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Abstract: Presented in this paper is a Multistage Design Procedure (MSDP) for planning and
implementing Public Charging Infrastructures (PCls) to satisfy intracity charging demand of Electric
Vehicles (EVs). The proposed MSDP splits planning and design processes into multiple stages, from
macroscale to fine-scale levels. Consequently, the preliminary results achieved at each stage can be
refined at the subsequent stages, leading to determine the accurate number and precise geographical
location of each charging point. The main advantage of the proposed approach is that it splits a very
complicated procedure into multiple and simpler stages, at each of which appropriate goals, targets
and constraints can be included. As a result, the iterative interactions among all the stakeholders
involved in the PCI design process are significantly simplified. The proposed MSDP has been
employed in the planning and design of the PCI of the Italian island of Sardinia, accordingly to all the
public bodies.

Keywords: charging infrastructure; electric mobility; electric vehicles; intracity charging; planning;
urban infrastructure; transportation electrification

1. Introduction

The awareness of the effects on climate change produced by greenhouse gases is forcing a significant
transformation in the planning and use of primary energy sources (fossil and renewable), which
influences all energy sectors deeply. Particular attention on energy planning is devoted to the transport
sector, due to its high share of emissions and the expected growth of mobility demand of developing
countries. Mobility has a fundamental role in the development of social and economic activities.
Several economic analyses have shown a strict correlation between economic development and gross
domestic product, mobility demand, freight transportation and environmental degradation [1-3].
Because of the dependence on fossil fuels, the equivalent CO, emissions due to the transport sector
will significantly increase if no corrective actions are taken, resulting in a relevant percentage of the
overall emission inventory.

One of the main concerns regarding the transport sector is its energy demand, which is almost
30% of overall global energy consumption, relying on oil products for more than 90%. In addition,
about 75% of the overall consumption is due to road vehicles [4]. In order to reduce such an oil
dependence, suitable actions are desirable that ease a massive redistribution of modal shares towards
more sustainable transportation modes, such as buses, metros and bicycles. Similarly, the increase of
both vehicle efficiency and the amount of energy demand covered by renewable energy sources are
mandatory in order to reduce emissions and pollutions due to the transport sector. In the last two
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decades, considerable attention has focused on Electric Vehicles (EVs) because of their higher efficiency
compared to conventional vehicles, the absence of local gas and noise emissions, and their inherent
predisposition to be integrated into smart mobility systems. Also, since EVs are fueled by electricity,
they contribute to increasing the use of renewable energy sources in the transport sector. For these
reasons, politics are fostering the electrification of transport sectors at both local and national scales,
especially in the urban environment. Although the high cost of EVs restrains their wide diffusion, it is
expected that, if technology improvements and public actions evolve as expected, the number of EVs
on the road will outnumber conventional vehicles in the next few decades [5,6]. On one hand, even
if the cost of energy-storage technology is expected to decrease rapidly, public incentives might be
necessary to reduce the price of EVs further, and, thus, to fill up the economic gap with conventional
vehicles. On the other hand, public initiatives are needed to develop Public Charging Infrastructures
(PCls) at the early stage of EV diffusion, when private infrastructures may be not available, especially
to attract a wide number of EV adopters [7,8].

In this regard, PCls allow for greater electric mileage of plug-in hybrid EVs and enable
battery-powered EVs to cover a long distance without the so-called range anxiety issue, i.e., fearing
without reason that the autonomy of the EV is not enough to cover the desired distance by unconsciously
overestimating the energy demand required by the trip. Furthermore, public Charging Points (CPs)
are needed in case of lack of private parking, as may occur in high-density urban contexts. The
extensive analysis presented in [9] pointed out the variety of stakeholders involved in the development
of charging infrastructure. Among these, EV drivers represented the end-users of the PCI, which
should be operative and accessible, compatible with drivers’ vehicles and characterised by a high
geographical coverage. Hence, a suitable planning methodology is needed to support the design
of a PCI that matches drivers’ requirements, as well as all the other constraints coming from all the
remaining stakeholders.

The literature presents many planning approaches for charging infrastructures, which mainly
consist of tools that support the decisions of designers and planners. These planning approaches
generally resort to traffic or land-use information, depending on data availability. Nowadays, traffic
information is easily accessible, but it may not be enough for modelling potential EV owners’ needs
and requirements. Differently, land-use data can provide much more information about population
habits and urbanisation, which may enable a more detailed projection on EV adoption. In any case,
estimating parking, and thus charging demand, is of paramount importance. One of the most popular
approaches considers the EV radius of service and its short parking time to distribute at least one
charging point within its mileage, so that each driver can recharge their vehicle with a high level of
reliability [10,11]. Genetic algorithms can be used to find the best locations for public CPs among the
most popular destinations; this is done with the aim to minimise the cost of the single recharge [12],
or to find the minimum number of charging stations [12], but also to reduce the number of trips that
cannot take place due to EV range limitations [13]. Differently, CP displacement can be achieved
by referring to recharging cost; this can be minimised considering either electricity cost and daily
habits [14] or different cost components, such as those related to queues at occupied stations and EV
trips to charging stations [15]. These methods generally point out the importance of collecting and/or
estimating drivers’ habits and needs, in order to forecast charging demand evolutions in time and
space. For instance, the Electric Vehicle Infrastructure Projection Tool (EVI-Pro) by NREL Laboratory
exploits a vast dataset of travel information and vehicle and charging station features to calculate the
number and kind of CPs for each scenario [16,17]. Alternatively, drivers” habits and needs can be used
to estimate the geographic distribution of charging demand resorting to suitable models, based on
which the locations characterised by the highest demand are selected for CPs installation [18]. In this
regard, commercial databases are available and can ease the retrieval of relevant data about drivers,
although they eventually refer to conventional vehicles [19]. Sometimes, splitting the whole planning
procedure into multiple steps is required in order to manage the complexity of a problem at different
geographic scale levels. A rough distribution of CPs at a macroscale level can be subsequently refined
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on a microscale level by using a weighted sum model, adjustable in accordance with policymakers’
requirements [20]. In this complex and changing scenario, a Multistage Design Procedure (MSDP)
for PClISs to satisfy the intracity charging demand is presented in this paper. (The term intracity refers
to travels that are shorter than twice the range of an average battery EV, whereas the term intercity
refers to travels over distances that are greater than twice the range of an average battery EV [21].)
Compared to other multistage approaches, the one presented in this paper successfully compensates
for the lack of information that prevents the employment of rigorous analytical methods by using
both traffic and land-use information on different scale levels and by involving a number of actors in
the design process. The proposed MSDP consists of three planning stages, each of which regards a
different scale level. In particular, Stage 1 (macroscale planning) regards a coarse distribution of CPs
in suitable Macrozones-of-Interest (MZol), which are identified based on the amount of estimated
charging instances of potential EV commuters. Stage 2 (microscale planning) refines this distribution,
particularly in regards to each of the selected MZol being split further into Microzones-of-Interest (iZol).
Among all uZol, the most suitable are selected in order to host the CPs preliminarily assigned to the
corresponding MZol. The last stage of the MSDP (fine-scale design) achieves the precise geographical
location of each CP and the corresponding power rate by resorting to land-use information. Compared
to the planning procedure presented in [22], a detailed description of Stage 1 is enclosed in this
paper, together with the definition of suitable Key Performance Indexes (KPIs), based on which a
comprehensive assessment of the proposed MSDP was achieved. The proposed MSDP was successfully
applied in the planning of the PCI of the Italian island of Sardinia in accordance with all the public
bodies [22]. In this regard, this paper shows more results compared to [22], which are related to
additional Sardinian municipalities.

The paper is structured as follows: motivation and context are described in Section 2; each stage
of the proposed MSDP is presented in Section 3; the KPIs and the planning results of the Sardinian PCI
are presented and discussed in Section 4; and concluding remarks are given in Section 5.

2. Motivation and Context

The framework of this study derives from the will of the Italian government to support EV
diffusion through an extensive set of actions to be implemented on regional scale. Particularly, in
order to make EVs more affordable and convenient, the Italian Ministry of Transportation delegated
regional governments to set up a number of actions tailored to the specific socio-economic context.
In this paper, reference is made to the Italian island of Sardinia, which counts 377 municipalities and
about 1,650,000 inhabitants distributed over 24,000 km?. However, Sardinia’s population is not evenly
distributed over the whole territory: more than one-half of the total population is concentrated near
to the capital and around four main cities, which are also the most important economic centers and
mobility attractors of the island. Furthermore, the per capita income is relatively low compared to
the Italian average value, suggesting that financing subsidies would also be required to extend EV
diffusion to a reasonable number of citizens [23]. Similarly, projections of very slow EV diffusion make
the installation of a charging infrastructure unattractive for private initiatives. For these reasons, the
most important actions adopted by the regional government are financing EV purchases from local
administrations and citizens and creating a Public Charging Infrastructure (PCI).

The present work only focuses on the decision support system developed to guide policymakers
and technicians in designing the Sardinian PCI. The methodology presented in this study was developed
under the following assumptions:

e the PCI is funded by the regional government and installed in public spaces; however, since
municipality administrations rule installations on public spaces, they must be included as
stakeholders throughout the process;

e  selecting the most important municipalities is of paramount importance in order to reduce the
complexity of the design process and to deal with the limited amount of time and funds;
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e  (Psinstalled in mobility attractive and high-population-density areas satisfy the charging demands
of both commuters (during the day) and residents (overnight) and, thus, are preferred;

e  domestic charging is considered by assuming that all EVs leaving home commute with sufficient
autonomy to reach the destination; this is reasonable because the distance covered by all commuting
trips that occur in Sardinia is much shorter than the average range of EVs;

e only intracity charging instances are considered to design the PCI presented in this paper, as
a suitable PCI devoted to intercity charging instances will be developed in a second phase of
the project.

3. Multistage Design Methodology

In order to design an effective and efficient PCI, a suitable design methodology must be developed.
However, theoretical optimisation methods can be difficult to employ due to multiple factors. First, the
whole process involves several administrative and technical entities, which all need to be supported
together, ranging from the concept to the implementation stage. Second, the multitude of players
involved and the specific contingencies introduce different kinds of constraints that can be hard to
model. Third, the very early stage of EV diffusion may result in information databases being incomplete
or insufficient to provide reliable data to employ in the design process.

The Multistage Design Procedure (MSDP) presented in this paper consists of a multistage approach
that, starting from an estimation of EV charging demand, defines a macroscale PCI configuration at
first, and then ends with its precise refinement that complies with all the constraints, as shown in
Figure 1. Particularly, the final outputs of the MSDP are geographic coordinates, number and power
rate of each CP.
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Figure 1. The proposed Multistage Design Procedure (MSDP) workflow.
The following subsections describe each stage of the proposed methodology.

3.1. Stage 1: Macroscale Planning

The flowchart of the macroscale planning stage of the proposed MSDP is depicted in Figure 2.
Its primary goalis determining a preliminary CP distribution over a coarse partition of the PCI target area.
For this purpose, the target area is split into Macrozones-of-Interest (MZols), each of which correspond
to either a single municipality or a small group of them. Based on this geographical subdivision,
roadmaps and statistic data regarding population and habits are collected into a geo-referenced
database. Drivers’ habits are represented by departure and destination MZols and departure time,
which are extracted from suitable mobility-habit databases coming from national census surveys [23].
Roadmaps are retrieved from the Open Street Map road graph [24]. It is worth noting that the proposed
MSDP was developed by referring to open-data solutions, which were preferred over commercial ones.
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Figure 2. Flowchart of the macroscale planning stage of the proposed MSDP.

Once the geo-referenced database is set up, the origin-destination matrix and the road graph can
be extracted from it accordingly to drivers’ behaviours. In particular, trips characterised by different
starting and ending MZols are considered, as well as trips that take place within the same MZo]l, as
depicted in Figure 3. Then, considering the origin-destination matrix, the time evolution of potential
EV charging demand for each MZol is evaluated through traffic/parking simulations over a single
day. In this regard, a generalisation of the Agent-Based Model (ABM) proposed in [25,26] is exploited.
This consists of generating a set of agents that move on the road graph, which emulates the EV drivers’
behaviour and whose number is determined under specific reference scenarios of EV penetration share.
Hence, each agent simulates a single EV trip, whose energy consumption is computed for each time
interval by considering an average specific consumption rate (kWh/km). Subsequently, at the end
of each trip, a charge instance occurs in order to reinstate the consumed energy. It is worth noting
that applying the ABM on a large area split into a multitude of small partitions is challenging: it
requires the analysis of a huge origin-destination matrix, whose dimension depends on the square of
the number of partitions. For this reason, a suitable large-scale territory clustering can be adopted
without losing accuracy because the preliminary results achieved at the macroscale planning stage will
be refined suitably in the subsequent microscale planning stage.



Sustainability 2020, 12, 2889 60of 17

GG

1]
U

—f—

—f—o
/

A 2
L/

GG
GG

Wil 7

111

Figure 3. Road trips among Macrozones-of-Interest (MZols) and within them: for red-coloured MZols,
only departures are highlighted; for blue-coloured MZols, only arrivals are highlighted. Circle and
arrow line-terminals represent departure and destination, respectively. Square tessellation is for
visualisation purposes only.

Based on ABM outcomes, the MZols characterised by the highest number of charging instances are
labelled as the most relevant (MZols") and are selected in order to be involved in the PCI. A fair number
of CPs is then assigned to each MZol in accordance with budget availability and strategic targets.
CPs are distributed between each MZols™ quasi-proportionally to their potential charging instances, but
some variations occur due to political/administrative/urban considerations. Regarding traffic/parking
simulations, it is important to note that a stochastic approach is employed: the simulation of the
daily traffic is repeated N times by randomly generating the agents based on the probabilities derived
from population density, territorial density of Points-of-Interest (POIs) and EV diffusion scenarios.
After performing the N iterations, the results are averaged in order to obtain the time evolution of
potential charging instances for each MZol [23,24].

3.2. Stage 2: Microscale Planning

The coarse spatial resolution of charging instances achieved by the macroscale planning is not
accurate enough to position the required CPs effectively. Hence, in order to refine the outcomes of the
previous stage, microscale planning is necessary, whose flowchart is shown in Figure 4. The MZols"
identified at the previous macroscale planning stage are further split into Microzones-of-Interest
(1Zol) in accordance with the intramunicipality geographical subdivision coming from the national
census. Particularly, only destination MZols" are modelled with higher spatial resolution, as depicted
in Figure 5. This design choice comes from the following assumptions: first, all the EVs are assumed
leaving with a fully charged battery, but no home-charging instances before the trip are considered for
locating public CPs. Second, only commuting trips over the morning that require a public recharge
after the trip are considered, together with non-habitual trips, such as those related to public services
and shopping malls. Third, all the trips back to home that may resort to private domestic charging
are neglected. Consequently, a high spatial resolution is adopted only when considering arrivals at
each MZols’, while much less resolution is used when analysing departures because it would lead to
higher computational effort without any advantage in precisely estimating the location of potential
charging instances.
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Figure 4. Flowchart of the microscale planning stage of the proposed MSDP.
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Figure 5. A more detailed view of Figure 3 that highlights destination Microzones-of-Interest (uZols).
Circle and arrow line-terminals represent departure and destination, respectively. Square tessellation is

for visualisation purposes only.

Once the pZols are defined, the microscale planning is carried out similarly to the macroscale
planning through the ABM. A microscale distribution of charging instances is thus achieved, based on
which the rough number of CPs assigned to each MZol" is shared among the corresponding uZols by
selecting just the most relevant ones (uZolI"). This microscale CP distribution is then further refined at

the fine-scale design stage.
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3.3. Stage 3: Fine-Scale Design

The goal of the fine-scale design is the precise definition of the location and power rate of each
CP. Unavoidably, this final stage involves various counterparties, such as regional and municipal
administrations, the Cultural Heritage Authority (CHA) and the Distribution System Operator (DSO).
These entities supervise the compliance with strategic goals and local targets, as well as environmental,
landscape and power-system constraints that must be satisfied by the proposed PCI configuration.

The fine-scale design process is illustrated in Figure 6. It starts with a preliminary round table
in order to set general objectives, which are defined following the current legislation and national
guidelines [27]. Subsequently, the CPs assigned to each uZol* are positioned manually by defining
their precise geographical coordinates. In order to reduce overall installation costs, CPs are clustered
into single charging stations when needed, e.g., to minimise connection charges or due to a lack of
parking spots. Regarding CP power rate, three different power levels are considered and assigned to
each CP depending on the need for slow, quick or fast EV charging; this, in turn, depends on the specific
POlIs that determine the potential charging instances, which are identified by local administrations
or retrieved by city thematic maps. In this regard, a slow recharge is generally sufficient when the
charging process takes place over a long parking time (4-8 h, e.g., workers and residents). In this case,
a low power level (7 kW) is selected. A higher power level (22 kW) is instead required for a quick
recharge, which occurs over a shorter parking time (2-3 h, e.g., shop customers, hospital patients or
people practicing leisure activities). When a very short charging time is expected (30 m to 1 h), a DC
fast recharge (50 kW) is chosen: for this reason, fast CPs are strategically located on the main roads at
the entrance/exit of each MZol. It is worth noting that a proper number of CPs for each power level
must be distributed over each pZol’, following different EV drivers’ habits and needs.

round-table with regional and
municipal administration

strategic objectives, local targets,

provisional fine-scale PCI configuration .
E and constraints

NO
counter-parties approval

YES
round-table with CHA and DSO
NO

constraints
compliance

YES

fine-scale PCI configuration

Figure 6. Flowchart of the fine-scale design stage of the proposed MSDP.

Subsequently, the preliminary configuration has to be refined iteratively in accordance with
feedbacks and observations that arise from the discussion with local administrations. In this phase,
either minor or significant modifications may be required by urban plans, mobility systems and
other aspects, such as tourism and environmental initiatives not previously considered. Once local
administrations approve the PCI configuration, this has to be validated further by both CHA and DSO.
CHA verifies that all charging stations comply with archaeological and environmental constraints,
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whereas DSO evaluates the impact of the PCI on the existing power system. Therefore, CHA and
DSO may propose changes of CP locations in each uZol’, each of which requires a revision of PCI
planning. Further examples of specific attributes that may be discussed at the round table are:
additional cost sharing for revamping distribution transformers of power substations; transfers of
land ownership where the installation will take place; shape and appearance of charging devices;
managing platform; customer-access modes, such as credit card, cash or radio-frequency identification
(RFID) card. Consequently, an iterative process is carried out until the compliance with all goals,
targets, constraints and requirements are satisfied, as highlighted in Figure 6. It is worth noting that
preliminary CPs may not be distributed among the charging stations as desired. This mainly happens
due to any constraints that increase the cost of the charging station excessively, e.g., a connection point
is more distant than expected, or a lack of parking spots forces the split of a single charging station
into multiple ones. In these cases, the preliminary fine-scale PCI configuration is refined further by
properly reducing the CP number and the overall costs until it complies with the budget constraint.
Even in the case of adding a pZol* to the preliminary PCI configuration, this can be done at this stage
(fine-stage design) upon approval by local administration and counter-parties. Consequently, coming
back to previous stages is not required.

4. Experimental Validation

4.1. Key Performance Indexes

The effectiveness of the PCI design process is quantified by defining two suitable Key Performance
Indexes (KPIs). The first index is the so-called Index of Specific Coverage (ISC), which is defined as

Z]' Cj,m (t) ’ A;,m

1Sy = =" T,
"L Cim() - Ajm

)

This index assigns a weight (C;;) to each MZol and nZol (4;,,) proportional to its expected
charging instances. In this way, the ISC returns the normalised fraction of charging instances satisfied
by the CPs. The covered/uncovered areas of interest are easily extractable by using GIS.

The second index proposed in this paper is the Set of Covered Areas (SCA), which is much
more meaningful if given graphically (Figure 7). This index consists of a Pareto-style graph that
shows, with a colour scheme, the areas covered by the planned charging stations, while also giving
information regarding the type of the considered areas (residential, commercial, industrial) and the
expected charging instances of each MZol and pZol. As a result, SCA facilitates the decision-makers by
identifying uncovered areas. Despite being simple, this index has been fundamental during previous
decision-making processes, since it clearly and easily underlined the weak spots of the planning results.

pZol
. covered mZol
. not covered mZol

to be covered
B oot coverable
puZol*
threshold
II selection
|| [—

Micro-Zone-of-Interest

Number of charging instances

Figure 7. Graphical representation of Set of Covered Areas (SCA).
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Both ISC and SCA cover a very important role in guiding the design of the PCI step by step,
because they give simple, fast and effective feedback regarding the worth of the design proposal. Thus,
they are preferable to complex analytical formulation when the latter is not compatible with the project
size (e.g., budget, geographical extension, etc.). They are fundamental when analytical formulation
is hardly achievable or even unfeasible due to a number of reasons, such as unavailability or weak
quality of structured data, as evidenced in the specific case study presented in the next section.

4.2. The Real Case Study: The Island of Sardinia

Following the proposed methodology, we first applied the macroscale planning to the Italian
island of Sardinia. Each municipality was considered as a single MZol, except for the Metropolitan
Area of Cagliari (MAC) that consists of 17 municipalities, and for the Metropolitan Area of Sassari
(MAS) that consists of 3 municipalities. Five MZols" were then selected, the geographical locations
and reciprocal distances of which are highlighted in Figure 8. These MZols" were the cities of Oristano,
Nuoro and Olbia, and the clusters MAS and MAC, which globally account for 52% of the total Sardinian
population, 75% of the mobility demand and 81% of the estimated EV charging instances, as proved by
the SCA depicted in Figure 9.

Legend

Bl Mzol*
[ not covered MZol

Figure 8. The Sardinian municipalities (MZols) and the selected MZoI” (in blue).
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Figure 9. The SCA achieved at the macroscale planning stage (y-axis is log-scaled).

It is worth noting that considering every MZol is possible but weakly effective because it leads to
too many dispersed CPs, increasing complexity with a reduced benefit-to-cost ratio. Subsequently, the
microscale planning stage was carried out: all MZols" were split into uZols. The number of charging
instances for each uZol is graphically represented on the maps depicted in Figure 10. Particularly,
Figure 10 reports only the peak value of charging-instance evolutions over a whole day. Based on these
results, uZol were properly selected for each MZoI” and CPs were preliminarily distributed among
them. These distributions are still detectable in Figure 10: each charging station is marked appropriately,
while the corresponding SCA are plotted in Figure 11. Finally, the microscale configurations were
refined during the fine-scale design stage. It is important to highlight that SCA and ISC were widely
used throughout the design procedure, because an analytical formulation of the problem was unfeasible
due to data unavailability. Particularly, the number of parking slots and corresponding ownership had
to be verified manually, and CHA and DSO constraints were not available either.

Focusing on Nuoro and Oristano at first, only three iterations led to the final PCI configuration.
This is because CHA and DSO returned only small issues after the first round of meetings, speeding up
the design process. All the stakeholders easily agreed on the minor modifications that were proposed
to solve these issues. The final PCI configuration consisted of 23 charging stations for each municipality,
but they differed from one another in terms of power level, as detailed in Table 1. The corresponding
KPIs showed good values for both the municipalities: their ISCs were higher than 85%, and Nuoro
reached a much higher value (91.7%) than Oristano (85.7%). This difference was easily explained
by referring to the SCA graphical representations depicted in Figure 11a,b; particularly, Oristano
shows much more uncovered pZol' than Nuoro because the latter is characterised by fewer suburbs,
resulting in a higher-covering factor. The not-coverable areas highlighted blue in Figure 11a,b represent
industrial areas that lack public parking slots because of the specific urban regulations. The lack of
public parking slots prevented the identification of suitable locations for installing charging stations,
and thus these industrial areas were not covered. A good ISC was achieved for the municipality of
Olbia (89.4%), which has widely spread urbanisation prevalently based on commerce and services.
Consequently, 27 charging stations were planned for this municipality, with a prevalence of quick CPs,
as highlighted in Table 1.
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Figure 10. Estimated charging instances (colour code) and CP distribution (symbol) in Nuoro (a),
Oristano (b), Olbia (c), the Metropolitan Area of Sassari (MAS) (d) and the Metropolitan Area of Cagliari
(MAC) (e). The yellow circles show the spatial coverage of each charging station (radius 500 m).
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Figure 11. Graphical representation of SCA of Nuoro (a), Oristano (b), Olbia (c), MAS (d) and MAC (e).

Table 1. Planned charging stations in the main MZols of Sardinia.

Charging

Fast

Quick

Slow

Installed

City Stations CPs CPs CPs Power I[§/o(]j
©) ¢) ) ) (kW)
Nuoro 23 4 38 28 1232 91.7
Oristano 23 4 34 30 1158 85.7
Olbia 27 4 70 27 1929 89.4
MAS 61 10 124 64 3676 88.3
MAC 140 20 284 137 8262 88.6
Total 274 42 550 286 16,316 -

More issues arose during the PCI design of MAS, which includes the municipality of Sassari and
the two adjacent municipalities of Porto Torres and Alghero. First, the political entities of all three
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municipalities were included in the decision process, which increased its complexity. This increased
complexity resulted in a longer iteration loop, which was performed five times, including two different
rounds of checks by the authorities. In the end, the PCI design process resulted in 61 charging stations
for a corresponding ISC of 88.3%. The relatively low ISC achieved by MAS was due to similarities with
Oristano, namely that MAS is characterised by a lot of suburbs and industrial areas without public
parking, leading to a relatively low ISC value.

The MAC deserves a separate discussion. The municipality of Cagliari, which is the capital city of
Sardinia, accounts for about 10% of the inhabitants of the whole island. Due to its attraction potential,
a metropolitan area has been developed in its surroundings, officially appointed in 2016. This area
consists of 17 municipalities and accounts for about 30% of the population of Sardinia. Also, it attracts
about 50% of the incoming mobility of the island and about 53% of the global estimated EV charging
instances. Due to its elaborate organisation scheme, it was not possible to include the administrations
of all the single municipalities in the decision process.

All the interactions were carried out with the intermediary administration body of the whole
metropolitan area, which is in charge of representing the needs of all the municipalities involved. For
this reason, the decision process was carried out asynchronously. Nevertheless, the PCI design process
succeeded in five iterations, with two different validation steps by the authorities. In particular, the
decision process resulted in 140 charging stations, whose distribution over the different municipalities
is given in Table 2. Figure 10e shows the spatial distribution of the planned charging stations in the
municipality of Cagliari and the corresponding covered area. A good visual effect is confirmed by the
ISC that was estimated to be 88.6%, as well as by the SCA shown in Figure 11e.

Table 2. Detailed distribution of planned Charging Points (CPs) in MAC municipalities.

Fast Quick Slow
City CPs CPs CPs I“Stal(lli‘vivfmer
) ) )

Assemini 0 8 2 190
Cagliari 4 120 58 3246
Capoterra 0 6 3 159
Decimomannu 0 6 3 153
Elmas 2 12 5 399

Maracalagonis 0 2 1 51
Monserrato 0 6 6 174
Pula 2 8 3 297
Quartu S.E. 4 28 15 921

Quartucciu 0 4 0 88
Sarroch 0 20 9 503
Selargius 0 38 18 962
Sestu 1 12 7 413

Settimo S. Pietro 0 2 1 51
Sinnai 2 4 2 202

Uta 4 6 3 353

Villa S. Pietro 0 2 1 51
Total 20 284 137 8207

4.3. Cost Analysis

The available budget to plan and implement the PCI was about 5 M€. For this reason, attention
was continuously paid to costs throughout the project. In order to estimate the budget allocation, costs
were split into four items: charging devices, electrical works, street works and connection charges, as
shown in Figure 12. Charging devices costs were estimated considering three standard values, each of
which are associated to slow (2.30 k€, 1 CP), quick (4.50 k€, 2 CPs each) and fast (20.00 k€, 2 CPs each)
charging devices. Additional costs related to electrical works (e.g., cables, electric panels, switches and
breakers) and street works (e.g., digging and reconstruction, road bollards, road signs) were estimated
for each charging station; these costs were derived by a preliminary design of each charging station
and by assuming standard regional costs [28]. Finally, connection charges that needed to be paid to
the DSO for every connection to the distribution system were also considered, which were estimated
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by the DSO itself on the distance of each charging station from the electrical substation and on its
overall power.

‘-Chargi.ng devices cost [l Electrical works cost [[7]Street works cost [Jlll Connection charge cost —#slow CPs -+ quick CPs -4 fast CPs

T T \ T T T 600
500
400
300

200

number of CPs [-]

100

(a)

‘-Charging devices cost [l Electrical works cost [ |Street works cost [JJll Connection charge cost

60

Costs [%]

Nuoro Oristano Olbia MAS MAC Total

(b)

Figure 12. Costs items in k€ (a) and in percent (b) of each MZoI" and for the overall project: the number

of CPs for each power level is depicted in green lines in Figure 12 (a), while percent costs of Figure 12
(b) refer to the total MZoI" costs.

As shown in Figure 12, the charging devices were the most significant part of the overall costs,
and they were proportional to the number of CPs. Furthermore, regarding electrical and street works,
the latter resulted in the lowest cost item, whereas the electrical works were almost comparable to
connection charges. However, as the number of CPs increased, the number of charging stations
increased too, and thus the costs increased due to connection charges. Particularly, it was found
that the overall connection charge cost was not negligible compared to charging-device costs, further
justifying the clustering of CPs into charging stations. The proposed approach allowed connection
costs to be limited to just 22% of the total project costs, as highlighted in Figure 12b. It is also worth
noting that, as shown in Figure 12b, the percent cost of all items were almost constant regardless of the
specific MZol. Although charging-devices cost accounted for approximately 55% of the overall costs,
connection charges and electrical works represented considerable cost shares, confirming that they
must be considered when planning a charging infrastructure. In order to give a complete overview of
the project, the estimated costs for each MZol" are shown in Table 3.
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Table 3. Estimated project costs.

Charging Electrical Street Works Connection MZol
. Devices Works Charge
City k€ Total k€
ke ke %) ke (%)
(%) (%) (%)
Nuoro 255.46 91.88 17.67 90.57 455.58
(56.07) (20.17) (3.88) (19.88) (100.00)
. 251.06 93.29 18.48 85.42 44827
Oristano (56.01) (20.81) 4.12) (19.06) (100.00)
Olbia 325.16 98.20 26.72 140.14 590.23
(55.09) (16.64) (4.53) (23.74) (100.00)
MAS 690.10 206.67 50.35 269.30 1216.42
(56.73) (16.99) (4.14) (22.14) (100.00)
1481.90 436.72 115.01 607.10 2640.73
MAC (56.12) (16.54) (4.36) (22.98) (100.00)
Total 3003.68 926.76 228.24 1192.53 5351.21
(56.13) (17.32) (4.27) (22.28) (100.00)

5. Conclusions

A Multistage Design Procedure (MSDP) for planning and implementing Public Charging
Infrastructures (PCls) is presented in this paper. It splits planning and design processes into multiple
stages, from macroscale to fine-scale levels, thus ensuring an increasing level of detail in terms of the
number of charging points and their corresponding geographical locations. The effectiveness of the
proposed MSDP was tested experimentally by designing the PCI of the Italian island of Sardinia.

The corresponding results show a good charging coverage achieved by the proposed MSDP for the
most important Sardinian municipalities, especially in terms of Index of Specific Coverage (ISC) and
Set of Covered Areas (SCA). Particularly, it is expected that the PCI satisfied more than 80% of overall
charging instances, which means that a charging point is far less than 500 m from the parking point of
a vehicle owner. The performance of the proposed configuration, which is going to be implemented,
will be monitored and assessed according to real collected data. The forthcoming monitoring process
will allow suitable refinement of the proposed MSDP, which will be presented in future works.

Although the presented MSDP was developed and tested for this specific case study, it can be
applied or adapted to other areas with the similar characteristics, such as uneven density population
or poor data availability.
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