup station that on average
is 2.623 times of the routing distance. Therefore, a common approach of using CP is to give some
compensation to make it interesting to the customers to use the system. This compensation can use
the saving obtained from the less routing cost in the first echelon. Further analysis shows that the
two-phase optimization generates a worse solution compared to the 2EVRP-LF. The average difference
between the two approaches is 18.95%. The situation is expected because the sub-optimal result is
generated at each phase of the 2Phases approach. However, the 2EVRP-LF still has drawbacks in
solving instances with a large number of m. This exposes the limitation of the solver to solve the
problem which belongs to the class NP-hard problem.

The results from the second experiment, as shown in Table 4, are compared with the previous
results of 2EVRPLF generated using GUROBI solver with the proposed SA. The results show that using
SA the average distance travelled in the first and second echelon are 322.46 and 826.88, respectively.
Furthermore, the average percentage different between GUROBI and SA shows that SA can give a
better result with an average of 2.01%. The computational time of SA is also faster with the average of
2.57. As suspected earlier, exact solution approach such as using GUROBI has limitation on larger
and more complex instances. It is indicated by the result that SA can better perform mostly on the
instances where GUROBI was not able to generate the optimal solution. Meanwhile, for the result
that already solved until optimality, the percentage difference is zero. Furthermore, Table 5 shows the
detail experimental results of the 2EVRPLF dataset in terms of the best objective function found and
the average computational results over five replications. The result description can be used by the
future researchers to conduct and repeat the experiment.
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Table 3. Comparisons of VRP, 2EVRPLF using Gurobi, and 2EVRP-LF using the 2Phase approach.

Instances VRP 2EVRPLF − GUROBI 2Phase (P-Median + VRP)

No Name m Obj NV Echelon1 Echelon2 NV Time (s) Echelon1 Echelon2 NV Time (s) Saving
(%)

2Echelon vs.
2Phase (%)

1 A-n33-k5 5 661 5 213.85 904.33 2 0.39 256.37 1015.09 2 0.08 67.65 13.71
2 A-n46-k7 7 914 7 379.91 716.53 3 4.06 415.33 856.45 3 0.19 58.43 15.99
3 A-n60-k9 9 1354 9 470.14 1016.99 3 312.06 581.80 1135.83 3 1.41 65.28 15.50
4 B-n35-k5 6 955 5 298.68 590.15 2 0.83 329.13 725.82 2 1.06 68.73 18.69
5 B-n45-k5 7 751 5 282.90 693.53 2 1.59 327.97 770.10 2 0.27 62.33 12.46
6 B-n68-k9 11 1272 9 414.52 821.60 3 2127.36 569.14 906.45 3 23.94 67.41 19.37
7 B-n78-k10 12 1221 10 431.41 1028.23 4 28,437.00 481.58 1188.09 4 9.19 64.67 14.39
8 E-n51-k5 5 521 5 131.30 479.62 2 1.09 178.69 552.14 2 0.22 74.80 19.63
9 E-n76-k7 12 682 7 245.70 705.72 3 4843.98 795.60 806.87 3 0.08 63.97 68.43

10 F-n135-k7 21 1162 7 476.92 1633.86 1 19,274.10 478.38 1746.42 1 7.44 58.96 5.40
11 M-n101-k10 16 820 10 361.84 982.33 4 29,188.80 404.22 1097.12 4 185.72 55.87 11.69
12 P-n76-K4 12 593 4 236.17 683.95 2 36.67 236.17 795.60 2 0.98 60.17 12.13
13 P-n101-k4 16 681 4 285.63 836.32 2 1668.06 301.27 980.71 2 24.55 58.06 14.26

Average 11 837 6.3 325.30 853.32 2.5 6607.38 411.97 967.44 2.5 15.94 70.40 18.95

Table 4. Comparisons of 2EVRPLF using SA with exact solution approach.

Instances 2EVRPLF − GUROBI SA

Name m Echelon1 Echelon2 NV Time Echelon1 Echelon2 NV Time (s) Difference

1 A-n33-k5 5 213.85 904.33 2 0.39 213.85 904.33 2 2.25 0.00
2 A-n46-k7 7 379.91 716.53 3 4.06 379.91 716.53 3 1.12 0.00
3 A-n60-k9 9 470.14 1016.99 3 312.06 470.14 1016.99 3 2.79 0.00
4 B-n35-k5 6 298.68 590.15 2 0.83 298.68 590.15 2 3.67 0.00
5 B-n45-k5 7 282.90 693.53 2 1.59 282.90 693.53 2 1.09 0.00
6 B-n68-k9 11 414.52 821.60 3 2127.36 414.52 721.60 3 2.67 −8.09
7 B-n78-k10 12 431.41 1028.23 4 28,437.00 431.41 921.43 4 3.78 −7.32
8 E-n51-k5 5 131.30 479.62 2 1.09 131.30 479.62 2 1.71 0.00
9 E-n76-k7 12 245.70 705.72 3 4843.98 235.70 692.22 3 3.24 −2.47

10 F-n135-k7 21 476.92 1633.86 1 19,274.10 473.52 1521.26 1 3.68 −5.50
11 M-n101-k10 16 361.84 982.33 4 29,188.80 352.43 972.53 4 2.09 −1.43
12 P-n76-K4 12 236.17 683.95 2 36.67 236.17 683.95 2 3.65 0.00
13 P-n101-k4 16 285.63 836.32 2 1668.06 271.43 835.32 2 1.65 −1.35

10.69 325.30 853.32 2.54 6607.38 322.46 826.88 2.54 2.57 −2.01
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Table 5. Detail result of SA for 2EVRPLF.

Instances SA

Best Avg Std. Dev

Name m Echelon1 Echelon2 Echelon1 Echelon2 Echelon1 Echelon2

1 A-n33-k5 5 213.85 904.33 215.71 904.27 3.34 1.78
2 A-n46-k7 7 379.91 716.53 379.60 716.48 2.22 3.18
3 A-n60-k9 9 470.14 1016.99 470.76 1017.82 3.16 3.73
4 B-n35-k5 6 298.68 590.15 298.61 589.17 2.24 3.31
5 B-n45-k5 7 282.90 693.53 281.93 693.28 1.32 4.25
6 B-n68-k9 11 414.52 721.60 413.39 719.97 2.35 1.11
7 B-n78-k10 12 431.41 921.43 432.70 921.28 2.10 5.06
8 E-n51-k5 5 131.30 479.62 131.08 479.36 2.93 4.05
9 E-n76-k7 12 235.70 692.22 237.02 689.88 3.52 3.16

10 F-n135-k7 21 473.52 1521.26 472.48 1521.61 0.74 1.71
11 M-n101-k10 16 352.43 972.53 354.20 970.77 2.01 4.95
12 P-n76-K4 12 236.17 683.95 236.33 682.46 1.74 1.78
13 P-n101-k4 16 271.43 835.32 272.18 833.91 8.37 6.70

10.69 322.46 826.88 322.77 826.17 2.77 3.44

6. Conclusions and Future Research Directions

This research proposes the two-echelon vehicle routing problem with locker facilities, which
is an extension of 2E-CVRP. The problem is modelled as an integer linear programming problem.
This 2E-VRPLF is used to represent the utilization of parcel networks facilities to conduct reverse
logistics activities in the urban area. The strategy of using the locker facilities is also known as customer
pickup strategy. Numerical examples are conducted to show the effectiveness of using CP compared to
the home delivery strategy. It is shown that the use of CP based on 2E-VRPLF allows reducing the
transportation cost by 70.4% with the average number of vehicles being 2-3 vehicles compared to the
6-7 vehicles used in the HD strategy. This saving can also be considered as the maximum compensation
that can be given to the customer because the average travel distance of 2.623 times of the supplier’s
travelled distance needs to be taken into consideration. Furthermore, the utilization of 2E-VRPLF is
more effective than using the two-phase approach.

Furthermore, the experiment of using SA for solving 2E-VRPLF showed a promising result.
The SA approach can provide a better result compared to solving the 2E-VRPLF using an exact solution
approach such as using GUROBI solver. The computational time of using the SA approach is also
reported to be faster. However, the computational result still needs to be experimented on a more
complex problem that happen in practice or real-life.

As so many sophisticated metaheuristics are available, further research needs to investigate the
use of heuristics or metaheuristics approach that enables to find a better solution. It is also interesting
to explore a more practical consideration in the mathematical model such as time windows, pickup
and delivery situation, and multiple depots. In addition, the implementation of two-echelon model
might not only be applicable for the land transportation but also for sea transportation such as for
maritime route optimization problems.
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