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Abstract: This article presents an original method for minimising the energy expenditure of electric
vehicles used in municipal service undertakings, taking into account the uncertainty in the func-
tioning of their charging points. The uncertainty of the charging points” operation was presented
as the probability of the occurrence of an emergency situation hindering a point’s operation, e.g., a
breakdown or lack of energy supply. The problem is how to calculate the driving routes of electric
vehicles so that they will arrive at charging points at times at which there is a minimal probability
of breakdowns. The second aspect of this problem to be solved is that the designated routes are
supposed to ensure the minimum energy expenditure that is needed for the vehicles to complete the
tasks assigned. The developed method is based on two heuristic algorithms, i.e., the ant algorithm
and genetic algorithms. These algorithms work in a hybrid combination, i.e., the ant algorithm
generates the initial population for the genetic algorithm. An important element of this method is the
decision-making model for defining the driving routes of electric vehicles with various restrictions,
e.g., their battery capacity or the permissible risk of charging point breakdown along the routes
of the vehicles. The criterion function of the model was defined as the minimisation of the energy
expenditure needed by the vehicles to perform their transport tasks. The method was verified against
real-life data, and its effectiveness was confirmed. The authors presented a method of calibrating the
developed optimisation algorithms. Theoretical distributions of the probability of charging point
failure were determined based on the Statistica 13 program, while a graphical implementation of the
method was carried out using the PTV Visum 23 software.

Keywords: electric vehicles; energy expenditure; ant algorithm; genetic algorithm

1. Introduction

The use of ecological means of transport characterized by low costs and levels of
emissions of harmful exhaust gases, such as electric and hybrid cars, is of key importance
for developing various modes of transport. Electric mobility seems to be one of the best
solutions, enabling transport development without endangering future generations and the
environment [1]. Many studies indicate the efficiency of electric cars [2] as they have zero
pollutant emissions, which is a huge advantage when using them in populated cities [3].
Due to restrictions on the entry of conventional vehicles into city centres, service companies
are analysing the possibility of introducing electric vehicles. Compared to conventional
vehicles, electric vehicles require constant recharging due to their limited battery capacity.
This involves developing effective vehicle routes that include loading and unloading points
and battery charging stations [4].

The research carried out in this article focuses on the subject of calculating the energy
expenditure of electric vehicles performing transport tasks in municipal service companies,
such as municipal utilities [5] or courier companies [6]. These types of issues are very
challenging to analyse due to the complexity of the tasks—customer service in densely

Energies 2024, 17, 2179. https:/ /doi.org/10.3390/en17092179

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en17092179
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-9157-7870
https://orcid.org/0000-0002-7582-4536
https://doi.org/10.3390/en17092179
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17092179?type=check_update&version=2

Energies 2024, 17, 2179

20f21

built-up areas and the occurrence of breakdowns or lack of energy supply at charging
points. The transport task for these types of companies was defined in two ways as part
of the research presented herein. In the first case, it is the driving route of the electric
vehicle from the base to the first loading point, the route between the loading points carried
out until the entire capacity of the vehicle is used, and the driving route to the collective
unloading point. In the second way of defining the transport task, the electric vehicle starts
the route from the first loading point directly, after leaving the collective unloading point.

The main objective of our research was to develop a method for calculating the
energy expenditure of electric vehicles that takes into account the uncertainty [7,8] of
charging point operation. The developed method consists of a decision-making model
calculating the energy expenditure of vehicles over their routes and optimisation algorithms
minimising this consumption. The uncertainty of charging point operation was presented
as the probability of a random situation hindering the functioning of this point, e.g., a
failure occurring or a lack of energy supply. The probability of emergencies hindering the
operation of the charging point, e.g., a failure, was determined based on a defined random
variable, which is the moment of the occurrence of an undesirable event in the operation of
the charging station. This probability is known from the perspective of the operation of the
charging station. Taking into account the fact that the research undertaken aims to minimize
the energy expenditure of electric vehicles, which depends on the designated driving route
of these vehicles, the uncertainty of the operation of charging stations is seen from the point
of view of electric vehicles performing transport tasks, not from the point of view of the
operation of the station itself. For the electric vehicles, the moment a vehicle appears at
the charging station determines the probability of the station failing. The moments when
the vehicles appear at stations are not known until the driving routes of these vehicles are
determined. Without designated vehicle driving routes, it is impossible to determine the
probability of adverse events at each charging point seen from the perspective of an electric
vehicle, not the station itself. Therefore, the authors use the concept of the uncertainty
of charging point operation. The uncertainty of station operation seen from the vehicle’s
point of view is a measurable value and is defined by the probability of an emergency
occurring at the station. This probability can be determined after determining the vehicle’s
driving routes.

Bearing in mind the complexity of the problem of calculating energy expenditure and
taking into account the uncertainty of charging point operation, the authors developed
an original decision-making model and solved it using artificial intelligence algorithms.
In the driving route model, the routes of electric vehicles are calculated in such a way
that they appear at charging points at times when the probability of a point breakdown is
minimal. These routes are supposed to entail the minimum energy expenditure required by
vehicles to carry out the transport tasks assigned. In order to control the level of uncertainty
in the functioning of the charging point, the decision model was developed to limit the
permissible level of the risk of charging point breakdown along vehicle driving routes. A
function minimising the energy expenditure of all electric vehicles executing transport tasks
was defined as the criterion function. In addition to the typical limitations encountered in
this type of model, e.g., the time for the vehicles to complete tasks, the model takes into
account the limitations typical of electric vehicles, e.g., the maximum distance covered
without charging the battery.

Two optimisation algorithms were used to minimize the energy expenditure of electric
vehicles, i.e., the ant algorithm and the genetic algorithm. These algorithms display different
modes of operation, so they were mutually used for the verification of our results. The
specificity of the genetic algorithm operation requires generating initial solutions, which
are modified in further iterations of this algorithm. In classic approaches, initial solutions
are generated randomly. In this study, a combination of the ant and genetic algorithm was
employed, which created a hybrid genetic algorithm. The initial population for the genetic
algorithm was generated by the ant algorithm. Genetic or ant algorithms are often used
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and recommended for calculating vehicle driving routes [9-11]. Their main advantage is
the short amount of time needed to generate solutions.

The developed method was verified against real-life data, and its effectiveness was
confirmed. The article presents a method of calibrating the developed optimisation algo-
rithms. The theoretical distributions of the probability of charging point breakdown were
determined based on the Statistica 13 program, whereas a graphical implementation of the
method was carried out using the PTV Visum software.

The article proposes a new approach to determining the driving routes of electric
vehicles in urban service enterprises, taking into account the uncertainty of the operation
of vehicle battery charging stations. Determining driving routes for electric vehicles is a
complex optimization problem based on the VRP (vehicle routing problem) with pick-up
and delivery [12]. In this problem, vehicles visit individual customers, pick up or deliver
the load, and return to the collection point. The authors focused on determining the energy
expenditure of electric vehicles by using a hybrid genetic algorithm. A literature analysis
has shown that using electric vehicles in urban service enterprises, e.g., courier companies
or municipal enterprises, is still a big challenge for researchers.

The research in this work enabled the development of a new decision-making model
defining the energy expenditure of electric vehicles performing transport tasks in the
context of the operating uncertainty of battery charging stations and the development of a
practical algorithm minimizing this expenditure.

This study is divided into five sections. The first section describes the research problem
and the purpose of the research. The second section indicates the research gap and our
premise to address this subject. The decision model calculating the energy expenditure
of electric vehicles is presented in the third section, while the optimisation algorithms
employed to minimize the expenditure are presented in the fourth section. The verification
of the developed method against real-life data is described in the fifth section.

2. Analysis of the Literature

Electric vehicles play a vital role in transportation companies due to the development
of sustainable transport systems [2,13,14]. In these companies, minimising the energy
expenditure of electric vehicles involves calculating the shortest driving routes for vehicles
executing transport tasks. In the work of [15], the authors determined the energy expen-
diture in municipal enterprises based on a decision-making model in which the criterion
function was defined as the amount of energy needed to overcome rolling forces and
aerodynamic resistance. An ant algorithm and a genetic algorithm were used to calculate
the shortest driving routes of vehicles. A verification of the algorithms confirmed their
high level of effectiveness.

The problem of minimising the energy expenditure of electric vehicles belongs to
the group of problems described in the literature as electric vehicle routing problems (E-
VRPs) [16-18]. This problem is a version of the vehicle routing problem (VRP) extended to
issues related to electric vehicles. The classic vehicle routing problem consists in designating
optimal transportation routes for a strictly defined number of vehicles, which are tasked
with serving a set of customers located at various points, while adhering to a series of
constraints, such as vehicle capacity and task completion time [19]. Various types of this
problem occur, such as the capacitated VRP (CVRP), which incorporates vehicle carrying
capacity constraints, the VRP with time windows (VRPTW), and the VRP with pickup
and delivery (VRPPD). The vehicle routing problem is an NP-hard optimisation problem.
Heuristic algorithms, primarily genetic [20] or ant algorithms, are commonly applied to
solve it [21,22].

The electric vehicle routing problem, just like the classic VRP, has various variants and
draws upon the travelling salesman problem [23,24]. Setting routes for electric vehicles
depends on the location and number of available charging points. In the course of this study,
mathematical models were developed to set vehicle routes, taking into account the location
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of both individual charging points [25] and multiple ones [26-28]. The time windows for
customer service by electric vehicles have been described in the works of [29-31].

The problem of minimising the energy expenditure of electric vehicles is a complex
decision-making problem, and therefore, artificial intelligence algorithms are used to solve
it. In the work of [32], a novel energy management strategy based on machine learning
was proposed for a hybrid electric bus. On the other hand, in the work of [33], a battery
charging strategy was defined while meeting the operational constraints of vehicles by
the consideration of dynamic programming and a genetic algorithm. The particle swarm
optimisation algorithm for energy management in plug-in hybrid electric vehicles (PHEVSs)
was presented in the publication of [34]. Their verification against real-life data confirmed
its high level of effectiveness. A comprehensive analysis of artificial intelligence algorithms
in managing the efficiency of battery consumption in electric vehicles was presented in the
work of [35]. Machine learning algorithms based on a feed forward neural network (FFNN)
for diagnosing defects in electric vehicle batteries were presented in the work of [36]. A
neuro-fuzzy inference system for estimating the state of charge of lithium-ion batteries was
presented in the work of [37]. Advanced research on optimal energy management in electric
vehicles using machine learning techniques was presented in the publications of [38—42].
In the works of [43,44], the classic electric vehicle routing problem was solved using the
simulated annealing algorithm. The ant algorithm was applied to the same problem in the
paper of [45], while the genetic algorithm was used in the paper of [46,47].

After a literature analysis, it can be concluded that energy expenditure is minimized
in two ways. The first approach involves optimal energy management and its appropriate
selection suited to the prevailing conditions along the route. In the second case, minimal
driving routes for vehicles are set in order to reduce the vehicle’s involvement in performing
transportation tasks. Considering that the energy expenditure of electric vehicles in service
companies depends on the routes travelled by these vehicles, and that heuristic algorithms
are recommended and commonly used for vehicle routing problems, two algorithms were
applied to minimize expenditure: the ant algorithm and the genetic algorithm. These
algorithms are effective optimisation algorithms that are commonly applied in complex
decision-making problems. Our literature analysis also confirmed the lack of publications
regarding the coverage of regions by electric vehicles with the consideration of the reliability
of vehicle charging points.

3. Decision-Making Model Determining the Energy Expenditure of Electric Vehicles
3.1. Assumptions

An essential aspect in determining the energy expenditure of electric vehicles in
municipal service companies, considering the uncertainty of charging point operation,
is to define routes characterized by the minimum distance travelled to accomplish all
transportation tasks. Additionally, an electric vehicle performs battery-charging operations
when the probability of a charging point breakdown or unavailability due to energy supply
shortages is minimal. It was also assumed that the minimisation of the distance travelled
along vehicle routes is proportional to the minimisation of energy expenditure. The
minimisation of the energy expenditure of electric vehicles in municipal service companies
was adopted as the quality assessment of the solution to the decision-making model for
setting the minimum driving routes for electric vehicles. The faulty process of the operation
of vehicle charging points and their unavailability on a given workday were presented
using theoretical distribution models for the probability of the uncertainty of charging
point operation. The random variable representing the probability distribution of the
uncertainty of charging point operation was defined as the moment of point malfunctions,
power supply interruptions, or any other random situations affecting its correct operation.
Therefore, the routes of electric vehicles should be set in such a way that the probability
of vehicles appearing at charging points during the time of their unavailability is below
the permissible level of risk. In the model, it was assumed that there are no delays over
sections of the transport network due to traffic congestion, and electric vehicles move
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along the designated lanes of the road. Additional assumptions of the model include the
following [15]:

The volume of the cargo in the given loading places is not greater than the capacity of
the vehicle.

A battery charging station can be located either at transportation bases or at particular
places of a transport network.

The criterion function determining the energy consumption takes into account the
energy required to overcome air resistance and rolling resistance arising from road
surface resistance. It was assumed that the vehicle travels over route sections in a
uniform motion, and the forces generating vehicle acceleration were disregarded. It
was assumed that the vehicle travels over a flat surface, and the resistance forces
arising from overcoming inclined route sections were disregarded;

The electric vehicle departs from the transportation base with a 100% charged battery;
The transportation task was defined in two ways: (1) the departure of a vehicle from the
base to the loading points and, after filling up its entire capacity, the transportation of
its cargo to the unloading point; or (2) the departure of the vehicle from the unloading
point, which loads its cargo at the loading points and returns to the unloading point;
In a single transportation task, it was assumed that the electric vehicle may charge its
battery only once due to the vehicle’s capacity limitation;

The trip from the unloading point to the transportation base was not included in the
model. The route of this trip does not contain loading points and is not determined.

3.2. Input Data of the Decision-Making Model and Decision Variables

In the model, there are several types of data, e.g., sets and parameters. The sets

include the identification of characteristic types of points, such as the starting and ending
points of vehicle work, intersections, charging points, and vehicle types, as well as the
tasks being performed. A summary of the sets is presented in Table 1. In addition, the
parameters characteristic of the transportation network sections were defined, e.g., the
distances between points in the network, time required for loading, unloading, and travel,
and those taking into account the risk of damage to the vehicle charging points. A summary
of the parameters is presented in Table 2.

Table 1. The sets used in the decision model.

The Elements of Sets The Description

b Transport base number, beB

pz Loading point number, pze PZ

P Intermediate point number, e.g., intersection, peP
S Charging point number, seS

pw Unloading point number, pwe PW
v Electric vehicle number, veV
z Transport task number, zeZ

Table 2. The parameters used in the decision model.

The Parameters

The Description

tzP*
t1obP
t20pH’
130 PP
t4v,pw,p
s1b#
soP b
s3PPW
S4pw,p

Loading time at the loading point
Driving time between the base and an intermediate point
Driving time between intermediate points
Driving time between an intermediate point and unloading point
Driving time between an unloading point and intermediate point
Distance between the base and an intermediate point
Distance between intermediate points
Distance between an intermediate point and unloading point
Distance between an unloading point and intermediate point
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Table 2. Cont.

The Parameters The Description
c? Vehicle capacity
q1p=be Cargo volume at a loading point between the base and intermediate point
qarep Cargo volume at a loading point between intermediate points
qapEpPew Cargo volume at a loading point between an intermediate point and unloading point
q4p= PP Cargo volume at a loading point between an unloading point and intermediate point
Tmex Maximum time to complete a task by a vehicle
AT Operating time of the unloading point
dv Permissible distance after which the electric vehicle heads to the charging point
£ Charging time for the electric vehicle at a charging point
st Probability of the uncertainty of charging point operation, where Est is a random variable
P determining the moment ¢ of a charging point breakdown, etc.
R Permissible risk of uncertainty in the operation of the charging point along the entire vehicle route
m1vbp Vehicle weight between the base and intermediate point
m20 PV Vehicle weight between intermediate points
m3vPPe Vehicle weight between an intermediate point and unloading point
m4v PP Vehicle weight between an unloading point and intermediate point
0 Air density p = 1.225 kg/m3
i The coefficient of road friction p = 2.02 x 10~°
cx The drag coefficient cx = 0.2
A The vehicle frontal area A = 20 m?

xlv,b,p,z 'tlv,b,p +

The energy expenditure depends on the length of the route covered by a vehicle. It

is necessary to set vehicles’ routes in such a way as to minimize their expenditure. The
energy expenditure is determined by the decision variables determining the route of electric
vehicles, which take the following form:

xlv,b,p,z

a transport link carried out by an electric vehicle between the base and an
intermediate point in a given transportation task, if x1°/7 = 1 is a transport link;
x29PPZ—a transport link carried out by an electric vehicle between intermediate
points in a given transport task, if x22P## = 1 is a transport link;

x3VPPUZ_—a transport link carried out by an electric vehicle between an intermediate
point and unloading point in a given transport task, if x39P7** =1 is a transport link;
x4PP¥P*—a transport link carried out by an electric vehicle between an unloading
point and intermediate point in a given transportation task, if x4°7“P* =1 is a trans-
port link.

In addition, a decision variable representing the interpretation of the choice of a given

charging point by the electric vehicle was introduced: if x*** = 1, then a given charging
point is used by a given vehicle for a given task.

3.3. Model Limitations

The following limitations were taken into account in the decision model:

not exceeding the maximum time of task completion by an electric vehicle. The task
type: bases—loading points—unloading points is shown in Formula (1). The task
type: unloading points—loading points—unloading points is shown in Formula (2)
(LPP—a set of transport links between intermediate points, and n—the number of
loading points in the task).

YV veV, beB, peP, pzePZ, zeZ, seS, pwe PW

Z xzv,p/,p// ’z-tzv’p,’p” + X3P PWZ $30,P,p0 + Y USZ S + n-tzP* < TMax (1)

(p".p")eLPP
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/ !
XAUPWPZ pAOPWP 4 Z x20P b Z 49U b L xBUPPWE JZUPPW |y USZ (US4 P2 < Tmax (2)
(v'p")eLPP

e not exceeding the operating time of the unloading point by a single vehicle (T1%*—the
completion time of the type one task calculated from the left part of the inequality (1);

T2%Y
inequality (2)):
YV veV
Z T1%? + Z T2%% < AT 3)
zeZ z€Z

e not exceeding the permissible risk related to the uncertainty of the charging point’s
operation (damage to the charging point, lack of energy supply, etc.) along each
electric vehicle route:

VoeV

H H xv,s,z.pEs,t <R (4)
s€SzeZ

where t is the time of arrival of the electric vehicle at a given charging point.
e not exceeding the maximum distance after which the electric vehicle should be routed
to the charging point in a type one task (5) and in a type two task (6):

YV veV, beB, peP, pzePZ, zeZ, pwe PW

A/ /
x10bPEg1bp N QU EGDPP - x3UPPUE.SBPPY < P (5)
(v'.p")eLPP
/ /
XAUPOPE4POP YT y0tp 2PV | xBUPPUE G3PPU < go (6)
(v'p")eLPP

e  volumetric limitation of the vehicle when collecting cargo from the loading points in a
type one task (7) and in a type two task (8):

YV veV, beB, peP, pzePZ, zeZ, pwe PW

’ /
xlv,b,}?,z_qlpz,b,p + Z xZUrP rPH rZ.qQ_PZrP rp// + x3v,p,pw,z.q3pz,p,pw S CU (7)
(v'p")eLPP

/ " ! "
XAVPOPE qapEpOp 4 2 X2V V" 2ol P | x3UP PR 3PP < 0 (g)
(p'.p")ELPP

3.4. Criterion Function

The criterion function minimises the energy expenditure of all vehicles carrying out
transportation tasks. This function takes into account the energy expenditure needed to
overcome road resistance forces and aerodynamic forces. The components of the formula
include the following (9): (10)—the expenditure for the sections between the base and
the intermediate point, where LBP—a set of transport links between the base and the
intermediate point; (11)—the expenditure for the sections between the intermediate points;
(12)—the expenditure for the sections between the intermediate point and the unloading
point, where LPW—a set of transport links between the intermediate point and the unload-
ing point; and (13)—the expenditure for the sections between the unloading point and the
intermediate point, where LWP—a set of transport links between the unloading point and
the intermediate point:

F = F1°bP2 4 F2UPP'2 4 F3UPIOZ 4 FAPPOPE _y pip )

1vb pz Z Z Z 1v,b,p,z.slb,p' (Pairv,b,p,z + Frv,b,p,z) (10)

veV (b,p)eLBPz€Z
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1L D D B L L ( E,;,oPP' 4 Frv,p,P’,Z) 11)
veV (p,p')eLPPzEZL

F3UP POz — 2 2 2 x3v,p,pw,z_s3p,pw_(Fairv,p,pw,z + Frv,p,pw,Z) (12)
UGV(p,pw)ELPWZEZ

F4vpw.pz — Z Z Z x4vfpw/P/Z.S4Pw,p_(Fairv,pw,p,z + Frv,pw,p,Z) (13)

veV (pw,p)ELWP zEZ

where:

e The air resistance force is as follows:

2
1 s177
vbpz _
e  The rolling resistance force is as follows:
EOPPE = wm1%PP . g.cosa (15)

4. Algorithms Minimising the Energy Expenditure of Electric Vehicles
4.1. Ant Algorithm

Bearing in mind the fact that the energy expenditure of electric vehicles depends on
the length of the driving routes of these vehicles, it is important to determine the vehicle
driving routes that are characterised by the minimum distance travelled for cargo pickup.
In addition, these routes should comply with the limitations of the developed decision-
making model. The ant algorithm uses the so-called artificial ants to set the driving routes
of electric vehicles. An ant creates its own route (Figure 1), which is the driving route of all
the vehicles completing transportation tasks.

11 v v i v v 1 1A% v 11 v v

Figure 1. The elements of the ant’s route.

Six types of layers were distinguished in the ant route as follows: layer I represents
the transport base from which the electric vehicles depart to the initial loading points; layer
II represents the points determining the electric vehicles that are assigned to tasks; layer I1I
represents the intermediate points of the ant’s route, i.e., intersections; layer IV represents
electric vehicle charging points; layer V represents loading points; and layer VI represents
collective unloading points. The number of intermediate points along an ant’s route, the
number of points interpreted as a charging point, and the number of unloading points are
known only after the ant has created the entire route. The frequency of unloading points
along the ant’s route depends on the size of the collected cargo and the capacity of the
electric vehicles. On the other hand, the frequency of the occurrence of points interpreted as
a charging point depends on the length of the route generated by the ant. The points from
layer I in the ant’s route appear when the ant leaves the transport base, and the number of
loading points is known. The ant returns to the base when all loading points have been
visited, or when the operating time of the unloading point is exceeded (restriction (3)).
In the event that all loading points are not visited, the ant sets off from the base again
to visit these points. The process of selecting further route points by the ant is repeated



Energies 2024, 17, 2179

9 of 21

until all the loading points have been visited. In any case, when the ant leaves the base,
the moment of departure of the ant from the base is always determined as the moment
(time) of commencing operation in the service company. The departure of the ant from
the base represents the departure of another vehicle to perform tasks. An example of an
ant’s route is shown in Figure 2. Along this route, the ant has set driving routes for two
electric vehicles.

|
| fehicle 1
[ — e
i
|
intermediate points loading points  intermediate points  charging stations intermediate points unloading points
Base | 1 2 [ 3 [ 4 [n] e [ 7 [ & [ o I o [ o[ = |
Vehicle 2
— S »
| |
! intermediate points ! intermediate points charging stations intermediate points  loading points unloading points
i

[ 14 [ 15[ 16 [Base| 17 [ 18 [ 19 [ 20 | 1 212 x 2 [ 25 [

Figure 2. An example of an ant’s route.

The starting point of each ant’s route is the transport base from which the vehicles
depart to the loading points. The ant proceeds to the following route points in accordance
with the established probability.

[Tab(t)]a'[ﬂah(t)]ﬁ b e Qmr
PR™ (t) = { Licqmr [T (D)) [ (1)]P (16)
0 b QN

where:

T, (t)—the intensity of the pheromone trace between the a-th point of the ant’s route
and the b-th point in the t-iteration of the algorithm implemented by the mr ant;

1ab (t)—heuristic information:

1
Map(t) = d1(a,b) 4+ d2(a,pz)

(17)

where:

d1(a,b)—the distance between the selected points of the ant’s route;

d2(a,pz)—the distance between the selected point of the ant’s route and the load-
ing point;

«, B—the influence of pheromones and heuristic data on the behaviour of the ants;

O™ 3 set of all the elements of the ant’s route;

I—potential points of the ant’s route that are taken into account when choosing the
next point of the ant’s route.

The heuristic information takes into account both the distance between the route
points d1(a,b) and the distance between the route point and the loading point d2(a,pz). The
parameter d2(a,pz) was introduced in order to guide the ant to a given loading point to
avoid ant accidentally wandering through all the points of its route. The distance d2(a,pz) is
the Euclidean distance calculated based on the location coordinates of the midpoints in the
ant’s route and each loading point. In the event that the ant proceeds to a charging point,
base, or unloading point, the Euclidean distances are determined between these points and
the intermediate points of the ant’s route.

Each ant in the population determines its individual route. After completing these
routes, the pheromone trace along them is updated. At the beginning, it is assumed that the
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trace on the transport links between the route points is equally strong. In the next iterations,
the pheromone trace is calculated according to the following formula:

Ta,b(t + 1) = (1 - P)Ta,h(t) + 2 ATu,bmr(t) (18)
mreMR

The first component of formula (18) determines the pheromone volatilisation rate,
while the second one determines the pheromone amplification and takes on a specific value
when the segment (4,0) is used by the ant; otherwise, it is 0, i.e.:

Ty — K1 () — K2mr ()

AT, )" (1) = { Lmr(t) (19)

0

where:

L™ (t)—the length of the entire route determined by the ant in a given iteration;

K1™(t)}—a penalty for exceeding the maximum time of task implementation by an
electric vehicle in the designated routes (1) and (2). It is assumed that this penalty is half of
the pheromone accumulated along the route;

K2™ (t)—a penalty for exceeding the permissible risk related to the uncertainty of
charging point operation by the electric vehicle along the designated route (4). It is assumed
that this penalty is half of the pheromone accumulated along the route;

The ant algorithm is an iterative algorithm and works until a fixed number of iterations
has been reached. The algorithm diagram is shown in Figure 3. The number of ants in the
population and the number of iterations are determined at the beginning of the algorithm'’s
implementation. The operation of the ant algorithm is presented in the following steps:

e Step 1. An ant in the population randomly selects the transport base from which it
starts its route, and a vehicle number is assigned to the ant;

e  Step 2. The selection of the loading point located nearest to the transport base. The
movement of the ant to the intermediate points is shown in Formula (16). After the ant
arrives at the loading point, it picks up the load and selects the next closest loading
point. The ant collects its cargo until the vehicle capacity is exceeded (limitation (7)).
After exceeding this capacity, the ant goes to the nearest unloading point. During each
passage of the ant to the subsequent points, it is checked whether the distance limit is
exceeded, after which the electric vehicle should be directed to the charging point (5);

e Step 3. After unloading, the ant goes to the next closest loading point, taking into
account the volumetric limit (8). The cargo collection process is carried out until the
electric vehicle (3) exceeds the maximum time for completing tasks or until all loading
points have been visited. After exceeding this limit, the ant returns to the base and
then step 1 is implemented again. The ant is assigned to another electric vehicle of a
given capacity. The departure of each ant from the base takes place the moment the
service company starts work;

Step 4. Repetition of steps 1-3 to complete all loading points;

Step 5. Another ant from the population sets its own route, repeating steps 1-4 until
the routes have been completed by all the ants in the population;

Step 6. Updating the pheromone according to Formula (18);

Step 7. Repeat steps 1-6 until the stop condition is reached;

Step 8. The route of the ant with the highest pheromone value among all the routes
generated in the population is the final solution.
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Figure 3. Diagram of the ant algorithm’s operation.

4.2. Hybrid Genetic Algorithm

The first step in the operation of the genetic algorithm is to generate the initial pop-
ulation of the algorithm. The initial population consists of chromosomes representing
the driving routes of electric vehicles. The initial population was established by the ant
algorithm. The following stages were distinguished in the genetic algorithm: chromo-
some evaluation, reproduction, and crossbreeding. Chromosome mutation is not carried
out due to its negative impact on the correctness of the generated solutions. The evalu-
ation of the chromosome is carried out on the basis of the adaptation function. The best
chromosomes with the greatest adaptation function are multiplied in the reproduction
process. Reproduction generates new populations according to the principle of the roulette
method [15,48], in which linear scaling was used to counteract the premature convergence
of the algorithm in initial iterations. The algorithm for selecting chromosomes for cross-
breeding randomly pairs two chromosomes and randomly selects chromosome cut-points.
The adaptation function for the k-th M chromosome (¢, k) can be presented as follows
(where K=1{1, ...,k ..., K}]—a set of chromosomes in the population, and t—iteration of
the algorithm):

Fk,t) = — K1(k,t) — K2(k, ) — max (20)

L(k,t)
where:

L(k, t)—the length of the entire chromosome route in a given iteration;

K1(k, t)—the penalty for exceeding the maximum time for the implementation of the
task by an electric vehicle in chromosomes (1) and (2). It is assumed that the penalty for
exceeding this is that the generated value of the adaptation function for the chromosome is
reduced by half;

K2(k, t)—the penalty for exceeding the acceptable risk associated with the uncertainty
of charging point operation by an electric vehicle in chromosome (4); it is assumed that the
penalty for exceeding this is that the generated value of the adaptation function for the
chromosome is reduced by half.

The process of chromosome crossbreeding is shown in Figure 4 and involves the
exchange of gene sequences between two chromosome cut-points. In both chromosomes,
the cut-points must be identical.
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Figure 4. Chromosome crossbreeding.

The hybrid genetic algorithm is an iterative algorithm, and its solution is improved in
subsequent iterations. The principle of the algorithm is presented in the following steps:

Step 1. Generation of the initial population by the ant algorithm;

Step 2. Calculation of the adaptation function for each chromosome;

Step 3. Reproduction;

Step 4. Crossbreeding;

Step 5. Repeat steps 2—4 until the stop condition is reached;

Step 6. The chromosome with the highest value of adaptation function in the popula-
tion is the final solution.

5. The Case Study
5.1. Input Data

A service company carries out the collection of municipal waste from a given region. It
was assumed that the waste loading time at each loading point is 5 min, and the unloading
time at the unloading points was also set at 5 min. The company owns five DAF CF electric
vehicles with a gross permissible weight of 28 tons, load-carrying capacity of 3 tons, battery
capacity of 170 kWh, maximum driving distance without charging of 70 km in urban
conditions, and charging time of 1 h. The permissible duration of a single task combined
with the battery charging time is 3 h. The maximum operating time of the unloading point
was set at 4 h. The service company starts work at 8:00 a.m. The accepted risk related to the
uncertainty of charging point operation along each designated route was set at 0.40. The
distances between the route points, driving times, and location coordinates of all points
were generated using the PTV Visum software. The volume of cargo at the loading points
is shown in Table 3.

Table 3. The size of the waste.

No. Size (kg) No. Size (kg) No. Size (kg)
1 400 7 400 13 400
2 500 8 400 14 300
3 550 9 550 15 550
4 150 10 500 16 400
5 600 11 650 17 600
6 1450 12 450 18 450

The location of the base, waste collection points, unloading point, charging point, and
linear infrastructure of the transport network are shown in Figure 5.
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5.2. Distributions of the Probability of Uncertainty in Charging Point Operation

The location of the battery charging points is shown in Figure 6. Theoretical distri-
butions of the probability of uncertainty in charging point operation were determined
for these points. The time of the occurrence of malfunctions at each point is shown in
Table 4. The time of damages, breakdowns, or other events that disrupt the operation of
the charging point are presented in a format totalling the number of minutes, e.g., 8:20 a.m.,
that is 500 min, 8 times 60 min plus 20 min.

Table 4. Charging point breakdown moments (minutes).

Point 1 Point 2 Point 3 Point 4
521/516 680/707 670/693 720/751
526/550 683/711 671/694 721/752
534/551 687/717 672/695 745/760
535/552 690/723 680/696 731/761
537/556 691/- 681/697 733/726
538/557 692/- 686/698 734/727
541/558 694 /- 683/702 741/736
544 /561 696/ - 684/703 748/737
545/563 697/- 685/704 747 /738
548 /567 703/- 690/711 744 /739
549/572 704/- 691/- 745/ -
527/539 706/ - 692/- 746/ -

Bearing in mind that the shapes of the histograms determining the frequency of
charging point failures are similar to normal distributions, the Chi-squared test was used to
determine the type of distribution. The samples are small, so in addition to the Chi-squared
test, the Kolmogorov-Smirnov test was also employed. The use of the Kolmogorov—-
Smirnov test is only an additional step to help support the final decision regarding the
type of distribution. This test detects only large deviations from the assumed distributions.
The null hypothesis referring to the assumed type of distribution is rejected when the
calculated value of the statistics belongs to the critical area determined by the assumed
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level of significance a = 0.05 (when p < &, p—the probability determined in the tests). The
values of the Chi-squared and Kolmogorov—Smirnov concordance tests and the parameters
of the distributions investigated are presented in Table 5. Adjustments of the theoretical
distributions for the random variable of the time when disruptions in the operation of the
charging point occur are shown in Figure 6.

Charging point 1, Distribution: Normal Charging point 2, Distribution: Normal
Kolmogorov-Smirnov d = 0,07407, Kolmogorov-Smirnov d = 0,04856,
Chi-Square test = 0,25371, df = 1 (adjusted) , p = 0.61447 Chi-Square test = 1.75281, df = 8, p = 0.98767
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Charging point 3, Distribution: Gamma Charging ponit 4, Distribution: Normal
~_Kolmogorov-Smimov d = 0.04425, Kolmogorov-Smirnov d = 0.32451, p < 0.05
Chi-Square test = 4.81650, df = 8, p = 0.77700 Chi-Square test = 3.06400, df = 8, p = 0.93028
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(c) (d)
Figure 6. Theoretical distributions of the uncertainty of charging point operation, (a) point 1, (b) point
2, (¢) point 3, and (d) point 4.
Table 5. Concordance tests and distribution parameters.
Charging Statistic Chi-Square Test Statistic K-S Test Parameters of Distribution
Points Probability Probability Distribution
1 0.253 0.61 0.07 - 1 = 546.40; s% = 279.63 normal
2 1.752 0.98 0.04 - 1 =699.11; s2 = 138.48 normal
3 4.816 0.77 0.04 - 0=0.16; k =4111.173 gamma
4 3.064 0.93 0.32 - 1="741.11; s2 = 162.23 normal

5.3. Calibration and Verification of Algorithms

The calibration of the algorithm consists of finding the settings for the algorithm param-
eters that generate the best solution. The following values were adopted for the parameter
a: 1,3,5,10, and 20; parameter B: 0.5, 1, and 5; and parameter p: 0.2, 0.4, 0.6, and 0.8 [48] in
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order to calibrate the ant algorithm. For this number of specific parameters, 60 possible
test settings were created: (5 (parameter a) x 3 (parameter ) x 4 (parameter p) = 60). The
combinations of the ant algorithm settings that were tested are shown in Table 6. Table 7
presents a cumulative summary of the ant algorithm results for each test, i.e., the value of
the energy expenditure for all vehicles (kWh), the number of vehicles performing tasks
(V), and the breakdown probability for the charging points determined collectively along
all routes (P). The number of iterations of the algorithm was set at 200 repetitions and the
population size was set at 50 ants in an experimental way.

Table 6. Test settings of the ant algorithm parameters.

Test o B p Test « B p Test o B P
1 1 0.5 0.2 21 1 1 0.2 41 1 5 0.2
2 1 0.5 0.4 22 1 1 0.4 42 1 5 04
3 1 0.5 0.6 23 1 1 0.6 43 1 5 0.6
4 1 0.5 0.8 24 1 1 0.8 44 1 5 0.8
5 3 0.5 0.2 25 3 1 0.2 45 3 5 0.2
6 3 0.5 0.4 26 3 1 0.4 46 3 5 0.4
7 3 0.5 0.6 27 3 1 0.6 47 3 5 0.6
8 3 0.5 0.8 28 3 1 0.8 48 3 5 0.8
9 5 0.5 0.2 29 5 1 0.2 49 5 5 0.2

10 5 0.5 0.4 30 5 1 0.4 50 5 5 0.4
11 5 0.5 0.6 31 5 1 0.6 51 5 5 0.6
12 5 0.5 0.8 32 5 1 0.8 52 5 5 0.8
13 10 0.5 0.2 33 10 1 0.2 53 10 5 0.2
14 10 0.5 0.4 34 10 1 0.4 54 10 5 0.4
15 10 0.5 0.6 35 10 1 0.6 55 10 5 0.6
16 10 0.5 0.8 36 10 1 0.8 56 10 5 0.8
17 20 0.5 0.2 37 20 1 0.2 57 20 5 0.2
18 20 0.5 0.4 38 20 1 0.4 58 20 5 04
19 20 0.5 0.6 39 20 1 0.6 59 20 5 0.6
20 20 0.5 0.8 40 20 1 0.8 60 20 5 0.8
Table 7. Expenditure, number of vehicles and breakdown probability for test settings.

Test (kWh) V) P) Test (kWh) V) P) Test (kWh) V) P)
1 489 2 0.12 21 523 2 0.04 41 398 2 0.06
2 477 2 0.20 22 500 2 0.05 42 467 2 0.09
3 643 2 0.12 23 380 2 0.04 43 395 2 0.10
4 386 2 0.12 24 410 2 0.07 44 465 2 0.09
5 399 2 0.23 25 541 2 0.08 45 460 2 0.11
6 603 2 0.14 26 534 2 0.11 46 499 2 0.15
7 678 2 0.21 27 555 2 0.12 47 512 2 0.13
8 612 2 0.22 28 532 2 0.13 48 532 2 0.16
9 600 2 0.14 29 567 2 0.11 49 612 2 0.18
10 632 2 0.17 30 543 2 0.14 50 611 2 0.19
11 611 2 0.21 31 653 2 0.12 51 600 2 0.20
12 636 2 0.20 32 632 2 0.15 52 623 2 0.22
13 611 3 0.19 33 612 3 0.22 53 614 3 0.24
14 676 3 0.14 34 600 3 0.21 54 632 3 0.21
15 688 3 0.23 35 632 3 0.23 55 655 3 0.20
16 704 3 0.14 36 668 3 0.12 56 663 3 0.22
17 743 3 0.12 37 704 3 0.14 57 776 3 0.32
18 789 3 0.43 38 777 3 0.32 58 843 3 0.31
19 801 3 0.33 39 754 3 0.14 59 883 3 0.21

20 898 3 0.22 40 756 3 0.32 60 804 3 0.25
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The smallest value of energy expenditure reaching 380 (kWh) was generated for test
number 23 with the following parameters for the algorithm: « =1, § = 1, and p = 0.6.
The method of operation of the algorithm for test 23 and an example featuring test 6 are
presented in Figure 7. A graphical presentation of the driving routes of the two vehicles
generated in test 23 is presented in Figure 8. The energy expenditure for the first vehicle
was 200 (kWh), the route travelled was 82 km, the breakdown uncertainty en route was
0.2, there was a single charging stop at charging point 4, and the loading points were as
follows: 14,9,7, 3,1, 4, 18, 16, 15, 12, 10, 13, and 17. The energy expenditure for the second
vehicle was 180 (kWh), the route travelled was 75 km, the breakdown uncertainty en route
was 0.2, there was a single charging stop at charging point 3, and the loading points were
as follows: 8, 5,2, 6, and 11.
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Figure 7. Operation of the ant algorithm: (a) test 23; (b) test 6.

(b)

Figure 8. The driving route of the vehicles created by the ant algorithm: (a) the first vehicle; (b) the

second vehicle.

The initial population for the calibration of the genetic algorithm was generated using
the ant algorithm based on the set of parameters from test 23. The crossbreeding operator,
using p=0.2,0.4, 0.6, 0.8, and 1, is a parameter of the genetic algorithm [48]. Experimentally,
the number of algorithm iterations was set to 200 repetitions and the population size was
set to 50 chromosomes. The lowest value of energy expenditure for the parameter p = 0.8
amounted to 362 (kWh), and the uncertainty of charging point operation along the route of
two vehicles was 0.04. The method of operation of the algorithm is presented in Figure 9.
A visual presentation of the driving routes of two vehicles with the minimum energy
expenditure is presented in Figure 10. The energy expenditure for the first vehicle was
180 (kWh), the distance travelled was 75 km, the breakdown uncertainty en route was 0.22,
there was a single charging stop at charging point 2, and the loading points were as follows:
16, 15,12,10,13,9,7, 3,1, 4, and 5. The energy expenditure for the second vehicle was
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182 (kWh), the distance travelled was 76 km, the breakdown uncertainty en route was 0.21,
there was a single charging stop at charging point 4, and the loading points were as follows:

2,6,11,8, and 18.
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Figure 9. Operation of the hybrid genetic algorithm: (a) p = 0.8; (b) p = 0.2.

(b)

Figure 10. The driving route of the vehicles created by the hybrid genetic algorithm: (a) the first
vehicle; (b) the second vehicle.

The ant and genetic algorithms are probabilistic algorithms, so each time they are run,
they can generate different solutions. In order to verify the accuracy of the ant algorithm
(A) and the hybrid genetic algorithm (G), 60 solutions were generated. Subsequently, the
energy expenditure of the vehicles (E) generated by these algorithms and the probability
associated with the uncertainty of charging point operation along these routes (P) were
compared. Although the driving routes were determined in accordance with a limitation
on the permissible risk related to the uncertainty of charging point operation (4), in the
test column of Table 8, the time of the arrival of the vehicles at the loading points was
compared with the time of the charging points” breakdowns presented in Table 2. If the
time of the vehicle’s arrival at a given point is inconsistent with the time of a charging point
malfunction, the status OK is entered; in the case of both events being aligned in time, the
point at which this alignment occurred is indicated. The average time required to generate
a solution with the ant algorithm is seven minutes, while the hybrid genetic algorithm takes
four minutes. The algorithms were run according to the best set of parameters established
in the calibration process,i.e, a =1, =1,p =0.6,and p = 0.8.
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Table 8. Verification of the ant and hybrid genetic algorithms.

No. A/G(E) A/G([P) A/GTest No. A/G(E) A/G([P) A/GTest No. A/G(E) A/G(P) A/GTest
1 380/364 0.09/0.08 OK/OK 21 377/365 0.08/0.12 OK/OK 41 398/373 0.07/0.12 OK/OK
2 370/353 0.10/0.12 OK/OK 22 380/360 0.11/0.11 OK/OK 42 467/380 0.10/0.11 OK/OK
3 391/372 0.12/0.13 OK/OK 23 380/376 0.12/0.10 OK/OK 43 395/377 0.12/0.13 OK/OK
4 386/370 0.07/0.06 OK/OK 24 410/370 0.06/0.08 OK/OK 44 365/376 0.16/0.14 OK/OK
5 399/369 0.12/0.15 OK/OK 25 441/373 0.12/0.06 OK/OK 45 360/350 0.12/0.13 OK/OK
6 403/380 0.14/0.12 OK/OK 26 434/367 0.14/0.09 OK/OK 46 399/371 0.14/0.05 OK/OK
7 378/377 0.15/0.09 OK/OK 27 455/360 0.13/0.05 OK/OK 47 412/345 0.12/0.06 OK/OK
8 412/393 0.11/0.13 OK/OK 28 432/345 0.12/0.12 OK/OK 48 432/355 0.12/0.08 OK/OK
9 400/380 0.06/0.11 OK/OK 29 377/350 0.07/0.15 OK/OK 49 412/345 0.11/0.10 OK/OK
10 392/380 0.07/0.14 OK/OK 30 443/355 0.07/0.05 OK/OK 50 411/360 0.10/0.11 OK/OK
11 380/360 0.11/0.13 OK/OK 31 412/367 0.05/0.04 OK/OK 51 400/355 0.14/0.13 OK/OK
12 436/379 0.12/0.08 OK/OK 32 432/369 0.12/0.06 OK/OK 52 423/370 0.13/0.11 OK/OK
13 411/366 0.13/0.05 OK/OK 33 412/370 0.09/0.05 OK/OK 53 414/345 0.12/0.08 OK/OK
14 376/350 0.11/0.13 OK/OK 34 398/369 0.10/0.12 OK/OK 54 432/367 0.06/0.11 OK/OK
15 388/365 0.12/0.14 OK/OK 35 389/350 0.11/0.14 OK/OK 55 365/345 0.06/0.12 OK/OK
16 404/360 0.08/0.16 OK/OK 36 368/340 0.07/0.11 OK/OK 56 363/344 0.19/0.13 OK/OK
17 443/367 0.04/0.14 OK/OK 37 404/350 0.05/0.14 OK/OK 57 376/333 0.10/0.14 OK/OK
18 389/359 0.05/0.16 OK/OK 38 377/345 0.05/0.12 OK/OK 58 443/356 0.11/0.11 OK/OK
19 401/380 0.05/0.08 OK/OK 39 354/340 0.05/0.06 OK/OK 59 383/345 0.07/0.08 OK/OK
20 380/372 0.10/0.09 OK/OK 40 456/347 0.14/0.08 OK/OK 60 404/380 0.12/0.07 OK/OK

Table 8 shows that the hybrid connection in which the ant algorithm generates the
initial population for the genetic algorithm is an effective combination of the algorithms.

6. Discussion

The quality of the results obtained using the algorithms developed depends on the cal-
ibration process. In the calibration process, 60 test settings of the ant algorithm parameters
and five crossbreeding parameter settings in the hybrid genetic algorithm were used. The
space that allows for the search for an optimal solution is limited by the number of verified
test combinations of these parameters. In order to expand this space, it is additionally
necessary to check other parameter settings « = 1.5;2, whether p = 0.5;0.7.

The best solution generated by the ant algorithm was determined for the small param-
eter values, e.g.,, &« =1, B = 1, and p = 0.6. Maintaining a balance between the influence
of the pheromone (#) and the heuristic information is important in the calibration of the
ant algorithm (B). A large discrepancy between these two parameters means that the ant
algorithm ceases to learn from the experiences of other ants and takes the form of a random
search algorithm. The crossbreeding parameter plays a key role in the hybrid genetic
algorithm. In the case of a small value of this parameter, the population of chromosomes is
not diverse enough to generate new solutions. At a fast pace, the algorithm converges to
the local optimum. In the case of a larger value of the crossing parameter, there is a strong
level of competition between chromosomes in the population, and thus, there is an increase
in the space allowing for the search for an optimal solution. The premature convergence of
the ant algorithm in the initial phase of iterations is blocked by the continuous updating of
the pheromone in each iteration of the algorithm.

The combination of the ant and genetic algorithms confirmed the effectiveness of the
hybrid connection. In each of the tests conducted, the hybrid genetic algorithm found a
better solution than the ant algorithm. The use of the genetic algorithm on its own is difficult
due to the issue of generating an initial population. In the classic genetic algorithm, this
population is randomly generated. The issue of determining vehicle driving routes requires
designating a specific sequence of route points, which is difficult to achieve in a random
manner. The use of a hybrid connection made it possible to implement a genetic algorithm
and check its effectiveness in determining the energy expenditure of electric vehicles.
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7. Conclusions

The aim of the conducted research was to develop a method that minimizes the energy
expenditure of electric vehicles used in municipal service companies, taking into account
the uncertainty of the operation of their charging points. Our approach to determining
the routes of electric vehicles presented in this article shows that the use of appropriate
algorithms reduces the energy expenditure of electric vehicles with the consideration
of malfunctions in the operation of charging points. Our verification of the developed
algorithms, i.e., the ant and hybrid genetic algorithms, confirmed their effectiveness. These
algorithms can be an effective tool for assessing energy expenditure in service companies.
The advantage of the presented algorithms is they are able to generate solutions in a short
amount of time, which emphasizes their practical application. Our case study and its
results provide valuable information on the feasibility of using ant and genetic algorithms
to solve complex problems related to the routing of electric vehicles.

It should be emphasized that classic forms of the developed algorithms were imple-
mented. For further research, their subsequent variations should be used, e.g., the use of
ant hill systems, or research on other forms of selection in the genetic algorithm.

The decision-making model developed in this article can serve as a base model for
testing other optimisation algorithms. The model developed was presented in a single-
criterion approach. In further research, it should be expanded with other functions of the
criterion, minimising the time of task implementation or its cost. Further research may also
focus on combining the developed method with the charging problem of electric vehicles
by optimal energy management for active distribution networks (ADNs) at electric vehicle
charging stations [49].

For the proper operation of the heuristic algorithms used in this article, it is important
to carry out the process of parameter calibration.

The developed hybrid combination of algorithms can be used to solve complex opti-
mization problems in road transport and other transport branches, e.g., determining aircraft
routes in air or rail transport, allocating a means of transport for certain tasks, or solving
scheduling issues.
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