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Abstract: Environmental issues have reached global attention from both political and social per-
spectives. Many countries and companies around the world are adopting measures to help change
current trends. Awareness of decarbonization in the transportation sector has led to an increasing
development of energy storage systems in recent years, especially for ground vehicles. Batteries,
due to their high efficiency, are one of the most attractive energy storage systems for vehicle pro-
pulsion. As for road vehicles, the growing interest in Electric Vehicles (EVs) is motivated by the fact
that they reduce local emissions compared to traditional Internal Combustion Engine (ICE) vehicles.
The purpose of the paper is to present a study on how to plan and implement vehicle charging
infrastructure on motorways. In particular, a specific road in Italy is analyzed: the motorway Al
from Milan to Naples with a length of about 800 km. This motorway can be considered representa-
tive because it passes through some of Italy’s most important cities and regions and may represent
the backbone of Italy. A useful model for defining the optimal location of electric vehicle charging
stations is presented within the paper. Starting with the data on the average daily traffic flows pass-
ing through the main nodes of the motorways section, the demand for the potential vehicles needed
to define the number and dimension of charging stations and provide an adequate supply is esti-
mated. The analysis was performed considering five-time horizons (year 2022 to year 2025) and four
Scenarios involving the installation of 4, 8, 16, and 32 Charging Stations (CSs) in each service area,
respectively.

Keywords: motorway electrification; fast-charging; traffic-based model; transportation planning;
sustainable mobility

1. Introduction

With the growing attention towards environmental sustainability policies, various
authorities, such as the European Community and the Conference of Parties (COP), have
encouraged the governments of many countries to decarbonize the transport sector [1-4].
Today, the transport sector plays a key role in the national economies of various countries,
moving goods and people to places of interest, respecting the trends of economic sustain-
ability and accessibility for users. In more developed countries, however, the transport
sector is one of the most polluting in terms of Green-House Gases (GHGs) emissions. In
fact, the transport sector emits approximately 30% of the total GHG emissions and is sec-
ond only to the heat and electricity generation sector [5]. In this context, despite the de-
carbonization policies already launched in recent years by the various Public Transport
Operators (PTOs), the sector’s Net-Zero Emission target is still far away. This is linked to
the fact that in several countries, the most used means of transport is the private car and
the rate of motorization is high [6-8]. Following these data, the authorities began to push
towards the electrification of private transport, with incentives and awareness campaigns
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that promoted Electric Vehicles (EVs). Although the EV market is growing, EV users are
still a minimal percentage [9-12]. This is due to several factors including range anxiety:
the fear of not being able to reach a destination due to the limited autonomy of EVs com-
pared to common Internal Combustion Engine (ICE) vehicles [13,14]. In fact, if EVs repre-
sent an optimal solution for urban travel, where it is also possible to exploit regenerative
braking, in long haul travel, EVs are not perceived as reliable by users. To address this
limitation, the authorities have allocated various funds for the expansion and construction
of new high-power Charging Stations (CSs) (150-300 kW), to allow the rapid charging of
EVs. Most of these charging infrastructures will be allocated in some spots on motorways
to facilitate the long-haul movements of EVs and will be positioned in existing car parks
or gas stations.

Following this trend, this paper aims to propose a motorway electrification model,
through the use of real data, in order to identify an optimal scenario in which a specific
amount of CS is identified. An attempt is made to identify the percentage of vehicles that
it will be possible to recharge in addition to the expenditure to be incurred by the decision
maker for electrification. The paper will present, in Section 2, a literature review that will
serve to contextualize the work done, particularly in the context of the electrification of
the private transportation sector. Section 3 will describe the methodological approach
taken and what inputs are needed to make the study scalable by considering other types
of highways. Section 4 will show the case study analyzed in the paper considering traffic
flow, electric vehicles, the present charging infrastructure, and related costs. Section 5 will
show at different time horizons whether the charging infrastructure will be reliable based
on the number of CS, combined with the highway flow, showing the percentage of private
electric vehicles that can be powered in the course of a day. Section 6 will present the
conclusions of the case study, suggesting the optimal conditions for the electrification of
the sector.

2. Private Transport Sector Electrification Context

The electrification of private transportation is one of the proposed methods in re-
sponse to environmental challenges and dependence on fossil fuels. The introduction of
electric private cars has been a crucial step towards sustainability and the reduction of
greenhouse gas emissions. Electric Vehicles (EVs) offer significant advantages, including
the reduction of polluting emissions and noise, decreased dependence on fossil fuels, and
lower long-term operational costs. However, challenges arise in terms of limited auton-
omy and the need for an adequate charging infrastructure. In this context, the effective-
ness of EVs on motorways is strongly influenced by the availability and accessibility of
charging stations. Now, considering the current traffic flows, the motorways charging in-
frastructure is insufficient to meet the growing demand. Differences in charging protocols
and the lack of standardization can further complicate the situation, limiting convenience
for users. Efforts to address the charging infrastructure problem include the implementa-
tion of global standards for charging connectors, the expansion of fast-charging station
networks, and the development of advanced technologies to increase the autonomy of
electric vehicles [15-18]. In this framework, Ref. [19] valuates the possibility of integrating
various storage methods to decarbonize the sector, assessing the volumes of recharged
vehicles. Ref. [20] provides a model for the positioning of charging stations on the motor-
way’s network through an applied methodology. Ref. [21] analyzes user behavior, com-
bining it with the charging needs of vehicles on high-energy days. Ref. [22] works on a
cost minimization model for high-power charging infrastructure in the Austrian scenario.
Ref. [23] proposes a comparative analysis of control strategies for adaptive supervision
based on the state of charge for Plug-in hybrid EVs. Ref. [24] offers a review of an energy
management strategy for hybrid and plug-in hybrid electric vehicles. Also, Ref. [25,26]
simulate the emissions impacts through the study of the driving behavior and traffic con-
ditions of autonomous driving electric vehicles and a model for the positioning of CSs.
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Focused on the vehicle, Ref. [27] proposes optimal charging and driving strategies for Bat-
tery Electric Vehicles (BEVs) on short trips using a dynamic approach. Finally, Ref. [28]
proposes a high-performance charging model for the electrification of motorway traffic.

Among the issues considered in the field for the location and sizing of charging sta-
tions, there is also the correct placement of Electric Sub-Stations (ESSs), enabling the right
and resilient power supply of CSs, highlighting a significant infrastructure task [29]. Ad-
ditionally, the potential impact of the mass electrification of electric vehicles is studied in
[30].

Beyond these stationary charging methods, dynamic charging methods on motor-
ways are also extensively studied to minimize range anxiety among users [31-33]. Finally,
the integration of renewables, the establishment of green islands, and emissions monitor-
ing in motorway transportation represent topics of interest in the research framework for
sustainable mobility [34,35].

Motorways EV Flow Forecast and Market Share Trend

Most of the national vehicle fleet is powered by petroleum derivatives. However, die-
sel’s share is progressively decreasing, to the advantage of less impactful vehicles, i.e.,
electric, hybrid, gas, LPG. To build the electric vehicles flow, it is necessary to start from
the number of EVs and hybrids registered [36,37]. In this case study, 2018 is selected and
in that period, they represented only 0.7% (272,665 vehicles) of the fleet. At the same time,
only 14 million cars fell into the Euro 5 and Euro 6 categories, with lower emissions. Most
of the vehicles were more than 10 years old and, therefore, outdated [38,39].

With the entry of more stringent policies, the charging infrastructure increment and
the development of the market, the number of EVs and hybrids increased to 596,000 cars
in 2020 [40,41]. This positive trend continued, even if weaker than in other European coun-
tries, also in 2022. The market that had the largest share of electric vehicles was the private
one, followed by long-term rentals, retailers, and company fleets. Figure 1 shows the per-
centage of market channels.

26.05%
® Privates

m Companies
Retailers
Long Term Rental
m Short Term Rental

15.81%

Figure 1. Italian EVs market channel, 2022.

The study carried out will work on Battery Electric Vehicles (BEVs) circulating in It-
aly, which correspond to 170,428 units. From this analysis it is possible to identify the
Italian car fleet composition, reported in Figure 2.
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Figure 2. Italian private vehicle fleet by supply, 2021, data in millions of units.

In recent years, the Italian market has seen registrations of EVs rise from 0.75% in
2018 to 1.5% in 2020. Following the most optimistic forecasts, dependent on the agree-
ments submitted with the European Community and the COP, for 2030 it is expected that
all the new registrations in urban areas will be electric. Furthermore, due to the objectives
of the National Integrated Energy and Climate Plan, the goal for 2030 is to reach 4 million
BEVs and 2 million PHEVs. It is, therefore, possible to trace a trend of electric vehicles to
2040 through a projection of the trend following the market indices (Figure 3) [42].

100%
90%
80%
70%
60%
50%
40%
30%
20%

10%

Forecast of electric vehicles in the Italian vehicle fleet

Figure 3. Percentage forecast of electric vehicles in the Italian vehicle fleet. Data are estimated fol-
lowing the market trend shown in [42].

3. Methodological Approach

Since it is impossible to carry out an in-depth study of the proposed methodology on
a national scale, one exemplary route was selected to be used as case study. Once the anal-
ysis has been carried out on this route, it will be sufficient to form a scalability process
involving other motorways for which input data are available.

With the aim of identifying the optimal strategy for the positioning of charging infra-
structures, this work is structured with a swimlane diagram, shown in Figure 4. The pro-
cess begins with unique inputs, which combined in the process can return a reliable aver-
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age forecast of EV-traffic flow on a defined stretch of motorway. The inputs used to ini-
tialize the process are descriptive, i.e., they reflect the real and current situation. The de-
scriptive data are derived from reports provided by some of the stakeholders in the mo-
bility market: decision makers, infrastructure managers, and motor operators. The data
used for the study are:

e  National new vehicle registration: useful for knowing the national per capita motor-
ization rate;

e  Traffic framework in a specific motorway section: necessary to define the flow of us-
ers in a specific area;

e  EV national market share: useful for characterizing the electricity market trend.

Once the descriptive data of the work have been acquired, they are processed in the
second phase of the study. In this phase, the data used are predictive, i.e., resulting from
calculations and estimates obtained by combining or developing the input data. It is pos-
sible to obtain an estimate of the traffic flow and define a forecast of the trend of the na-
tional EV market. The combination of these two results will allow to identify the flow
forecasts of EVs, allowing to return information regarding the strategic positioning of CSs.

Processing Output

Traffic flow
estimation

Average EV traffic

+ flow prediction
EV national
market share CSs estimation
forecasting

Figure 4. Outline of proposed approach for forecasting EV traffic flows and CS for the future.

4. Case Study: The Italian Motorways

The road identified is one of the longest and busiest at a national level and connects
five of the major Italian cities crossing almost the entire peninsula, reaching a length of
approximately 800 km (Figure 5). With the aim of carrying out an analysis as detailed as
possible, the route examined was divided into four sub-sections:

e  Sub-section 1: Milan-Bologna (approximately 215 km);

e  Sub-section 2: Bologna—Florence (approximately 119 km);
e Sub-section 3: Florence-Rome (approximately 273 km);

e  Sub-section 4: Rome-Naples (approximately 225 km).
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Figure 5. Route identification in Italy — Al and four Sub-Sections.

4.1. A1 Motorway Traffic Flow

This work processes the 2019 average daily traffic data on the Italian A1 motorway,
which connects the city of Milan with the city of Naples. The choice of data from January
2019 to December 2019 will allow us to study traffic in ordinary conditions, neglecting the
polarizations of external agents that do not directly involve mobility. In this section, the
data are clustered into five categories depending on the vehicle class. The vehicle catego-
ries, or classes, specified by the infrastructure manager are shown in Figure 6 [36,37].

@ o e
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e TS
oCoto Uoooe

Figure 6. Vehicle classes.

Class 10

Once the vehicle categories involved in the study have been identified, it is appropri-
ate to identify their distribution on the four sub-sections of the identified route. Figure 7
shows the distribution of vehicle categories in the specific sub-sections. As expected from
the national motorization rate, Class 10 vehicles are those with the highest percentage of
use in each of the sections of the A1 motorway. The Milan-Bologna sub-section is the bus-
iest, with more than 200,000 Class 10 vehicles, despite not being the longest sub-section.
The sub-sections connecting Florence-Rome and Rome-Naples represent the sub-sections
with intermediate traffic with more than 150,000 Class 10 cars. Finally, the Bologna—Flor-
ence sub-section appears to be the one with the lowest flow of the four segments, crossed
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by more than 80,000 Class 10 vehicles. A high number of users means a high number of
vehicles that will need to be charged, leading to a higher power demand. The combination
of traffic flows for each section, combined with the national electrification rate, is essential
to provide a prediction on the CSs necessary to offer a reliable charging service. By in-
creasing the vehicle class, which means, increasing the number of axles, the circulating
fleet is reduced, emphasizing that the majority of motorway users are private vehicles of
Class 10. The graph includes vehicles of Class ES, which refers to exceptional transports
and deviates from the standard classification, therefore, it may be designated under spe-
cific classes. Additionally, vehicles of Class NC are also reported, a category called Non-
Classified, as they indicate a vehicle that does not fall into a specific category or is not
clearly classified.

250,000
M Sub-section 1

200,000 W Sub-section 2
Sub-section 3
150,000 Sub-section 4
100,000
50,000 ‘
Il [ | | ™ - - I I

Class 10 Class20 Class30 Class40 Class50 ClassES Class NC

Number of Daily Veichles

Figure 7. Number of daily vehicles in A1 motorway in the four sub-sections.

To make an in-depth estimate, it was considered that vehicles can move between two
adjacent destinations, but also towards a different city from the next. Therefore, the traffic
flows of the individual motorway sections were not added together, but the maximum
value in each of the sections was identified. Subsequently, the vehicle classes were identi-
fied. Based on this process, Figure 8 shows the estimated daily number of vehicles travel-
ing along the A1 motorway following the Milan-Naples direction considering all sub-sec-
tions. Overall, traffic was identified along the Italian motorway A1l in the four sub-sec-
tions, as shown in Figure 8b, considering the totality of the vehicle classes estimated for
the Milan-Naples direction and vice versa.

90,000
80,000
70,000
60,000
50,000
40,000

30,000

Number of Daily Veichles

20,000

10,000

Class 10 Class20 Class30 Class40 Class50 ClassES Class NC

(a)
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Figure 8. Daily vehicle estimation in A1 Milan-Naples (a) direction and (b) direction and vice versa.

The response of European countries [38] shows a tendency towards a decrease in new
vehicles, linked to the fact that these are able to offer an adequate public transport system,
encouraging citizens to take collective transport. Furthermore, the model requires
knowledge of the vehicle market trend at the national level. The market shows that the
trend of recent years has peaks and valleys continuously; therefore, following these con-
siderations the forecasts on the number of electric vehicles do not have a monotonous
positive trend (Figure 9).

24

2.2

2.0

Annual Motor Vehicle Sales [mln]

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Figure 9. Italian annual motor vehicle sales (2011-2021).

Following these considerations, the predicted traffic on the A1 motorway will be con-
sidered constant in the coming years within the work. For the replicability and scalability
of the project, it is worth analyzing these data every year to provide an update and have
more precise results [37].

4.2. EVs Flow Forecast on A1 Motorway

Finally, with the traffic flow data on the A1l motorway from Milan to Naples and
combining them with the forecasts of the national EV market, it is possible to identify the
forecast of the flow of electric and internal combustion vehicles along the motorway. As-
suming constant vehicle traffic, thanks to the constant private motorization ratio, the in-
crease in EVs on the route would follow the growth trend shown in Figure 10. The market
inflection point will be expected between 2028 and 2031, thanks also to government
pushes [42—44]. It remains to be specified that this market curve may not respect the com-
plete European trend where some countries are further ahead in the development of the
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electric vehicle market [45]. However, following what has been shown by [10], a reliable
and efficient charging system is only one of the elements that would push the EVs market,
such as the achievement of climate targets. Following these considerations, the vehicle
traffic forecast curve by type (ICE or EVs) on the A1 motorway in the Milan—-Naples section
is reported (Figure 10).

g & 8

Vehicle Flow [Thousandof vehicles]
[
wu
o

100

50

0
TSI IS

Year
EVs —ICE

Figure 10. Vehicle traffic flow on A1 motorway, Milan—Naples direction. Data are estimated follow-
ing the market trend shown in [42].

The study carried out would then be easily scalable using the flow data on the four

sub-sections into which the route is divided. Figure 11 analyzes the traffic flow for each
sub-section.

300
250
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100

Thousands of Vehicles
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——ICE-1 = - -EVs-1 ——ICE-2 — -EVs-2
——ICE-3 === EVs-3——ICE-4 - EVs-4

Figure 11. Vehicle traffic flow on Al motorway divided by sub-sections. Data are estimated follow-
ing the market trend shown in [42].

4.3. A1 Motorway Charging Stations’ Current Situation

This subsection will report the charging infrastructure currently operating on the mo-
torway considered in the Milan-Naples direction. In Table 1, the charging stations cur-
rently available in this section are reported [46].
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Table 1. Existing CS on A1 Milan—-Naples.

Location km of Positioning Charging Type
S. Zenone Ovest 15.1 HPC 300 kW + fast-charging 64 kW
Arda Ovest 73.3 HPC 300 kW + fast-charging 64 kW
Secchia Est ! 165.5 HPC 300 kW + fast-charging 75 kW
Give Ovest 481.1 HPC 300 kW + fast-charging 75 kW
Flaminia Est ! 509.1 HPC 300 kW
Teano Ovest 708.4 HPC 300 kW + fast-charging 64 kW

1 CS with Est in the name are in the Naples-Milan direction and HPC —High-Power Charging.

In addition to those reported, 21 new installations are currently under construction
in various Italian service areas, of which only four are located on the Al. The CSs are
always operational and can deliver 300 kW, providing the ability to recharge the vehicle
in 15 min. The target set by the infrastructure manager is to have a CS every 50 km, and
100 of them are planned, estimating a cost of EUR 75 million. Considering the CS power,
the expected cost for a recharge will be 0.69 EUR/kWh [47,48].

4.4. Cost Estimation Settlement
To carry out the correct analysis of labor, certain costs have been considered:

e Investment costs: equipment and installation costs;
e  Operation cost: security, energy consumptions.

Table 2 reports the investment costs for the CSs” implementation [47,49].

Table 2. Investment cost for CSs.

Investment Type Cost
DC charger unit EUR 40,000
DC charger Installation EUR 64,000
Remaining capital expenditure EUR 46,000
Level 11 charger unit EUR 1500
Level 1 charger installation EUR 3000
Level 2 2 charger unit EUR 6500
Level 2 charger installation EUR 12,700
Fast charging 0.5 EUR/kWh
Slow charging 0.3 EUR/kWh
! Level 1—type of current in AC and Slow (11-20 h); and 2 Level 2—type of current in AC and Fast

(3-8 h).

On the other hand, the operation costs consist of O&M (Operation and Maintenance)
costs for the supply equipment and network fees, which involve charges for electricity,
site rental or lease, station management, billing, software subscriptions, and preventive
and corrective maintenance.

The annual electricity consumption cost is determined through the electricity rate
measured in EUR/kWh and the power consumption: average commercial electricity rates
are in the range of 0.08-0.15 EUR/kWh [47—49]. The consumption depends on:

e The number of vehicles which use the EV charging station;
e The power output of the charging station;

e The vehicle power acceptance rate;

° The climate;

e  The amount of time the vehicles charge.

DCEFC (DC Fast Charging) EVSE charging cost is considered 0.5 EUR/kWh. In the
operating costs, connectivity is included for communication issues and this fee varies from
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EUR 100 to EUR 900, depending on the CS. Finally, the last costs involved are related to
incentives and rebates linked to CS installations, software, and soft costs [47—49].

Starting with this information and combining it with the number of CSs available in
each scenario studied, it will be possible to identify the capital expenditure for each of the
scenarios in different time horizons. Capital expenditure will take into account the cost of
DCFC EVSEs and DCFC CSs.

4.5. Simulation Setup

First it is necessary to set some initial information for the study and its parameters.
In addition to what is specified in Tables 1 and 2, the presence of 60 gas stations and 30
parking areas at the moment should be mentioned. Finally, the length of the route (1456
km considering the two directions) and the presence of four CSs, which can load up to
eight vehicles simultaneously, for each station are considered as the input data. With these
data, various time horizons will be developed, which can satisfy the charging demand
depending on the traffic. As explained in the previous sections, the traffic flow is studied
thanks to the electricity market forecasts combined with the flow of users along the route.
The objective will be to electrify the 60 gas stations and the 30 parking areas, and upgrade
the 7 existing CSs. There will be five time horizons presented and they are presented in
Table 3. In addition to the time horizon number, the table also shows the year in which the
time horizon is expected to occur and the percentage of available areas out of the total
(97).

Table 3. Case study time horizons presentation.

Time Horizon Number Year Prevision % of Available Areas
Horizon 0—HO 2022 7% (actual situation)
Horizon 1—H1 2024 20%
Horizon 2—H2 2028 50%
Horizon 3—H3 2030 70%
Horizon 4—H4 2035 90%

The choice of time horizons is closely related to the curve depicting the increase in
the modal share of electric vehicles (Figure 3). Considering 2022 as the current scenario
(HO) and 2035 as the long-term time horizon (H4) for the electrification process, in com-
pliance with European standards, intermediate time horizons to monitor the electrifica-
tion process are selected: short-term (H1), short-medium-term (H2), and medium-long-
term (H3) [3,18]. In this sense, the intermediate time horizons used serve as interim mon-
itoring in the electrification process. The selection of dates is also around the inflection
points of the curve in Figure 3, where a significant increase in the electrification rate of the
vehicle fleet is forecasted.

5. Analysis and Discussion of Results

In this section, the results obtained from time horizon one to time horizon four in
different situations will be described. Specifically, four possible scenarios are studied for
the time horizons. The scenarios differ in the number of CSs allocated to each of the iden-
tified spots. In the first scenario, four CSs are positioned for each spot. In the second sce-
nario, eight CSs will be positioned for each spot, while in scenarios 3 and 4, 16 and 32 CSs
will be available, respectively, per spot.

5.1. Scenario 1

In scenario 1, four CSs are considered for each of the selected spots. As mentioned,
time horizon zero is the as-is scenario, where the seven CSs already present are located.
The presence of four CSs allows the charging of eight vehicles simultaneously. Figure 12
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shows the growing trend of the charging infrastructure available in the different time ho-
rizons. This representation shows an electrification trend based on the existing infrastruc-
ture. First, those that already exist are considered and gradually, considering the space
available in the areas used for the refueling service and the existing car parks, the CSs
increase over the years, in compliance with the electric vehicle market.

100 400
30 350
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. 70 E
é 60 250 2
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S 50 200 ‘5
[= o
@ 40 150 _‘é"
30 [
100 ©
20 S
10 50
0 0
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Existing from Scenario0 ——Number of charging points

Figure 12. Spots and charging point estimation in scenario 1.

In the graph, the maximum number of columns considered will be 88 (90% of 97), to
protect against the possibility that some infrastructures are not built in time. Figure 12
also shows the number of charging points for each scenario.

Next, it is of interest to evaluate the charging power that the different points can pro-
vide. Figure 13 shows the different charger types.

400
£ 350
(o]
o 300
2
B 250
2200 -
Q
S 150
£
3 50
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HO H1 H2 H3 H4

150 kW m 300 kW

Figure 13. Charging type estimation, scenario 1.

In all scenarios, as in this case, it is estimated that the number of CSs for which the
power is 150 kW will decrease in favor of 300 kW columns. This is linked to the installation
of new points and the replacement of CS with more performing ones, thanks to the tech-
nological development that will progress over time horizons. This replacement invest-
ment is considered in the calculation of the Capital Expenditure, in compliance with the
costs highlighted in Table 2. Considering the almost electrified time horizon, 4352 charg-
ing points are considered, split into 70 charging points for which the power is 150 kW,
and 282 for which the power is 300 kW. Following these considerations, Figure 14 shows
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the maximum capacity of the cars that can be charged in a day, considering CSs always
operating with 20 min as the standard charging time for each vehicle. Following this as-
sumption, and considering a CS is always operating, there are 72 time slots of 20 min per
day, and in every slot, it is possible to charge one vehicle. The number of rechargeable
vehicles in a day are reported in the green column of Figure 14.

600
500
400
300

200

Thousands of vehicles

100

0
HO H1 H2 H3 H4
Total number of rechargeable vehicles/day

Daily traffic flow
Figure 14. Daily rechargeable vehicle and traffic flow estimation.
From what has been estimated, this model would be able to support approximately
10% of the traffic circulating on the A1 motorway, making it an inefficient model. Finally,
following the assumptions made, the capital expenditure statement for the implementa-

tion of the infrastructure was calculated (Figure 15).

50,000

40,000

30,000

20,000

Capital Expenditure [M€]

10,000

HO H1 H2 H3 H4

Figure 15. Capital expenditure for each time horizon in scenario 1.

5.2. Scenario 2

In scenario 2, eight CSs are considered for each of the selected spots. As mentioned,
time horizon zero is the as-is scenario, where the seven CSs already present are located.
The presence of eight CSs allows the charging of sixteen vehicles simultaneously. Figure
16 shows the growing trend of the charging infrastructure available in the different time
horizons.
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Figure 16. Spots and charging point estimation in scenario 2.

As in scenario 1, the maximum number of columns considered will be 88 (90% of 97),
to protect against the possibility that some infrastructures are not built in time. Figure 16
also shows the number of charging points for each time horizon. Then, the charging power
that the different points can provide is evaluated. Figure 17 shows the different charger

types.
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Figure 17. Charging type estimation, scenario 2.

Following the same assumptions made for scenario 1, the amount of rechargeable
vehicles in a day is reported in the green column of Figure 18.
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Figure 18. Daily rechargeable vehicles and traffic flow estimation, scenario 2.

From what has been estimated, this model would be able to support approximately
22% of the traffic circulating on the A1 motorway, making it a more efficient model than
scenario 1, but still unreliable. Finally, following the assumptions made, the capital ex-
penditure statement for the implementation of the infrastructure was calculated (Figure
19).
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Figure 19. Capital expenditure for each time horizon in scenario 2.

5.3. Scenario 3

In scenario 3, 16 CSs are considered for each of the selected spots. As mentioned, time
horizon zero is the as-is scenario, where the seven CSs already present are located. The
presence of 16 CSs allows the charging of 32 vehicles simultaneously. Figure 20 shows the
growing trend of the charging infrastructure available in the different time horizons.
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Figure 20. Spots and charging point estimation in scenario 3.

As in the previous scenarios, the maximum number of columns considered will be
88, to face the possibility that some infrastructures are not built in time. Figure 20 also
shows the number of charging points for each time horizon. Then, the charging power
that the different points can provide is evaluated. Figure 21 shows the different charger

types.
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Figure 21. Charging type estimation, scenario 3.

Following the same assumptions made for scenario 1, the amount of rechargeable
vehicles in a day is reported in the green column of Figure 22.
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Figure 22. Daily rechargeable vehicle and traffic flow estimation, scenario 3.

From what has been estimated, this model would be able to support approximately
43% of the traffic circulating on the A1 motorway, making it efficient. Finally, following
the assumptions made, the capital expenditure statement for the implementation of the
infrastructure was calculated (Figure 23).
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Figure 23. Capital expenditure for each time horizon in scenario 3.

5.4. Scenario 4

In scenario 4, 32 charging stations (CSs) are considered for each of the selected spots.
As mentioned, time horizon zero is the as-is scenario, where the seven CSs already present
are located. The presence of 16 CSs allows the charging of 64 vehicles simultaneously,
making this scenario the one with the most aggressive electrification time horizons. Figure
24 shows the growing trend of the charging infrastructure available in the different time
horizons.
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Figure 24. Spots and charging point estimation in scenario 4.

As in the previous scenarios, the maximum number of columns considered will be
88, to face the possibility that some infrastructures are not built in time. Figure 24 also
shows the number of charging points for each time horizon. Then, the charging power
that the different points can provide is evaluated. Figure 25 shows the different charger

types.
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Figure 25. Charging type estimation, scenario 4.

Following the same assumptions made for the previous scenarios, the amount of re-
chargeable vehicles in a day are reported in the green column of Figure 26.
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Figure 26. Daily rechargeable vehicle and traffic flow estimation, scenario 4.

From what has been estimated, this model would be able to support approximately
85% of the traffic circulating on the A1 motorway, making it the most effective scenario
model. Finally, following the assumptions made, the capital expenditure statement for the
implementation of the infrastructure was calculated (Figure 27).
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Figure 27. Capital expenditure for each time horizon in scenario 4.

5.5. Discussion

After examining four scenarios of electrification on the A1 motorway connecting Mi-
lan to Naples, classified into five time horizons, it is possible to carry out an analysis on
the results produced. As reported, the four scenarios differed by the number of CSs for
each spot on the motorway:

e  Scenario 1: four CSs per spot;
e Scenario 2: eight CSs per spot;
e  Scenario 3: 16 CSs per spot;

e  Scenario 4: 32 CSs per spot.

Table 4 contains the results provided on the percentage of vehicles in the various time
horizons for each scenario.
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Table 4. Ratio between daily rechargeable vehicle and traffic flow estimation.
Scenario Time HO Time H1 Time H2 Time H3 Time H4
Scenario 1 8.18% 12.52% 11.89% 10.83% 10.86%
Scenario 2 16.36% 25.04% 23.77% 21.65% 20.12%
Scenario 3 32.72% 50.07% 47.55% 43.30% 40.23%
Scenario 4 65.43% 100.15% 95.10% 86.60% 80.47%

Taking traffic into consideration, Scenario 3 appears to be realistic and a good electri-
fication compromise. In fact, it must be specified that cars with high autonomy can travel
more than 300 km on a charge, without the need to charge several times on the motorway.
Given the autonomy, the driver does not want to recharge, making the service unused by
every passing vehicle. Scenario 3 will provide a service to 40.23% of vehicles in circulation
by 2035, through 16 CSs for each spot. Similarly, Scenario 4 represents an appreciable so-
lution for users, even if it would require investments of a completely different scale, look-
ing at Figure 28. Therefore, the decision maker could identify it as an oversized solution.
However, the identified case study only considers private car vehicles. Scenario 4 could
no longer be oversized if the traffic also involved LDVs (Light-Duty Vehicles) or HDVs
(Heavy-Duty Vehicles), and it would immediately become the best compromise.

Finally, considering the worst case of always-operating structures, an economic anal-
ysis based on the capital expenditure and the facility offered is estimated. Figure 28 offers
an aggregate of the capital expenditure of the scenarios divided in time horizons.

Horizon 4
Horizon 3
Horizon 2
Horizon 1
Horizon 0
Qﬁa QQQQU 000% QQQU QQQ% 000% QQQQU 000% 00%

Qv Q° Qv Q" \ Q+ Qv Q
“ N N D 2 Y o ®©
Scenario 4 Scenario 3 Scenario 2 M Scenario 1

Figure 28. Capital expenditure for each scenario and each time horizon (data in millions of euros).

It should be underlined that the case study carried out is strictly dependent on some
factors at a national and international level, such as the dependence of incentives and po-
litical strategies. However, several countries comply with the directives of a common body
(i.e.,, European Community) and have similar markets in this area. Despite this limitation,
this case study represents a motorway electrification model in order to identify an optimal
scenario in which a specific amount of CSs are identified. Moreover, this case study relies
on the fact that the grid is able to sustain the high electrification rate development, and
the issue of instabilities related to massive electrification is neglected.

6. Conclusions

With the authorities” push towards the decarbonization of vehicles, through the elec-
trification of private transport, it is estimated that the number of electric cars will soon
reach a significant percentage of the market and fleet. This will lead to the need to expand
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the CSs network for these. To cope with these trends, the work proposes a model for the
electrification of one of the main Italian motorways, the Al from Milan to Naples with a
length of about 800 km. The model combines descriptive elements, such as the motorway
flow and the existing vehicle fleet, with predictive elements, obtained thanks to the global
electrification trend. This process ends up proposing four scenarios of electrifications in
different time horizons. Observing the Scenarios, it is clear that Scenario 4 is oversized
compared to the traffic, also proposing a high expense for the infrastructure manager. In
fact, as in the Scenario of ICE vehicles, it is not certain that all vehicles refuel on the mo-
torway. In fact, for shorter journeys, drivers tend to refuel off the motorway as it is
cheaper. On the contrary, Scenario 1 starts from modern state-of-the-art scenarios, but
turns out to be undersized since, in the worst-case conditions considered, only 10% of EVs
can refuel during a day. This result is a scenario that fuels the phenomenon of range anx-
iety, discouraging people from purchasing EVs, which are considered useful only for short
trips. Considering the implementability and necessity of CSs, Scenario 3 seems to be the
appropriate compromise for users. Furthermore, considering the market trend of EVs, in
2035, 80% of vehicles will be electric, so CSs will have to be able to keep up with the flow.
Therefore, by further improving the charging performance and continuing decarboniza-
tion activities, it will be possible to reach the targets set by the authorities.
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