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Abstract: Driven by the new laws and regulations concerning the emission of greenhouse gases, it is
becoming more and more popular for enterprises to adopt cleaner energy. This research proposes a
novel two-echelon vehicle routing problem consisting of mixed vehicles considering battery swapping
stations, which includes one depot, multiple satellites with unilateral time windows, and customers
with given demands. The fossil fuel-based internal combustion vehicles are employed in the first
echelon, while the electric vehicles are used in the second echelon. A mixed integer programming
model for this proposed problem is established in which the total cost, including transportation
cost, handling cost, fixed cost of two kinds of vehicles, and recharging cost, is minimized. Moreover,
based on the variable neighborhood search, a metaheuristic procedure is developed to solve the
problem. To validate its effectiveness, extensive numerical experiments are conducted over the
randomly generated instances of different sizes. The computational results show that the proposed
metaheuristic can produce a good logistics scheme with high efficiency.

Keywords: two-echelon vehicle routing problems; electric vehicles; time windows; variable neigh-
borhood search

1. Introduction

With the development of industrialization and urbanization, the significant increase
in greenhouse gas (GHS) emissions caused by overexploitation of a large number of fossil
fuel resources has led to increasingly serious air pollution in cities recently. For example, in
January 2013, a large-scale haze continued to cover Central and Eastern China [1]. Since
the emission was owed to large fossil fuel-based internal combustion vehicles (ICVs), this
is identified as the main cause for fog haze weather, and large ICVs with heavy loads
are starting to be prevented from entering urban areas by more and more governments
in China. Thus, it is quite common now that large ICVs are only permitted to transport
demands from the depots located in the suburbs of cities to the satellites near customers,
while small vehicles with lower emissions (e.g., electric vehicles) are employed to transport
demands from satellites to customers, which arouses the interests of the investigators in
the two-echelon vehicle routing problems (2E-VRP) [2].

Due to the environmental advantages, electric vehicles (EVs) have gradually played
an important role in transportation. The environmentally friendly features of EVs, such as
free of GHG, lower noise pollution, and higher energy efficiency, can help transportation
companies to gain a green image or even subsidies for environmental protection. The
governments of China, the US, Japan, the EU, and other countries have strongly promoted
the use of EVs and encouraged supply chains to apply EVs in constructing a sustainable
logistics distribution network [3]. As early in 2008, EVs were introduced in Beijing to serve
the transportation of the Olympic Games. Similarly, in Vienna, fully electric vehicles have
been operating for several years. In 2017, Shenzhen, China replaced more than 16,300 buses
in the city with EVs, making it the city with the largest fleet of EVs in the world [4]. As
one of the largest e-commerce companies in China, JD.com (accessed on 1 September
2019) is gradually replacing its existing vehicles with EVs [5]. In 2018, the amount of EV
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ownership in China was ranked first in the world [6]. Furthermore, EV sharing systems are
being considered recently [7]. The routing problem considering EVs has become a research
hotspot [8].

In this work, a new two-echelon vehicle routing problem with time windows, in-
cluding one depot, multiple satellites, and customers, as well as several battery swapping
stations (BSSs), noted as 2E-EVRPTW-BSS, was considered. Compared with existing in-
vestigations, two new features of the problem can be highlighted. First, considering the
limited capacity of EV batteries, insufficient charging installations for long-distance trans-
portation, as well as transportation efficiency, the mixed-fleet scheme is considered. That is,
conventional heavy-loaded trucks are used from the depot, which is usually far away from
the urban area, to the satellites, which are supposed to be located around the urban fringe,
for the first echelon, while EVs are employed from the satellites to the customers within
the city for the second echelon due to the environmental considerations or regulations.
Secondly, the optimization of the transportation strategies of the two echelons is effectively
linked via the time constraint of the satellites as an intermediate, while they are usually
optimized separately according to previous research. This is essential to reduce or even
avoid the waiting time of the demands at satellites in real life. A hybrid metaheuristic based
on the variable neighborhood search (VNS) is developed to solve this new problem, which
has been proven to be both effective and efficient by extensive numerical experiments.

The rest of the research is organized as follows. In Section 2, a review of the related lit-
erature is introduced. In Section 3, a mixed integer linear programming model is proposed
to formulate the problem under consideration. Section 4 details the proposed algorithm for
solving this 2E-EVRPTW-BSS, while numerical experiments are carried out and analyzed
in Section 5. Finally, Section 6 summarizes the conclusions of this paper.

2. Literature Review

The problem of 2E-EVRPTW-BSS mainly includes two streams of concerns: the electric
vehicle routing problem (EVRP) and the two-echelon vehicle routing problem (2E-VRP).
Hence, the survey is organized from these two aspects.

2.1. Related Research on the EVRP

Considering the threat of generated pollution in the transportation system, research
on the Green Vehicle Routing Problem (GVRP) has become a hot issue [9]. As an extension
of the GVRP, the EVRP has been studied for many years, such as by Cru-Chavez et al. [10]
and Cattaruzza et al. [11]. In the past ten years, with the popularity of EVs around the
world, there has been a myriad of research carried out on the use of EVs in the field of the
transportation system [12].

The first to consider optimization algorithms for EVs were Conrad and Figliozzi [13].
In their paper, the batteries of EVs can be recharged at customer locations with extra
recharging costs. The research regarding the technical and market background of EV
demand distribution, as well as a review of EVRP’s research work were presented by
Pelletier et al. [14]. The main studies on EVs in the field of transportation research were
summarized in their work. Many advantages provided by EVs were given by them, such
as frequent stop-and-go, low driving speed, and reduction in air pollution. Time window
constraints for customer delivery and restrictions on recharging stations (RSs) were studied
by Schneider et al. [15]. Four variants of the EVRP considering time windows categorized by
the allowable charging times of each route and the battery charging scheme (full recharge or
partial recharge) were studied by Desaulniers et al. [16]. The BSS location routing problem
with capacitated EVs, which aims to determine the locations of BSSs and their routing
plan, was proposed by Yang and Sun [17]. An online routing problem regarding EVs was
presented by Adler and Mirchandani [18]. Their aim was to make an occasional detour for
vehicles by booking a battery to benefit future vehicles, thereby minimizing the average
delay of all vehicles. For a given EV transportation network, how to achieve the solution
with the shortest transportation time was stated in Liao et al. [19]. From an environmental
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perspective, Zhang et al. [20] studied EVRP considering RSs to find the minimized energy
consumption routing plan. Karakati¢ [21] considered the nonlinear recharging times at
stations and optimized the EVRPTW with multiple depots. Raeesi et al. [22] researched the
Electric Vehicle Routing Problem with Time Windows and Synchronized Mobile Battery
Swapping (EVRPTW-SMBS), which considered Battery Swapping Vans to recharge EVs in
a designated time and space.

A branch-price-and-cut algorithm proposed by Desaulniers et al. [16] aimed to op-
timally solve four variants of the problem in their work. They also found the optimal
solution for instances with up to 100 customers and 21 RSs. However, the EVRP was more
commonly solved by heuristics. The electric vehicle routing problem considering time
windows and recharging stations (E-VRPTW) was stated by Schneider et al. [15] and the
hybrid heuristic combining VNS and Tabu search was considered to solve the E-VRPTW.
To solve the BSS location routing problem involving capacitated vehicles, methods on how
to extend algorithms to the vehicle routing problems considering intermediate stops were
shown in Hof et al. [23]. Their work improved the best solutions previously found for the
instances of Yang and Sun [17] by using the proposed extended adaptive variable neighbor-
hood search (AVNS) algorithm. An adaptive large neighborhood search (ALNS) algorithm
was introduced by Keskin and Catay [24] for the EVRP considering partial recharging.
Breunig et al. [25] applied EVs in the second echelon of the two-echelon transportation
system, which was named as the electric two-echelon vehicle routing problem (E2EVRP).

2.2. Related Research on the 2E-VRP

The two-echelon vehicle routing problem (2E-VRP) can be regarded as a special
case of the two-echelon location routing problem (2E-LRP), where the locations of the
depots and satellites are usually given. Cuda et al. [26] gave the review of the 2E-VRP
and the 2E-LRP. The routing problem was first applied to the two-echelon transportation
system by Jacobsen and Madsen [27]. After that, the definition of a 2E-VRP was given
by Crainic et al. [28]. The 2E-VRP transportation system was first proposed in Perboli
etal. [29]. According to their research, it can be concluded that a mathematical model of
the 2E-VRP based on the flow of the demand of each arc was first introduced. Constraints
such as time windows of customers and synchronization were considered in the 2E-VRP
in Grangier et al. [30]. Li et al. [31] considered the real-time transshipment capacity
variation of the 2E-VRP, and in their work, a mathematical model was given. Some exact
algorithms were adopted to solve the 2E-VRP, and they can be found in Jepsen et al. [32],
Baldacci et al. [33], and Santos et al. [34]. However, most of the 2E-VRPs were solved by
heuristics. Crainic et al. [35] introduced a multi-start heuristic that solved the two-echelon
transportation subproblems iteratively. Breunig et al. [36] proposed the large neighborhood
search (LNS) combined with local search to solve the 2E-VRP and only applying ICVs both
in two echelons. An adaptive large neighborhood search (ALNS) algorithm with kinds
of destroy and repair operations was proposed by Hemmelmayr et al. [37] to solve the
problem. Wang et al. [38] combined the VNS algorithm and the integer programming
algorithm to solve the two-echelon capacitated vehicle routing problem with environmental
considerations (2E-CVRP-E). Kitjacharoenchai et al. [39] presented a new two-echelon
routing problem, which considered a synchronized truck-drone operation by allowing
several drones to fly from a truck. Boysen et al. [40] presented and discussed research on
the last-mile delivery.

The EVRP and the two-echelon network issues have drawn more and more public
attention in academic research and practical application in the literature. In order to determine
the urban distribution strategy under the limit of battery range, Jie et al. [41] first studied
the 2E-VRP in the context of EV application. Breunig et al. [25] used EVs in the second-
echelon transportation, and they observed that the detour miles due to recharging decrease
as a function of the charging stations’ density; however, they did not consider the time
windows of customers and the unilateral time windows of satellites. Considering that most
distribution companies follow the customer-oriented service standard nowadays, how to
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satisfy the requests of customers, such as time windows, is more important. For the two-
echelon transportation system, studying unilateral time windows of satellites can avoid extra
wait at satellites for vehicles. Wang et al. [42] proposed the mathematical model of the 2E-VRP
in the context of ICV and EV application, which considered the time windows.

Based on the survey, it is not difficult to find that only a limited number of papers with
a focus on 2E-VRP involving EVs, where the research on the mixed fleet and integrated
optimization for two echelons are rare. Motivated by the state of the art of the investigations
and the managerial requirements from the real applications, this paper aims at providing a
new solution to this problem.

3. Problem Formulation
3.1. Problem Description

The 2E-EVRPTW-BSS system considers a depot, multiple satellites, a number of
customers with deterministic demands, and a group of BSSs that have no restrictions on
the capacity of EVs. In addition, the positions of all these nodes have been given and fixed.

Heavy loaded ICVs are employed in the first echelon to transport demands from the
depot to each satellite, while EVs are considered in the second echelon to transport demands
from satellites to each customer, as depicted in Figure 1. EVs are supposed to have a limited
driving range and have to visit BSSs to swap their batteries before they run out of battery
power. In addition, to promise the timeliness of delivery, this work also considers the
time windows of customers, which in turn require the latest arrival time of ICVs at the
satellites, i.e., there is also a time window for the arrival time of ICVs at each satellite. The
2E-EVRPTW-BSS aims to minimize the total costs, including the transportation cost of two
echelons, fixed cost of the vehicles, and battery swapping cost.

D depot
oo = u satellite
l"\‘ I';I u customer
N3 x E’ BSS

< e N
L [N — I*-echelon route
\ \\ L N + 2"_gchelon route
\ N\
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Figure 1. Illustration of 2E-EVRPTW-BSS.

3.2. Model

The 2E-EVRPTW-BSS is defined on a complete digraph G = (V, A), where the set
of nodes V includes customers, satellites, and BBSs. Demands are transported from the
depot to the set of customers. Denote g; as the demand of the ith customer. The number of
available ICVs in the first echelon is Ky, while that of EVs in the second echelon is K;. The
capacity of the ICVs and EVs are Q1 and Q», respectively.

Some assumptions are made for the model.
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(1) Direct delivery from the depot to customers is prohibited.

(2)  Each satellite can be visited by ICVs multiple times in the first echelon.

(3)  Only the first echelon allows split deliveries.

(4) There is no direct travel between satellites in the second echelon.

(5) The supply at the depot is sufficient.

(6) The loading and service time at customers are assumed as being included into the
travel time, and thus can be ignored.

(7) The violation of time windows is not allowed.

The variables and parameters for the model are summarized in Table 1.

Table 1. Variables and parameters of the 2E-EVRPTW-BSS.

Symbol

Description

Sets
)
Vs
Ve
Vg
14
%)
1%

K1, K3
K
Parmeters
M

TmaX
Q1,Q2
B
C1,C2
c3
cjl,, CJZ(
lei, 1i]
a
qi

Depot, Vy = {0}.

Set of satellites, Vs = {1,2,...,m}.

Set of customers, Ve = {1,2,...,n}.

Set of BSSs, Vg ={1,2,...,1}.

Vi = Vo U Vs.

Vo =VsuUVpU V.

V=VWUVsUVgU V.

Set of the ICVs in the 1st-echelon and set of EVs in the 2nd-echelon.
K =K UKy.

A large positive number.

The max running time of the proposed VNS algorithm.
The capacity of the ICV and EV, respectively.

The battery capacity of the EVs.

Cost of unit time from i to j for ICV and EV, respectively.
Battery swapping cost.

The fixed cost of ICV and EV.

The time window for the deriving at node i.

The electric power consumption of each EV for unit time.
The demand for node i.

Travel time from node i to node ;.

Decision and variables

1 42
th,
ts

+
ik
bik
Ujk
Xijk
Zijsk

Arrival time at the node i in the first echelon and the second echelon, respectively.
Latest arrival time of ICV at the satellite s.

The remaining battery power of EV k when it arrives at node i in the 2nd-echelon.
The remaining battery power of EV k when it leaves node 7 in the 2nd-echelon.
The remaining demand in vehicle k at node i.

1 if vehicle k travels arc (i,j) in the 1st-echelon; 0 otherwise.

1if EV k travels arc (i j) from the satellite s; 0 otherwise.

In our model, the total cost to be minimized includes three parts:
(1) Travelling costs of ICVs and EVs:

fi=ca ), Y Y tixig (1)

keky ievi\{j}jeW

fo=ca ), Y. Y Y tiziw (2)

k€Ky s€Vs ieVh\{j} j€V2

(2) Battery swapping costs:

fi=a Y, Y Y Y oz 3)

keKp seVs ieVp\{j} jeVa\i
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(3) Fixed cost of ICVs and EVs:

fa=cp(Y Y xo)

keKq j€ Vs

f5 = Cjzf( Z Z Z Zsjsk)

seVs keK, jEVCUVB

The model is presented as follows.
Objective:

Minf=fi+fH+f+fatfs
Subject to:
2 xijk = Z xjik V] S Vl,i #]/k € Kl

ieVy ieVp

Yo ) xg=1VjeVs,i#]

keKqyieVy

Y ug < Q1 Vke Ky

i€Vs
t} >t 4+t — M(1 —xj) VieVy,j € Vs, i#j k€K
£ <+ b+ M(1—x) Vie Vi, j € Vs,i#jkeK
tl <t Vs € Vs

2 Zijsk = 2 Zjisk Vie Vp,i#j ke Ky seVs
j€V2 jEVz

Yo N )z =1VieVei#]j

k€K, seVsieV,

Yo ) 9z < Q2 Vs e Vs ke Ky
lEVz\{]} jGVZ

Z Ugk > Z Z Z q]-z,-]-sk Vs € Vs

ke, keKy icVy\{j} jEVa
e; < <1 VieVe
ij— M(1—zjjg) Vi€ Vo, j € VeUVR,i#jkeKy
tij + M(1 = zjjsx) Vi€ Vo, j € Ve U Vg, i #jk € Ky
by = b Vie Vo, VkeK,
by =B Vi€ VsUVg,k €Ky
bﬁ( < by — atiizijsk + B(1 — zjjer) Vi, j € Vo, i #j,5 € Vs, k € Ky,
b;,; > by — atijzijge — B(1 = zjj) Vi, j € Vo,i # j,s € Vs, k € Ky,
b];{,b].*k >0VjeVkeks
xijk €{0,1} Vi,je Vi,i #j k€ K
zijok € {0,1} Vi, j € Va,i #j,s € Vs, k € Ky
uy >0 VieVy, Vke Ky
tHE>0VieVs,jeV,

(4)

©)

(6)

@)

®)

©)

(10)
(11)
(12)
(13)

(14)

(15)

(16)

(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)

The main constraints of the above model can be divided into three parts. The con-
straints of the first echelon and the second echelon are the Formulas (7)-(11) and (13)—(23),
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respectively, while the constraint (12) links the two echelons through the latest arrival time
at each satellite.

More specifically, constraints (7) and (13) ensure the flow conservation for ICVs and
EVs, respectively. Constraint (8) implies that each satellite can be visited more than once
by ICVs. Constraints (9) and (15) promise that the loading cannot exceed the capacities
of ICV and EV, respectively. Constraints (10) and (18) give the upper bound of the arrival
time of two echelons. Constraints (11) and (19) specify lower bounds of the arrival time
of two echelons. Constraint (12) requires that the arrival time of ICV at each satellite s
should be earlier than ¢;. Constraint (14) guarantees that each customer can be serviced
by an EV only once. Constraint (16) ensures fully meeting the demands of each customer.
Constraint (17) promises that each EV should arrive at each customer within the time
window. Constraint (20) means that the EV does not consume battery power during the
operation of a customer. Constraint (21) guarantees that the EV is fully charged when it
starts from the satellite or a BSS. Constraints (22) and (23) keep track of the state of battery
power of EVs starting from node i to node .

4. Algorithms for the 2E-EVRPTW-BSS

Considering the classical VRP is NP hard [36], its variant 2E-EVRPTW-BSS is undoubt-
edly an NP-hard problem as well. Hence, we adopt a metaheuristic to achieve the optimal
solution within a reasonable time.

The proposed metaheuristic is developed based on a VNS algorithm. Mladenovi¢
and Hansen [43] first proposed the VNS algorithm. In their work, the systematic changes
of the neighborhood were employed within the local search to get rid of the local opti-
mal solutions, which can be used to successfully solve myriad optimization problems in
reality [44,45].

In this study, the proposed algorithm begins with an initial solution Sy = (59,59),
where S and SJ are the initial solutions of the first and second echelons, respectively. The
shaking neighborhood structures (denoted as Ny, k=1,2, ..., kmax and kmax is the number
of shaking neighborhood structures) are first used to improve the efficiency in searching for
solution space, followed by the local search neighborhood structures (denoted as the set Nj,
I=12,...,Imax, and Imax is the number of local search neighborhood structures). A solution
S1 = (S}, S)) is first generated in a shaking neighborhood structure Ny in each iteration,
then a local search procedure is applied to produce a better solution S” for improvement.

The iterative process stops until the shaking neighborhoods have been exhausted or
the given termination criterion is met—the maximum running time (Tmax) in this paper.
The overall iterative structure of the proposed VNS is presented in Algorithm 1, and the
details will be discussed in the following sub-sections.
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Algorithm 1. VNS.

Input: initial solution S0 = (S?,Sg).
A set of neighborhood structures Ny, k =1,2, ... , kmax for shaking phase.
§*¢80
k1=1

Output: best feasible solution achieved S*.

1. While k < kmax

2. Shaking: pick a random solution S} from the kth neighborhood of S*.

Construct S| based on S. Update the solution as 5/ = (5}, S5)

3. While [ < Imax

4. Local search S} < the best solution from the /th neighborhood of 5.
5. Construct S} based on 5§ Update the current solution as S” = (S, 55).
6. If feva(S") < fepa(S') then

7. S+ 5"

8. L=1

9. Else

10. L=1+1

11. If feva(S") < fepa(S*) then

12. S*¢— §"

13. K=1

14. Else:

15. K=k+1

16. If the termination condition is met, then return S*.

17. End while

18. End while

4.1. Solution Representation and Encoding

A full solution is composed of two parts; the first part includes a sequence of satellite
nodes that are visited by ICVs that start and end at the depot for the first echelon, while
the second part contains a sequence of customer nodes (including BBSs) which start from
and end at a given satellite node for the second echelon.

As mentioned before, a full solution to 2E-EVRPTW-BSS is denoted as the set S = {51,5,},
where §; = {r%, r%, . r11<1} is the set of routes for the first echelon and S, = {r%, r%, . r%z}

is the set of routes for the second echelon. For each route in Sq, r,l = (0, sll‘,slz‘, ...,0),k =
1,2,..., K1 represents a sequence of satellites traveled by the ICV k which starts and ends at
the depot 0. Similarly, for each route in S5, ri = (sk, U’l‘, U’é, ey sk),k =1,2,...,K; means a
sequence of customers (including BSSs) traveled by the EV k which starts and ends at the
satellite s;. Let S (ri) denote the set of satellites in route r;. In route r%, C(r%) and B(r%) are
denoted as the sets of customers and BSSs, respectively. An example is depicted in Figure 2.
The full solution S = (S, Sp) for 2E-EVRPTW-BSS includes two parts, with S; = {(0,1,3,0),
(0,2,0), (0,1,2,0)} and S, = {(1,5,16,6,7,1), (1,8,9,10,1), (2,11,12,18,13,2), (3,14,19,15,3)}.

In our study, the optimization for the routes of the two echelons are interrelated.
Specifically, the routes of the first echelon are generated based on that of the second
echelon. Hence, the solution can be encoded with the routes of only the second echelon,
i.e., the encoded solution is composed of only S, = {r%, r%, .y r%(Z }. The full solution will be
generated through a decoding process.
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Figure 2. Representation example of a solution of the 2E-EVRPTW-BSS.

4.2. Initial Solution

The initial solution (only the second echelon) is constructed based on Schneider et al. [15].
Firstly, for each satellite, the nearest customer node i is chosen, and all of the customers are
sorted in ascending order of the angle between the customer itself, the satellite, and the iy.
Then, the customers are inserted into one route iteratively. BSSs are inserted into the route
when a violation of electric power occurs. If a violation of capacity occurs, a new route is
created. To consider time window requirements, in each route, a customer u can be inserted
between successive vertices i and j only whene; < ¢, < ej.

4.3. Solution Decoding

The main task for decoding is to determine the full solution including two echelons.
Considering the latest arrival time at each satellite, the first echelon routes can be con-
structed based on those of the second echelon in this paper. The demand delivered by the
EVs from each satellite and the latest arriving time of the ICVs at each satellite can also
be derived according to all the second-echelon routes departing from and returning to it.
Based on the simplified least-cost insertion heuristic, the generation of the first-echelon
routes can be described as follows [25].

Step 1. According to the second-echelon routes, determine the latest arrival time of
ICVs (t5) and the required demand for each satellite;

Step 2. Back-and-forth routes are created for each satellite whose demand is larger
than capacity Qi (delivery split). That is, if the demand of satellite s is larger than Qj,
construct a back-and-forth route (0, 7, 0), and this process will continue until the remaining
demand of the satellite is smaller than Qy;

Step 3. After Step 2, all satellites visited by the second-echelon routes are sorted in
ascending order of the latest arriving time £;;

Step 4. Select an ICV, insert sequentially the visited satellites to generate its route
until the arrival time of the ICV is later than t; of the last inserted satellite or the load of
the ICV exceeds Q;. Then, select the next ICV to repeat the inserting process until all the
satellites are visited. The first-echelon routes are thus constructed, and a complete solution
is derived (as indicated in Figure 2).

4.4. Solution Evaluation

A solution is evaluated by Formula (29):

feva(S) = f(S) + apeap(S) + BPrw(S) + YPpar (S) (29)
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where f(S) is the total cost as represented by Formula (6), pcap(S) shows the violation of
total capacity defined by (30), ptw(S) shows the time window violation at customers as
indicated in (31), ppat(S) measures the battery capacity violation defined by (33), and «, B, v
are penalty factors of the violations. The penalty factors are large enough values, which
can effectively eliminate the possibility of the solution containing time window violation
being the optimal solution.

The total capacity violation of a solution S can be calculated by

Pcap Zmax 2 7i — Q2,0) (30)

=1 1€C(rk)

There are three cases leading to the violation of time windows, i.e., arrival time
th >t tlz <e;and i,‘i2 > [; (I € V(). Hence, the total time window violation of a solution can
be calculated by

Z Z max(t; —t;,0 —|—Z Z max (2 —1;,0) +Z Z max(e; — t7,0) (31)

k=1ses(r}) =lieC(r2) k=1lieC(r2)

To calculate battery capacity violations, for each route 12 € Sy, k = 1,2,..., Ky, we

define the variable qD’;i, k=12,...,Kj; to represent the remaining battery power for the EV
k when leaving node v;.

B vi_1 € B(r}) U{v3 }
kK __ i—1 k 0 .
D, = { kg bo, 1o othertvise =1,....m;k=1,..,K (32)

Vi1
Obviously, CD’z‘,l_ should be non-negative. The battery capacity violation of a route 2
can thus be defined as

Pbat (S Z ), max(—®j,0) (33)

k=0iec(r2)

A varying penalty scheme is adopted to accelerate the search process, which is similar
to the work of Vidal et al. [46]. When an infeasible solution still violates the constraints
after the penalty, each penalty factor will be multiplied by 10 and the local search will be
conducted again. If the infeasible solutions still exist after two rounds of multiplication
by 10, no further attempts will be made. Therefore, this procedure cannot ensure the
elimination of all the infeasible solutions, but it can effectively reduce the number of them
at a low cost.

4.5. Neighborhoods and Local Search

The proposed VNS of this paper adopted several frequently used inter- and intra-route
neighborhood structures.

2-Opt*. As a modification of the 2-opt operator originally proposed by Lin [47], the
2-Opt* operator was applied to VRPTW by Potvin and Rousseau [48]. For the two routes
that depart from the same satellite, this operator replaces the arc (i, I + 1) of one route and
arc (j, j + 1) of another route with arcs (i, j + 1) and (j, I + 1) (Figure 3a). With respect to
2E-EVRPTW-BSS, there is at least one BBS among the nodes 7, i + 1, j, j + 1 and no two
successive BBSs in the generated routes, compared with the 2-Opt* operator in traditional
problems in which only customers are swapped.

Relocate. This operator deletes and replaces a node from one route and then inserts
it into another route (Figure 3b) or another location in the same route (Figure 3c). It is
performed only on the sequence of customers.

Exchange. The exchange operator swaps the positions of two nodes, which is ap-
plied to customers. This operator can be used for both intra- (Figure 3d) and inter-route
(Figure 3e) moves.



Appl. Sci. 2021, 11, 10779 110f17

<

<+
OO0 MO0 OO @0
(a) (b)

\/\ ’\ - ):l:‘/\/ /\: . i 1— ::
®
WW
O DO
L
(O o=@
O OO S
(i) ()
O On®
® O=0 (£) (O
<+
L
O=0 =0 o0 ® O=@,
®
(k) )

Figure 3. Neighborhoods for the proposed VNS.

Swap (A1,A2). This operator swaps Aj consecutive customers in one route with
Ay consecutive customers in another route (Figure 3f), or just swaps in the same route
(Figure 3g).

Shift (A1,0). This operator removes A; consecutive customers and inserts them into
another position in the same route (Figure 3h) or another route (Figure 3i).

Satellite-change. This operator was proposed by Wang et al. [38]. Subject to the
constraints on the second-echelon EVs per satellite, this operator exchanges the current
satellite with another satellite and inserts the old satellite into a position of the route
(Figure 3j).
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StationInRe. This operator, proposed by Schneider et al. [15], performs insertions and
removals of BSS. This operator is applied to the arcs starting from a BBS (k, j), k € Vp. If
the arc (k, j) does not belong to the current solution, the stationInRe will insert the BBS k
between j and its predecessor, as depicted in Figure 3k. If the arc already exists, the BSS k
will be removed, as shown in Figure 31.

The proposed VNS procedure in Algorithm 1 contains two phases to generate a neigh-
borhood, i.e., shaking and local search. In the shaking phase, five inter-route neighborhood
structures (2-Opt*, inter-Relocate, inter-Exchange, inter-Swap, and inter-Shift) and one
intra-route neighborhood structure (Satellite-Change) are sequentially used to generate the
neighborhood.

In the local search phase, five intra-route neighborhood structures, i.e., intra-Relocate,
intra-Exchange, intra-Swap, intra-Shift, and Station-InRe, are sequentially applied. Local
search neighborhoods are performed in a cyclic manner [49]. Each neighborhood is ex-
plored until no further improvement can be found, then the next neighborhood structure
is selected. When all the five neighborhood structures have been performed, the search
process repeats again. The procedure terminates when the local optimum is reached in
every single neighborhood.

5. Numerical Experiments
5.1. Experiment Description and Parameter Settings

Considering the 2E-EVRPTW-BSS is a new model, there are currently no benchmark
instances available to evaluate the algorithm performance of this problem; therefore, the
test instances are proposed based on the instances of Breunig et al. [25], which are designed
for the 2E-VRP. The locations of the depot, satellites and customers are directly used from
Breunig et al. [25], and for each instance, several customer nodes are chosen to be the
BSSs [50]. Customer demands are randomly generated between 10 and 150 kg.

This paper generates the locations of the BSSs randomly, and the number of BSSs is
set to be 1/5 of the nodes in the network according to Schneider et al. [15]. The adjacency
matrix of transportation time between any pair of nodes is calculated by dividing Euclidean
distance by the ICV speed in the first echelon or the EV speed in the second echelon. The
relative parameters are set as shown in Table 2.

Table 2. Parameter settings for 2E-EVRPTW-BSS model.

Parameter Value (Unit) Parameter Value (Unit)

c1 3 Q1 400 (kg)
%) 5 Q2 280 (kg)
3 5 U1 50 (km/h)
c} 50 v 40 (km/h)
c]% 80 ® 500

a 3 (kWh) B 500

B 100 (kWh) 0% 500

5.2. Computational Results and Analysis

The proposed VNS is coded in Python 3.6 and is implemented on an Intel Xeon E3-
123v3 (8 GB RAM) computer. The optimal solutions to some small-sized instances can be
obtained by using the GUROBI 8.0.1 solver.

5.2.1. Comparison between the Proposed VNS and GUROBI for the Small-Sized Instances

The results obtained by the GUROBI solver and the proposed VNS are presented in
Table 3. The instance size is based on the number of satellites (), customers (1), and BSSs
(1), as well as the number of ICVs and EVs, denoted as n (ICV) and n (EV), respectively.
Each instance is operated 10 times, and “Best” is the best-found solution and “Avg” is
the average optimal solution for the 10 instances. The objective value and CPU time for
GUROBI and VNS are listed in the column of Obj and Time, respectively.
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Table 3. Results for the small-sized instances.

Instance Size GUROBI VNS Gap
Inst
m n 1 Obj Time (s) Best Avg Time (s) (VNS/G)
1-1 1 5 1 239.38 9.04 239.38  239.38 0.01 0.00%
1-2 1 5 1 236.29 10.07 236.29  236.29 0.01 0.00%
1-3 1 5 1 233.68 13.01 233.68  233.68 0.01 0.00%
1-4 1 5 1 234.66 10.67 234.66  234.66 0.01 0.00%
1-5 1 5 1 229.40 12.44 229.40  229.40 0.01 0.00%
1-6 2 10 2 469.55  2736.22  469.55  469.55 3.06 0.00%
1-7 2 10 2 476.69 987.44 476.69  476.69 3.04 0.00%
1-8 2 10 2 457.64  3827.14  457.64  457.64 3.07 0.00%
19 2 10 2 409.42  2736.12  409.42  409.42 4.04 0.00%
1-10 2 10 2 472,30  3412.34 47230 47230 4.04 0.00%
1-11 2 15 3 735.66 4500 733.07  733.07 17.15 —0.35%
1-12 2 15 3 750.79 4500 748.79  748.79 18.36 —0.27%
1-13 2 15 3 822.44 4500 821.67  821.67 19.77 —0.09%
1-14 2 15 3 620.76 4500 620.76  620.76 18.34 0.00%
1-15 2 15 3 841.86 4500 841.86  841.86 26.06 0.00%

Note: the optimal values are marked in bold. Gap (x/y) = 100% x (Obj (x) — Obj (y))/Obj (y).

It is easy to find in Table 3 that the proposed VNS achieves the optimal solution for all
the 10 instances whose optimum can be reached by GUROBI. However, the running time
of the VNS is incredibly short compared with that of GUROBI. With the size of the instance
growing, the GUROBI solver fails to produce the exact solutions for the last five instances
even when the running time is up to 4500 s, while the proposed VNS algorithm can still
find solutions with good performance efficiently. In fact, the proposed VNS can arrive at
the solution within 5 s for most small-sized instances and consumes only 26 s even for the
instances that GUROBI is hard to handle in a reasonable time.

5.2.2. Comparison between Two Metaheuristics for the Middle- and Large-Sized Instances

In order to evaluate the performance of the proposed VNS for problems with a larger
size, this paper compares the proposed VNS with another metaheuristic presented by
Wang et al. [38]. Their algorithm does not consider the BBS and time windows; hence,
some adaptions have to be made to fit the requirement for solving the 2E-EVRPTW-BSS.
The algorithm is denoted as Wang (2017) in Tables 4 and 5.

The results of the middle-sized instances and the large-sized instances are reported in
Tables 4 and 5, respectively. For the middle-sized instances, the algorithm terminates when
all the shaking neighborhoods have been exhausted. The objective value and CPU time for
the two algorithms, as well as the gaps between the two algorithms, are listed in Table 4.
For the large-sized instances, however, we set the max running time Tmax of 2000 s as the
termination criterion due to the over-long time for exploration. Hence, only the objective
values and gaps are listed in Table 5.

We can find from Table 4 that the performance of the two algorithms is quite similar.
Although the objective values obtained by the proposed VNS is slightly worse than that
of Wang (2017), it exhibits the advantage in running time when the instance size is larger.
Namely, the proposed VNS is more efficient in the computation for larger instances. This
can be explained that the proposed VNS tries to optimize the whole solution including two
echelons, while Wang (2017) optimizes only the sequence of the second-echelon and generates
a feasible sequence for the first echelon based on the second part. Hence, the proposed VNS
can find a better solution more easily with fewer explorations in local research.

The advantage of the proposed VNS in computation efficiency is even more significant
for the large-sized instances. It is fairly apparent in Table 5 that the proposed VNS can
achieve a better solution than Wang (2017) with the same running time for almost all
the instances (with only one exception). Therefore, the proposed VNS shows a good
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performance in solution quality and significant advantages in computation efficiency for
the 2E-EVRPTW-BSS with a larger size, which has special value in practical applications.

Table 4. Results for the middle-sized instances.

Inst Instance Size Wang (2017) VNS Gap (VNS/Wang
" m n 1 Best Avg Time (s) Best Avg Time (s) (2017))
2-1 2 20 4 857.05 857.05 64.77 857.05 857.05 73.45 0.00%
2-2 2 20 4 986.73 986.73 78.05 986.73 986.73 80.19 0.00%
2-3 2 20 4 853.67 853.67 100.40 853.67 853.67 123.35 0.00%
2-4 2 30 6 1310.07 1310.07 987.17 1310.07 1310.07 1056.69 0.00%
2-5 2 30 6 1415.36 1415.36 1209.68 1415.36 1415.36 1233.37 0.00%
2-6 2 30 6 1440.31 1440.31 1444.67 1440.31 1440.31 1425.45 0.00%
2-7 2 40 8 1915.31 1915.31 1433.08 1915.31 1915.31 1433.29 0.00%
2-8 2 40 8 1915.59 1915.59 2004.07 1919.59 1915.59 1904.75 0.21%
2-9 2 40 8 1918.16 1918.16 2012.39 1918.16 1918.16 1983.08 0.00%
2-10 2 50 10 2309.42 2309.42 2100.89 2307.70 2307.70 2142.66 —0.07%
2-11 2 50 10 2376.50 2376.50 2387.79 2377.84 2322.84 2223.04 0.06%
2-12 2 50 10 67,586.62 67,586.62 2366.45 60,314.84 60,314.84 2245.89 —10.76%
2-13 3 60 12 81,753.85 81,753.85 3104.56 77,195.14 77,195.14 3004.35 —5.58%
2-14 3 60 12 2818.74 2818.74 3399.97 2802.56 2802.56 3179.97 —0.57%
2-15 3 60 12 2783.41 2783.41 3374.67 2761.43 2761.43 3113.37 —0.79%
Table 5. Results for the large-sized instances.
Instance Size Wang (2017) VNS Gap (VNS/Wang
Inst
m n 1 Best Avg Best Avg (2017))
3-1 5 100 20 4816.65 4816.65 4788.05 4788.05 —0.60%
3-2 5 100 20 4529.14 4529.14 4522.59 4522.59 —0.14%
3-3 5 100 20 4592.02 4592.02 4457.66 4457.66 —3.01%
3-4 10 100 20 4640.24 4640.24 4513.64 4513.64 —2.80%
3-5 10 100 20 4452.50 4452.50 4352.32 4352.32 —2.30%
3-6 10 100 20 4616.22 4616.22 4555.90 4555.90 -1.32%
3-7 10 100 20 4441.32 4441.32 4382.85 4382.85 —1.33%
3-8 10 100 20 4497.03 4497.03 4432.90 4432.90 —1.45%
3-9 10 100 20 4710.86 4710.86 4589.38 4589.38 —2.65%
3-10 10 100 20 4769.99 4769.99 4695.48 4695.48 —1.59%
3-11 10 100 20 4313.99 4313.99 4247.62 4247.62 —1.56%
3-12 10 100 20 4260.96 4260.96 4251.71 4251.71 —0.22%
3-13 10 100 20 4630.31 4630.31 4562.67 4562.67 —1.48%
3-14 10 100 20 4411.85 4411.85 4348.67 4348.67 —1.45%
3-15 10 200 20 9407.12 9407.12 9277.62 9277.62 —1.40%
3-16 10 200 40 9216.41 9216.41 9142.42 9142.42 —0.81%
3-17 10 200 40 9984.68 9984.68 9851.93 9851.93 —1.35%

5.2.3. Comparison of Carbon Emission between ICVs and EVs in the Second-Echelon

One of the important advantages of EVs is the reduction in carbon emissions. To
illustrate the effects of emission reduction, we compare the emissions of our solution with
that of fossil fuel-based internal combustion vehicles (ICVs) for the second echelon. The
unit emissions of EVs are calculated based on the formulation of Zhang et al. (2018) [20],
and the unit emissions of ICVs are calculated based on the formulation of Wang et al.
(2017) [38]. The parameters of an EV are adopted from Pelletier et al. (2019) [51], and
the parameters of an ICV are adopted from Wang et al. (2017) [38]. We assume that the
road grade angle is 0, the vehicle acceleration is 0, and the EV and the ICV have the same
travel speed.

The results are shown in Table 6, where “EV” means the emissions when only EVs are

adopted and “ICV” means the emissions when only ICVs are adopted.
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Table 6. Results of emissions of ICVs and EVs in the second echelon.
Instance Size Gap

Inst EV ICV

m n (EV/ICV)
1-6 2 10 86.21 107.12 —19.52%
1-10 2 10 58.47 82.66 —29.26%
2-10 2 50 559.22 694.88 —19.52%
2-11 2 50 513.77 638.41 —19.52%
3-1 5 100 752.01 934.45 —19.52%

From last column in Table 6, it can be concluded that using EVs in transportation
systems rather than ICVs is more environmental. The emissions of EVs can be reduced by
about 20%. Thus, compared to ICVs, applying EVs is more environmentally friendly.

6. Conclusions

In this research, a novel two-echelon vehicle routing problem including mixed vehicles
considering battery swapping stations (2E-EVRPTW-BSS) is considered, in which the
integration of optimization for the two echelons is implemented by restricting the latest
arrival time of ICVs at satellites in the first echelon to meet the requirement of EVs in the
second echelon. The objective of the 2E-VERPTW-BSS aims to minimize the total cost.
Various constraints related to vehicle capacity, battery capacity, time windows, and battery
swapping stations are considered based on the requirements from real operations.

As a variant of the VRP, this problem is obviously NP hard and untractable by using
exact algorithms. In addition, the integration optimization for a two-echelon transportation
system inevitably increases the difficulty in solving this problem. Hence, a kind of VNS
algorithm is proposed for solving the 2E-EVRPTW-BSS problem in this paper. To evaluate
the performance of the proposed VNS, the algorithm developed by Wang et al. [37] is
adapted according to the requirements of 2E-VERPTW-BSS for comparison. The extensive
numerical experiments on different sizes of instances are conducted to examine the effec-
tiveness and efficiency of the proposed VNS in this paper. It is found that the proposed
VNS can easily achieve the optimal solutions for the small-sized instances. For larger
instances, the proposed VNS demonstrates a higher efficiency in searching for the solutions
of high performance compared with the algorithm of Wang et al. [37] and can find better
solutions in the same running time.

The research of this paper is a kind of extension to the existing investigations. Of
course, there are some other factors from the real demands worthy of being considered. For
example, uncertainties are almost everywhere in the real world. Hence, in future studies,
uncertainties in elements such as transportation time, electric power consumption, etc., can
be included in the models, and the optimization under uncertainty can be considered.
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