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ABSTRACT In recent years, market trends are confirming the increasing use of electric vehicles for private
mobility. The use of such vehicles is inevitably affecting highway contexts as well. Therefore, highway
network operators need to plan for the installation of adequate infrastructure to enable and manage the
growing demand for fast charging expected in the coming years. This paper aims to assess the impact that this
charging demand may have on the service areas (SAs) of the highway network operated by Autostrade per
I’Italia. Starting from available traffic data, this paper proposes a methodology to forecast, for each service
area, the future charging needs of EVs on a daily, monthly, and yearly basis. The analysis considers both
the energy and the power that needs to be made available to ensure charging during daily traffic peaks. The
results show that the impact generated by EVs will be generally significant, especially in terms of power
demands with peaks between two and three megawatts. The methodology developed is entirely general and
therefore applicable for similar planning in other highway or suburban roadway contexts. The validity of the
developed methodology and the made assumptions have been preliminary confirmed through an initial set
of data collected from one of the charging stations installed in one representative service area.

INDEX TERMS Electric vehicles, electric mobility, BEV, charging stations, highways, transportation.

I. INTRODUCTION
Carbon dioxide (CO2) emissions from the transport sector
account for about 23% of the global emissions level [1], [2],
and within this, the most significant contribution comes from
road transport, which accounts for just over 70% [3]. These
figures underscore the urgent need to move towards more
sustainable mobility solutions that, in terms of emissions, will
enable the Paris Climate Agreement and other targets set by
the European Commission for 2030 and 2050 to be met [4].
Battery electric vehicles (BEVs) are considered an envi-
ronmentally friendly alternative to internal combustion
engine vehicles, reducing dependence on fossil energy
sources, as well as reducing global greenhouse gas emissions
worldwide [5], [6], [7], [8]. The wide adoption of this type
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of electric vehicle is crucial to reducing air pollution in urban
areas and is a key factor to achieve sustainable mobility. As a
result, several countries have initiated policies to adopt Elec-
tric Vehicles (EVs) and aim to completely banish the internal
combustion engine within the next decade [9], [10]. As of
2018, European highways had a total of 2550 fast charging
stations (FCSs) and more than 5000 combined charging sys-
tems (i.e., the European standard plug and socket type used
for connecting electric or plug-in hybrid cars to a DC rapid
charger), which means an average of one charging station
every 60 km.

In 2020, there were about 1000 more ultra-fast charging
stations — with rated power from 150 to 350 kW - in service
areas (SAs), which allowed conventional service stations to
increase their appeal by becoming “multi-energy” [11], [12],
[13]. At present, the share of EVs, composed of BEVs and
plug-in hybrid electric vehicles (PHEVs), in Italy is around
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0.6%. The real growth of the Italian electric vehicle market
started in 2018, with +60% compared to 2017, and continued
in 2019 and 2020 with 4+-87% and +143% respectively [14].
The expansion in the last years is largely attributable to
incentives allocated by the national governments [15]. Doing
some analysis of EV market development on a short-term
time horizon (2025 and 2030) we can expect a 30-fold growth
from the current 100000 EVs reaching about 3 million units
by 2030 [16]. This growth will have to be accompanied by
the strong development of the charging infrastructure. This
transformation has already been underway for some years in
urban areas, but the highway infrastructure is not yet ready for
such a massive presence of EVs. Therefore, the problem of
deployment and management of charging infrastructure has
become an urgent issue of strong interest.

Several researchers have started to study it from different
viewpoints and with different methodologies presented in
recent works. The work [17], starts from the analysis of an
existing infrastructure on a specific stretch of Canadian’s
Ontario Highway 401 and develops an algorithm to optimally
schedule stops for charging in order to minimize the overall
travel time. Other works, however, address the problem of
locating charging stations. In [18], for example, the authors
sought to understand what was the minimum number of
fast-charging stations that should be installed in the whole
European highway network to ensure a minimum range of
150 km for different EVs. In this work, the highway network
is treated through graph theory, but several approximations
were necessary to reduce computational effort. A similar
approach was used in [19] and [20]. The analyses conducted
in these papers do not use actual traffic data but assume a
region-based distribution based on vehicle registration data.
The method is then tested on a simulated model based on a
regional network. With respect to the aforementioned works,
the present one aims to assess the impacts that the charge
of electric vehicles will have on the Italian highway net-
work and, in particular, on the electric infrastructure of the
service areas present on the portion of the network man-
aged by Autostrade per I'Italia (ASPI) [21]. The assessment
aims to estimate the expected electricity consumption and
peak power that may be required to meet future recharge
demand. The final goal is to provide the necessary infor-
mation to schedule the operations of installation, correctly
size the charging infrastructure of the service areas, and be
able to meet future user demands. The work is based on real
traffic data generally available to all highway infrastructure
managers and can be adapted to different EV penetration
scenarios or traffic volumes. The developed method can be
generally applicable on other highway stretches but can be
also easily extended to other road settings.

The paper is organized as follows: Section II presents a
brief overview of the current infrastructure and technologies
for electric vehicle charging on the highway, Section III
describes the Italian highway context and the specific case
study of the present work in detail, and Section IV is devoted
to the developed methodology for the assessment of future
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needs in terms of power and energy for the electric vehicles
charge in service areas. The results of the assessment are
presented in Section V and their preliminary validation is
discussed in Section VI. Conclusions and indications for
future improvements are presented in Section VIIIL.

Il. FAST-CHARGING INFRASTRUCTURE

At present, the most popular charging stations, especially in
urban settings, take advantage of on-board vehicle converters.
These are typically AC systems, which are referred to as
AC Level 1 and Level 2, and are designed to handle powers
ranging from a few kW to about 22 kW [22]. These power
levels allow the battery to be fully recharged but taking
several hours. Thus, they are clearly not suitable for highway
charging where charging may not result in an appreciable
lengthening of total travel time. That is why, in such con-
texts, installations almost exclusively involve DC charging
systems, typically called fast-charge, which are capable of
handling powers ranging from tens of kW to several hundred
via converters external to the vehicle [22]. The powers of
such stations are also gradually increasing to meet what may
be the future need for charging heavy-duty vehicles as well.
With this in mind, the CHAdeMO organization has recently
introduced, CHAdeMO 3.0 fast-charge technology capable of
providing up to 500 kW [23], [24].

It should be borne in mind that, the actual use of such
power, is highly dependent on the ability of the battery pack to
accept such power by effectively managing the thermal issues
and the state of health maintenance [25]. In any case, fast
charging allows 80% of the battery capacity to be reached
in tens of minutes [26]. Charging the remaining 20%, if con-
ducted efficiently, would take longer [27]. Furthermore, sev-
eral manufacturers strongly suggest not exceeding this level
to extend battery life [28], [29].

Currently, FCSs are primarily used as a backup option on
the road if the battery runs out during long trips or when there
are not sufficient public Level 2 charging stations nearby [30].
However, many are convinced that fast charging will become
all the more predominant as the charging time will approach
gasoline refueling times, and for this very reason, FCSs are
seen to be strongly deployable in highway service areas [9].

The adoption and diffusion of FCSs are facing several
challenges that relate to their integration into the electric
network such as the requirement of relevant power levels
and their compatibility with renewable energy sources and
storage systems [31]. Studies on the usage patterns of FCSs in
the context of daily travel are needed. This is both to validate
the ability of the electric grid to tolerate and handle their
sudden power demands and to assess the long-term effects
on the health of vehicle batteries.

As of 2020, fast charging has taken up about 5%-10% of
the market for total energy charged by EVs [32], and this
number is expected to strongly increase in the near future,
especially on highways [18]. Eventually, this type of charging
is considered more suitable also for the charge of cabs, shared
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vehicles, or freight transport, i.e. for all those services or
vehicles used with high uptime and for which slower charging
is certainly not the optimal solution [33], [34], [35].

lIl. HIGHWAY INFRASTRUCTURE IN ITALY: CASE STUDY
DESCRIPTION

The Italian highway network extends for about 6600 km as of
2021 [36] both in the peninsular territory and in the islands.
It is divided into 36 main branches, 3 highway tunnels for
transit to neighboring countries, and several branches and
junctions between the different branches. 13 branches have
a suburban character and serve as orbital roads in the vicinity
of major cities. At present, the network reaches a density of
22.4 km of highway per thousand square kilometers of Italian
land area.

The management of the network is entrusted to 26 different
companies and, among these, the company Autostrade per
I’Italia is the one that manages the most extensive portion
equal to about 2855 km, which is among the largest in Europe.
The highway network managed by Autostrade per 1’Italia
covers 14 of the 20 Italian regions. On this network, there are
204 service stations placed at an average distance of 29 km
and about two million vehicles circulating every day [36].

Because each SA is set in a particular geographic context
and faces very different levels of traffic, energy consumption,
and power that will be necessary to install to guarantee elec-
tric vehicle charging service, change from SA to SA. For this
reason, a methodology has been developed to estimate both
quantities (power and energy) for each service area while
also evaluating their evolution from the present until 2030.
In this context, one of the key data available is represented
by the daily light vehicle transits in the portion of the road
facing each SA. This data is typically measured through
traffic management systems by each highway operator [37],
[38].

The SAs of the ASPI highway network that will be the
subject of the present study are shown in Fig. 1 together with
the remaining part of the whole Italian network.

IV. METHODOLOGY FOR THE ASSESSMENT OF THE
IMPACT OF EV CHARGING

This section describes the followed methodology to calculate
energy and power, respectively.

Section IV-A presents the methodology that, for each
service area of the ASPI network, allows to calculate the
expected energy consumption on a daily, monthly, and annual
basis. The results obtained will make it possible to predict
the expected consumption and, given the expected variations
on a daily/monthly basis, the information derived from the
calculation algorithm could make it possible to make predic-
tive evaluations on the infrastructure: a typical use of these
results could be the sizing of photovoltaic generation systems
coupled with a storage system that makes it possible to cope
with the energy needs linked to vehicle’s recharging needs by
maximizing, for example, the quota of self-consumption or
minimizing the quota of energy taken from the grid [39].
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FIGURE 1. Whole Italian highway network. The portion of the highway
object of the study is indicated in light blue. White circles represent the
service areas considered in the assessment.

Section IV-B presents the methodology to estimate the
impact of EVs on the service areas in terms of power to be
committed to allow the simultaneous recharging of inflowing
EVs.

The whole assessment assumes that the charging stations
are of the DC fast charging type with a power equal to 100 kW
capable to recharge the batteries up to 80% within 20 minutes.
This level is considered representative of the majority of
available DC FCS and of the practical power limit accepted
by several car manufacturers [25]. Considerations on this
assumption are provided in the concluding sections.

A. ENERGY ASSESSMENT

The starting point of the whole methodology is the data of
daily passages of light vehicles passing through the portion
of the highway facing the service area (simply referred to as
“in front of the service area” in the following). This value
is multiplied by an empirical factor F, which represents,
on average, the number of vehicles entering an SA with
respect to all those passing on the facing highway section.
The experience of ASPI allows us to say that the number
of vehicles that stop inside the SA, is between 8 and 12%
of the passing ones. Starting from the expected entrances in
each service area, it is possible to predict how many of these
vehicles will be electric by assuming a certain EVs’ share
E that can be related to a considered market scenario. The
inputs of inflowing BEVs for the j-th service area BEV, ; are
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calculated according to equation (1):
BEV;,; =TLG; - F - E 1)

where TLG; is the daily light traffic in front of the j-th SA.

Once the number of EVs entering a service area during the
day is known, it is necessary to know two other quantities in
order to correctly estimate the amount of energy that each of
these vehicles will absorb from the grid during charge: the
residual charge of the vehicle battery, i.e., the state of charge
(SOC), and the capacity of the battery (Cpay). A stochastic
approach is used for both of these variables. The SOC of
a vehicle at the arrival at the SA is estimated by using the
following Weibull distribution, as similarly suggested in pre-
vious works [40], [41]:

k (k—1) *(%)k
)L_kSOC e for SOC >0

pdf(SOC) = 2)

0 for SOC <0

This distribution is characterized by two always positive
parameters: the shape parameter k and the scale parameter
A. As can be seen in Fig. 2, the adopted k£ and A lead to
assuming that almost all vehicles entering the service area
with the aim to benefit from fast charging, have a residual
charge level between 20% and 70% of the initial battery
capacity. The final SOC is always considered to be 80%
of the installed onboard capacity, considering that this level
could be typically reached in about 20 minutes using the
charging system we are considering [42]. At the same time,
it is assumed that vehicles with SOC of 80% or higher do not
need to make use of charging services.

The probabilistic distribution of the EV battery capacity is
derived from a snapshot of the real Italian electric car fleet
with reference to the year 2019 [14]. In the present work, this
distribution is assumed for the entire period considered in the
study (i.e., up to 2030). This choice is supported by several
studies that indicate as the current battery capacity is more
than sufficient to provide for the majority of trips [43], [44].
Many other studies [45], as well as statements from CEOs of
automobile manufacturers [46], suggest that battery capacity
will be less important as public EV chargers become ubig-
uitous. These instead indicate how potential technological
changes will not be in the capacity of batteries as much as
in their volume and weight.

The different vehicles have been grouped into 6 classes
according to the size of the battery installed on board: from a
minimum value of 15 kWh to a maximum value of 105 kWh,
with intervals of 15 kWh. A probability is associated with
each class, based on the ratio between the number of regis-
tered EVs with that range of onboard battery capacity and
the number of total EVs circulating in Italy in 2019. Table 1
summarizes what has just been described.

Hence, for each SA, the capacities of the batteries of the
various EVs entering during the day are stochastically redis-
tributed and each vehicle is associated with a certain level of
residual charge. At this point, assuming a final SOC equal to
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FIGURE 2. Probability distribution associated with the SOC of an electric
vehicle at the arrival at the service area. Actual probability distribution
(a) and cumulative distribution (b).

TABLE 1. Battery capacity distribution reconstructed from data available
in [14].

Battery capacity Number of EVs in the

interval (kWh) Italian car fleet Probability
15 < Cpaty <30 5176 6%

30 < Chatt <45 9434 48%

45 < Cpagt < 60 2395 12%

60 < Cpatt <75 108 1%

75 < Chage < 90 264 1%

90 S Cbatt < 205 1974 10%

80% of the whole battery capacity, it is possible to calculate
the average daily electrical energy Eq ; that will be absorbed
by charges as:

N
Eaj=Y (SOCI™ — 50C™) - Coun, 3)
1
where:
o N is the number of EVs entering the service area j
. SOCifinal is the final state of charge of the i-th vehicle
(always equal to 80%)
. SOC}nit is the initial state of charge of the i-th vehicle
o Cpan,j is the battery capacity of the i-th vehicle.

B. POWER PEAK ASSESSMENT

To correctly assess the electrical power that will be required
in a given service area, it is not sufficient to know the absolute
number of EVs that stop during the course of a day (i.e.,

11863



IEEE Access

D. Franceschini et al.: Power and Energy Demand to Support E-Mobility on Highway: The Italian Case Study

e .

1234567 8 91011121314151617 181920212223 24

hour

FIGURE 3. Qualitative reproduction of the service area entrances made
available by Google. An urban highway section (in blue) and a
recreational highway section (in orange) are shown.

as done for the calculation of energy consumption). In fact,
in this case, it is fundamental to know the temporal distribu-
tion of recharging occurrences, i.e., the time at which vehicles
arrive and enter the SA to recharge. The estimated maximum
number of EVs that may need to be recharged at the same
time provides a direct indication of the maximum power level
that has to be made available. To make this assessment, it is,
therefore, necessary to know how the flow of vehicles varies
throughout the day in order to quantify the traffic peak. Since
itis not always possible to obtain this level of detail as the data
is either proprietary or associated with sensitive information
(such as car number plates), the methodology proposed by the
Highway Capacity Manual (HCM) has been used [47].

According to the HCM, traffic varies during the course
of a day with a shape depending on the day of the week
(weekdays or holidays), and whether the considered stretch
of highway is typically associated with business or leisure
travels. In particular, stretches of highway used mainly for
recreational purposes (i.e., for example, stretches of highway
leading to seaside or vacation resorts) show more pronounced
hourly peaks in traffic than stretches of highway used mainly
for work purposes, where traffic is more uniform during the
day. Some of the results of these experimental campaigns
and traffic data acquisitions along American highways can
be found in [47]. It is important to emphasize that, although
the HCM is a reference developed in the US, the guidelines
provided in that manual are also widely used in the European
and therefore Italian context.

The hourly pattern of daily traffic also has an impact
on service area entries: service areas located on highway
stretches close to large urban centers, used mainly for work
purposes, show a more uniform inflow of users than service
areas located on rural highway stretches used mainly for
recreational purposes (see Fig. 4).

To evaluate the power required at the delivery point in order
to meet user demand for charging, it is necessary to move
from average daily traffic to hourly transits. The Average
Annual Daily Traffic (AADT) is simply defined as the ratio
between the number of transits 7A; recorded on a road section
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in a year and the number of days in a year as indicated in (4):
AADT, = 1 @
77365

The HCM provides an empirical factor called the K -factor
(simply indicated also as K in the following), which makes
it possible to switch between the AADT and the expected
hourly traffic volume during the daily peak hour [47]. The
K-factor, which is basically nothing more than a percentage
of the AADT , varies according to the type of highway section
urban/working or rural/recreational. Using the K-factor to
identify the peak hour traffic volume as a percentage of
the AADT can overcome the problem of the lack of data
discussed at the beginning of this section. The hourly peak
traffic volume that can be expected on an urban/working
highway section is about 9% of all average daily traffic. In the
case of a rural/recreational highway stretch, the hourly peak
can represent 10% of all average daily traffic. Generally,
on rural highway sections, there is greater variability, with
some hourly peaks of up to 30% of daily traffic.

As defined through (5), the peak hourly traffic volume in
front of the j-th service area, or hourly peak volume (HVP)),
is defined as the product of the AADT and the K -factor, where
the latter is a function of the type of road section in which the
service area j is located:

HVP; = AADT; - K; Q)

To calculate the expected peak hourly traffic volume, it is
necessary to choose one of the two values of the K-factor
proposed (i.e., 9% or 10%). Given the large number of service
areas to be considered, it was decided to implement a rapid
and automated process that would allow the classification of
the SAs according to the territorial context and the type of
road section in which they are located. To do this, the GIS
(Geographic Information System) software QGIS [48], has
been used. The GIS software has allowed overlaying of two
different spatial layers:

« A layer containing all the spatial information related to

the 204 service areas of the ASPI network

o A layer that divides the entire Italian territory into

4 types of zones according to the population residing
in the area, the level of urbanization, the population
density, and the industrialization of the territory [49]:
a. Inhabited centers
b. Inhabited nucleus
c. Productivity locality
d. Scattered houses.
By overlapping the two layers it is possible, for each service
area, to characterize the territory in which it is located and
classify it as urban SA, if it falls into categories a, b, or c,
or rural SA, if it falls into category d. The result of the
classification is shown graphically in Fig. 4.

Once the K -factor value is assigned to the different service
areas, it is then possible to estimate the hourly traffic volume
HVP; by applying (5). To know the share of purely EVs that
could stop in the service area during that one-hour time frame
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FIGURE 4. Classification of service areas according to the territorial
context in which they are located (urban in red, rural in blue).

(BEVjyj) it is possible to use the same two parameters £ and
F defined for (1) as for (6):

BEVi,; = HVP; - F -E (6)

Once the number of EVs that could stop at the same time
to recharge is estimated, it is necessary to define a contempo-
raneity factor I'; to assess the probability that these vehicles
will charge at the same time. The contemporaneity factor
is here defined as the ratio between the total time needed
for charging and the considered time interval in which the
vehicles arrive at the service area, i.e., one hour. On the basis
of these assumptions, equation (7) is then found:

T;

B Atop

where T is the time required for a complete recharge includ-
ing all the complementary operations necessary to start and
conclude the charge (i.e. cable connection, start charging,
payment) and Aty is the one-hour observation interval in
which vehicles arrive at a generic service area. It is worth
noting that the contemporaneity factor is independent of the
service area considered and therefore generically applicable.
The number of simultaneous charges expected in the j-th
service area (RC)), therefore, can be estimated from the num-
ber of hourly inputs of EVs (BEV;, ;) previously defined as
indicated in (8):

N

C

RCj = BEVjyj-I'c (8)

Knowing the estimated number of EVs that could simultane-
ously require fast charging, the power that would be needed
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in the SA to meet this demand is calculated. The total power
Psa j required in a given service area is calculated according
as:

PSA,j = RCj - Pnom (9)

where RC; is the expected number of simultaneous charges
during the peak hour in the j-th service area and Ppon 1S the
power delivered to each vehicle plugged in a charging station
(which we recall, was assumed to be 100 kW).

V. ANALYSIS AND DISCUSSION OF RESULTS

As mentioned above, ASPI’s experience allows us to say
that the number of vehicles that decide to enter a service
area is between 8 and 12% of the total number of vehicles
passing in front of the service area itself. For this reason,
an average value of 10% has been chosen for parameter F.
The share of expected BEVs (parameter E) has been set equal
to 10.1%, according to the most accelerated development
scenario found in [16] by choosing the year 2030 as the time
horizon. The contemporaneity factor I'; has been set equal to
0.5 since it is assumed that the duration of the whole charging
operation (7;) is equal to 30 minutes (see eq. (7)). Table 2
summarizes the values of all the parameters presented in the
Section IV and selected for our model calculations.

The flexibility of the developed methodology (which is its
most important strength) allows to use it for any different
highway infrastructure and scenario as these parameters can
be modified according to the context in which this model is
applied (i.e., service areas with higher or lower entrances,
more or less accentuated traffic peaks, higher or lower pow-
erful FCSs installed, different levels of penetration of EVs on
different time horizon).

A. FORECASTED ENERGY CONSUMPTION IN THE SERVICE
AREAS

Fig. 5 provides an example of the results obtained for a
monthly consumption for EVs charging expected in 2030 in
two different SAs. It is interesting to note that, in the urban
SA (Fig. 5a) located near Milan on a stretch of highway char-
acterized by travel for work-related purposes, a minimum in
consumption is seen during August. On the other hand, in the
rural SA (Fig. 5b), a peak in the consumption is noted in
August. Since this SA is located along the Adriatic coast,
the peak can easily be attributed to travels associated with
summer holidays.

Fig. 6 summarizes the results of this first analysis: all
service areas of the ASPI network are shown and each one
is associated with the annual energy consumption expected
in 2030 to meet the recharging needs of EVs. The color of
the symbol identifying the service areas is defined according
to the higher or lower level of expected energy consumption.
This classification makes it possible not only to immediately
identify the critical areas of the network in terms of energy
consumption but also to have a quantification of the level of
expected consumption. The most critical areas can be found
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TABLE 2. Battery capacity distribution reconstructed from data available in [14].

Parameter ~ Description Value

Time horizon 2030
F Share of vehicles entering an SA with respect to transit in front of it ~ 10%
E Share of expected BEVs, including light passenger vehicles 10.1%

and light-duty commercial vehicles, in the Italian car fleet
SoC State of charge distribution function Weibull distribution (A = 45, k = 4)
Chatt Battery capacity distribution function Values reported in Table 1
K Parameter that converts total daily traffic into hourly peak traffic 9% (for urban stretches)

10% (for rural stretches)

T Time required for the whole charging operations 30 min
e Contemporary factor 0.5
Phom Nominal power of a charging slot 100 kW
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FIGURE 5. Monthly consumption expected in 2030 for recharging EVs in
two sample service areas, urban (a) and rural (b).

along the stretch of the A4 highway linking Milan and Berg-
amo and partly also along the stretch of Al highway from
Milan to Bologna, with peaks of almost 5 GWh per year in the
most frequented service areas. The total annual consumption
associated with EV charging in all service areas of the ASPI
network is therefore estimated at around 230 GWh.

B. FORECASTED POWER TO BE INSTALLED IN THE
SERVICE AREAS

Fig. 7 summarizes the results obtained from the estimation
of the power required in each service area to cope with
the expected peaks of simultaneous charging. The 204 ser-
vice areas, indicated in the figure by dots, are colored with
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© 1250.6—1925.8
@ 1925.8—-2687.8
@ 2687.8-4805.1

FIGURE 6. Annual energy consumption for EV charging on the SAs
belonging to ASPI network expected in 2030.

different gradations of red according to the level of power
that would be needed to be installed. A strong similarity
with the results shown in Fig. 6 for energy consumption is
immediately apparent. As expected, the critical points in
terms of power demand are found where there is generally
intense traffic (e.g., along the stretch of the A4 highway
between Milan and Bergamo). As visible through the box plot
of Fig. 8, in most of the service areas, the results indicate
that power between 500 and 1000 kW is sufficient to meet
the changing requirements by 2030. The peak in requested
power is found in the two urban service areas along Milan
ring road, where up to 3.5 MW may be needed. In general,
the power that will be necessary decreases by moving from
north to south and from urban to rural areas.

VI. PRELIMINARY VALIDATION
The campaign to deploy fast charging stations on the ASPI
network was launched in the summer of 2021 and is currently
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FIGURE 7. Power to be installed to meet the changing needs of EVs on
the SAs belonging to ASPI network expected in 2030.
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FIGURE 8. Distribution of the power to make available among the ASPI
highway service areas summarized within a box plot. Almost all values
are between 100 and 1800 kW, with an average of around 800 kW and a
median of 700 kw.

underway. As can be expected, the data collected during
these months is extremely sensitive for the charging service
operator and at the same time cannot be made public for
market and confidentiality reasons. It has, however, been
granted by the ASPI group’s charging service operator to
access the data from six months of operation of the charging
stations of a SA in the northeast area. This SA is classified
as urban according to the criteria described in Section IV.
For the reasons stated above, such data will be presented in
anonymized form.

Despite these limitations, as much information as possible
was extracted to validate, albeit in a preliminary way, some of
the assumptions made in the development of the methodology
presented. The available data are for the months from October
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FIGURE 9. Anonymized data of monthly measured energy required by
fast charging stations installed in an SA in the northeast area, classified
as urban, and total number of vehicles passing in front of the SA. Period
from October 2021 to March 2022.

2021 to March 2022. According to the data reported in [50],
there were 122138 BEVs registered in Italy at the end of 2021.
The model developed by the authors in [16], and adopted in
the present work (labeled as accelerated scenario) provided
a number of BEVs in the same period equal to 122252, i.
e. a deviation of less than 1%. This result, at the moment,
allows verifying the validity of the input data on the share
of electric vehicles over the whole Italian vehicle fleet used
in (1) and (6).

A second important validation addressed the correlation
between traffic volumes in the portion of the road facing the
service area and the number of vehicles that used the charging
services. As visible from the comparison made in Fig. 9, there
is a quite clear correlation between traffic volume and the
energy required for charging.

Regarding the forecasts about the energy required to supply
the recharges, it was possible to observe, for each individual
month a deviation in a range from a minimum of 2% to a
maximum of 20%. In each case, the consumption predicted
through the methodology adopted in this work was always
higher than the actual demands. This result, as well, confirms
the validity of this tool for planning energy needs for meeting
user charging demands.

Finally, data on the distribution of vehicle battery capacity
for 2021 extracted again from [14], emphasize that there was
no evident increase in battery capacity. 91% of BEVs still
has a battery capacity between 15 and 60 kWh, while higher
values remain within a few percentage points.

VII. SENSITIVITY ANALYSIS
The results derived from the model presented, depend on
two key preliminary assumptions: the power of the charging
station considered and the percentage of electric vehicles
entering the service area.

A modification in the power level of the charging station
implies a change in the duration of charging itself and thus
in the number of simultaneous recharges that can be handled
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TABLE 3. Relative variations of the number of contemporary charges and
required peak power versus variations of the charging station nominal
power (Pnom from 100 kW to 200 kW) and share of vehicles entering the
SA (F from 10% to 12%). Results evaluated for the two sample urban and
rural SAs. Absolute values are reported in brackets.

URBAN SA
Max. contemporary  Peak of requested
recharges variation power variation
AProm = +100% —926% +49%
(T; = 20 min, (from 35 o 26) (from 3500 kW
I'c =0.33) to 5200 kW)
AF = +2% +69%
(same Prom, Th, T (fmr:lrg?(ff) so)  (from 3500 kW
as in Table 2) to 5900 kW)
RURAL SA

Max. contemporary
recharges variation

Peak of requested
power variation

AProm = +100% —20% +60%

(Tt = 20 min, (from 10 to 8) (from 1000 kW
I'c =0.33) to 1600 kW)
AF = 4+2% +70%
(same Phom, Tt, I'c (frorj?gij) 17) (from 1000 kW
as in Table 2) to 1700 kW)

(parameters T; and I’ in (7)) as well as on the overall peak
power required by a SA.

To have a measure of how sensitive the results obtained
are to this parameter, the assessment was repeated assum-
ing a power of 200 kW for the charging stations. Based
on this variation, a shorter charging duration of 20 minutes
was assumed (keeping the complementary operations period
unchanged). This variation implies a contemporary factor I'¢
value of 0.33 compared with the value of 0.5 considered in
the study. This type of assumption about a direct propor-
tionality between charging power and charging duration is
certainly a simplification. However, this correlation is consid-
ered acceptable in relation to the range of SOC assumed for
the vehicles requiring charging services. In fact, as analyzed
in detail in [41], in a range between 20 and 80 percent
of SOC, charging is predominantly done with a linear vari-
ation of instantaneous power. Under these conditions, the
approximation made is considered acceptable, especially in
the absence of more specific information. A possible way to
refine this approach is discussed in the conclusions.

The results of this evaluation for the two representative
SAs considered so far are shown in Table 3. It can be seen
that a doubling of charging station power implies a 20-26%
reduction in contemporary recharges and a 49-60% increase
in the total power required by the service area.

For completeness, the same evaluation was repeated while
keeping the power of the charging station unchanged (Ppom =
100 kW), but considering a higher percentage of vehicles
entering the service area. This variation may be related to
a change in the market scenario compared to the one con-
sidered (i.e., the parameter E) or to a simple variation from
the custom about the number of vehicles entering the SA
compared to the traffic in front of the SA (i.e., the parameter
F). As can be seen from equation (1), the change in the
parameter F or E is indifferent to the final result. Thus, for the
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comparison, it was chosen to increase the parameter F' from
the 10% used in the study to 12% (the maximum value among
those typically observed, see Section IV). The results of this
evaluation have also been reported in Table 3. What can be
seen is that, as expected, in both cases there is an increase
in power demand, but the results are much more strongly
dependent on the variation in the number of vehicles eligible
for charging. For a 2% increase in total vehicles entering the
service area, there is about a 70% increase in the overall peak
power required, for both the urban and rural contexts.

VIIl. CONCLUSION

The work presented has consisted in assessing the impacts
that the spread of electric vehicles will have, in the short term,
on the Italian service areas along the highway network. It has
sought to provide a concrete response to the urgent need to
equip the service areas with fast charging stations for EVs.

It is clear from the results that, particularly in the busiest
areas of the network close to the biggest cities in the north,
the needs in terms of energy and power that must be made
available are onerous. The results also indicate as the future
need for charging hubs capable of recharging from 20 to
30 vehicles at the same time, with a capacity of 2 — 3 MW.
This clearly means significant investments, physical space,
and particular attention to safety aspects.

The proposed methodology can be extremely useful in
planning the electrification of the highway network over
the next years, guiding the construction of charging stations
where they are most urgently needed and estimating the
amount of electrical energy that will be required. This infor-
mation is fundamental for the planning of energy manage-
ment indicating the best policies to buy and manage electric
energy. The strength of this methodology has been demon-
strated to be double: the simplicity of the algorithm and its
extreme flexibility. In fact, the algorithm requires data that is
generally available to highway infrastructure managers, and
it can be adapted to face different penetration scenarios of
EVs or to different traffic data. Moreover, this methodology
can be applied also to other contexts than the extra-urban one
such as, for example, to a traditional refueling station located
in a suburban area.

Preliminary data appear to confirm the validity of the
adopted approach and assumptions.

Future activities will aim at refining the results obtained in
the present work assuming the possibility that the power of
the charging stations is different in the various service areas
on the basis of the different inflows of vehicles expected.
Moreover, the actual distribution of the vehicle fleet in the
various Italian regions, assumed to be uniform throughout
the country in this work, will be validated starting from
more detailed data that will be available in the near future
which will be more representative of the peculiar differ-
ences between the different parts of the national territory.
Finally, a more accurate evaluation of the correlation between
actual charging duration and charging station power can be
addressed by building an average model obtained from data
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measured during the charging of an appropriate statistical
sample of vehicles with different battery characteristics and
capacities.
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