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Abstract: The Electric Vehicle (EV) market has been growing exponentially in recent years, which is
why the distribution network of public charging stations will be subject to expansion and upgrading.
In order to improve the public charging infrastructure, this paper aims to develop a model capable
of analyzing the current situation of a stretch of highway, identifying the congestion points, created
by the formation of queues at the charging points. A specific section of a highway in Spain was
selected as a case study to evaluate the performance of the model, allowing for rigorous testing and
thorough analysis of its performance in a real-world scenario. The first step is to define and evaluate
the effects of factors affecting EV consumption, such as the slope of the road, weather conditions,
and driving style. Subsequently, a simulation model is developed using the agent-based simulation
software AnyLogic, which simulates the journey of a fleet of electric vehicles, taking into account the
battery charging and discharging process. Based on the obtained results, the charging infrastructure
is improved to minimize the total travel time of an electric vehicle on a long-distance trip.

Keywords: agent-based simulation; charging stations; electric vehicle; e-highway; public charging
infrastructure

1. Introduction

The transportation sector is the major contributor to pollution, with 21% of the total
carbon dioxide emissions [1]. Private cars are a significant polluter, accounting for 60.7% of
total road transport emissions in Europe [2]. Furthermore, emissions from road vehicles
also contribute to high concentrations of air pollutants in many European cities, which
often do not meet the air quality standards set by the European Union (EU) and the
World Health Organization (WHO) [3]. Therefore, nowadays, a major challenge for all
metropolises around the world is the implementation of low-emission vehicles. Electric
vehicles (EVs) play an important role in achieving the ambitious global climate and air
quality targets. The global climate agenda, created under the Paris Agreement to reduce
emissions and prevent global warming, is driving towards the diffusion of EVs [4]. For
this reason, the timely implementation of an adequate EV charging infrastructure is critical
to the success of the EVs revolution. At the moment, the main restriction for massive
deployment of EVs is—besides its price, range anxiety, and energy management [5,6]—the
small number of charging points along roads. Despite its advantages, EV charging could
have an important influence on the electric grid, mainly due to a rise in requests and
power quality disturbances originated by the involved power electronic converters [7,8].
EVs do not only assist in mitigating CO, emissions, but also are able to integrate with
Renewable Energy Systems (RESs), especially with Photovoltaic (PV) [9,10]. The efficiency
of EV-RES integration can be further increased by efficient smart charging and demand-
side management (DSM) methods [11,12]. EVs have a great potential to help to reduce the
“Duck Curve” event caused by high PV penetration during noonday [13], and with the
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realization of smart charging strategies they can even cut back grid operating prices by
smoothing the demand profile [14]. EVs are expected to evolve into a critical part of future
grid networks under the concept of smart grids [15,16]. This work aims to develop a model
capable of simulating the journey of a fleet of EVs along a highway route, evaluating travel
times, recharging times, and energy consumption. The model is developed using AnyLogic
8.8.0, an agent-based simulation software, through which a multi-method modeling tool is
introduced, which allows the development of an algorithm that describes the behavior that
the EVs adopt during the simulation. Through the results obtained from the simulation,
it is possible to identify the critical congestion points due to the formation of queues
at the charging stations (CSs) along the route. After solving them, through an efficient
infrastructure upgrade, it is possible to achieve a significant reduction in travel times. Thus,
the developed model has demonstrated flexibility across various contexts and scenarios,
serving as a valuable starting point for future advancements and enhancements due to its
adaptability to different conditions. Furthermore, the primary features of the model are its
scalability and adaptability to different case studies, in fact it is able to replicate in any type
of route, from city to highway; the only change to be made concerns the input data of the
charging infrastructures present on the designated route. As a result, this model serves as
a robust framework that can be built upon to accommodate evolving needs and explore
new possibilities, driving innovation and progress in the future. To validate and verify
the proposed model, it has been applied to the case study, shown in the paper. The case
study focuses on the Spanish highway that links the cities of Madrid and Malaga, serving
as a representative scenario for analysis and evaluation within the research. By applying
the model to this particular case, its effectiveness and applicability in real-world settings
are confirmed.

The manuscript is structured according to the following topics: Section 2 provides
the related work with the study of EV route planning and CS planning models; Section 3
presents the actual situation on CSs in Europe. In Section 4, the proposed model is described
in detail. Section 5 presents the case study and Section 6 describes the methodology applied
to calculate the energy consumption. Subsequently, in Section 7, the results obtained by the
model and the improvements made to the charging infrastructure are discussed. Finally,
Section 8 concludes the manuscript, summarizing the key findings and insights.

2. Related Work

This section delves into recent studies that highlight the importance of developing
a new approach for EV route planning and CSs planning. These works emphasize the
significance of minimizing travel time and propose alternative methods, such as the one
presented in this article. Ref. [17] indicates that CSs should be regarded to comprise multi-
types of charging facilities during the planning stage, and a new optimization model is
proposed for the target of minimizing the annualized social cost of the whole EV charging
system. The implementation of a charging infrastructure network is an essential prerequi-
site for the spread of EVs. Ref. [18] proposes how to calculate the required number of EV
charging stations and determine their location on the road network. The aim is to plan the
distribution of service areas to match the charging infrastructure. The authors in [19] show
how the classical path planning problem is generally solved by two kinds of algorithms.
The most commonly used algorithms are the Dijkstra shortest path algorithm [20] and the
A* algorithm (a searching algorithm that is used to find the shortest path between an initial
and a final point) [21]. They are based on the shortest time and shortest road principle but
without other influencing factors. Later, the traditional shortest path method is improved.
Machine learning is widely used in route planning combined with real-time traffic condi-
tions to obtain meaningful route planning schemes that help predict road congestion and
meaningful allocation of transportation facilities [22]. Furthermore, Ref. [23] proposes opti-
mal route finding considering multiple CSs in a dynamic urban environment, but it is also
applicable when the initially available battery capacity does not cover a given range. The
Transit Route Design Problem (TRDP) and Transit Node Design Problem (TNDP) are used



Vehicles 2023, 5

763

to search for the most feasible routes based on time and driving range via the improved
Route-Assisted Rapid Random Tree (RA-RRT*) algorithm (a probabilistic complete global
path planning algorithm that randomly samples the search space to obtain path points and
finds a feasible path from start point to destination point). The optimal arrangement of
charging infrastructure along roadways holds significant importance. Consequently, the
authors in [24] present a method adopted for optimal planning in their study. The optimal
sites of CSs are first identified by a two-step screening method with environmental factors
and the service radius of CSs considered. Then, a mathematical model for the optimal
sizing of charging stations is developed with the minimization of total cost and solved
by a Modified Primal-Dual Interior Point Algorithm (MPDIPA). By addressing the strate-
gic placement of CSs, this approach aims to maximize the effectiveness and accessibility
of the charging network, ultimately facilitating seamless EV charging experiences. The
low spread of EVs often hinders the investment in charging infrastructure and vice versa,
making them drop into a chicken-egg dilemma. To solve this problem, Ref. [25] proposes
a comprehensive planning scheme for EV charging networks. In order to alleviate the
problems caused by too long charging queues, Ref. [26] proposes charging route planning.
In this paper, based on state models of EVs, CSs, transportation networks, and power grids,
it is important to ensure sufficient charging resources around the highway network when
planning charging routes for users. The authors in [27] developed a multi-objective CS
arranging strategy that can guarantee charging benefits and reduce travel times. A battery
capacity-constrained EV flow capturing location model is offered to maximize the EV traffic
flow that can be charged given a construction plan of CSs.

Several studies in the literature have explored and developed models for route plan-
ning and charging planning for EVs. However, most of these studies have primarily focused
on minimizing costs and reducing range anxiety rather than optimizing travel time. While
these factors are undoubtedly significant, the emphasis on travel time as a key criterion has
been relatively limited in the existing literature. Accordingly, there is a need to investigate
further and develop approaches that explicitly address travel time concerns, ensuring
efficient and time-effective EV route planning and charging strategies. Therefore, this study
provides a novel strategy for EV charging planning. The main differences between the
previous studies and this work are as follows:

1.  Through a series of improvements to the charging infrastructure, an attempt is made
to reduce travel time, preferring fast DC recharges to slow AC recharges;

2. Aninnovative charging strategy approach is developed, which tells the EV user how
much energy to charge at each CS, thus reducing charging times.

3. Overview of Charging Stations in Europe

The European Commission has set an ambitious objective for the next decade: to see a
minimum of 30 million EVs cruising on the roads. By embracing sustainable transportation,
the Commission aims to reduce carbon emissions, enhance air quality, and promote a
cleaner and greener future for all. With this transformative vision, Europe is poised to pave
the way toward a more electrified and sustainable transportation landscape, creating a
brighter tomorrow for future generations [28]. The EU is actively advancing the adoption
of electric mobility through various means. It not only encourages car manufacturers to
produce low-emission vehicles but also supports the development of CSs. The development
of the charging infrastructure plays a vital role in achieving the ambitious goal of zero
emissions by 2050, aligning with the growing adoption of electric vehicles [29-31]. As EVs
become increasingly predominant, it is crucial to ensure the availability and accessibility of
charging stations ubiquitously. The ultimate policy objective is to make charging EVs as
easy and as effortless as refueling a conventional vehicle, eliminating any barriers for EVs
to travel seamlessly while alleviating concerns like range anxiety [32-35]. The European
Commission with its 2020 Sustainable and Smart Mobility Strategy identified a need for
three million public charging points by 2030 [36,37], so as to guarantee a dense, widely
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spread network to all customers. In 2010, electric CSs started to be installed in Europe with
a total number equal to 400 units.

After that, the growth reached almost 500% in 2011, and then the growth rate de-
creased, reaching 224.237 CSs in 2020 [38]. The power rate of charging batteries is the main
factor that classifies the charging equipment for battery EVs and plug-in hybrid EVs. On
the other hand, the battery capacity of a vehicle (normally from 20 kWh to 85 kWh), the
initial state of charge (S0C), and the type of the electric vehicle supply equipment (EVSE)
determine the charging time, which can be in the range of 15 min to 10 h or more [39,40].
Four various charging modes based on different power charging levels, protection systems,
and connector types are selected by the European standard IEC 62,196 [41-43]. The number
of CHAdeMO DC quick chargers installed to date in Europe is greater than 7000 [44].
Across European countries, a significant infrastructure development phase is currently
underway, with a particular emphasis on cities and highways. A key focus of this initia-
tive is to address long-distance travel, ensuring that green mobility options are widely
accessible and embraced. By strategically expanding the infrastructure network, European
nations are actively working towards promoting and facilitating the adoption of sustainable
transportation methods. With the European Green Deal proclaimed in December 2019,
the EU focuses on reducing its greenhouse gas emissions from transport by 90% by 2050,
compared to the year 1990, to evolve into a climate-neutral economy. A fundamental step
in reducing emissions from road transport is the gradual transition to EVs and other fuel
options with a lower carbon intensity. Among these alternatives, EVs stand out as the most
prevalent, particularly for passenger vehicles. The European Commission acknowledged
certain achievements in its assessment, such as establishing a unified EU standard for
connectors and enhanced accessibility to diverse charging networks. However, the Com-
mission also identified persisting challenges that hinder electric vehicle travel within the
EU. Despite notable progress, obstacles still exist, impeding the seamless experience of EV
owners and impinging on the widespread adoption of electric mobility. The accessibility
of CSs exhibits significant variation across countries, and there remains insufficient infor-
mation available for customers, compounded by the diverse payment systems adopted by
different companies. The EU is currently facing challenges in meeting the Green Deal’s
objective of achieving one million charging points by 2025. Furthermore, the EU lacks a
comprehensive strategic roadmap for electric mobility, highlighting the need for focused
efforts to address this gap and pave the way for a sustainable and electrified transportation
future. Acknowledging the significance of a unified approach, the EU is actively working
on developing a comprehensive strategy to support and expedite the progress of electric
mobility throughout the region.

4. Methodology

The model is developed through the multi-method simulation software AnyLogic
8.8.0. This software combines the three paradigms of simulation modeling (Discrete event,
Agent-based, and System Dynamic) in order to build highly complex simulation models.
The model realized for this research is made of four fundamental elements: road section,
electric vehicle, charging station, and checkpoint. The road section is realized using the
tool GISroute, while the remaining three are identified as a population of agents. An agent
is a unit of model design that can have behavior, memory (history), timing, and contacts.
They may represent very diverse things: vehicles, units of equipment, projects, products,
etc. Furthermore, within an agent, you can define variables, events, state charts, system
dynamics stock and flow diagrams, you can also embed other agents and add process
flowcharts. A set of agents of the same type constitutes an agent population.

4.1. Input Data

EV Agent: The initial agent comprehensively represents electric vehicle behavior,
encompassing several identified variables. These variables include departure time, geo-
graphic location, initial SoC, battery size, maximum driving range, current driving range
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(km;), and average speed. It is assumed that the EVs do not commence their journeys
simultaneously but rather with a randomized delay ranging from 0 to 24 h. This random
delay is extracted from a uniform continuous distribution, which is deliberately chosen to
distribute the EV departures evenly across the day, promoting a staggered pattern.

CS Agent: The second agent represents the behavior of the charging station, establish-
ing interaction with the EV Agent during each recharge session. The CS Agent is initialized
with specific input data, including geographic allocation (longitude and latitude), the num-
ber of available charging points, connector type, and the maximum output power. These
assigned parameters enable the CS to effectively engage with EVs, facilitating seamless
charging operations while ensuring compatibility and optimal power delivery.

CP Agent: In the vicinity of each CS, monitoring agents known as checkpoints (CP)
are installed with the primary objective of controlling specific parameters of the EVs,
particularly the actual range. These CP Agents interact with each other, facilitating the
exchange of information regarding the compatibility of CSs in terms of connector types.
Compeatibility, in this context, refers to the practical feasibility of charging, meaning that
the CS is equipped with suitable connector types for the specific EV.

Among the various functions implemented by the CP Agents, their primary respon-
sibility is to dynamically decide whether to halt charging or continue the journey close
to each CS. This decision is based on multiple variables, including the compatibility of
the charging type with the nearby CS, the remaining range of the EV, and the distance to
the next compatible CS. By considering these factors, the CP Agents make informed and
dynamic decisions to optimize the charging process and ensure efficient travel for the EV.

All input data stored in Microsoft Excel spreadsheets are transferred to the model
using Open DataBase Connectivity (ODBC) 4.0 connections. During model initialization,
the input data database is connected and the data from the database are used to populate
the active main’s variable collection.

4.2. EV Behavior

The model is built as a discrete-event simulation model, with each vehicle modeled
as a specific active object. Simulate specific processes related to travel operations: The EV
agent simulates vehicle processes described by the state chart in Figure 1. It defines possible
vehicle states and transitions between them. The EV Agent has a variable collection on its
job list, variables for accumulation of times, and variables to count the amount of recharges,
and to memorize the current range. Initially, the weather condition is manually configured
by selecting from two predefined scenarios: cold or mild weather. This parameter plays a
crucial role in determining the energy consumption of the EV and subsequently impacts
the maximum driving range. The chosen weather condition directly influences the overall
efficiency of the EVs’ performance, considering factors such as temperature, wind speed,
and precipitation. By incorporating weather conditions into the model, a more realistic and
accurate estimation of energy consumption and driving range can be achieved, enhancing
the reliability of the simulation results.

The first step taken by the EV Agent, as the flow chart in Figure 1 shows, is to proceed
towards the nearest checkpoint agent, where the actual range and km traveled variables
are updated, depending on the distance travelled.

The next three steps, at the exit of the checkpoint block, concern as many verification
conditions aimed at verifying the possibility and need to recharge the EV Agent at the
nearest CS. The three verification conditions are defined as follows:

e 1condition: if the compatible variable (EV and CS are compatible) is true, then proceed
to the second condition; otherwise, it jumps to the third condition. In particular, the
mode and the type of connector of EV are compared with those present in the nearby
CS. If there is compatibility, the charging mode and the type of connector with which
a possible charge is selected according to a hierarchical process, preferring the fastest
charging way.
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e 2 condition: if the inequality, i.e., actual range (k1,.4,,;) minus the kilometers to reach
the next compatible CS (k1 nextcompativlecs) is greater than the minimum range, which
corresponds to 20% of the SoC), is true (1), then the EV proceeds to the third condition;
otherwise, to the nearest compatible CS to charge.

(kmactual - kmNextComputibleCS) > ktpiy (1)

e 3 Condition: If the EV reaches the last CS, it proceeds to the destination otherwise to
the next checkpoint agent.

Input @

Initialisation Fleet

Time
Location
Speed
Range =
range_max*random(0.2,0.8)

CheckPoint Agent

km traveled
Update actual range

EV IsEV
Behavior compatible with
nearest CS? <+ vt ’
YES
_ . YES
Charging Station Agent
Queue time
e Actual Range - .
C,?,ﬁrg,':;%gtge e - -M9. < km_next_CS_compatible > NO
Update actual range > Range_min
YES
N Are there
- others CS?
NO
Output Y
P Destination
Travel time
N°_charges

Total queue time
Total charging time

Figure 1. Flowchart regarding the behavior of the EV.
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The EV Agent adopts this behavior in a loop until the destination is reached, at which
time the simulation stops, and the data obtained from the model are stored.

The EV Agent can only be charged once it has entered the CS block. The charging
process is influenced by various characteristics that impact performance, including charging
methods, charging power, and the amount of energy required for recharge. These factors
collectively determine the efficiency and effectiveness of the EV charging process within
the CS block. The model carefully examines each of these factors individually, providing a
detailed description of how they have been incorporated and addressed within the model.

e  Ways of charging: The primary objective is to outline the conditions under which
a vehicle can charge using either alternative current (AC) or direct current (DC).
A hierarchical selection process is employed to optimize the charging time, with a
preference for the DC mode over the AC mode. This preference stems from the fact
that DC charging provides a higher power output compared to AC charging. In the
context of “slow charging,” it refers to public AC charging stations with power ratings
ranging from 7.4 kW to 11 kW and up to 22 kW. On the other hand, when referring
to “high-power” charging, it pertains to direct current charging, where an AC to
DC rectifier is positioned upstream at the charging station, bypassing the need for
the onboard charger. High-power stations directly supply DC, starting from 50 kW
and peaking at 350 kW, enabling rapid charging of electric vehicles. This distinction
between slow and high-power charging emphasizes the varying power capabilities
and technologies employed to facilitate efficient and expedited charging.

e Charging power: The charging power is determined by two primary factors: the
power capacity of the charging point and the maximum power limit accepted by the
battery. When selecting the appropriate charging power, if these two values differ, the
lower value is always prioritized and considered for charging. This approach ensures
that the charging process remains within the constraints of the lower power limit,
guaranteeing safe and optimal charging for the battery.

e  Charging kilometers: The model also emphasizes determining the required charging
distance for electric vehicles at each charging station to minimize the overall travel
time and ensure a suitable trip duration per the targeted distance. To achieve this, two
distinct methods have been devised and proposed for implementation, as illustrated in
Table 1. These methods provide practical approaches to optimize the charging process
and enhance the efficiency of EV travel.

Table 1. Charging methods.

. Charging Mode
Condition Selected kmcharged
1° Method CS=ACAEV=ACADC AC ki’l’lcsnm - (kmEV - kmml-n)
CS=ACAEV=AC AC
2° Method kmgoo.soc — kmgy
CS=DCAEV=DC DC

For 1° method, the following logic is adopted: the kilometers to be charged will
be equal to the distance to the next compatible station, minus the difference between the
current range and the minimum range. Meanwhile for 2° method: the charge will take place
until 80% of the battery is charged. EVs’ batteries should be recharged up to 80% of the SoC
for two main reasons. Firstly, beyond 80%, the charging speed of electric batteries decreases
significantly [45]. This means that reaching 100% takes much longer than reaching 80%.
Secondly, it is beneficial for the long-term health of the battery to keep it below a full charge
of 100% [46].

Despite the higher cost associated with DC fast charging compared to slow AC charg-
ing (in Spain, fast charging can cost around 55 cents per kWh while slow charging may
be priced around 20 cents per kWh), certain users may opt for slow charging to minimize
expenses during the travel. This decision can effectively reduce the overall cost of the
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journey. However, the primary objective of the developed model is to minimize travel time
and ensure the shortest possible duration to reach the destination, while adhering to speed
limits and alleviating range anxiety as much as possible.

The process begins by determining the desired distance to be charged, which is then
used to calculate the corresponding energy in terms of kWh required. Subsequently,
considering the power consumption, the charging time can be calculated. Upon completion
of charging, the range is updated, enabling the EV to resume its journey.

4.3. Output Data

The model has been programmed in such a way as to be able to extrapolate with output
values the fundamental information that characterizes a road trip, both for the EV Agent and
for the CS. As the primary performance measure defining the efficiency of an EV’s journey, the
total time taken to reach the destination is selected. Among the other performance measures
to be provided for further analysis are the number of top-ups made; the time required for
refills, and the time spent queuing in CSs. As regards the CS, the following data are known:
total charging time, total queue time, and total number of EVs charged.

5. Case Study

The case study analyzed in this manuscript concerns a stretch of highway connecting
Madrid (A) to Malaga (B). Among the possible routes, the fastest one, with a total distance
of 530 km (Figure 2) was selected. The route mainly consists of highway sections; the
only urban areas refer to the city of Madrid and Malaga. However, considering that the
maximum speed allowed on the highway is 120 km/h [47], a constant average speed of
100 km/h is maintained in the simulation. Under this assumption, with no stops and no
travel breaks, the time required to travel the distance is about 5% h [48].

Magdrid ;Alcala de
Henares.

Cuenca
o

Alba
<

Almeria
o

Roquetas’
de/Mar,

Figure 2. Highway route from Madrid (A) to Malaga (B).

5.1. Charging Infrastructure along the Route

Once the route has been identified and configured for analysis within the model, the
subsequent step involves adding CSs that fulfill the following criteria:

e  The CSslocated only along the highway are considered, while it is intentionally chosen
to ignore those easily accessible off the highway or present in urban areas;
CSs installed in cities (Madrid and Malaga) are not taken into account;
The selection of CSs was made considering the type of place: gas stations, public
parking lots, hotels, and restaurants. The latter can be defined as public CSs, according
to the regulatory framework, in which there is no distinction between private columns
open to the public and public charging points;
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e  The CSs were equipped with slow charging type 2 and fast charging: CCS Combo 2,
CHAdeMO, and Supercharge.

Based on the aforementioned assumptions, the analysis, carried out through the
Google Maps application, reveals the presence of 23 public CSs along the route from
Madrid to Malaga [49]. Among these CSs, four stations are Tesla superchargers, boasting a
power rating of 150 kW. Their precise locations along the highway are depicted in Figure 3.
However, it is worth noting that the distribution of CSs is not uniform, with a concentration
in specific urban areas. A closer examination of the distances between CSs reveals that only
a span of 100 km is covered by the existing CSs. In contrast, the remaining sections of the
highway, encompassing three prominent stretches (identified by red circles in Figure 3),
comprise nearly 47.2% of the entire highway distance, amounting to approximately 250 km
of service gap. These stretches represent significant areas lacking CS infrastructure, posing
a challenge for EV drivers seeking to charge opportunities along these segments.

Avila A 25
3 T—
" Madrid Alcala de / )
: % - «% Henares absence C§i
S ? Cuenca 20 ~ )® absence CSs
Toledo @ & mm . ”
2 . e
K] .
Spain & 15 .
" .
9 oo .
i 0 Alb :T:n L4
SR @11 % 10 absence CSs e
2. 5 ( »
z o 1
= +0) 14T + .
1716"%5 3 5 o
A 15@ o .
Cordoba Ubeda : .
0 19 .
0
LE-50z - 0 60 120 180 ) 240 300 360 420 480 540
- @@; Distance [km]
23 21
Almeria
Ronda M{tdga Motril I
2, @ 2 ROQI?EIES
Z CELYES
(a) Distribution of CSs. (b) Three points of service holes.

Figure 3. Overview of CSs along Madrid—-Malaga.

5.2. Road Slope

The impact of road slopes on electricity consumption is widely recognized as one of the
critical factors affecting EVs [50,51]. Therefore, the proposed model thoroughly examines
road slope as a topological parameter to assess its impact on selected path characteristics.
The route is divided into 23 distinct sections to facilitate this analysis, with the extreme
stations denoted as extreme stations CS,-CS;. For each of these sections, 23 elevation
values are defined, as depicted in Figure 4. This comprehensive division enables a detailed
evaluation of the varying road slopes along the route, aiding in the accurate estimation of
electricity consumption and providing valuable insights into optimizing EV performance as
well. The generated profile exhibits an average slope of —0.3%, with the most pronounced
gradient recorded as —3.3% during the final segment before reaching the city of Malaga.
Given the approximate —600 m difference in altitude between the Madrid and Malaga
terminals, the battery consumption is relatively lower compared to a flat-ride scenario.
By calculating the total energy consumption saved during the journey, amounting to
—3.3 kWh, it can be inferred that approximately 22 km of the range is preserved to complete
the trip [52]. This indicates the significant impact of varying slopes on energy efficiency,
resulting in an extended driving range for the EV.

The contribution of energy consumption, as a function of the road gradient, is calcu-
lated as an aggregate of the sections of the route where the gradient does not fall within
the range between —1% and 1%. In cases where the estimated slope parameter is within
the specified range, the energy consumption calculation is neglected, since its contribution
to the number calculations is irrelevant. Of the 23 sections identified, only 5 are taken into
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consideration, and they are: Madrid to 1, 34, 12-13, 15-16, and 22 to Malaga, shown in the
following Table 2.

800
700 LR
600 o-®"*- e -e-e-t"e--"
500 \ : N

.
400 . ; \

A}

300 t
200 \
100 \

START
0

Altitude [m]

DYVOHY FTH ONDOB®HYOYNVNDHY FH OAN O O N Y
NNNNNNNNNNSNNNN

lagy

Ma

Distribution of CSs

Figure 4. The altitude of the highway Madrid—Malaga.

Table 2. Energy consumption of the slope in significant sections.

Section’s Slope Parameter Distance Consumption
Trip [%] [kWh/km] [km] [kWh]
Madrid to 1 —-14 —0.073 6.4 —0.467
3to4 -11 —0.073 1.5 :> —0.109
12to 13 -1.1 —0.073 22 —0.160
15to 16 -3.3 —0.121 5 —0.605
22 to Malaga -1.7 —0.073 26.9 —1.963
Tot: -3.3

5.3. Traffic Volume

To assess areas where the charging infrastructure experiences higher stress levels, EV
traffic flow is estimated. This analysis enables the identification of regions that may suffer
from congestion and resulting delays, ultimately impacting the overall travel time. By
understanding these patterns, appropriate measures can be taken to alleviate congestion,
optimize the CSs infrastructure, and enhance the efficiency of EV travel. Two scenarios
are considered for analyzing the stress of the charging infrastructure: one is simulated
by considering the average traffic flow in the highway (regular traffic), while the other
one considers an increase in the average traffic flow equal to 30% (intensive traffic). The
traffic data related to 2019 are collected through an interactive map in which it is possible
to visualize the daily traffic on the main highway in Spain [53]. Based on the available
data, the daily average number of vehicles traveling in both directions on the understudy
highway is recorded at 24.194. Meanwhile, in one direction alone, the average number of
cars is 12.097. Considering that electric vehicles (PHEV and BEV) accounted for only 0.2%
of the total passenger cars in Spain in 2019 [54], the estimated number of EVs circulating
on the highway per day is 24. To account for the increased traffic intensity, it is assumed
that the traffic flow experiences a 30% surge. Thus, the daily number of EVs traveling on
the highway is projected to reach 31, reflecting the impact of heightened traffic conditions.
An average of daily traffic flow is estimated as the number of EVs that travel the entire
Madrid-Malaga route daily in the two scenarios of the simulation:

e  Regular traffic: is equivalent to 24 EVs per day;
e Intense traffic: an increase of 30% and therefore equal to 31 EVs per day.

5.4. Electric Vehicles

A critical consideration in the simulation is the accurate modeling of EV characteristics.
To ensure realistic representation, the ten most popular EV models in Spain in 2019 have
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been carefully chosen as reference vehicles. For each selected model, a comprehensive set
of technical data were collected and reported as follows:

e  The battery capacity (kWh);
e Range (km);
e  The charging powers AC/DC (kW).

These technical specifications encompass various essential parameters that influence
the performance and behavior of the EVs during the simulation. Moreover, they are
instrumental in accurately simulating the behavior and performance of the EVs, allowing
for a comprehensive assessment of their charging and driving dynamics. By considering the
specific characteristics of the popular EV models, the simulation can provide meaningful
insights into the overall feasibility and efficiency of the charging infrastructure, aiding
in the optimization and planning of EV charging networks. The values declared by the
respective car manufacturers are shown in the following Table 3 [55].

Table 3. Most popular EVs in Spain.

Model Matriculation  Capacity = Driving Range Charging Charging
(%) (kWh) (km) DC (kW) AC (kW)
Tesla:
Model 3 8 75 560 120 11
Volkswagen:
E-Up 8 36.8 260 40 7.4
e-Golf 6 35.8 300 50 74
ID.3 7 58 420 100 11
Renault:
Zoe 18 41 370 \ 44
Nissan:
Leaf 15 40 270 50 7.4
MINT:
Cooper SE 9 32.6 261 50 11
KIA:
e-Niro 16 64 455 70 11
Hyundai:
Kona 6 64 484 100 11
Seat:
Mii 7 35.8 250 40 74

By analyzing the registration data percentages in Spain, an estimation can be made
regarding the number of vehicles to be simulated for each specific model of EV in two dis-
tinct scenarios: regular traffic and heavy traffic. This approach allows for a comprehensive
assessment of the EV fleet composition and its impact under different traffic conditions,
providing valuable insights for planning and simulation purposes.

6. Estimation of EV Energy Consumption

The range of an EV stands out as a crucial determinant in the context of electric mobility.
Nevertheless, it is worth noting that the range declared by car manufacturers often varies
significantly from the actual range experienced by the vehicles. When put to the test on
the road, numerous variables come into play, exerting a substantial impact on an EV’s
range. This section delves into examining the factors that exert the greatest influence on
the SoC of EVs, thereby affecting its range. Additionally, a comprehensive analysis of these
factors sheds light on the real-world range expectations and enhances our understanding
of EV performance in varying conditions. The proposed model takes into account several
significant factors that affect the energy consumption of an EV. These factors include the road
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slope, weather conditions, and driving style. However, the model intentionally excludes the
consideration of speed variation along the route to maintain simplicity. Future works aim to
incorporate and quantify additional factors for a more comprehensive analysis.

6.1. Factor: Weather Conditions

In harsh conditions, the temperature directly impacts the battery, resulting in decreased
efficiency of the charging systems and a notable increase in charging time. Additionally, the
shape of the charging battery SoC curves is affected. Low temperatures, in particular, can
cause a substantial reduction in the range of electric vehicles, amounting to approximately
40% [56,57]. These temperature-related effects on EV performance highlight the significance
of considering climate conditions and their implications on battery performance and range
estimations. The main cause of this disparity is that EVs lack heat generation during their
operation. As a result, all the energy required to maintain a comfortable temperature for
passengers is directly sourced from the vehicle’s battery. This holds true not only for heating
but also for situations when air conditioning is utilized. Consequently, the energy demand
for temperature control in EVs directly impacts the available battery capacity and overall
driving range. Therefore, the temperature significantly impacts energy consumption and
must be considered during simulation. For the model, two possible climatic scenarios are
identified, cold and mild, defined, respectively, in the following ways:

e  Cold weather: “worst case” based on a temperature of —10 °C and with the use of heating;
o  Mild weather: “best case” based on a temperature of 23 °C and no use of air conditioning.

6.2. Factor: Driving Style

Another parameter that influences the energy consumption of the battery EV is the
driving style. For the simulation, it is necessary to quantify the differences in consumption
based on the driving style. Traffic is assumed to be regular without congestion. However,
it is supposed that the driver’s mood is constantly normal during the journey. Therefore,
the average speed is constant, and there is no variability in acceleration and deceleration.
From a practical point of view, the estimate of the energy consumption of the EV is carried
out considering three different driving styles, which depend on the type of road, namely
the driving style on the highway, in the city, and the mixed style. Since the route is
predominantly highway, only the values referred to in the case of highway driving are
considered. The percentage of the actual range in the case of highway driving, according to
the weather conditions, will be multiplied by the range provided by the manufacturer, thus
obtaining a more realistic estimate, in particular: mild weather is assumed at 75%, and in
the case of cold weather is assumed at 58% [58].

7. Discussion of Results and Optimization

By combining the weather conditions and traffic volume, defined in Sections 5.3 and 6.1,
respectively, are obtained the four simulation scenarios:

Regular traffic—Mild /Cold weather;

Heavy traffic—Mild /Cold weather.

For each scenario, the following results (output data) are obtained:

Total travel time for each EV;

Time spent in queue versus actual charging time;
The number of charges for each CS.

Among these, it is decided to analyze and show the worst case that corresponds to
heavy traffic and cold weather, as it turns out to be the most significant case in terms of
results and the one with the most adverse conditions for the use of an EV.

7.1. Analysis and Discussion of Results on Worst Case

Figure 5 illustrates the trip characteristics for each EV, presenting the overall trip time
(depicted in blue), time spent in queues (indicated in red), and charging time (represented
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in green). It is observed that variations in travel times primarily stem from queue wait
times rather than charging durations, which remain relatively consistent across different
EV models. Thus, this highlights the significance of queue management strategies in
minimizing the overall trip duration and optimizing the EV charging experience. The Tesla
models are an exception because they can use supercharger stations accessible only to them
and, therefore, they are rarely subject to queues and are of higher power than other CSs.
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Figure 5. Total travel time for EVs.

Figure 6 presents the distribution of the number of recharges conducted at each charg-
ing station. The dashed line represents the maximum number of charges, which is 31,
equivalent to the total number of simulated EVs. Notably, the presence of the “S” marker
signifies supercharge stations that are exclusively compatible with Tesla vehicles. The
analysis reveals that the CSs experiencing the highest stress level are positioned at the
terminus of lengthy freeway sections devoid of charging infrastructure. As a consequence,
a significant number of EVs are compelled to recharge at these locations, resulting in bottle-
neck scenarios. This observation highlights the critical need to address the inadequacies of
charging infrastructure along these extended freeway segments, as it substantially impacts
the overall efficiency and flow of EV travel.
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Figure 6. N° of charges per each CS with high traffic and cold weather.

7.2. Optimization Charging Infrastructure

Based on the data derived from the simulation of the “worst scenario”, it becomes
evident that the existing conditions along the route are unsuitable for travelers with EVs [59].
Consequently, enhancing and optimizing the CSs along the route is necessary. The primary
objective of optimizing the routing of CSs is to minimize the total travel time for EVs
undertaking long-distance trips by reducing queue times. Queue time is identified as the
principal factor influencing the overall duration of the trip. By prioritizing efficient CS
routing, the aim is to provide EV travelers with a seamless and expedited charging experience,
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ultimately optimizing their travel time. Once the crucial points and underlying causes were
identified, this paper developed a network optimization strategy with the primary objective
of minimizing time. The strategy adopted consists both in the insertion of new charging
columns and increasing the power and number of charging points in the stations along the
route. Conceptually, the first factor has to make the distribution of stations uniform along the
highway to eliminate possible “holes” in the charging infrastructure, while the second has the
task of reducing queue times and consequently the overall travel time.

Figure 7 shows the distribution of the overall CS, highlighting the three new CSs (in
red), the stations already present but improved (in green) and those not improved (in black).
CSs in red are placed in fueling stations, i.e., in areas already built, so as not to have to
implement new infrastructures along the highway.
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Figure 7. Distribution of CSs after optimization.

Furthermore, the quantitative improvements implemented to the charging points for
each charging station before and after the optimization process are presented in Table 4. The
modified CSs, indicating the charging points that have been modified, are highlighted in
green, while the newly added CSs are denoted in red and finally those remained unchanged
are in white. This tabular representation provides a clear overview of the changes made to
the CS infrastructure, demonstrating the efficacy of the proposed approach in enhancing
the charging capabilities and capacity at each location.

Table 4. Number of charging points at each CS before and after the optimization.

Charging No Charging No Charging Charging No Charging No Charging

Stations Poinfs—.Be'fore Poir}ts.—After Stations Points—.Be.fore Poir}ts.—After
Optimization Optimization Optimization Optimization
1 1 1 14 1 1
2 2 2 15 1 1
3 2 2 16 1 1
4 8 8 17 1 2
5 1 1 18 10 10
6 2 2 19 1 1
7 1 1 20 1 2
8 2 2 21 null 2
9 null 3 22 2 2
10 1 2 23 1 4
11 4 4 24 1 1
12 1 1 25 null 2
13 2 2 26 2 3

7.3. Discussion Results after Optimization

The optimization process results are depicted in Figure 8, where a notable reduction
in the overall trip time is evident. Specifically, in comparison to the previous scenario,
travel time has experienced a substantial decrease of 66.68%. This reduction is primarily
attributed to the decreased queue time, surpassing the charging time. These findings
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highlight the significant impact of optimizing the charging station routing on improving
long-distance electric vehicle travel efficiency and time effectiveness.
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Figure 8. Total travel time for EVs after optimization.

The second notable improvement pertains to achieving a more equitable distribution
of the number of charges across the various CSs. Prior to optimization, the distribution
of charges is uneven, with some CSs experiencing a high influx of vehicles due to the
considerable distance from the subsequent station. This discrepancy in charging demand is
primarily attributable to the existence of service gaps that placed additional strain on CSs
close to these gaps.

Following the optimization process, additional CSs are strategically added in areas
lacking service, allowing EVs to choose from multiple stations based on their range capa-
bilities rather than being restricted to a specific station. Consequently, the total charges
in the simulation are now dispersed more evenly among more CSs, promoting a more
balanced utilization of charging infrastructure. Notably, the last CS (CS No 23) exhibits the
least utilization, with charges distributed between this CS and the preceding one, which is
added during the optimization phase, as depicted in Figure 9. The newly implemented CSs
are highlighted in red, the enhanced CSs in green, and the unchanged CSs in black, visually
illustrating the modifications made to the CS network during the optimization process.
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Figure 9. N° of charges per each CS worst condition, after optimization (newly implemented—red,
the enhanced—green, and the unchanged—black).

Lastly, the average travel times observed in all four scenarios, both before and after
optimization, are documented. Notably, a significant time reduction of approximately two
hours is achieved in the optimal scenario characterized by Normal Traffic-Mild Weather.
Conversely, in the most unfavorable scenario, spanning the worst-case scenario with ad-
verse conditions, the time saved amounts to an impressive nineteen hours. Figure 10
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visually represents these findings, further highlighting the substantial improvements re-
sulting from the optimization process.
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Figure 10. Overall EV trip time of four scenarios, before and after optimization.

8. Conclusions

The challenges of EVs as a key point in increasing the diffusion of EVs in the transport
sector are the inspiration for this work. One of the factors contributing to the slow expansion
of EVs is the reduced and inadequate public charging infrastructure network compared
to user demand [60]. In order to improve the current public charging infrastructure, this
paper aims to develop a model capable of simulating the journey of a fleet of electric
vehicles, calculating travel times, and recreating the electric charging demand required
of the charging infrastructure. Furthermore, it is possible to simulate the car journey in
different scenarios, depending on the weather conditions and the traffic volume. Based on
the obtained preliminary results, an improvement in the charging infrastructure, increasing
the number of charging stations and charging points, is performed to minimize the total
travel time of an EV on a long-distance trip. A significant decrease in the average travel
time for electric vehicles becomes evident upon detailed analysis of the simulation results
following infrastructure enhancements. Specifically, the average travel time has decreased
from 28 to 10 h, highlighting the substantial improvement achieved due to the upgrades.
The reduction in the average travel time is due to the fact that thanks to the presence of an
infrastructural network, the queue time in the CS has been significantly reduced by almost
97% in a specific scenario.

The proposed study did not include an economic analysis resulting from the intro-
duction of this new service. Therefore, the next steps of the research will focus on the
calculation of an assessment of costs and emissions. To conclude, the model is able to
obtain acceptable travel time results for an EV user facing a long journey. The model has
been adapted to a specific case study but is scalable to any other type of path.
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Abbreviations

AC Alternative Current

CS Charging Station

CcpP Checkpoint

DSM Demand-Side Management

DC Direct Current

EV Electric Vehicle

EVSE Electric Vehicle Supply Equipment
EU European Union

MPDIPA  Modified Primal-Dual Interior Point Algorithm
ODBC Open DataBase Connectivity

PV Photovoltaic
RES Renewable Energy Systems
SoC State of Charge

TNDP Transit Node Design Problem
TRDP The Transit Route Design Problem
WHO World Health Organization
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