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Abstract: This study addresses a variant of the Electric Vehicle Routing Problem with Mixed Fleet, named as the Green
Mixed Fleet Vehicle Routing Problem with Realistic Energy Consumption and Partial Recharges. This problem contains
three important characteristics — realistic energy consumption, partial recharging policy, and carbon emissions. An
adaptive Large Neighborhood Search heuristic is developed for the problem. Experimental results show that the proposed
ALNS finds optimal solutions for most small-scale benchmark instances in a significantly faster computational time
compared to the performance of CPLEX solver. Moreover, it obtains high quality solutions for al medium- and large-
scale instances under areasonable computational time. We also perform numerical studiesto analyze the potential carbon
emission reduction resulted from the proposed model.
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1. Introduction

Globa warming has turned out to be a growing
concern worldwide due to various human activities
[1], with transportation systems becoming one of the
largest contributors of air pollution for many
countries; e.g., China[2], U.S.A. [3], and EU-27 [4].
Air pollution has been proven to toxicologically affect
people’s health [5], [6], as it not only causes negative
impacts toward the environment, but also slows down
global economic growth [7]. Considering such effects,
innovations to decrease pollution are greatly needed.
In addition, governments of various nations have
recently set targets and strategies for emissions
reduction; i.e. the U.S. proposed a target on
greenhouse gas (GHG) emissions reduction to be
26%—28% below 2005 levelsby 2025[8]; and the EU-
27 hasalso set asimilar goal to reduce GHG emissions
to be 60% below 1990 levels by 2050 [9].

The aforementioned actions have led to
increasing attention toward the utilization of electric
vehicles (EVs). The main benefit of EV's compared to
conventional vehicles, denoted asinternal combustion
vehicles (ICVs), is that EVs produce zero tailpipe
emission when operating [10], athough severa
considerations need to be carefully studied [11], [12].
Various logistics companies, eg. DHL, UPS, and
FedEx [13], [14], [15], have begun to utilize EV's as
part of their operationa fleets for conducting
deliveries. In spite of the sustainability-related
potential benefit offered by harnessing EV's, severa

limitations co-exist, which impede their adoption
level; e.g., high purchase prices and battery costs,
limited driving range, and potentially long recharging
time reguirements [16]. Considering the benefits and
limitations of utilizing EV's, careful planning needsto
be conducted by companies before any mass adoption
of EVs.

Oneof themain activitiescarried out in alogistics
company is distributing goods by visiting a set of
customerswith a set of available vehiclesthat start and
end at the depot and minimizing transportation cost,
which is generally called a vehicle routing problem
(VRP) [17]. Due to VRP’s important economic
applications and theoretical interests, the related
research field has grown fast and intensive over the
years by considering various real-world constraints
and challenges [18]. One of the most recent practical
situations considered in VRP involves the utilization
of EVs. Schneider et al. [19] introduced Electric
Vehicle Routing Problem with Time Windows
(EVRPTW) by incorporating the recharging
possibility at any of the available stations with
recharging timesthat depend on the battery level when
arriving at the station and by considering capacity
constraints on vehicles as well as customer time
windows. The problem is formulated as a mixed-
integer programming model. A hybrid Variable
Neighborhood Search with Tabu Search (VNS/TS)
heuristic, in which infeasible solutions are alowed
during the search, was proposed



to solve the problem. The performance of the algorithm was
tested with new generated instances. Furthermore, the authors
made a comparison to the results obtained by VNTS/TS with-
out Simulated Annealing (SA) and showed that SA acceptance
criterion performed better versus simply accepting an improved
solution criterion.

Research in dealing with EVs in the VRP field has also started
to gain momentum. Keskin and Catay [20] extended EVRPTW
by considering a partial recharge policy and proposing Adaptive
Large Neighborhood Search to solve the problem. They proved
that a 1.64% cost saving can be obtained by applying the par-
tial recharge policy based on a comparison with the result of
Schneider et al. [19]. The research was later extended by in-
cluding the existence of multiple recharging technologies [21].
Felipe et al. [22] pioneered the research on multiple refueling
technology, although they did not explicitly mention EVs. Keskin
and Catay [23] dealt with multiple recharging technologies for
EVRPTW and found several benefits: lower total energy consump-
tion and lower number of utilized fleets. Another characteristic
worth mentioning in the literature is the recharging time char-
acteristic. The real recharging function is generally non-linear
with time [24]. Ziindorf [25] targeted the non-linear recharging
function by transforming the non-linearity into a piecewise lin-
ear function. Montoya et al. [26] introduced the electric vehicle
routing problem with a non-linear recharging process by utilizing
the piecewise linear approximation introduced by Ziindorf [25].
In addition to electric vehicles, hybrid vehicles which utilize
both fuel and electricity have also been identified to have such
potential benefits [27].

Electric vehicle employment in city logistics, which involve
a two-tier supply chain network, has gained greater interest.
Breunig et al. [28] considered EVs as part of the operational fleets
in 2EVRP and later termed this as E2EVRP. In the problem, a fleet
of ICVs still serves the first echelon, while EVs operate on the
second echelon. Jie et al. [29] also worked on a similar problem
with the main difference being that the considered type of EVs
requires battery swapping instead of recharging.

A mixed fleet between EVs and ICVs has recently become a
prominent strategy due to the limitations encountered in EVs’
utilization. Goeke and Schneider [30] addressed EVRPTW-MF,
involving a realistic energy consumption model, to calculate elec-
tricity consumption of an EV and fuel consumption of an ICV. In
order to manage the driving range limitation of EVs, it is impor-
tant to adopt a realistic energy consumption model to predict
electricity usage [31]. Hiermann et al. [32] extended the mixed
fleet scenario by considering Plug-in Hybrid Electric Vehicles
(PHEVs) together with EVs and ICVs. Two types of sensitivity
analyses were performed to analyze the benefit of utilizing a
mixed fleet compared to a single type of particular fleet as well as
the impact of cost change toward the fleet composition. Macrina
et al. [33] proposed the green mixed fleet vehicle routing problem
with partial recharging and time windows, involving a limitation
of carbon emissions that can be emitted by a company’s opera-
tional fleet. Moreover, Macrina et al. [34] dealt with a mixed fleet
scenario of EVs and ICVs by considering partial recharges and a
realistic energy consumption model.

Based on the aforementioned literature, the mixed fleet prob-
lem seems to be widely adopted by logistics companies due to
current market and business conditions. Recently, Yu et al. [35]
proposed a new variant of a mixed fleet between EVs and ICVs,
named as the Green Mixed Fleet Vehicle Routing Problem with
Realistic Energy Consumption and Partial Recharges (GMFVRP-
REC-PR) and developed a mixed integer programming model for
the problem. It simultaneously addresses three important char-
acteristics, partial recharges, realistic energy consumption, and
emissions, making the problem closer to the real-world condition.

The problem is modeled as a single objective problem with eco-
nomic and environmental considerations, i.e. transportation and
carbon emissions costs, respectively. This modeling approach has
also been employed in various routing problem variants [36-38].
Based on the findings presented in Yu et al. [35], the compu-
tational time of solving the mathematical model is significantly
high, even for the small-scale instances. Therefore, this research
is presented with following objectives and contributions:

1. To propose an Adaptive Large Neighborhood Search (ALNS)
embedded with a dynamic programming procedure and an
efficient solution evaluation procedure to solve GMFVRP-
REC-PR of various sizes. In addition, both feasible and in-
feasible solution spaces are considered in aim of guiding
the search toward diverse regions.

2. To analyze the potential carbon emission reduction of the
proposed GMFVRP-REC-PR.

The remainder of the paper is organized as follows. Section 2
describes GMFVRP-REC-PR and explains our MILP formulation.
Section 3 proposes the ALNS algorithm in detail. Section 4 re-
ports computational studies involving the parameter settings and
makes a comparative analysis between our proposed methods
with state-of-the-art benchmark results and carbon emission re-
duction analysis. Finally, Section 5 presents our conclusions and
future direction of this research.

2. Model formulation

This section explains the mathematical model of GMFVRP-
REC-PR formulated by Yu et al. [35]. Section 2.1 presents the
energy consumption model, which will be used to calculate an
EV’s electricity consumption and an ICV’s fuel consumption. Sec-
tion 2.2 explains the mathematical model of GMFVRP-REC-PR
in detail. In addition, all the variables used in the mathemat-
ical model and equations are summarized in Table A.1 of the
Appendix.

2.1. Electricity and fuel consumption calculations

In order to obtain an EV’s energy consumption, a mechanical
power requirement Py, is required. We evaluate Py, by using the
energy consumption model presented in Bektas and Laporte [39],
where Py, depends on several variables: mass, speed, gradient,
and physical environment (road surface, vehicle dimensions, and
engine properties). Eq. (1) calculates the amount of Py,.

1
Py = <m.a + E.Cd‘p./\‘v2 + m.g.sin (@) + ¢,.m.g. cos(oz)) v (1)

where m is vehicle mass (kg), a is acceleration (m/s?), ¢, is the
coefficient of aerodynamic drag, p is air density (kg/m3), A is
vehicle frontal surface (m?), v is vehicle speed, g is a gravitational
constant (m/s?), « is the gradient angle of the road, and c; is the
coefficient of rolling resistance.

We particularly define m as a function of the currently loaded
amount of cargo that is brought by vehicle k from a particular
node i to node j, uf. Therefore, m (u) represents the total mass
consisting of a vehicle’s curb mass and u{j Let pg (uf;) denote the
constant mechanical power requirement for an EV to travel from
node i to node j with total mass m (uf ). Thus, p§ (uf) is able to be
evaluated by Eq. (2).

1
pj; (uf) = (—.cd.,o.A.v2 + m (uf) .g.(sin (o5) + ;. cos (a,j))> ;i

2
(2)



The electricity consumption of an EV can be obtained from the
calculated mechanical power requirement by the following two
steps. First, the necessary electric power is evaluated by taking
energy losses that occur in the electric engine into account by
multiplying p - (u) with energy efficiency, ¢ and discharging
efficiency, . Second the final electricity requirement is obtained
by considering the travel time from node i to node j, t;. To sum
up, Eq. (3) calculates the electricity consumption of an EV while
traveling from node i to node j.

bjj (1) = @9 (u) -ty (3

The aforementioned mechanical power is also utilized to evaluate
the fuel consumption of an ICV. First, the fuel consumption rate
of ICV k while traveling from node i to j is calculated by:

( ¢ Py (u)
FR{ (uf) = max (KW (k.N.D + ;7’7[; ,0 (4)

where & denotes the fuel-to-air mass ratio, ¥ represents the heat-
ing value of typical diesel fuel, k represents the engine friction
factor, N denotes engine speed, D represents engine displace-
ment, ¥ denotes a factor converting the fuel rate from gram
per second to liters per second, n represents the efficiency pa-
rameter for diesel engines, and 5y denotes drive train efficiency.
After obtaining the fuel consumption rate, the associated fuel
consumption of an ICV traveling from node i to node j can be
calculated by:

i (uf) = FRY (uf) -ty (5)

2.2. Problem definition

Consider a directed graph G = (OUV UF UN + 1, A), where V
is a set of N customers, V = {1,..., N}, F is a set of recharging
stations, F* is the set of dummy nodes representing each node
in F to enable multiple visits to a particular recharging station
in the formulation, and nodes 0 and N + 1 are the starting and
ending points, respectively. The nodes are connected through a
set of arcs A = {(i,j)|i,j e OUVUF*UN + 1,i # j} with a non-
negative distance, dj;, travel time t;;, and cost c; for each kilometer
traveled by the vehicle. For simplifying the mathematical model
formulation, we introduce several sets: V' =V UF', Vo =V UQO,
Va1 =VUN+1,Vj=VUF UO,and Vy,, =VUF UN+1.

Each node i has non-negative demand, g;(i € V), service time,
si(i € V), and hard time windows, [e;, ;](i e OUV UF*UN + 1),
where early arrival with waiting is allowed, but late arrival is
strictly prohibited. Sets of EVs, Kg, and ICVs, Kic, with capacity
Q are available at the depot. EVs having a battery capacity of B
can be charged partially at a recharging rate of r.

The carbon emissions emitted by an ICV depend on the CO,
emitted per liter of fuel, FE [33] which is later multiplied with
the cost ¢, to obtain the carbon emission cost. Let EMj; represent
the total carbon emissions produced by an ICV while traveling
from node i to node j, calculated by:

EMj; = FE.FR;; (6)

where FE is a fuel conversion factor, expressed in grams of CO,
emitted per liter of fuel. The value of FE depends on several
factors: vehicle type, fuel type, etc. FR; is the fuel consumption
of an ICV, as has been explained in Section 2.1.

Decision variables

° ka = 1if an EV kg travels from node i to j (kg € Kg;i,j €
O U VUF'UN+1)

° Xukzc = 1if an ICV k¢ travels from node i to j (kic € Kic;1i,j €
OUVUN+1)

e 7; = arrival time at node i(i € V)

° rNki1 = arrival time of an EV kg at node N + 1(kr € Kg)

° TNk’L = arrival time of an ICV k;c at node N + 1(kic € Ki¢)

° u0 initial load brought by an EV kg(kg € Kg)

° u:)’c initial load brought by an ICV kjc(kic € Kic)

° uﬁ’c = amount of load brought by an ICV k;c when traveling
from node i to node j (kic € Kic;i,j e OUVUN + 1)

° ug.f = amount of load brought by an ICV kr when traveling
from node i to node j (kg € Kg;i,j e OUVUF'UN + 1)

. yf< remaining electric energy of an EV kg upon arrival at
node i (kg € Kg;i,j e OUVUF‘UN + 1)

Ke . .

e Y;* = amount of electric energy obtained by an EV kg after
recharging at recharging station i (kg € Kg; i € F)

. p:jE (u:;‘:') = amount of mechanical power spent by an EV k¢
when traveling from node i to node j and carrying a load of

(kE €Kg;i,jeOUVUF UN+41)

° ps’c (ug’c) = amount of mechanical power spent by an ICV

kic when traveling from node i to node j and carrying a load

of u; ’C(k,c € Kic;i,je OUVUN + 1)
bg’f ug.E = amount of electric energy consumed by an EV
kg when traveling from node i to node j and carrying a load
of uf (kg € Kg3i,j € OUVUF UN +1)

° fuk’c (ug’c) = amount of fuel consumed by an ICVk;c when

travelmg from node i to node j and carrying a load of
C(klc Ech,l _] EOUVUN+1)

Objective Function

min ) Y Z CeliXfy, + Y D Z CedijXi

kg €Kg ieV] jeV, kic €Kic ievy jev,

N1 N+
F XYY e g
kic €Kic ievy jevy,
Constraints
> Z K+ D2 D K =1 VieV (8)
ke K jevy, . kic €Kic jeVn 11
D X, <1 VieVy, Vke € K (9)
Vi
Z Xuk:c <1 VieVy, Vkic € Kic (10)
JEVN+1
ZXUkE = Z G, Vi € V', Ve € Kg (11)
ieVy i€V g
Z ijkic = Z jilec Vj €V, Vkic € Kic (12)
ieVp i€Vn41
S M, <Ke ke € K (13)
jev’
D X < Kic Vkic € Kic (14)
jev
To = 0 (]5)
+(si + t;) (Z XUkE + Z X']klf)
kg ki kic ek,
£ €K 1c €Kic ViEVO,VjEV (]6)

< T
Z XUkE + Z leklc =7
kg eKg kic €Kic

+ (si + ty) szkE—M(l_ ngkf) =g VieV,VjeF (17)

kg eKg kg eKg



i+l (Yikf —yk )+t,1 f—M(1—xi ) <7 VieF,VjeV Vi ek
(18)

_yff) F vy, — M= x5 ) < T Vi€ P Vke € K
(19)

T+ (si+ tiN+1)XiEN+1kE -M (1 _Xﬁ\H—lkE) < rNki_] Vie Vo, Vkg e Kz (20)

T+t (YikE

k, .
ik (5 v X e — M (1= X5 ) = TS, Vi € Vo, ke € Kic

(21)
e =<1 =< li VieV’ (22)
eNy1 = T,l\;'il < Iy (23)
eNt1 = T,I\;EH <Iny1 (24)
ZukE — Z u’.‘f = quxiEjkE Vj e V', Vkg € Kg (25)
iV erNJrl iV
> U =0 Vke € K (26)
iev’
0<u <QxG, YieVyVie Vi, Yk €K; (27)

k k

Zu ic Z j;IC =g Z e Vj e V,Vkc € K¢ (28)
ieVy i€Vt ieVy
Z Ug{f+1 =0 Vk'c € Kic (29)
ieV
0 <uf <q. KXo Vi€ Vo, V)€ Vi, Ykic € Kic (30)

pSlc (u :jl(‘ )=

+8.¢r.u

( Cd,OAU +m[ruckgcr)

(IC ']le Vie Vo, V] € VN+1, Vklc € KIC

(31)

P pkic ( ’jlc)
1 1 . .
fU ’C( [C % kND + # X{-ﬁqc .t,‘j Vi € Vp, V] € VN+1, Vk[c € K¢

(32)
= (L.c.p.A0? £.¢)xE
pU( ,J)’ (2 Cq.p v +mtruckgcl’)xyk5 ViEVé,VjEVI(,Jr],VkEEKE
+g.cr.u ij
(33)
bSE( kE) > &g.q. pu (uUE) ty Vie Vg, Vje Vi, Yke € Ke (34)

bkE( )+M<lfxuk5) Syi 7yj’_<E
<b"f( ey M(px.f. )

ijkg

Vi€ Vo, Vj € Vi, Vke € Kg (35)

K,

by 4 HM( e ) U ViePvev,, Yk ek (36)
< blE(ul) - M(l—xijkE>
V=B (37)
Y < B Vie V), Vk; € K (38)
ny < Y,. Vie F,Vke € Kg (39)
Y/* <B VieF,Vk € Ke (40)

Objective function (7) is to minimize the total cost comprised
of the distance traveled cost by all utilized fleets and the total
emitted pollution cost from the utilized fleet of ICVs. Eq. (8)
ensures that each customer is visited at most once, either by an
EV or an ICV. Egs. (9) and (10) guarantee that each vehicle, either
an EV or an ICV, can only visit one customer when it starts a
route from the depot. Egs. (11) and (12) are the flow-in flow-
out constraints for an EV and an ICV, respectively. Egs. (13) and
(14) consecutively limit the number of EVs and ICVs that can be
assigned to serve customers. Constraints that regulate time are
described from Eq. (15) to Eq. (24). Eq. (15) guarantees that the
initial time of every utilized fleet starts from 0. Egs. (16) to (21)
link arrival times at node i and node j and M denotes a very large
value which is multiplied with the term(s) inside the parentheses.

Eqs. (22) to (24) ensure that the time windows of each visited
node are not violated. Egs. (25) to (30) regulate the load balance.
The total load carried by an EV and an ICV from a node to another
node is modeled by Egs. (25) and (28), respectively. Egs. (26) and
(29) guarantee that a vehicle returning to the depot carries no
remaining load. Eqgs. (27) and (30) respectively ensure that the
total load brought by an EV or an ICV is within the maximum
allowable load. Egs. (31) and (32) calculate the fuel consumption
of an ICV that travels through an arc (i, j). Egs. (33) and (34) cal-
culate the electricity consumption of an EV that travels through
an arc (i, j). Eq. (35) is responsible for tracking the energy level
of an EV traveling from node i to node j. Eq. (36) links the energy
level when an EV performs a recharging process at a recharging
station i. Egs. (37) to (40) guarantee the natural range of an EV's
battery level.

3. Proposed adaptive large neighborhood search algorithm for
GMFVRP-REC-PR

Adaptive Large Neighborhood Search (ALNS), first proposed
by Ropke and Pisinger [40], consists of removal and insertion
heuristics. These heuristics are developed based on Large Neigh-
borhood Search (LNS). ALNS differs from its previous version,
LNS, as it utilizes more than one removal and more than one
insertion heuristics, a removal and insertion heuristics selection
mechanism that is based on collected statistics, and a simulated
annealing metaheuristic for the acceptance mechanism. Several
studies have showed the excellent performance of ALNS in solv-
ing various real-world transportation problems, like the orien-
teering problem [41] and vehicle routing problems [42-45]. ALNS
has also been adopted to solve routing problems that consider
electric vehicles’ utilization [20,30,46].

This study embeds several mechanisms that enable ALNS to
solve GMFVRP-REC-PR. First, the preprocessing stage is imple-
mented to reduce the searching space by eliminating infeasible
arcs. Second, infeasible solutions are allowed during the itera-
tions. Therefore, this work utilizes a generalized objective func-
tion comprised of the objective function presented in Eq. (7) and
several penalty values. Third, dynamic programming is integrated
into ALNS to determine recharging station visit(s) for the routes of
an EV in an optimal manner. Lastly, the time-efficient evaluation
of neighborhoods is employed in this work to reduce the compu-
tational burden of implementing removal and insertion heuristics
repeatedly.

The flow chart of the proposed ALNS is shown in Fig. 1. Before
ALNS is implemented, the algorithm starts by finding an initial
solution (Section 3.1), setting the necessary parameters, and set
the initial solution to be the best solution o*. There are two
types of termination criterion utilized by the proposed ALNS,
either by maximum number of iterations, ™, or by maximum
number of non-improvement iterations, ny*. First, ALNS will
determine how many customers need to be removed, §, from
the current solution. This mechanism depends on three param-
eters: minimum number of selected customers, $2i,, Maximum
number of selected customers, £21m.x, and collected scores, €. A
neighborhood solution, ¢/, is then built by applying removal and
insertion heuristics to the current solution, o. Several necessary
components for applying this procedure are (1) §, (2) available
removal heuristics, D, (3) available insertion heuristics, and R (4)
collected scores of removal and insertion heuristics, 7.

The local search procedure - localSearch (.) which is explained
in Section 3.7 - will be implemented if the objective value of
a neighborhood solution, A (0”), is smaller than 1 (c*) (1+ &)
where o * is the best solution so far. If the objective of the solution
after implementing localSearch (.) is less than 1 (¢*) (1+ 89,



then dynamicProgramming (.), described in Section 3.8, is exe-
cuted.

The implementation of a simulated annealing framework in
ALNS is explained as follows. It starts by calculating A, the dif-
ference between A (o’) and A (o) which is obtained by sub-
tracting A (¢) from A (¢'). If A is negative, then it means o’
is better than o regardless of its feasibility. This ¢’ is accepted
as a new o. Furthermore, if A (¢') is below A (c*), then o’ is
accepted as a new o*. Another solution, o/, is generated by
generateFeasibleSolution (.), which will be further described in
Section 3.9. If the resulting o/ is feasible through the feasibility
checking, feasible(.), and the objective value of o/ is below the
objective value of the best-feasible solution so far af*, then of* and
timp representing the iteration when the last improvements are
updated. If A is positive, then o’ will still replace o if a particular
value obtained by generating a random number with a range be-
tween 0 and 1 is lower than e_TA, where T is current temperature,
a parameter of simulated annealing. The detail calculation of A is
further explained in Section 3.11. Moreover, a restarting strategy
by adopting af* to be o will be utilized every time a particular
number of iterations, ", is reached.

The update score procedure - updateScores(.) — becomes the
next step after performing the simulated annealing acceptance
mechanism. This procedure which will be explained in Sec-
tion 3.10 is defined as a function to update the scores of each
removal and insertion heuristics. The scores of these heuristics
later determine the tendency of each heuristic being selected
during iterations, denoting a selection probability of a heuristic.
The selection probability will be updated for each n? iterations,
and the penalty value of the generalized objective function will
also be updated every time »° iterations have been reached.
Before ending a particular iteration, T decreases to «T.

3.1. Initial solution

Before generating an initial solution, a pre-processing step is
performed to remove all arcs that clearly cannot be part of a fea-
sible solution; i.e., their inclusion leads to constraint violation(s).
The pre-processing steps are mentioned as follows.

v,weVAQq +q,>0

veVyweVi Al +5 +hy >,

v eVé,w EV’/\@U + Sy + tyw + Sw + tun+1 > lo

v E Vé, w e V,/\bvw(qw) > B

v E Vé,w € V’/\V].GF/,l'EFI(H_lej (qv + quw) + byw(qw) +
b,i(0) > B

vk W=

Rules 1-3 eliminate arcs that violate the capacity and time
windows restriction. These rules were initially utilized by Schnei-
der et al. [19]. Rules 4 and 5 were specifically developed by Goeke
and Schneider [30] and only hold for EV routes. Rule 4 judges
those arcs that cannot be traveled even by an EV that has full
battery capacity and only carries demand q,, along the arc (v, w).
Rule 5 determines whether an arc is feasible or not by checking
the total utilized electricity if the EV comes from a recharging
station node or depot prior to traveling the arc (v, w) and visiting
a recharging station node or depot after traveling the arc (v, w).
If the total utilized electricity is larger than battery capacity in all
scenarios, then the arc could be deemed infeasible.

After the preprocessing process has been done, an initial so-
lution is created. All the customers are first placed on a removal
list. Regret-two insertion heuristic - described in Section 3.6 - is
then performed to put all the customers into the route based on a
generalized objective function. After all the customers have been
assigned to either an EV or an ICV, a local search procedure is then
performed. Lastly, dynamic programming is applied to further

Generate an initial solution o ‘
v

Initialize parameters, 0*=a, A(0*) = A(0) ‘
v

Generate p~U(0,1) ‘

Generate a random integer number for destroy and repair phases, 8, by p,
Qumax, Qi T°

Generate a solution o’ from current solution o by applying a destroy and a
repair operator sequentially with 3, p, and

—b{ Update score of destroy and repair operators }4

Y

Y Update the selection probability
of destroy and repair operators

N \

Y Update the penalty
weights

Modulo(t, n"®%) = 0

N

Modulo(t, n°) = 0

Modulo(t, n°) = 0

Fig. 1. Flow chart of the proposed ALNS for GMFVRP-REC-PR.
improve the initial solution by optimally solving the recharging
station visits in every route of employed EVs.

3.2. Generalized cost function

Infeasible solutions are allowed during the search in order to
widen the solution spaces that can be traversed. Therefore, the
generalized objective function of a solution, Ag.n (), is calculated



by the following equation.
)\gen(o') = Ao) + )/cap-CaP(U) + Vtw . TW(0) + Vpare .BT (o) (41)

Here, Agn (o) denotes the original objective function (7). There
are three conditions where penalties apply: violations on capac-
ity, time windows, and battery capacity, respectively denoted by
Yeaps Vews and Y.

The penalty factors are dynamically adjusted in the following
manner. If there is at least one violation that occurred in nP
iterations, then the penalty multipliers are multiplied by a factor
£2 in order to increase the possibility of finding feasible solutions;
otherwise, the penalty multipliers are then divided by 2.

3.3. Concatenation operators

A consideration of infeasible solutions means that the algo-
rithm needs to calculate the total violation every time a new
neighborhood solution is generated. Thus, efficiently evaluating
a new neighborhood is important for the proposed ALNS al-
gorithm in order to minimize the computational time. Nagata
et al. [47] pioneered the development of an efficient approach
that takes O(1) time to evaluate a time window violation and
to implement it in order to solve the vehicle routing problem
with time windows. Schneider et al. [19] extended the approach
that also takes O(1) time to evaluate a battery penalty to deal
with EVRPTW. In this work, we utilize the approach proposed by
Schiffer and Walther [46] — namely, the corridor-based approach
due to its ability to deal with a partial recharging policy. Forward
and backward penalties of time window (TW) and battery (BT),
represented respectively by d@ and < a where a € {TW, BT},
are the required information to evaluate neighborhood solutions
efficiently. This approach is particularly able to compute the time
window and battery penalties in O(1) time if the case is that
one node is inserted between two partial routes. To evaluate the
case in which two or more nodes are inserted, either forward or
backward penalties need to be extended prior to the evaluation.

Several variables are needed to estimate the time window and
battery forward and backward penalties. Table 1, which is also
described in Schiffer and Walter (2017), summarizes the variables
and their definitions for calculating the forward penalties, while
the variables for calculating the backward penalties are defined as
b* with k € {min, max, sl, rt, add}, b™", and b{"™*. Readers may
to refer to Schiffer and Walther [46] for more details in calculating
each variable and penalty. One slight modification in the part of
calculating electricity consumption is implemented, because this
work considers a realistic energy consumption model. Hence, the
electricity consumption of an EV while traveling from vertex i
to vertex j is calculated as h; = r.bf-]‘.E (ug-E ) where bgf (ug-E ) is
obtained by Eq. (3).

The route concatenations are then explained as follows. The
first scenario is insertion of a vertex into two partial routes, and
the latter is the concatenation of two partial routes. Let a route
o;=1{0,...,x,v,y,...,n+ 1}, which is built by inserting vertex
u between a partial route o7 = {0, ..., x}and o, = {y,...,n+1}.
The time window penalty of o can be calculated by Eq. (42).
Subsequently, the battery penalty of o is calculated by utilizing
Eq. (43).

™w (o1) + ™w (02) + max {0, a™™ — I, — max {0, ™" — g} }
W (o)) = +max{0, min{lv,max{ev,a‘;‘i“}}

— bMin — max {pm — pmin, 0} }

BT (01) = BT (01) + BT (02) + max {0, a™ — a™} 4+ D (43)

Table 1
Variables for calculating forward penalties.
Variables Definition
a{“i“ Earliest allowed arrival time at a vertex i
a™ Arrival time at vertex i if as much fuel as
possible has been recharged at preceding
facilities
al?j’ A possible slack between vertex i and vertex j
that is happening due to time window
limitations while traveling from vertex i to
vertex j
a{[ Inverse residual battery capacity at vertex i
ag™ Additional fuel that has to be replenished at
the preceding refueling facility to travel arc
(i, J)
amin Adjusted value of a™™ to prevent a repeated
penalization
am Adjusted value of a™™ to prevent a repeated
penalization
where
max {0, af + b7 — B — min {B, max {0, b7 —aMi*}}}  ifv e F
D = max{0, d + b — B — min{B, min { max{0, b™" — M},
max{0, ai'™ — a""} + max{0, by"" — b**}}}} otherwise
(44)
The concatenation of two partial routes, oy = {0,...,x} and
oy = {y,...,n+ 1}, that form o, = {0,...,x,y,...,n+ 1} is

obtained by first extending the variables of forward penalties to
vertex y. The time window and battery penalty are able to be
calculated by Egs. (45) and (46) consecutively.

—_—> <~ .

TW (01) + TW (03) + max {0, @'

—l, —max {0, g — a">}} (45)
+max{0, min {lv, max{ey, a;“i“}}

—b™ — max {b — ", 0}

W (o) =

BT (o) = BT (01) + BT (03) + max {0, a™ — a™} +E  (46)

y y
where:
max {0, af + b}y — B — min {B, max {0, b;,"i" — a;,"i"}}} ifyeF
E = max{0, a} + bjf — B— min {B, min{max{0, b — a;""},
max{0, @' — aM"} + max{0, bi"" — pI*}}}} otherwise
(47)

If the electricity consumption model excludes cargo load from
the consideration, then changes in battery capacity violation
can be obtained in constant time for most neighborhood op-
erators [46]. However, load is considered to be one factor that
influences energy consumption in this work. This assumption will
lead to a computational burden when concatenation operators in
the algorithm are performed, because whenever a concatenation
operator is performed, recalculations of time windows and bat-
tery forward and backward penalties should be conducted [30].
Hence, a surrogate violation concept, which was proposed by
Goeke and Schneider [30], is adopted by assuming that the
violations of vertices located prior to the point of change re-
main unmodified, and therefore the aforementioned equations to
evaluate the concatenation will remain unchanged. Hereafter, the
surrogate violation version of time windows will be mentioned
as TW(o) and the surrogate violation version of battery will be
referred as BT (o). The generalized cost function, which consists
of surrogate violations, will be referred to as Agy (o). All the
aforementioned variables in Table 1 should be updated after



applying the destroy phase, the repair phase, and the local search
procedure. The update requires O(n) time complexity where n is
the number of nodes in o.

3.4. Customer interval selection

The number of customers to remove is the beginning step to
be performed before applying a removal heuristic. In the pro-
posed ALNS, an adaptive mechanism to choose the number of
customers to be removed is applied. Let [£2min, 2max] be the
allowable interval of number of customers to be removed. This in-
terval is then divided into @ non-overlapping subintervals. ALNS
then selects a subinterval according to the set of probability
n¢ ={n{,n3,...,n;}). Here, n¢ is updated based on an adaptive
mechanism that we will describe further in Section 3.10. From
the selected subinterval, a random number § of customers is
determined.

3.5. Destroy operators

The developed ALNS employs five removal heuristics. The
following subsections explain the heuristics. The input of the
heuristics is 8, as described in Section 3.4. A removal heuristic
aims to select § customers to be removed from the solution. After
one of these heuristics is applied to the solution, a list of removed
customers is generated, and the solution becomes an incomplete
solution.

3.5.1. Random removal

The random removal heuristic selects a number of customer
nodes randomly and removes them from the solution. This
heuristic runs the fastest among all utilized removal heuristics
since it does not consider any criterion in removing nodes from
a solution. The time complexity of random removal is O(§).

3.5.2. Worst removal

This removal heuristic was introduced by Ropke and Pisinger
[40] and aims to remove customer nodes that contribute sig-
nificantly to the total cost if they are at their current position
in a route. All customer nodes are sorted in descending order
based on their cost value, which is determined by the change
in Agn (o) that is calculated by removing the respective node.
From the list, the node at position |D.bX ] is selected, where D is
total customers remaining in the solution, b is a uniform random
number between 0 and 1, and y is a parameter controlling the
randomness of selecting a customer node from D that takes the
value of 6 which is adopted from Goeke and Schneider [30]. Let ¢
be the number of remaining customers in o. In each iteration of
removal process, we need O(c) to calculate the objective change
of removing each customer. In addition, we need O(clogc) to
perform the sorting procedure. After each iteration of the worst
removal, we need to update the variables mentioned in Table 1,
requiring time complexity of O(n). Thus, the time complexity of
this removal is O((clogc + n + c)§).

3.5.3. Route removal

This removal was first proposed by Hemmelmayr et al. [48].
This heuristic works by randomly selecting a route and remov-
ing all nodes contained in the selected route. This heuristic is
similar to random removal, but it performs at the route level.
The computational time of the route removal heuristic depends
on the number of nodes in the chosen route. Since this operator
removes all customers in a selected route, the time complexity is
O(L) where L is the length of the route.

3.5.4. Shaw removal

This type of removal was introduced by Shaw [49] and later
revised by Goeke and Schneider [30]. The basic concept is to
remove customers that are similar to one another in regards to
several criteria, and therefore they tend to be interchangeable
when an insertion heuristic is implemented. These criteria are
defined as relatedness. The relatedness measure consists of sev-
eral components: geographical distance dj;, difference in demand
|q,- — gj|, and difference of the earliest start of service !e,' — ej|. The
equation to calculate relatedness is as follows.

dj y |gi — g
max;jey (dy) " MaXiey (¢) — Miniey(q;)

|€,‘—€j’

R(@i.)) = xa

xe maXxiey (€;) — minjey(e;) (48)
Here, x4, xq, and x. are parameters of each aforementioned cri-
teria in the relatedness measure that take values of 6, 5, and
4, respectively. These values are all adopted from Goeke and
Schneider [30].

One randomly removed customer is required in order to mea-
sure the relatedness of other customers. The customer at position
LD.b* | is then chosen from the removal list, where D is total
customers remaining in the solution, b is a uniform random
number between 0 and 1, and x is a parameter to control the
randomness of a chosen position. After the first iteration, this
heuristic will select a node from the removal list to measure
the relatedness of other customers that have not been removed
yet. This heuristic will terminate after § customers have been
removed from a solution. The time complexity of this operator
is O((logc + 1)éc).

3.5.5. Station vicinity

This removal heuristic was first proposed by Goeke and
Schneider [30]. The idea of this heuristic is to re-order customer
nodes that are located relatively close to recharging stations. To
define the vicinity of a station, a radius value r is randomly
chosen in the interval [ ™ . max;jey (dy) , xn% .. max;jev (dy)],
where xM™ = = 0.05 and x™ =~ = 0.15. Next, a recharging
station R is randomly chosen, and customer nodes located within
a distance less than r are removed. The aforementioned step is
repeated until § customers are removed from a solution. The time
complexity of this operator is O(8).

3.6. Repair operators

After § customers have been removed from a solution, the
algorithm will proceed to the repair phase where an insertion
heuristic is selected to repair the solution by inserting the re-
moved § customers into the incomplete solution obtained from
the destroy phase. This phase aims to build a new better solu-
tion. The following sub-sections are devoted to describing the
employed insertion heuristics during the repair phase.

3.6.1. Sequential insertion heuristics

This type of insertion heuristic works by iteratively performing
the best possible insertion. For each customer node remaining on
the removal list, the increase in the surrogate cost function for the
insertion at every position of a route, Agn (0), is evaluated and
the customer node is inserted to the position resulting in the min-
imum cost increase. We also utilize another version of sequential
insertion heuristics by applying noise factor X € [Vmin» Yinax,
where ypmin = 0.8 and ymaex = 1.4, to the calculated Age, (o) in the
developed ALNS. The latter is referred to as perturbed sequential
insertion heuristics and includes randomness into the original
version, which leads to a higher probability to escape from local
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Fig. 2. (a) The reference solution before any neighborhood move is implemented, (b) the resulting solution after an exchange has been implemented to the reference
solution, (c) the resulting solution after 2-opt* has been applied to the reference solution, (d) illustration of implementing the relocate move, (e) an illustration of

implementing station-in move.

optima. The time complexity of performing this insertion heuris-
tic depends on the number of customers in the removal list §,
the number of insertion positions L;, and the time complexity
of evaluating the insertion itself. As mentioned in Section 3.3,
the time complexity of the concatenation operators employed
in the insertion procedure to evaluate the cost of insertion is
0(1). Consequently, the time complexity of sequential insertion
heuristics is O(8L;) in each iteration of insertion.

3.6.2. Regret insertion heuristics

This type of insertion was described by Ropke and Pisinger [40]
which later modified by Liu et al. [43]. A k-regret value for
each customer node is calculated as the difference between

the insertion cost in the best position and that cost in the k-
best position. The cost of insertion is evaluated by Age, (o). This
research applies the regret-2 and regret-3 insertion heuristics.
Similar to sequential insertion heuristics, the perturbed versions
of these regret insertion heuristics are embedded as options in
the repair phase. Let L; be the number of insertion positions for a
particular node. For each evaluated node in the removal list, the
required time complexity is O(L;) since there are L; evaluations
of objective change. Then, we perform sorting procedure on the
obtained objective changes to find the k best positions, requiring
O(L;logL;). Thus, the time complexity of regret insertion heuristics
is O((L; + (L;logL;))8) in each iteration of insertion.
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Fig. 3. An illustration of removing the recharging station from a solution.

3.7. Local search procedure

In order to enhance the solution quality, a local search (LS) is
applied. A composite neighborhood comprised of several moves,
i.e. exchange, 2-opt*, relocate, and station-in, are utilized in LS.
Fig. 2.b to e illustrate how the neighborhood moves respec-
tively work, whereas Fig. 2.a depicts the original solution before
exchange and 2-opt* are implemented.

Exchange and 2-opt* are applied for inter-route moves, while
relocate is applied for intra- and inter-route moves, and they
only deal with recharging station nodes. Moreover, 2-opt* is not
allowed to be applied between ICV and EV routes. Station-in
is a special local search operator first proposed by Schneider
et al. [19] and aims to insert a recharging station into EV routes.

The neighborhood size of the exchange move is O(n2), while
the neighborhood size of the 2-opt* move for ICV routes and
EV routes are O(nZ,,) and O(n,), respectively [50]. njcy and ngy
represent the number of nodes visited in ICV routes and EV
routes, respectively, while n, denotes the number of nodes to
be exchanged in the solution. Since the time complexity of eval-
uating the feasibility of inter-route moves is O(1) as explained
in Section 3.3, the time complexity of performing exchange and
2-opt* are consequently the same as their neighborhood sizes.
The time complexity of relocate is O(ngy) since it evaluates all
available positions in EV routes and the worst-time complexity
of station-in is O(kngy ), where k denotes the number of available
recharging stations.

When the moves generated by LS result in an infeasible so-
lution, they will be automatically discarded. A surrogate cost
function, Agen (1), is utilized to evaluate the moves. These strate-
gies are taken in order to reduce the computational burden of
performing a local search. In each iteration of LS, a list M contain-
ing the best ¢ solutions generated by the composite neighborhood
is generated. An exact evaluation of the objective value, Agn (.),
is then performed on each solution in M. The time complexity
of exact evaluation of a solution is O(n). Thus, this step requires
a O(en) time to complete. Next, the solution with the best Agen
on the list is applied to the solution. LS stops when no further
improvement is found by the neighborhood.

3.8. Dynamic programming to solve the optimal placement of a
recharging station

In order to improve the solution quality of routes traveled
by EVs, dynamic programming (DP) is utilized after a number of
search steps to identify optimal placement of recharging station
visits for the routes traveled by EVs. The DP utilized in this work
is adopted from Schiffer and Walther [46] with a modification
that will be explained in the following paragraph. DP starts by
removing all the recharging station visits of a particular route.
Fig. 3 depicts a solution that initially consists of a visit to recharg-
ing station 3 and later is dropped, leading to a solution solely
consisting of customer node visits.

After removing recharging stations in the solution, the dy-
namic programming procedure is executed. The procedure tries

Table 2
A description of label component for REFs.

TSt Cost of path

TiF Number of recharging station visits on path

T Min Earliest arrival time on node i without running out of electric
energy

Ti‘M"X Latest arrival time on node i recharging as much as possible at
preceding recharging stations, without violating time windows

Ti"""“ Maximal amount of energy that can be recharged (expressed
in time unit)

to create a path by inserting each possible recharging station
after each customer node in the solution, starting from the first
customer node. A path is further extended as long as it remains
feasible and is not dominated by another path. Resource ex-
tension functions (REFs) are used for feasibility and dominance
checks of each developed path. By doing so, optimal recharging
station visits for the considered route are identified. Based on
the aforementioned explanation, the worst-time complexity of
this procedure is O(klroute), where k and L, denote the num-
ber of available recharging stations and the number of insertion
positions in the evaluated EV route, respectively.

The original idea of REFs was proposed by Desaulniers et al.
[51] and extended by Schiffer and Walther [46]. A modification is
made to adapt DP to our problem by defining h; = r.ng(u:;E ). The
REFs necessary to extend a path from node i to node j are written
in Eqs. (49)-(55). Table 2 describes the label components.

T}cost — TiCOSt + dij (49)
1ifjeF

=T ' 50
J ity else, (50)
poin _ [ max{e T ) i TE =0, (51)
J max {e]% TitMin + tij} + Xij (TitMin’ T]_tMax) else,
v _ | min {1, max {e;, T™™ 4+ max {0, T/™*} + ¢}} if i € F' (52)
j min {lj, max {ej, TitMax + tij}} else,

TirtMax + hij if TiF =0, .
provac _ D {H. max {o, TMax — s (TMin)} 4 k) if i e F,

min {H, max {0, T™® — min {S; (TM) | TMex _
else,

T+ )

(53)
max {0, max {0, T/ — § (M) } + hy — H} if i € F'
max {0, max {0, Tf™e — min {Sy (TMin) | TMex

— TMinY} 4 by — HY else,

Xij (TitMin7 TitMax) —

(54)
Sij (TitMin) — max {0, e — (TitMin + tij)} (55)

Alabel L = (Tj“’“, TF, Tj‘Mi“, T;Ma", Tj“MaX) is feasible if the follow-
ing requirement hofds:

('I}tMin < Ij) A (Tthin < 'I}KMaX) A ('I}I'tMaX < H) (56)

For the dominance check, a label L, is dominated by L; and thus
neglected if:

T]COSt S TZCOSt’ (57)
T]rtMax _ (T{IM&X _ T]tMin) < TzrtMax _ (thMax _ TZtMin) , (58)
T]rtMax _ (thMil’l _ T]tMin) < T2rtMax. (59)

3.9. Generating a feasible solution procedure

As an effort to obtain feasible solutions, an approach proposed
by Vidal et al. [52] is employed in this algorithm; i.e. we use
the local search procedure with penalty weights multiplied by



100. If no feasible solution is found after applying the procedure,
then penalty weights are multiplied by 10 and a local search
is performed again. No further steps are conducted to obtain a
feasible solution if the second step fails to find a feasible solution.

3.10. Adaptive mechanism

During the destroy and repair phase, heuristics are selected
based on their probability values. This section describes the adap-
tive mechanism of the destroy and repair phase in detail, and a
similar procedure is also applied in order to select the interval of
number of customers to be removed, as described in Section 3.4.

The probability values assigned to each heuristic reflect how
successful each heuristic improves the solution during iterations
of ALNS. Here, D and R are a set of removal and insertion heuris-
tics, as briefly explained in Section 3. Let D = {Dy, D, ..., Dnp}
and R {R1,Ra, ..., Rng}, where ND and NR represent the
number of available removal heuristics and available insertion
heuristics, consecutively. Additionally, P (D;) and P (R;) represent
the probability of choosing D; and R;, respectively, where D; is the
removal heuristic i and R; is the insertion heuristic i. Both D; and
R; depend on the weight of each heuristic, 7 = {7° U x®}, where
7P and 7R consecutively represent a set of weights of removal
heuristics and insertion heuristics where 7° = {z?, 72, ..., 75}
and 7R = (xR, 7%, ... 78} These weights are calculated using
Egs. (60) and (61).

P(D;) T (60)
i) = ND
> ”jD
R
T
P(R) = —w— (61)
Z}VL ”jR

These weights are always updated every »° iterations. In order
to calculate a weight of a heuristic, a score is collected after

a heuristic performs, which is denoted as al.D and ol.R where

aiD is the score of removal heuristic i and aiR is the score of
insertion heuristic i. The score is updated based on a scoring
system (&f, €%, &', £"). After performing a preliminary study, we
set ¢f = 15,0 = 9, & 4, and &* 1. If a new best
feasible solution is found, then ¢ is added to the total score of
the utilized heuristic. If a new best solution is found, then &” is
added. If the new solution improves the current one, then &' is
added, and if the new solution results in a worse solution yet it is
still accepted by the SA acceptance mechanism, then ¢* is added.
After n° iterations have passed, the weight of each heuristic is
updated using Eqs. (62) and (63). After the weight is updated, all
statistics in Eqs. (62) and (63) are set back to zero.

O’D

nf = ¢5+ (11—l (62)
Xi

R af R
T =¢7+(1 — @) (63)
Xi
where:
@ is the smoothing factor and ranges between 0 and 1;
XiD is the frequency of utilizing removal heuristic i;

X,.R is the frequency of utilizing insertion heuristic i.
3.11. Simulated annealing acceptance mechanism

The concept of the Simulated Annealing (SA) mechanism is to
not always reject worse solutions. We ccan accept a worse solu-
tion with a particular probability depending on (i) the difference
between cost values of the new and the current solutions and (ii)
number of iterations that has been made.

10

A careful treatment needs to be conducted since we allow
for a dynamic adjustment of penalty factors. The main impact
is that the cost value of a solution strongly depends on the
current values of the penalty factors. Consequently, evaluating
two solutions by utilizing two different sets of penalty values can
be misleading, because the cost difference may be merely caused
by the difference in penalty values.

Let (¥ ¥+ Vi) be the vector of penalty values employed

for evaluating Age, (0) and yc‘;;, Yo, Vﬁ;n) be the penalty values

used for evaluating Age, (cr/) at the time of solution creation.
In order to make two solution, o and o'/, comparable, revised
penalty values are calculated using Eq. (64) prior to calculating
the acceptance probability.

1 4 1 U
(v Yew" Voar ) = (2- (vio +vi) + 5 (v +7i2)

1 !
+ 2 (J’bsatr + Vlfatt))

—. (64)
The cost difference between two solutions is then calculated
based on the revised penalty values using Eq. (65), and dete-
riorating solutions are accepted with an acceptance probability
calculated by using Eq. (66).

)\eval(o_/) _ Aeval(a)
’ _ Tgen gen
Alo’,0) = el (65)
gen
, — (a/ﬂ)
plo.o Ty=e T (66)

A value for the parameters related to the SA mechanism is set
by following Goeke and Schneider (2015). The initial temperature
is determined so that a solution that is worse than the initial solu-
tion by 50% is accepted with a probability of 50%. The temperature
is then decreased by a constant factor such that the temperature
is below Tipresnog = 0.0001 in the last 20% of iterations.

4. Computational results

Section 4 focuses on describing the performance of the pro-
posed ALNS algorithm and the benefit of dealing with GMFVRP-
REC-PR in terms of carbon emission reduction. The proposed
ALNS algorithm was coded in C++ and tested on a computer with
an Intel Core i7-7700 CPU @3.60 GHz processor and 8.00 GB RAM.

4.1. Test instances

The benchmark instances are obtained from Goeke and
Schneider [30]. These instances were originally proposed by
Demir et al. [53] for the pollution routing problem (PRP). Each
instance consists of a set of customers whose locations represent
real cities in the UK, and each customer has an amount of demand
and particular time windows that are all random. In total, there
are nine benchmark instance sets, varying in the number of
customers (10 to 200 customers). Each instance set contains
20 different instances. A modification was made by Goeke and
Schneider [30] in a way that there is only one value of vehicle
speed, 90 kilometers per hour, instead of varying speed values in
PRP. In addition, Goeke and Schneider [30] generated a number
of recharging stations, i.e. [0.1.|N|], where N is number of cus-
tomers, and the location of each recharging station is generated
randomly. The variables in the realistic energy consumption are
obtained from Demir et al. [53]. The value of FE, fuel conversion
factor, is 2.6 and obtained from Macrina et al. [33] by rounding
up to one number after the decimal point. The parameters of the
realistic energy consumption model are obtained from Goeke and
Schneider [30].



Table 3

The considered parameters in the parameter selection phase.
The bold values are the best combination among all available
combinations under a 22 factorial design experiment that results
in the lowest average cost.

Parameter Values
nmax (800, 1400)
n'es (400, 600)
n (50, 80)

nP (10, 30)
. (06, 08)
i,y (200, 400)
2 (1.15, 1.7)

4.2. Parameter calibration

Before applying our developed ALNS algorithm to the test
instances, we conduct the parameters’ selection procedure. The
aim of the parameter selection is to find the combination of
considered parameters among the available options that result

Table 4

in the best performance of the algorithm. We utilize a 2%2
factorial design to select the best combination of parameters and
randomly choose 18 out of 180 instances to be solved, or two
problems from each of nine test instance sets. ALNS is then run
five times for each instance.

The parameters considered in this phase are: (1) Number of
maximum non-improvement iterations (7., (2) Number of nec-
essary iterations to perform a restart strategy (™), (3) Number
of necessary iterations for updating the probability of selecting
removal and insertion heuristics (1°), (4) Number of necessary
iterations for updating the penalty values (), (5) The smoothing
factor (¢), (6) Initial penalty values (y[, yinit ymt) and (7)
Multiplication factor of penalty values (§2). Table 3 contains the
considered parameters of ALNS.

4.3. Performance of ALNS on solving E-VRPTWMF instances
We then apply our proposed ALNS to solve the benchmark

test instances proposed by Goeke and Schneider [30]. The prob-
lem addressed by Goeke and Schneider [30] is E-VRPTWMF and

Comparison summary of solutions obtained by Goeke and Schneider [30] and our developed ALNS.

Instance set Goeke and Schneider (2015) ALNS Average gap (%)
IV EV Average cost  Average CPU Icv EV Average cost  Average CPU
time (mins) time (mins)

Instance set 1: 20 20 479.612 0.034 20 20 479.659 0.008 0.012

10 customers

Instance set 2: 33 18 639.51 0.078 34 17 626.46 0.022 —0.901

15 customers

Instance set 3: 40 21 787.579 0.156 40 21 788.849 0.047 0.148

20 customers

Instance set 4: 40 33 824.448 0.278 40 33 827.367 0.126 0.328

25 customers

Instance set 5: 78 63 1414.383 1.455 78 63 1427.33 1.368 0.888

50 customers

Instance set 6: 108 100 2041.475 2.876 109 99 2044.487 3.954 0.896

75 customers

Instance set 7: 139 129  2564.567 6.705 139 128  2594.574 11.099 1.192

100 customers

Instance set 8: 204 197  3639.389 11912 204 197  3652.167 30.784 0.405

150 customers

Instance set 9: 271 256  4517.461 16.715 271 254 4473.824 91.94 —0.988

200 customers

Table 5
Computational results for small GMFVRP-REC-PR instances (10 and 15 customers).
Instance ICV EV CPLEX ALNS Instance ICV EV CPLEX ALNS
Total cost CPU Time(mins) %Gap (cost) %Gap (time) Total cost CPU Time(mins) %Gap (cost) %Gap (time)

E-UK10_01 1 1 544.319 25.031 0.00 —96.00 E-UK15_01 2 0 1071.18 35.474 0.00 —-97.71
E-UK10_02 1 1 692.87 10 0.00 —90.41 E-UK15_02 1 1 654.05 306.2 0.00 —99.39
E-UK10_03 1 1 664.81 18.859 0.00 —95.55 E-UK15_03 2 1 997.13 3294.88 0.00 —99.95
E-UK10_04 1 1 689.8 22.547 0.00 —96.11 E-UK15_04° 2 1 1014.06 7361.45 0.74 —99.95
E-UK10_05 1 1 575.95 11.937 0.00 —93.06 E-UK15_05 2 0 1094.87 3.026 0.00 —63.07
E-UK10_06 1 1 805.95 69.576 0.00 —98.74 E-UK15_06" 2 1 806.71 7629.62 —3.23 —99.98
E-UK10_07 1 1 729.888 226.295 2.65 —99.59 E-UK15_07 2 1 865.24 2649.22 0.00 —99.94
E-UK10_08 1 1 779.61 23.946 0.00 —95.85 E-UK15_08* 1 1 538.34 7208.15 0.00 —99.95
E-UK10_09 1 1 644.87 131.134 0.61 —99.74 E-UK15_09 2 1 866.07 2019.9 0.00 —99.85
E-UK10_10 1 1 755.47 297.275 0.11 —99.85 E-UK15_10 1 1 769.57 3210.42 0.00 —99.94
E-UK10_11 1 1 987.842 10.483 0.00 —91.93 E-UK15_11 2 0 972.35 4337 0.00 —99.98
E-UK10_12 1 1 578.846 47.377 0.00 —98.41 E-UK15_12 2 1 1061.66 1174.41 0.00 —99.86
E-UK10_13 1 1 756.9 85.66 0.00 —99.32 E-UK15_13* 2 1 882.072 7300.38 —0.29 —-99.99
E-UK10_14 1 1 578.12 38.797 0.00 —99.18 E-UK15_14* 2 1 1221.93 7346.17 —0.17 —99.98
E-UK10_15 1 1 343.64 45.661 0.00 —99.09 E-UK15_15% 1 1 731.7 7228.24 0.00 —99.99
E-UK10_16 1 1 548.095 28.923 0.00 —96.55 E-UK15_16" 1 1 734.15 7209.13 0.00 —99.98
E-UK10_17 1 1 569.836 26.083 0.00 —98.41 E-UK15_17¢ 2 1 996.58 7249.99 0.00 —99.99
E-UK10_18 1 1 535.95 200.321 0.00 —99.76 E-UK15_18 2 1 1101.34 4315.18 0.00 —99.97
E-UK10_19 1 1 575.138 22.604 0.00 —98.17 E-UK15_19 1 1 498.81 119.59 0.00 —97.25
E-UK10_20 1 1 495.153 65.505 0.00 —98.53 E-UK15_20 2 1 687.24 4046.73 0.00 —99.97
Average 0.17 —97.21 Average —-0.15 —-97.83

4Indicates that the instance is not solved to optimality.

Bold values indicate that the ALNS can obtain better solution compared to CPLEX.
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Table 6

Computational results of the propose ALNS on solving the GMFVRP-REC-PR instances.

Instance mjc mg Best Cost Stdev CV CPU Instance myc mg Best Cost Stdev CV  CPU Instance mjc mg Best Cost Stdev CV CPU
Time Time Time
E-UK10_01 1 1 54432 0.00 0.00 0.02 E-UK25_01 2 1 91551 2.00 022 0.14 E-UK100.01 7 7 3565.07 36.89 1.02 21.02
E-UK10_02 1 1 69287 029 0.04 002 E-UK25.02 2 2 103162 325 0.31 021 E-UK100.02 7 6 3551.73 49.04 1.36 10.75
E-UK10_03 1 1 664.81 0.00 0.00 0.01 E-UK25.03 2 1 598.60 9.89 163 0.17 E-UK100.03 7 6 3230.70 48.66 149 25.33
E-UK10_04 1 1 689.80 036 0.05 0.01 E-UK25_04 2 1 856.11 0.00 0.00 0.10 E-UK100_04 7 7 305226 6152 197 2197
E-UK10_05 1 1 57595 2.18 0.38 0.01 E-UK25_.05 2 2 997.76 16.81 165 0.15 E-UK100_.05 7 7 2730.19 3042 1.10 1347
E-UK10_06 1 1 805.95 0.65 0.08 0.01 E-UK25.06 2 2 91953 2256 241 0.12 E-UK100.06 7 7 3563.61 18.17 0.51 8.58
E-UK10_07 1 1 749.22 069 0.09 0.02 E-UK25_07 2 1 108386 6.62 0.61 0.17 E-UK100.07 6 6 305837 66.32 2.12 21.27
E-UK10_08 1 1 77961 0.00 0.00 0.02 E-UK25_08 2 1 121734 2123 171 0.07 E-UK100_.08 7 6 337574 5137 150 14.28
E-UK10_09 1 1 648.78 0.00 0.00 0.01 E-UK25.09 2 2 890.78 0.08 0.01 0.11 E-UK100_.09 7 6 275951 12.78 0.46 27.33
E-UK10_10 1 1 756.31 222 029 001 E-UK25.10 2 2 112135 172 0.15 0.23 E-UK100_10 6 6 311950 16.84 0.54 18.91
E-UK10_11 1 1 98785 0.00 0.00 0.01 E-UK25_.11 2 2 1140.37 13.05 1.13 0.24 E-UK100_11 7 7 359645 6091 1.65 13.71
E-UK10_12 1 1 57885 0.00 0.00 0.01 E-UK25_.12 2 2 135448 244 0.18 0.09 E-UK100_12 6 6 3008.03 67.68 2.18 11.32
E-UK10_13 1 1 75691 0.00 0.00 001 E-UK25_.13 2 2 605.13 1.70 028 0.11 E-UK100_13 7 6 346639 5544 156 17.57
E-UK10_14 1 1 57813 0.00 0.00 0.01 E-UK25_14 2 2 1240.10 3479 2.76 0.11 E-UK100_14 7 7 3651.74 36.23 0.98 24.26
E-UK10_15 1 1 34364 020 0.06 0.01 E-UK25_15 2 1 124993 332 027 0.04 E-UK100_15 8 7 385620 83.29 2.11 18.46
E-UK10_16 1 1 548.10 0.00 0.00 0.02 E-UK25_16 2 2 1066.19 10.67 099 0.12 E-UK100_16 6 6 2840.79 18.69 0.65 18.33
E-UK10_17 1 1 569.84 0.00 0.00 0.01 E-UK25_.17 2 2 165960 6.58 0.41 0.04 E-UK100_17 8 7 382275 91.08 2.32 1234
E-UK10_18 1 1 53595 0.00 0.00 0.01 E-UK25_18 2 1 129206 572 044 0.12 E-UK100_18 7 6 3137.17 1597 050 16.63
E-UK10_19 1 1 575.14 0.00 0.00 0.01 E-UK25_19 2 2 142998 2423 1.67 0.13 E-UK100_19 7 6 293326 3235 1.10 26.80
E-UK10_20 1 1  495.16 0.00 0.00 0.02 E-UK25.20 2 2 105468 9.13 0.86 0.17 E-UK100.20 7 7 378391 72.86 1.89 9.07
E-UK15.01 2 0 1071.18 0.00 0.00 0.01 E-UK50_.01 4 3 1767.69 32.65 1.81 223 E-UK150_01 10 10 4097.71 68.71 1.65 29.61
E-UK15_02 1 1 654.05 033 0.05 0.03 E-UK50_.02 4 3 1887.33 2736 142 135 E-UK150_02 10 10 4948.88 131.00 2.60 72.14
E-UK15.03 2 1 997.13 0.00 0.00 0.03 E-UK50.03 4 3 1881.52 19.65 1.03 2.98 E-UK150_03 10 9 4047.67 9437 2.28 73.56
E-UK15.04 2 1 101406 0.00 0.00 0.06 E-UK50_.04 4 4 2208.11 34.82 155 199 E-UK150_04 11 10 4673.19 25.32 0.54 94.39
E-UK15.05 2 0 1094.88 0.00 0.00 0.02 E-UK50_05 3 3 2042.18 24.33 1.17 1.03 E-UK150_05 10 10 4283.76 102.46 2.34 55.38
E-UK15.06 2 1 806.71 14.26 1.78 0.02 E-UK50.06 4 4 159636 25.95 1.59 2.83 E-UK150_06 11 10 4288.05 5555 1.28 52.14
E-UK15.07 2 1 865.24 0.00 0.00 003 E-UK50_07 4 3 1466.89 17.64 1.18 2,56 E-UK150_07 11 10 500533 8134 1.59 4282
E-UK15_08 1 1 538.34 044 0.08 006 E-UK50.08 4 3 171572 2172 125 0.70 E-UK150_08 10 10 4327.06 69.17 1.57 109.27
E-UK15_09 2 1 866.07 046 0.05 0.05 E-UK50_09 4 3 2117.84 36.00 1.65 1.59 E-UK150_09 10 10 467395 4357 0.92 47.52
E-UK15_10 1 1 769.57 0.00 0.00 0.03 E-UK50_10 4 3 204891 22.19 1.07 2.61 E-UK150_10 10 10 456250 31.80 0.69 57.36
E-UK15_11 2 0 97235 0.00 0.00 0.01 E-UK50_11 4 3 1992.11 3254 161 065 E-UK150_11 10 10 5070.56 132.82 2.58 40.88
E-UK15_12 21 1061.66 0.00 0.00 0.03 E-UK50_12 4 3 173131 593 0.34 0.78 E-UK150_12 11 10 4982.46 6891 1.36 43.70
E-UK15_13 2 1 882.07 152 0.17 0.02 E-UK50_13 4 3 174483 32.02 1.80 197 E-UK150_13 10 9 4767.65 69.65 1.44 77.08
E-UK15_14 2 1 122193 780 0.64 0.02 E-UK50_14 4 3 206435 8.05 039 1.13 E-UK150_14 10 10 4801.21 62.29 1.27 48.44
E-UK15_15 1 1 73170 170 023 0.02 E-UK50_15 3 3 178337 23.30 130 2.10 E-UK150_15 10 9 412396 7646 1.81 55.93
E-UK15_16 1 1 73415 0.00 0.00 0.02 E-UK50_16 4 3 1684.68 24.01 140 137 E-UK150_16 10 10 4936.33 95.25 1.90 46.00
E-UK15_.17 2 1 996.58 0.00 0.00 0.02 E-UK50_17 4 3 1161.70 1525 1.30 192 E-UK150_17 10 10 4738.68 36.42 0.76 91.71
E-UK15_18 2 1 110134 1474 131 002 E-UK50_18 4 4 1968.20 39.52 196 1.59 E-UK150_18 10 10 4851.65 74.65 1.51 52.23
E-UK15_19 1 1 498381 0.00 0.00 005 E-UK50_19 4 3 178858 16.40 0.91 1.22 E-UK150_19 10 10 5437.31 83.80 1.52 22.21
E-UK15.20 2 1 687.24 155 023 0.02 E-UK50.20 4 3 208826 32.13 1.51 1.03 E-UK150_20 10 10 507147 18.08 0.36 63.58
E-UK20_01 2 1 1071.08 0.00 0.00 0.05 E-UK75.01 6 5 2913.18 30.85 1.04 4.14 E-UK200_01 14 14 5798.64 82.10 139 173.71
E-UK20_02 2 1 115429 23.69 2.02 0.04 E-UK75.02 6 5 238797 19.59 0.81 5.07 E-UK200_02 12 12 552858 59.75 1.07 72.38
E-UK20_.03 2 1 599.16 0.00 0.00 006 E-UK75.03 5 5 251062 20.86 0.83 7.08 E-UK200_03 14 13 5681.30 18.09 0.32 37.76
E-UK20_04 2 1 1080.80 2.06 0.19 0.09 E-UK75.04 6 5 2261.07 2246 098 508 E-UK200_04 13 13 5084.53 40.96 0.79 94.81
E-UK20_05 2 1 101165 1230 1.21 0.04 E-UK75.05 5 5 267389 36.53 135 6.12 E-UK200_05 14 13 6036.57 9161 1.48 108.43
E-UK20_06 2 1 113783 166 0.15 006 E-UK75.06 6 5 279860 31.65 1.12 345 E-UK200_06 13 13 490451 8739 1.74 139.46
E-UK20_07 2 1 705.06 254 036 007 E-UK75.07 6 5 281067 7.79 0.28 3.09 E-UK200_07 14 13 549756 112.19 1.99 158.71
E-UK20_08 2 1 88843 0.00 0.00 006 E-UK75.08 6 5 2816.02 38.12 1.33 6.37 E-UK200_08 14 13 5842.03 13844 2.32 13557
E-UK20.09 2 1 114865 13.14 1.14 0.03 E-UK75.09 5 5 276046 2543 091 693 E-UK200_09 13 12 5086.59 59.20 1.15 217.20
E-UK20_10 2 1 91449 032 0.04 008 E-UK75_.10 5 5 2881.38 17.65 0.61 10.78 E-UK200_10 13 14 6200.38 29.75 0.48 104.63
E-UK20_11 2 1 123051 333 0.27 006 E-UK75_.11 5 5 1860.18 34.99 1.84 13.12 E-UK200_11 14 13 5183.09 9745 1.85 141.28
E-UK20_12 2 1 1089.74 138 0.13 0.05 E-UK75_12 5 5 2489.64 2128 0.84 8.14 E-UK200_12 13 12 609457 52.52 0.85 150.32
E-UK20_13 2 1 1070.17 1190 1.11 0.04 E-UK75_13 5 5 295143 3491 1.17 272 E-UK200_13 13 12 6076.72 68.49 1.11 108.79
E-UK20_14 2 2 134553 0.00 0.00 0.08 E-UK75_.14 5 5 275639 35.63 1.27 7.04 E-UK200_14 14 13 5547.18 117.10 2.06 126.56
E-UK20_15 2 1 107522 952 0.87 006 E-UK75_15 5 5 293996 44.53 150 3.08 E-UK200_15 13 12 6040.53 116.06 1.89 69.27
E-UK20_16 2 1 111341 074 0.07 005 E-UK75_.16 5 5 272348 21.60 0.79 1.54 E-UK200_16 14 13 5624.33 107.22 1.87 152.27
E-UK20_17 2 1 1196.03 6.05 0.50 0.11 E-UK75_.17 6 5 2604.64 29.01 1.09 848 E-UK200_17 13 13 6308.25 135.77 2.12 110.58
E-UK20_18 2 1 1197.82 169 0.14 0.03 E-UK75_18 5 5 246094 49.78 198 6.02 E-UK200_18 14 13 5575.6 100.17 1.77 150.04
E-UK20_19 2 1 1080.58 11.66 1.06 0.03 E-UK75_19 5 5 237939 4172 172 571 E-UK200_19 13 12 5013.21 108.26 2.10 197.80
E-UK20_20 2 1 115427 2593 220 0.04 E-UK75.20 6 5 271173 4430 1.60 4.97 E-UK200_20 13 13 6031.46 96.19 156 147.47

tackles a mixed fleet between EV and ICV, a full recharging
policy, and realistic energy consumption, while GMFVRP-REC-PR
possesses similar characteristics with two main differences: a
partial recharging policy is utilized instead of a full recharging
policy, and carbon emission minimization takes an important role
as part of the objective function of this problem. Thus, we verify
our ALNS algorithm by performing a comparison with Goeke
and Schneider [30], which can be achieved by eliminating the
emission cost from the objective function. We run our ALNS
to solve each instance with five replications and we used the
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most minimum one to perform the comparison with Goeke and
Schneider [30] since the benchmark results were also obtained
from the best among the replications performed by Goeke and
Schneider [30]. Although our algorithm is built to solve the partial
recharging policy, it is still comparable since we adopt the dataset
from Goeke and Schneider [30]. The gaps between our proposed
ALNS and Goeke and Schneider [30] are calculated using Eq. (67).
Table 4 presents a summary of the comparison.

_ Costpenchmark — COStarNs

Gap = x 100% (67)

Costpenchmark



Table 7
Statistics for the destroy and repair operators.

Operator

Solution degradation without

this operator

Average number of new best
solutions found by the operator

Random Removal

Worst Removal

Route Removal

Shaw Removal

Station Vicinity Removal

Sequential Insertion

Sequential Insertion with Perturbation
Regret Insertion

Regret Insertion with Perturbation

—1.03 2.07
-0.77 11.85
—0.05 17.11
—1.06 11.27
-1.76 7.70
—-0.99 2.32
—1.04 1.86
—-1.39 23.08
-1.07 2275

Table 4 summarizes the information of comparison. The
columns ICV and EV represent the total utilized ICV and EV in all
datasets, respectively, for each instance set. We take the average
total cost of the twenty datasets in each instance set. These
average values are listed in column Average cost in Table 4. Based
on the conducted experiments, the largest average gap between
our developed ALNS and that of Goeke and Schneider [30] is
1.192%, which can be found in Instance set 7: 100 customers.
However, the proposed ALNS managed to obtain better results in
Instance Set 9: 200 customers with the average gap of —0.988%.
Although our ALNS algorithm does not outperform that of Goeke
and Schneider [30], our algorithm could solve the problem with
a partial recharging policy, which means closer to the real-world
condition, while Goeke and Schneider [30] focused on solving the
full recharging policy.

The average computational time of our proposed ALNS on
solving EVRPTWMEF ranges from 0.008 to 91.94 min. In particular,
the ALNS performs faster compared to Goeke and Schneider [30]
in solving instances with 10 to 50 customers, while it performs
slower in solving the remaining instances. There are various fac-
tors influencing the computational time, i.e. CPU speed, memory
size, operating system, compiler, computer program, and pre-
cision [54]. In addition, the dynamic programming procedure
applied to EV routes is rather expensive in terms of computational
time because it guarantees the optimal placement of recharging
station(s) if a feasible route exists.

4.4. Performance of ALNS on GMFVRP-REC-PR instances

We now apply our ALNS algorithm to solve GMFVRP-REC-PR.
For the small instances, we compare ALNS results with the results
from CPLEX in Yu et al. [35]. CPLEX is run with a limit of two hours
while ALNS is run with 5 replications on each instance. Table 5
presents the solution values and the computational times in
seconds for two instance sets, 10 and 15 customers. Both Columns
ICV and EV represent the number of utilized ICV and EV. Column
Total Cost denotes the objective value of each instance obtained
by CPLEX. In terms of computational time, our ALNS algorithm
outperforms CPLEX solver significantly. For instances with 10
customers, our ALNS does not find an optimal solution for several
instances, i.e. E-UK10_07, E-UK10_09, and E-UK10_10, with an
average gap of 0.17%. However, we do obtain better solutions for
several instances with 15 customers, i.e. E-UK15_06, E-UK15_13,
and E-UK15_14, and one worse solution for one instance, i.e. E-
UK15_04, with an average gap of —0.15%. CPLEX solved all small
instances to the optimality with long computational times. Based
on the conducted experiments, the ALNS performs under a less
computational time with competitive solution quality compared
to results from CPLEX solver. Consequently, our ALNS is the only
method applied to remaining larger instances from Goeke and
Schneider [30], varying from 20 customers to 200 customers.

Table 6 shows the results of all instances solved by ALNS.
Column Total Cost presents the best objective value obtained

13

among five replications. Columns myc and mg denote the number
of utilized ICVs and EVs, respectively. Two measurements of
robustness are presented, i.e. standard deviation (stdev) and co-
efficient of variance (CV). As shown in Table 6, the computational
time increases as the number of customers increases. Regarding
to the robustness of the proposed ALNS, the results show that the
standard deviation value tend to increase as the objective value
increases. Therefore, CV is also presented as a companion to stdev.
Based on the results, ALNS shows a relatively good stability since
the average value of CV is 0.95%, while the maximum value is
2.76%.

(best total cost obtained by ALNS — Total cost) x 100%

Total cost
(average computational time of ALNS — Time) x 100%

% Gap (cost) =

% Gap (time) = Time

4.5. Sensitivity analyses on destroy and repair operators of ALNS

Table 7 summarizes the statistics on removing different de-
stroy and repair operators. These statistics are built from five
runs over a subset of instances. The first column shows the
percentage of solution degradation when a particular operator is
not considered. Based on this column, the station vicinity removal
is the most useful operator among all the employed destroy
operators, followed by the Shaw removal and random removal.
Among all the repair operators, the regret insertion is superior
to all other repair operators, followed by the regret insertion
with perturbation. The success of regret insertions - both with
and without perturbation - come from the criterion for selecting
the node to be inserted. While the sequential insertions select
the node with the least cost, the regret insertions consider not
only the best position but also the 2nd and 3rd best positions in
terms of cost. By harnessing this criterion, the regret insertions
could help ALNS escape from the myopic behavior of sequential
insertions. In the third column of Table 7, the percentage of new
best solutions found by each operator is presented. Among all
removal operators, the statistics show that route removal is the
operator that finds the highest number of the best solutions.
Again, the two versions of regret insertion become the superior
ones in terms of the frequency of finding new best solutions.

4.6. Potential emission reduction of solving GMFVRP-REC-PR

One of the main aims of this research is to show the potential
emission reduction of addressing GMFVRP-REC-PR. In order to
analyze it, we utilize the reduced version of GMFVRP-REC-PR by
eliminating emission cost from the objective function. The orig-
inal version of GMFVRP-REC-PR is stated as an original scenario,
while the other version of the problem is named as a revised
scenario. Four medium instance sets are selected for this purpose:
20, 25, 50, and 75 customers.

Our finding is that emission reduction could be gained by
solving GMFVRP-REC-PR. Fig. 4(a) to (d) depict the difference
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Fig. 4. Total emission cost calculated from the solutions in instance sets of (a)
20 customers, (b) 25 customers, (c) 50 customers, and (d) 75 customers.

in terms of total carbon emissions calculated from the obtained
solution of each dataset in each instance set. The average CO,
reductions are 11.09%, 17.95%, 15.68%, and 18.46% for instance
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Fig. 5. The average increase percentage of total traveled distance by employed
EV fleets resulting from the comparison between original and revised scenarios.

24.51
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sets with 20, 25, 50, and 75 customers, respectively. The re-
duction of CO, in solutions provided by the original scenario
exists, because more customers are visited by EV fleets in the
original scenario compared to the reduced scenario. Fig. 5 shows
the average increase percentage of total distance traveled by the
employed EV fleets.

5. Conclusions

This research has solved a new variant of the routing problem,
named the Green Mixed Fleet Vehicle Routing Problem with
Realistic Energy Consumption and Partial Recharges. The exper-
iments were first conducted on the EVRPTWMF, from which
GMFVRP-REC-PR is extended. Although our proposed ALNS does
not outperform the approach of Goeke and Schneider [30], it
successfully obtains comparable results in terms of solution qual-
ity. The ALNS was then applied on GMFVRP-REC-PR instances.
CPLEX solver were also employed to solve the small instances.
Although both CPLEX and ALNS have a comparable performance
in terms of solution’s quality, CPLEX solver takes up signifi-
cant high computational time while ALNS is able to perform
much faster. Consequently, we only utilize our developed ALNS
heuristic to deal with medium and large instance sets. Based
on the numerical studies carried out during the experiment,
potential carbon emission reduction could be achieved by solving
GMFVRP-REC-PR.

Furthermore, future research can consider hybridizing other
algorithms with ALNS to solve GMFVRP-REC-PR in order to
achieve better results in terms of solutions quality and com-
putational time. Another interesting extension is to reformulate
the problem into a multi-objective problem and to develop an
appropriate method to tackle the multi-objective version.
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Appendix

See Table A.1.

Table A.1
Nomenclature table.

Symbol Definition

Py Mechanical power requirement

m Vehicle mass

a Acceleration

Cq The coefficient of aerodynamic drag

A Vehicle frontal surface

v Vehicle speed

g Gravitational constant

o The gradient angle of the road

cr The coefficient of rolling resistance

uffj Currently loaded amount of cargo that is brought by vehicle k
from node i to node j

m (u) Total mass consisting of a vehicle’s curb mass and uf

pf.} (ug) Mechanical power requirement required by vehicle k to travel
from node i to node j

oL Energy efficiency coefficient

o Discharging efficiency coefficient

i (uf) The electricity consumption of electric vehicle k to travel from
node i to node j

tj Traveling time from node i to node j

& Fuel-to-air mass ratio

K Heating value of typical diesel fuel

k Engine friction factor

N Engine speed

D Engine displacement

v Fuel rate converting factor (gram per second to liters per
second)

n Efficiency parameter for diesel engines

N Drive train efficiency

FRE (uf) The fuel consumption rate of internal combustion vehicle k
while traveling from node i to node j

& (uk) The fuel consumption of internal combustion vehicle k while
traveling from node i to node j

O,N+1 The origin and destination depot nodes

v The customer nodes

F’ The set of dummy nodes of recharging stations

A Set of arcs

djj Distance between node i and j

tj Traveling time between node i and j

ct Traveling cost for each kilometer traveled by the vehicle

i Demand of node i

S Service time of node i

[ei, li] Time windows of node i

Kg Number of EVs

Kic Number of ICVs

Q Capacity

B Battery capacity

r Recharging rate

FE CO, emitted per liter of fuel

EM;; The total carbon emissions produced by an ICV while traveling
from node i to node j

Ce The carbon emission cost for each gram of emitted CO,

xiEjkE 1 if an EV kg travels from node i to j
(kp € Kg;i,j EOUVUF'UN + 1)

xfﬁqc 1 if an ICV kjc travels from node i to j
(k,c € ch;i,jG OUVUN + 1)

T arrival time at node i

(continued on next page)
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Table A.1 (continued).

Symbol Definition

r,’\;ﬁ_] arrival time of an EV kg at node N + 1

rl\’;‘il arrival time of an ICV k¢ at node N + 1

ugf initial load brought by an EV kg

ug" initial load brought by an ICV k¢

ue amount of load brought by an ICV ki when traveling from

ij
node i to node j

ug.f amount of load brought by an ICV kr when traveling from
node i to node j

yf(E remaining electric energy of an EV kg upon arrival at node i

Y,.KE amount of electric energy obtained by an EV kg after

recharging at recharging station i

P (ui]. ) amount of mechanical power spent by an EV kr when
traveling from node i to node j and carrying a load of ugf

pg“ (u’f“> amount of mechanical power spent by an ICV k; when

traveling from node i to node j and carrying a load of ke

i
b (u’.‘.f) amount of electric energy consumed by an EV k; when
traveling from node i to node j and carrying a load of ug.f

i (u'f.’c) amount of fuel consumed by an ICVk;c when traveling from
. : . Kic
node i to node j and carrying a load of u;;

Agen (0) Generalized objective value of solution o

Yeap Multiplication factor of capacity penalty

Vew Multiplication factor of time windows penalty

Vbatt Multiplication factor of battery capacity penalty

Cap(o) Capacity penalty of solution o

TW(o) Time windows penalty of solution o

BT (o) Battery capacity penalty of solution o

qmin Earliest allowed arrival time at node i

am Arrival time at node i if as much fuel as possible has been
recharged at preceding facilities

afj’ A possible slack between node i and node j that is happening
due to time window limitations while traveling from node i to
node j

a{[ Inverse residual battery capacity at node i

a,.”jdd Additional fuel that has to be replenished at the preceding
refueling facility to travel from node i to node j

FJ}“‘“ Adjusted value of a{“‘" to prevent a repeated penalization

ar Adjusted value of a™™ to prevent a repeated penalization

R(i, j) Relatedness between node i and node j

Xd Relatedness parameter on distance between node i and node j

Xq Relatedness parameter on demand difference between node i
and node j

Xe Relatedness parameter on the difference of the earliest start of
service between node i and node j

Trost Cost of path

Tf Number of recharging station visits on path

T Min Earliest arrival time on node i without running out of electric
energy

TfM“X Latest arrival time on node i recharging as much as possible at
preceding recharging stations, without violating time windows

TrtMax Maximal amount of energy that can be recharged (expressed
in time unit)

P (D;) The probability of choosing removal heuristic i

P (Ri) The probability of choosing insertion heuristic i

7P The weight of removal heuristic i

7} The weight of insertion heuristic i

ap The score of removal heuristic i

aft The score of insertion heuristic i

plo,o’,T) The acceptance probability of solution o’ by considering

current solution o and temperature T
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