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Abstract: The objective of this paper is to assess the probable effect that electric vehicles (EVs), already
in wide circulation and likely to increase exponentially in the near future, will have on distribution
networks. Analyses are conducted on the necessary interventions and evolutions that the distribution
grid will have to undergo in order to manage this new and progressively increasing heavy load
of energy. Thus, in order to understand the technical limitations of the current infrastructure and
how transformers and lines will be able to withstand the increasing penetration of EVs, urban and
rural grid models have been studied, to highlight the differences between the impacts on high- and
low-density networks. In addition, an analysis of fast charging station impact has been carried out.
MATLAB software was used to perform the simulations for the creation of scripts, which were then
exploited within the DIgSILENT PowerFactory software. This allowed evaluation of the networks
under examination and verification of the effectiveness of the proposed solutions. In concluding
based on findings, some methods of managing the distribution network to optimise the network
parameters analysed in the study and a solution involving electric vehicles are recommended.

Keywords: electric vehicles (EVs); electric grid; distribution system operator (DSO); smart grid (5G);
distributed generation (DG); photovoltaic (PV); energy storage system (ESS)

1. Introduction

Transportation represents a strategic and necessary sector of the world economy that directly
affects the daily life of all people. In the last few decades, the volume of goods and passengers moved
worldwide has recorded a momentous growth that is expected to continue. Indeed, road transport
represents the most popular method of conveying goods and passengers. According to estimates
by the European Commission, by 2050 passenger transport will grow by more than 50% and freight
transport by 80% compared to growth levels in 2013 [1-3].

Regrettably, the transport industry in Europe depends heavily on fossil fuels, which presents a
serious challenge to the environment. Oil consumption not only releases greenhouse gases and other
pollutants into the atmosphere, contributing negatively to climate change, but also makes the European
economy more vulnerable to global fluctuations in prices of energy resources. Lately, technological
advancements have made it possible to secure better returns on new electric vehicles (EVs) sold.
Vehicular performance has also improved significantly in terms of consumption, energy efficiency and
emissions of pollutants into the environment. These gains were the result of the introduction of more
restrictive measures [2—4].
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In this new market framework for the automotive sector, the energy efficiency of the electric
car makes it a potentially important tool to reduce the environmental impacts of private mobility.
Remarkably, electric motors convert between 59% and 62% of electricity emanating from the network
into propulsion power, compared to conventional endothermic engines whose conversion rate from
fossil fuel energy to propulsion power is only between 17% and 21% due to significant heat and
transmission losses that occur [5-7].

As the number of vehicles on the road and the distances travelled continue to grow, it becomes
necessary to establish a new clean, intelligent and complete mobility system that meets people’s
transportation requirements and guarantees important new services to users. The transfer of some
pollutants from the point of generation where the car circulates, to the location of the power plants
allows not only a reduction in the subjects exposed to the pollution, but also a minimization of
atmospheric pollutants, provided that the electricity used originates from renewable sources or from
nuclear installations. This is true if the electricity used to power the car’s electric batteries is generated
by systems capable of producing less than 700 g of carbon dioxide per kilowatt-hour, as pointed out by
the International Energy Agency [8-15]. Therefore, this highlights the lack of environmental benefits
in places where energy production systems depend mainly on coal. However, this transformation is
not tied exclusively to technological improvements, but above all to man’s willingness and readiness
to change his habits [16-18]. The transition is unlikely to happen rapidly. The de-carbonization
process definitely requires extended time horizons, given the complexity that the subject presents.
A combination of measures is needed, especially better urban planning, technological improvements,
a wider use of alternative fuels, the continuous adoption of cutting-edge technologies and a more
rigorous application of existing rules [19-22]. An overview of current and future challenges of the
electric distribution system is presented in the next section. It will highlight the innovations that will
be needed and constraints that the distribution system will likely encounter in future years in the
objective to transform the current electricity grid into a new smart system that is able to tackle and
automatically resolve problems. It will include a concise description of the current status, a summary
analysis of the electric distribution system in smart grid with distributed generation, an overview
of the interaction and synergy between the electric distribution system and ICT (information and
communications technology), and finally a concise description of the electric distribution and future
smart grids.

As disclosed by a literature survey, many researchers have examined the integration of EVs in smart
grid (SG) and EV charging stations [23-31], vehicle-to-grid (V2G), renewable energy sources integration
and SG operation in view of large-scale integration of EVs enabling V2G systems [32-35]. There are
some works dedicated to electric distribution grids, the integration of distributed generation (DG) in the
power distribution network in the framework of SGs [36—42]. For instance, Jordehi [36] reviewed the
existing studies on distribution system optimisation problem from the viewpoint of the optimisation
algorithm, objectives, decision variables, load model, case study, planning type and planning period
that they used. The review found that although diverse optimisation algorithms have already been
applied to distribution system optimisation problems, developing efficient algorithms with the ability
of escaping from local optima and finding near-global solutions is required. This review also found that
some aspects of distribution systems such as deregulation and demand side management have not been
taken into account in modelling distribution system optimisation problem. Crozier et al. [37] quantified
the impact that EV charging will have on transmission and distribution systems, and investigated
how far smart charging can be used to reduce the impact on both systems. They analysed the effects
that charging a large electric vehicle fleet would have on the power network, taking into account the
spatial heterogeneity of vehicle use, electricity demand, and network structure. Ramadhania et al. [38]
reviewed probabilistic load flow approaches for power distribution systems including photovoltaic
generation and electric vehicle charging. Muttaqi et al. [39] assessed the technical challenges for
electric power industries with implementation of distribution system automation in smart grids.
They discussed switching DG sources, load deferral strategies and direct load control to achieve a
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reduction in load during peak periods, as well as the load management by load filling during off-peak
periods. Tancredo Borges [40] reviewed reliability models and methods for estimating renewable
energy resources influence on electrical generation availability. The models and methods may be used
to evaluate the impacts on the distribution system’s reliability of distributed generation integration,
especially when they are based on renewable energy sources. Results showed that the impact of DG
on the reliability of electric distribution systems depends mainly on the operational mode and the
energy source in which it is based. Ruiz-Romero et al. [41] developed and implemented in the city
of Malaga, Spain, the integration of the applications of a SG and the use cases (UCs) for the different
functionalities of SG. The smart city architecture proposed envisioned a hierarchical, distributed, and
autonomous structure to address the challenge of smart distribution grids. Their results disclosed that
new levels of standardization of languages and protocols and new interconnection functions will be
required, allowing smart devices to recognize each other so that they can reconnect in case of failure
regardless of the state of the network topology. They also concluded that renewable energy sources can
be optimally integrated into the distribution grid. Generation can approach consumption through the
installation of photovoltaic panels and mini-wind generators, with the reuse of electrical infrastructure.
Worighi et al. [42] assessed the integration of renewable energy in a smart grid system. They developed
a model and implemented the virtualised system, integrated solar power generation units, and battery
energy storage systems with the proposed grid architecture. The virtualization of the proposed grid
architecture addressed issues related to photovoltaic penetration, back-feeding, and irregularity of
supply. Their simulation results revealed the effect of renewable energy integration into the grid and
highlighted the role of batteries that maintain the stability of the system.

The understanding is that it gives the indication that no feasibility study or other work form have
been realised on assessing the impact of EVs on the design and effectiveness of the electric distribution
grid with DG including a photovoltaic (PV) system and energy-storage system (ESS) in SGs.

Therefore, considering the EV concerns and challenges in the context of the electric distribution
grid, the objective of this work is to determine the likely effect that electric vehicles which are already
in circulation, and whose penetration is expected to increase a lot in the future, will have on the
distribution network. This study is in two stages: first, an evaluation of the impact of EVs on the
already existing distribution networks, and secondly, gathering of the most significant data related to
an uncoordinated charging strategy. Finally, a management model of the production and consumption
of electricity, which couples a PV system with an ESS, is proposed to improve the critical aspects
obtained from the first simulations. This solution is based on an algorithm that controls the charging
and discharging of a battery according to the photovoltaic production to which it is coupled.

2. Current and Future Challenges of the Electric Distribution System

2.1. Current Status

Recently, the European Parliament has declared a climate and environmental emergency in Europe
and worldwide, approving a climate measure. Itis a “climate pact” with European citizens to eliminate
polluting emissions by 2050. This is a crucial turning point towards the green economy that puts
€ 300 billion on the plate for the industrial transition.

Electric mobility is certainly significant with regard to pollutants such as nitrogen oxides and
particulates, especially in city areas. The issue concerning greenhouse gas emissions is more complicated.
Looking at the options available on the market today, conventional solutions also remain of significant
importance. The construction of electric vehicles involves in any case not negligible greenhouse
gas emissions.

It should also be underlined that, at present, endothermic engines, in particular the latest
generation diesels can have CO, emissions, in certain contexts, lower than those of electric vehicles.

Therefore, the elimination of diesel engines from the production of car manufacturers cannot be
considered a correct and effective solution in environmental terms.
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As for the construction of the batteries, the CO, emissions linked to these productions are to be
counted, also considering the electrical park of the country of production, which is usually not the one
of use. On this basis, we can evaluate a moderately positive balance for the containment of CO; in the
vast majority of European countries. While for the major Asian market players, India and China, and
in part also for the United States, the contribution is likely to become negative if looking at the current
technological scenario and electricity generation. It is certain that, also for the production of energy,
we are moving towards decarbonisation solutions, but this process will take many decades.

In the meantime, global energy demand will grow but the greatest demand will come up
against a substantial decrease in the use of fossil fuels: balancing this change is the most important
challenge. Renewable sources will grow but managing any further penetration will become increasingly
challenging. Current lithium batteries are a consolidated technology. There may be further
improvements, but their state of development is now significantly advanced. With current batteries,
the auto industry is able to offer efficient vehicles at prices that we can already define today as of
medium economic commitment. Net of technical peculiarities, such as autonomy and recharging
times, there is another aspect that must be considered: the impact of electric mobility on the electricity
generation and distribution network. This aspect adds to the investments for the creation of a capillary
charging infrastructure. When the electric vehicles have a significant diffusion, the powers required
for a reasonably fast recharge will be high. To recharge a car with 50 kWh batteries (the accumulated
energy typical of a compact vehicle) in one hour 50 kW are needed, in half an hour, the kW becomes
100. Multiplying this quantity for the vehicles in need of a charging can become a huge power, in
perspective even up to 50-80% of the current maximum power of the network. The result has a strong
impact on the network in terms of power, but on balance, much less in terms of energy. This situation
could jeopardize the quality of the electricity supply and the reliability of the infrastructure. Therefore,
major investments must be made on the network to deal with power peaks. Moreover, it is important
to remember that the cost of the installation depends on the power, while the user pays for the energy
he consumes. Therefore, the practical risk is to invest a lot of money with a modest economic return.

As regards the Italian electricity distribution network, at December 2016 there were
391 thousand km of medium voltage network (MV) and 865 thousand km of low voltage network
(LV), operated by 154 concessionaires, to supply more than 29 million users domestic and 7.4 million
non-domestic users for a total distributed of 264,000 GWh. In the same year, 743,000 plants were
connected to the distribution networks, of which 731,000 of the photovoltaic type, for a total of 30.6 GW
and a gross production of 62.9 TWh, of which 78.2% RES (renewable energy sources), and a share of
average self-consumption of 22.4%. The Italian national transmission network has a network extension
of more than 66,000 km of lines and cables and 861 stations. The main problems relating to the
network overload risks are known and the interventions are postulated in the plan mentioned several
times. The electricity distribution network is made up of 391,000 km of medium voltage network
(MV) and 865,000 km of low voltage network (LV), however, operated by 154 service concessionaires
that supply about 29 million households and 7.4 million non-domestic users, for a total distributed
of 264,000 GWh. The normalisation actions of the distribution networks are, therefore, borne by the
various concessionaires, to be implemented through local planning, even if integrated with the national
programming. In particular, the issues of congestion and energy storage need to be addressed again,
also in consideration of the development of self-production plants. They will, therefore, be called
upon to assess the feasibility of developing both rapid charging stations and increasing the power of
domestic users. Containment of the impact of the peak demand deriving from the recharge period will,
therefore, become a qualifying element of the interventions [43-53].

2.2. Electric Distribution System in Smart Grids with Distributed Generation

The overview of the challenges that the distribution system is facing and will have to face in the
immediate future allows us to trace the profile of the most suitable technical solution for this purpose:
smart grids (SGs). This term refers to an electrical network capable of integrating in a smart way the
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actions of all connected users in order to distribute energy in an efficient, sustainable, economically
advantageous and safe way [52-54]. The radial network structure will be forced to face a significant
“restructuring” since, so far, it has been studied and used over the years in a passive way and subject to
a one-way flow of energy from the plants to the users. In addition, from an economical point of view,
the only possible relationship was the one where the manufacturer sold its product to the consumer
while now, a two-way relationship is possible, where also the consumer can produce and sell energy.
An important aspect of current networks is that power plants, basically of a thermoelectric type, are
placed at considerable distances from users, while the new and increasing presence of DGs (distributed
generations) ensures that the generation itself is very close to the users, with an inevitable and positive
reduction of losses, but an increase of problems from other points of view, which may include, for
example the control of the reverse power flow through the transformers. In addition, on the one hand,
the DG contributes significantly to achieve the objectives set at European level mainly as regards the
achievement of the 20% threshold for the production of energy from renewable sources by 2020, but on
the other hand the current distribution network architecture is an obstacle to the spread of distributed
generation. Therefore, it is easy to understand that DGs connection to the distribution network is
changing the structure of the network itself more and more, mainly that of energy production. This,
associated with new demand-side management programs along with a certain evolution from the
markets also, made passive users (customer of an energy distributor) much more active, thus bringing
to the system producers, consumers and a new figure in the market: the producer/consumer, also
known as prosumer. The goals set can only be achieved by evaluating the economic aspect linked to
the new markets that will have to arise, in addition to the technological aspect. In fact, it is clear that in
the near future the networks will have the task of feeding all consumers with criteria of convenience
and at the same time satisfying those requirements for good power quality.

2.3. Electric Distribution Systems and Information and Communications Technology Interactions

The presence in the active networks of the future of the DG with a very high degree of penetration,
means that there is an incentive to be able to exploit this characteristic aspect to one’s advantage, trying
to make the SG improve the management of the network itself with a high-quality energy product
and at the same time allowing a better integration of users who can take decisions based on price
signals received. These networks, which are going to take advantage of the latest technologies, make it
possible to increase the transfer of power, reduce energy losses and increase the efficiency of the supply,
while the new technologies in the electronic and ICT (information and communications technology)
field will allow better quality management and supply as well as control.

It is therefore clear that the research and development efforts that must be undertaken must keep
in mind the economic, technical and regulatory aspects. The benefits brought by new technologies will
have a positive effect for European citizens and for the birth of new businesses in the sector. Then there
will be the birth of an even more liberalized market that will allow the user to actively participate in
exchanges, with the birth of a new market for ancillary services where the user could for example find
fair remuneration if it presents a flat load or generation characteristic curve which can be more easily
managed by a distribution system operator (DSO), or if it should “supply” reactive power so as to
participate in the voltage regulation. In addition to a bidirectional flow of energy, therefore, the new
smart networks will require a bidirectional flow of information. To face the requests that are indirectly
made to the networks, it is necessary for them to become “intelligent”. In fact, a smart network can
be defined as a power grid that can integrate in a smart way the behaviour and actions typical of
producers, consumers and prosumers with the aim of providing an effective sustainable, economic and
safe electricity supply.

2.4. Electric Distribution System and Future Smart Grids

How exactly SGs will function is still difficult to say, however an evolution is expected both in terms
of electricity generation and distribution, and in terms of system control. They must be able to react to
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external events and pursue efficiency objectives independently and in real time. The new network
will have to allow bi-directional power flows caused by the DG, favouring in particular renewable
sources and micro-generation systems. The latter allow increasing efficiency by approaching spatially
the production and consumption of energy and reducing the intrinsic losses of the distribution system.
The use of renewable sources also poses a problem in terms of control since the micro-generation
systems are private, widespread and can belong to very different types; this makes centralized control
by the distribution network operator difficult.

Furthermore, the generation capacity is highly variable, it depends on the local atmospheric
conditions, and it is difficult to predict. With regard to the control, it must be provided that each device
connected to the network is able to communicate and receive data and react in real time to events that
come from other devices or from the electrical network itself: the SG will be an energy network dotted
with sensors, actuators, communication nodes, control and monitoring systems. Technical objectives
to be pursued are the reduction of peak consumption, the flattening of the load curve and the creation,
at least theoretically, of a constant profile over time; this would create very high economic and
management advantages. In fact, the cost of energy also follows normal economic laws and, when
the demand is high, the price of energy increases. A “demand-response” infrastructure would not
only enable new pricing schemes, but would also allow, in moments of overload, the shutdown of less
priority electrical devices to be requested, avoiding blackouts or total disconnections of energy.

Smart grids must, therefore, be able to provide end customers with real-time information and allow
identifying, quantifying and rewarding virtuous choices and behaviour. In other words, users must be
directed towards eco-sustainable consumption patterns, behaviours and lifestyles. A great contribution
from ICT will be necessary to put the different subjects in communication, in a safe and efficient
way. In the scenario outlined, each user can potentially buy, but also sell, energy in a free market.
The purchase and sale price will vary over time and will become the main tool capable of balancing
the demand and supply of electricity. It is assumed that each user of this market will be represented
by a software agent, who will act autonomously towards maximising their profit objectives. All this
represents a real revolution compared to the current balancing system based on centralized control
and with reactions very often entrusted to the intervention of the human operator. Rather widespread
are reference scenarios of price-to-device where the cost of energy varies dynamically over time: the
meters communicate any changes to the loads that coordinate to react and consequently adapt the
consumption profile. This could be the case with electric vehicle charging: a negotiation between
the vehicle and the charging station to choose the best compromise between the power required by
the vehicle and the power supplied by the charging station. The latter is dependent not only on the
technical characteristics of the station, but also on the technical constraints of the distribution network
at that point and on the dynamic state of the network, which varies during the day according to
the demand.

On a closer horizon, it is possible to assume that the producers connected to the distribution
network will enter into bilateral contracts for the production of energy, which will define the daily
production setpoints. These agreements are likely to cover the medium term, for example, annual
agreements, in which each producer undertakes to supply power and energy established for the
following 365 days. However, the distributor, who does not deal with contracts with manufacturers,
may find himself faced with the need to personally provide system services and, therefore, a new
and strong regulation has to be put in place. In order to be part of the exchange programs with the
transport network or to guarantee the safety of the system, the DSO will be able to ask the generators
every day for changes in the active or reactive aspects of the program. In this case, it will choose
between the offers made by the producers themselves and the costs for the change of the exchange
scheduled with the high voltage network (HV), the most advantageous solutions, which involve the
lowest costs for the service. These costs will then be passed on by the distributor to end customers.
There is also the possibility that some services are considered mandatory to allow connection to the
producers’ network; one of them could be the power production variation. The remuneration of this
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service could be zero in all cases that does not lead to changes in the production of the established
active power (this depends on the capability curves). In other cases, however, only the AP resulting
from the change could be remunerated. In the current scenario and in the future, the DSO is obliged to
allow the connection of generators of all types, making the procedure easier for the final user, allowing
the possibility for all subjects to participate in the optimization operations of the system due to the large
amount of information that the consumers have the possibility to receive, increasing the possibility of
choice regarding the supply.

3. Electric Vehicle Impact Simulations

The following sub-sections will provide details on the case study definition, charging and base
load profiles, battery energy storage system (BESS) and PV models and, control strategies. The impact
of charging systems for EVs on the distribution networks is considered and described assuming the
reference scenario of year 2030. Domestic charging modelled through home stations and the related
impact on transformers and feeders will be simulated, considering the circulating electric vehicles will
range from 20% to 80% of the total car fleet, as well as fast charging with fast-charging stations.

3.1. Case Study Definition

The focus of this analysis is to understand how EVs affect distribution networks and to determine
the best intervention that would minimize the detrimental consequences on the network itself by means
of smart strategies. The simulations carried out have made it possible to ascertain that the potential
problems of the charging stations are not so much in the voltage drop as in the possible power overload
of the lines and distribution transformers. The biggest contributor to network overload is determined
by the number of EVs present and the energy that these require daily from the network, which depends
on the trips made by end users. Finally, the distribution of charges in terms of both time and space also
has a strong influence. For this reason, a script was created with MATLAB® (The MathWorks, Inc.,
Natick, MA, USA) to randomly generate data on user behaviour about travel but on a statistical basis
that is typical of the Italian scenario. Data of interest are the four parameters: daily start time of trips;
kilometres travelled per day; number of trips per day, and trip duration, presented in Figure 1.
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Figure 1. Travel behaviour: (a) daily starting trip time; (b) kilometres travelled per day; (c) number of
trips per day; (d) trip duration.
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The analysis was carried out on three portions of real networks that were reproduced on the
DIgSILENT software. The three networks for each one has its specific characteristics are:

e urban network,
e rural network,

e commercial network.

Both slow charging and fast-charging methods were assessed. The slow charge was expected
mainly during the night in the urban and rural area, while fast charging would occur during working
hours at points of interest such as shopping centres and parking lots.

The analysis involves examining the impact of both small and large diffusion of EVs by simulating
four different scenarios for urban and rural networks as follows:

e 20% penetration of electric vehicles,
e 40% penetration of electric vehicles,
e  60% penetration of electric vehicles,
e  80% penetration of electric vehicles.

On the other hand, regarding the commercial network, the possible impact of installing super-fast
charging stations up to 150 kW at points of interest was analysed.

From the assumptions made in this analysis, only one daily recharge is carried out at constant
power in order to guarantee the complete recharge of the vehicle battery.

The simulations were performed using DIgSILENT® PowerFactory (Gomaringen, Germany),
which is a calculation program for the analysis of extensive electrical systems, as well as industrial
and commercial electrical systems. It has been designed as an integrated software dedicated to the
analysis and control of electrical power systems in order to achieve the main objectives of optimising
planning and operation [55]. The choice of DIgSILENT software derives from the fact that it enables
a faithful reproduction of any type of network with a high degree of detail and also ensures great
flexibility. The database used by DIgSILENT contains all the data necessary for all the devices within
the electrical system (for example lines, transformers, generators, protection data), which eliminates
the need to create specific models for any type of analysis (load flow, dynamic studies).

The three MV network models include the topology of the network, the data related to MV/LV
transformers, and the parameters of the distribution lines. Regarding the LV sub-networks, the data
provided relates to the number of final customers, the power and energy consumed and the possible
presence of photovoltaic producers.

The simplified block diagram of the simulation environment is presented in Figure 2.

* |[nput data preparation for the study

* Matlab script: to randomly generate data on user behaviour
on travel on a statistical basis for Italian scenarios

* Four parameters: daily start time of trips, kilometres travelled
per day number of trips per day, and trip duration J

Input Data
Matlab Script

* DIgSILENT simulations for:
* 3 networks: urban, rural, and commercial networks

DIgSILENT * 4 scenarios for urban and rural networks: 20%, 40%, 60%,
80% penetrations of EVs

Simulation

* Simulation results

* Data post-processing
Data Post-
Processing

Figure 2. Simplified block diagram of the simulation procedure.
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3.2. Charging and Base Load Profiles

The basic scenario was created starting from the data obtained by the historical Italian consumption
data on the Entso-e platform [56] and scaled to reproduce a typical residential load curve which
represents a usual scenario for an urban network. The base case load has the classic working day
characteristic, so for simplicity has been assumed as a single profile, without distinctions between
working days and holidays, while as regards the distribution of EV connections to the network, it has
been assumed that there will be a greater concentration of recharge during the night from 6:00 p.m.
and a lower concentration of recharge in the time intervals in which the movements are more common,
therefore, between 7:00 a.m. and 9:00 a.m. and between 3:00 p.m. and 5:00 p.m.

To assess the impact of the diffusion of EVs on the electricity distribution networks, the load
diagram was added to the average charging profile of the EV fleet. The profile in Figure 3 indicates the
power required by the distribution network in percentage terms with respect to the total power of the
batteries installed on the EVs, which recharge on the considered LV network.

12

10

Charging Fraction [%]

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [Hour]

Figure 3. Hourly charging profile.

A first scenario in the absence of EV as in Figure 4 has been simulated to obtain the data relating
to the base load curve in order to have a reference to appear with the other simulation results. The load
profile begins to rise from 6:00 a.m. to 5:00 p.m. when the peak is reached. The power required is
fairly constant, around 40%, during the night, therefore it increases sharply with values that reach
80% during the morning. The highest peak is reached around 5:00 PM, which exceeds 90%, but never
reaches 100%. The electricity load decreases at a higher speed than its initial start and between 5:00 p.m.
and 8:00 p.m., then the load levels are maintained for a short period.
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Figure 4. Typical base load curve.
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For each scenario and for each type of network, a Quasi-Dynamic simulation was carried out,
which allows an analysis for medium-long term scenarios. From the data obtained, it was possible
to investigate the most loaded feeders, which are generally located immediately downstream the
Primary Station, being crossed by all the energy necessary to feed the entire network powered by the
HV/MYV transformer and the load percentage of the MV/LV transformer. In particular, the basic load
percentages of MV/LV transformers are reported for both urban and rural networks for the penetration
of electric vehicles cases of 20% and 40%.

Assuming for each secondary substation for about 300 customers are powered, it was assumed
that a load of 60 EVs and 120 EVs were added to each MV/LV transformer. Considering that domestic
charging stations guarantee an efficiency of just over 90% and assuming on average six hours of
charging, to cover a daily distance of 15 km each vehicle requires 2.8 kW of power.

If, on the other hand, while maintaining an efficiency of approximately 90%, the vehicle was
recharged in just one hour, approximately 17 kW would be required. This value is obtained from the
ratio between the energy required by the battery (assumed to be 15 kWh) and the efficiency of the
charging station, generating a much heavier impact for the entire network. Therefore, the 2.8 kW
obtained previously represents only 16.47% of the maximum power.

The simulation provides graphs that will be presented later on in the next sections. In terms
of voltage, no critical impacts were detected on the network to the point of requiring intervention.
The installation of photovoltaic systems has contributed to raising the voltage level without, however,
going beyond the limits set by the CEI 50,160 standard.

3.3. Battery Energy Storage System (BESS) and Photovoltaic (PV) Models and Control Strategies

Nowadays, Li-ion technology is dominating the market for portable devices, including EVs, but it
is also increasingly used to support the RES management, in order to increase the hosting capacity.
In case of a high penetration of DGs, it could be tough to properly manage the distribution grid.
Therefore, in order to cope with this “new” problem, new solutions are under evaluation. BESSs are
pivotal for some of the challenges of the modern society: the transition towards a renewable-based
energy system; the rural electrification of developing countries and to facilitate the inclusion and the
management of EVs charging processes. What is important is to identify which technology is the
most suitable for the different final application, because no BESS is able to fulfil the needs of every
possible service. In this case, it is necessary to focus on stationary applications. The higher are the
two indicators, the better the performances of the battery will be. Lithium-ion technology has the
best combination of energy and power performances, so it appears to be the most suitable chemistry
for stationary application. However, lithium ion BESSs cover less than 30% of current stationary
installations around the globe. The main reason is represented by the high cost of installation if
compared with the other ESS technologies. BESS are well suited for almost all utilizations, but the
most appropriate one is with particular tendency for renewable integration, frequency regulation,
off-grid systems and peak-shaving. In particular, if the storage is deployed in conjunction with local
generation, it ensures reliability by filling the gaps between production and demand. In this case, BESS
can range from tens of kW up to tens of MW.

The energy storage system is the component that allows being more flexible in the energy
management throughout the day as the photovoltaic energy production is not always available.
Lithium-ion battery energy storage systems are typically used for applications related to power plants
due to the high energy density and the longer lifecycle compared to other battery technologies.

Three PV alternatives are presented in Figure 5.
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Figure 5. Maximum (a) power and (b) energy of the different photovoltaic (PV) technologies (a-Si:
amorphous silicon; CIGS: copper indium gallium (di)-selenide; mc-Si: multi-crystalline silicon).

For the purpose of selecting the nominal power and energy for the ESS, two parameters were
evaluated, depending on the different PV technologies and Self Consumption (SC) thresholds, whenever
Ppy > Proad the maximum power difference Ppy — P a4 throughout a day; the maximum energy excess
that could be stored in the typical 12 days of the year.

The CIGS (copper indium gallium (di)-selenide, compound semiconductor) technology allows
the lowest power difference and energy excess given a certain self-consumption threshold, which are
respectively equal to 23 kW and 150 kWh for a SC = 0.65.

In addition, two further considerations are needed to select the correct storage system size. First,
it is necessary to consider the state of charge (SoC) of the energy storage system, computed as:

PESS

SoC(t) = SoC(t—1) + ——— 1
(t) ( )4><E555 1)

whose operating window could be limited between 0.2 < SoC < 0.9 following the charging and
discharging process.
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Then, for simulation purposes, a constraint on the daily operation of the ESS has been added. Itis
necessary to have the same SoC at the beginning and at the end of the day, in order to replicate the
same performance each typical day of the year.

In order to store the greatest amount of energy during the day, the best choice is to set the minimum
level of SoC = 0.2. The energy constraint is the most important one to select the size of the ESS. There is
a trade-off between a big ESS, which would be too costly and might be used only few hours per year,
and a smaller one, which would lead to high amounts of energy sold to the grid instead of being
self-consumed. Therefore, a model has been chosen with 300 kWh battery capacity, with 50 kW inverter
nominal power that is limited not to oversize the inverter itself and the downstream protections.

The management of the ESS power, and the power from/to the grid, P could be performed in
different ways. The load must be matched according to the following power balance as expressed in
Equation (2), where the generator convention is adopted:

P =Py, — Pgss — Ppy )

For the periods when P is positive (hence the PV system is generating more power than the load
can consume) the battery system may charge to replenish the state of charge.

For the periods when P is negative (hence the load consumes more power than the PV can generate)
the battery system may discharge to minimise the power net import from the supply network.

A deadband may also be introduced in order to avoid unwanted behaviour using Psartreed and
Pstartstore thresholds, which are parameters embedded in the QDSL model of the battery. Hence,
a charging/discharging operation mode can be identified based on the power flow through the supply
line. This operation mode, charge P is defined as shown in Equation (3):

battery charging
chargeP = battery inactive (©)]
battery discharging

An important parameter of a battery model is the battery’s state of charge SoC (expressed in %)
and defined as the percentage fraction of the energy still available in the battery over the total energy
when the battery is fully charged (denoted by (). The state of charge is hence a state variable of a
battery model, with 0 < SoC < 100. In its most simple representation of a battery, the time dependence
of the battery’s state of charge SoC can be defined by the following differential equation:

d _ —Pgss- 100

SoC

at”" ~ C-3600 @)

where Pggs is the AC power flowing through the battery branch, under the assumption of a unity
transfer efficiency between the alternating current (AC) and direct current (DC) side of the battery
converter system.

Further considerations must be taken in the QDSL model in order to limit the charging/discharging
modes of the battery depending on the current SoC at any given moment in time. This operation mode,
chargek is defined as indicated in Equation (5):

S0C < SoCin
chargeE =3 SoCiy < SoC < S0Cay (5)
S0C > SoCyax

where So0Cyy and SoCp, are the maximum and the minimum allowed state of charge setpoints
respectively, and 0 < SoCp;, < S0Cyay < 100.

In this analysis, the ESS is assumed to be continuous in order to recharge it only when Ppy > Pp
and SoC < 0.9.
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If the PV production further increases with SoC = 0.9, the energy excess is sold to the grid.

On the other hand, whenever Ppy < P}, and SoC > 0.2 the ESS is continuously discharged.

If the load demand further increases with SoC = 0.2, the lack of energy is bought from the grid.

In this way, the ESS is never interfaced with the main grid: neither can it sell energy, nor be
recharged from it.

On the one hand, this way of operating the ESS is easy to implement and allows a SC = 1: in this
case, as all the energy produced by the PV is self-consumed by the load.

On the other hand, it does not provide any optimisation like minimising the cost of the energy
bought from the grid. Using the battery with 300 kWh capacity, the trend of the power from/to the
grid, during the year, clearly shows the ability of the system to entirely store the energy excess, as it is
never sold.

During each typical day there are two power peaks for the requested power, immediately before
and after the operation of the PV+ESS system as can be seen in Figure 6. According to the convention
used, the negative sign refers to the power flowing into the battery as it is recharging. Therefore,
between 10:00 a.m. and 5:00 p.m. the curves are negative, because the little amount of EV charging,
allows the battery to be charged by the power produced by photovoltaic panels. The charging interval
of EVs starts generally around 6:00 p.m. that is when the first peak occurs. Most of the vehicles are
connected to the home stations causing the discharge of the battery. The second peak occurs instead
around 1:00 p.m. when just few vehicles are charging, and it represents the maximum level at which
the battery can be charged. So, as can be seen, the ESS is never fully charged up to a SoC = 0.9 through
all the year, so that lower ESS sizes can be evaluated in order to find the optimal one.
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Figure 6. Battery charging and discharging process.

To model the battery in the network, a DIgSILENT tool was used that allows quasi-dynamic
models (QDSL Type) to be built and a code was implemented using the DIgSILENT programming
language (DPL), which provides an interface for the automation of the activities in PowerFactory.

4. Results and Analysis

This section will provide the results and analysis of the different cases of the EV penetration in
urban and rural networks, as well as the results of the effect of the installation of ultra-fast charging
infrastructures on the elements of a commercial network.
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4.1. Electric Vehicle (EV) Penetration in Urban Network

4.1.1. Case 1: 20% EV Penetration in Urban Network

The set of analysis performed on the urban network is based on the grid shown in Figure 7
focusing on the MV/LV transformer feeding LV households aggregated as a unique load. In the evening,
the transformer works over 100% of its capacity, reaching 121.81%. As far as transformers are sized to
reach 150% of their capacity, it was considered appropriate to evaluate a smart solution, to limit its
stress and, therefore, the wear it would have been subject to over the years, reducing its useful life.
Alternatively, an infrastructure reinforcement intervention would be needed to bear the extra load,
with a consequent significant economical investment.

]
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Figure 7. Urban 20 kV distribution network.

Figure 8 represents the results of the simulations, highlighting the efficient effectiveness of the
coupling between PV and storage system.
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Figure 8. Comparison of urban (a) transformer loadings and (b) most loaded feeder voltage profiles
with 20% electric vehicle (EV) penetration.
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This allowed the reduction of the amount of energy through the transformer, granting, in particular
during its maximum operating peak, to go from 121.8% to 108.4%.

It can be noted that during the central hours of the day, in correspondence with a massive
photovoltaic production, the transformer undergoes a considerable reduction in loading; however,
these results depend on the simplified assumptions that consider a high solar production, thus always
guaranteeing a sufficient quantity of power. If the photovoltaic production was reduced compared to
the case in question, there would be less benefits in terms of limiting the stress on the transformer,
which, however, as previously observed, would still be able to withstand the load being sized to reach
150% of the its nominal capacity.

4.1.2. Case 2: 40% EV Penetration in Urban Network

Figure 9a shows how a more massive penetration of electric vehicles on the network being
analysed can be tolerated without the need for infrastructural interventions, but that the development
of smart techniques for managing voltage profiles and managing loads can help to reduce the stress on
the most sensitive network components. The transformer load peak decreases from 132.6% to 119.3%.
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Figure 9. Comparison of urban (a) transformer loadings and (b) most loaded feeder voltage profiles
with 40% EV penetration.

Figure 9b shows the voltage profile of the most loaded feeder, which in case of EV penetration
without any smart control applied, follows almost entirely the trend of the base case profile, except for
the time intervals.

4.1.3. Case 3: 60% EV Penetration in Urban Network

Figure 10 shows that a consistent diffusion of EVs on the urban network is harder to manage
because the MV/LV transformer feeding the LV network works for several hours above 120% of its
nominal capacity reaching the peak of 138.63%, which is almost 60% higher than the base case peak
equal to 82%. Although the voltage profile is still within prescribed limits, the voltage drop almost
reached 6% with the effects of the coupling between PV and ESS still mitigating the situation.
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Figure 10. Comparison of urban (a) transformer loadings and (b) most loaded feeder voltage profiles
with 60% EV penetration.

4.1.4. Case 4: 80% EV Penetration in Urban Network

The last set of simulations for the urban network, presented in Figure 11, examine the worst-case
scenario in which, in 2030, 80% of the entire car fleet is electric. In this case, the transformer overcomes
the 150% peak capacity threshold, and since it will work above 100% of its capacity for almost half
of the day, even with smart techniques applied, it should be considered to substitute it with one of a
bigger size. The voltage profile is critical since it almost reach the lower value accepted by the norm
of 0.9, so an unexpected increase in the residential demand independent from the EVs consumption,
can cause a further drop below the minimum threshold. Smart techniques, instead, allow keeping the
voltage profile widely within limits.
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Figure 11. Comparison of urban (a) transformer loadings and (b) most loaded feeder voltage profiles
with 80% EV penetration.

In Table 1 are summed up the loading data related to the 400 kVA urban transformer for the
different scenarios analysed. With respect to the base case peak, which is around 80% of the nominal
power of the transformer, the peak values showed in Table 1 are significantly higher. As can be seen, up
to 60% EV penetration, the transformer can still withstand the additional load for some hours, even if,
in order to prevent it from a reduction of useful life, the application of smart techniques, can improve a
lot its working condition. In case of an 80% penetration of EVs, instead the installation of a 630 kVA
can be a suggested choice. However, as can be seen from Figures 8-10, in fact, the implementation of
PV coupled with ESS is capable of reducing the power flowing through the transformer, even in case
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of maximum EV penetration, and in particular, during the central hours of the day, when the energy
production from photovoltaic systems is at its maximum, the minimum loading of the transformer is
even below the base case scenario.

Table 1. Urban transformer loading data.

EV Penetration Max. Loading (%) Time Point Max. Min. Loading (%) Time Point Min.

20% 121.811 19:00:00 18.471 13:00:00
40% 132.561 19:00:00 23.252 14:00:00
60% 139.561 19:00:00 28.952 14:00:00
80% 152.561 19:00:00 29.742 07:00:00

4.2. EV Penetration in Rural Network

4.2.1. Case 5: 20% EV Penetration in Rural Network

The set of analysis performed on the rural network, is based on the grid of Figure 12 focusing on
the MV/LV transformer feeding 12 LV households.

Figure 12. 15 kV rural distribution network.

The results obtained in this scenario, are presented in Figure 13. The base case shows that the
MV/LV transformer is less loaded with respect to the case of the urban network, serving a lower
number of customers. Thus, the impact of EV in still evident, but even during the peak period, the
maximum value of 86.53% is highly tolerable, in fact the increment, with respect to the base case is
around 15%. The voltage profile is very similar in each case, meaning that currently this level of
diffusion of EVs is acceptable without any interventions.



Appl. Sci. 2020, 10, 5125 18 of 28

0594
80
0392 ~

~
=)

2 \ 3% //
= A
o 3
T 8
f_g 50 L 0988
s m—Base Case § o ase case
£ 40 . b
3 —20% EV © 0986 — 0% EV
2 30 — EV+PV £
g S V4PV
£ > 0984
20
“ 0982
0 038
12345678 9101112131415161718192021222324 12345678 9101112131415161718192021222324
Time [Hours] Time [Hours]
(a) (b)

Figure 13. Comparison of rural (a) transformer loadings and (b) most loaded feeder voltage profiles
with 20% EV penetration.

4.2.2. Case 6: 40% EV Penetration in Rural Network

In addition, in this scenario, the outcomes of which are presented in Figure 14, the results are
acceptable, showing that the MV/LV transformer is able to sustain the 40% EV penetration with the
maximum peak of 102.2%. The impact of the EV does not require any interventions but the coupling of
photovoltaic and battery system can be useful in the future, to face even higher penetration of vehicles.

Neither the voltage profile is affected significantly since the variation with respect to the base case is
less than 1%.
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Figure 14. Comparison of rural (a) transformer loadings and (b) most loaded feeder voltage profiles
with 40% EV penetration.

4.2.3. Case 7: 60% EV Penetration in Rural Network

Increasing diffusion up to 60% of the total car fleet of EVs in a rural network can still be managed
without any criticalities as observed in Figure 15 both for the MV/LV transformer and the most loaded
feeder voltage profile. In fact, the transformer hardly works above 100% of its nominal capacity, which
was overcome only in the peak hour. The voltage profile is never below 0.965 so widely within the
limits, with a variation around 1% in the worst case.
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Figure 15. Comparison of rural (a) transformer loadings and (b) most loaded feeder voltage profiles
with 60% EV penetration.

4.2.4. Case 8: 80% EV Penetration in Rural Network

The last set of simulations for the rural network as in Figure 16 shows that the impact of a massive
penetration of EVs is not producing too many criticalities for the transformer, even if the loading in its
peak increased from 66% of the base case to 128%. This value can be reduced to 117%, implementing
the PV coupled to the ESS. The voltage profile is not so much affected, since even in the worst case it
reaches 0.94, with a voltage drop of 4% from the base case. This means that the rural network analysed
is a robust and oversized grid, capable of withstanding a large amount of additional power.
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Figure 16. Comparison of rural (a) transformer loadings and (b) most loaded feeder voltage profiles
with 80% EV penetration.

In Table 2 are summarised the loading data related to the rural transformer for the different
scenarios analysed. The results are much lower with respect to the ones presented in Table 1, because
of the reduced load that the transformer is feeding. In fact, the base case peak, reaches almost 50% of
the transformer nominal capacity. The peak hour, in which most of the electric vehicles gets charged,
corresponds to the time when people gets back home and shows that the installed 250 kVA transformer
is capable of withstanding the additional load, since it is dimensioned to work up to 150% of its
nominal power. Even in case of an 80% penetration of EVs, which is an unlikely scenario in 2030, the
transformer can work up to 128%, so it will not be necessary to substitute it, but the application of smart
measures will help relieve the load in the most congested hours. As can be seen from Figures 11-14, in



Appl. Sci. 2020, 10, 5125 20 of 28

fact, the implementation of PV coupled with ESS is capable of reducing the power flowing through the
transformer, even below the base case scenario.

Table 2. Rural transformer loading data.

EV Penetration Max. Loading (%) Time Point Max. Min. Loading (%) Time Point Min.

20% 86.531 19:00:00 24.484 08:00:00
40% 102.213 19:00:00 20.961 10:00:00
60% 111.563 19:00:00 22.188 11:00:00
80% 128.344 19:00:00 33.997 (09:00:00

4.3. Fast Charging Station

The latest set of simulations was performed with the aim of assessing how much the installation
of ultra-fast charging infrastructures, characterised by a rated power of up to 150 kW, could affect
the elements of a commercial network. Figure 17 presents the commercial network on which the
simulation has been performed, putting in evidence where the charging stations were installed.
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Figure 17. Commercial 20 kV distribution network.

In fact, the installation of this kind of charging station is still mainly located in points of interest
such as shopping centres, interchange parking lots and highways. The goal is to allow recharges
of up to 80% of the total battery capacity in about half an hour. However, in urban centres, the
implementation of this technology is not yet widespread, but several studies [57] assume that service
stations within urban centres can be converted into hybrid stations, allowing both the recharging of
electric vehicles and the refuelling of those with internal combustion engines. The presence in several
points of interest of a high-power multi-standard fast charging station capable of delivering DC power
of up to 150 kW DC and additional 65 kW of AC power for vehicles without DC charging option
and built in inverters has been assumed. According to the technical documentation of the chosen
column [58], the power needed to charge the vehicles is distributed, through the dynamic power
management, guaranteeing the first connected vehicle a continuous power of 120 kW, reduced to
60 kW and maintained in case of the connection of additional vehicles.
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In the simulation model, an element already present in the DIgSILENT software library was
used, which represents a load of MV, since the connection technical standards [59] provide that loads
between 100 and 150 kW can be installed either in MV or LV, however, the choice commonly adopted
by Enel, foresees the installation in MV.

In a real condition, fast charge stations, if installed on an LV grid, can be powered directly by
the transformer of secondary substation, through a dedicated feeder. The simulation predicts the
worst-case scenario, in which four vehicles are connected to the charging station at the same time,
assuming that the users of the service recharge their vehicle for limited time intervals, compatibly with
the staying time. Exploiting an option of the simulation software, a single charging profile was used
for simplicity, shifted on different time slots, assuming that in two intervals, between 12:00 a.m. and
1:00 p.m., and between 6:00 and 7:00 p.m., the peak of users could be reached, to simulate random
connections of several electric vehicles that connect and disconnect to the station. The results, as
depicted in Figure 18, indicate an almost full exploitation for most of the time of the charging station, in
particular between 9:00 a.m. and 7:00 p.m. with the assumption that once the vehicle is fully charged
in immediately disconnected, to allow the charging of another one. However, the voltage profile is still
largely within the limits set by the technical standards, since the voltage drop is less than 5% even at
the moment of maximum use of the charging station.
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Figure 18. (a) Power requested from the fast charging station and (b) voltage profile along the medium
voltage (MV) feeder.

5. Discussion of the Results

The analysis of the results obtained makes it possible to formulate two conclusions related to the
consequences that the high penetration of electric cars and the measures taken to mitigate their effects
can have on the distribution system.

The transformers analysed are able to withstand the additional loads represented by electric
vehicles, evenif especially in the evening hours, they are forced to work in overload. The implementation
of photovoltaic systems, in the specific cases analysed, had no significant consequences as regards the
effects on voltage. However, in older networks and especially in nodes near the distribution stations,
high photovoltaic production can contribute to a voltage rise of more than 10% compared to the
nominal value. On the other hand, the strong penetration of EV into the farthest nodes, can generate the
opposite effect, causing a strong drop in voltage. Keeping the hypothesis of an uncontrolled recharge,
the positive and negative impacts of EV and PV systems are balanced with major effects from one or
the other depending on the level of penetration. Due to the non-coincidence between the EV recharge
time interval and the PV production period, the effectiveness of mitigation is relatively weak; therefore,
the implementation of an accumulation system is an ideal solution. The voltage profile has presented
a strong dependence on the demand. The voltage drop is stronger as the distance from the primary
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station increases, even if the feeder length has less influence on the voltage drop, if there is not such a
high current.

It is also important to remark that there some voltage profiles are not affected in those hours when
the generation is zero or almost zero. The quasi-dynamic load flow of one day has shown this trend.
Another important element that influenced strongly the voltage profile is the power injected by a
generator. The generator node suffers a strong voltage increase according to the power injected and
the line reactance. It is important to underline that reactive power injection or withdrawn can have a
positive effect on the voltage, which can be decreased, by absorbing a certain amount of reactive power
(inductive behaviour) or increased injecting reactive power (capacitive behaviour).

From the simulations performed, it is possible to confirm that thermal limits affect mainly the
buses near to the primary substations. In fact, the first nodes are crossed by a large amount of power,
which needs to flow toward the farthest LV users. In addition, a share of the new power injected by
DG can flow upstream to the MV busbar. If more load is connected in the same bus where the DG is
being connected, the hosting capacity can increase, because the generation can be absorbed by the local
load, and there is no need to transport the power through the lines. The ampacity of lines represents
the network structural limit, related to the cross sections of MV overhead lines and cables and cannot
be solved unless significant investments are put in place. The base case scenario is shown as a low
loading in the most part of the grid, resulting in an apparently unnecessary oversize.

However, the loading increase showed an important consequence of the good line sizing to
maximize the amount of distributed generation installed in the feeder. It is important to say that these
thermal limits are reached for a few hours, so the introduction of elements to shift the power injection
in time could result in a hosting capacity increase of the feeder. Moreover, it can be appreciated that
the overall hosting capacity in all cases is set by the line thermal limit. Overload of branches is the
first limit affected or the most badly impacted. The reverse power flow is a real problem, as the red
and yellow lines show in Figure 19, when the generation is higher than the demand, so when current
flows from the feeders to the primary station. This power flow change can be a problem if multiple
feeders start to have the same behaviour, until a certain point of time where the transformer can reach
its capacity limit, since it has not been designed for this purpose.
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Figure 19. Reverse power flow issue.
6. Recommended Solutions

In the following, as a future step in Italy, some solutions will be recommended to be implemented
based on existing solutions though the papers analysed for this work.

The demand curve without the EVs is pretty standard and DSOs are able to predict the demand at
all times. However, the prices for grid operation and electrical energy on the free market are impacted
significantly by the peak loads. In the future, with a high penetration of electric vehicles it will be
essential to make sure that the additional load does not come in periods of peak load. So two types of
smart charging schemes are proposed, centralized and decentralized. In the decentralised scheme, the
schedule is determined by the user itself according to his specific needs. Still, indirect control can be
exercised by the DSO with price signals. This would mean that during peak loads, prices of electrical
energy would be higher so the EV users would be motivated not to charge their vehicles during those
times, instead charging them during off peak times.
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It is important to clarify that peak and off-peak loads refer to the so-called “residual” load that is
not served by the non-programmable RES. To make it clear if during a peak load a huge number of PV
panels reach the maximum production, it might even be beneficial to charge the vehicles in those times,
so the tariff would be relatively low even though it is technically a period of peak power.

A centralised smart charging scheme is a system of active management, where a coordinated
structure controlled by the DSO is in place. A large number of vehicles would receive demand
signals by the DSO and adjust their charging schedules to provide a demand response service to the
distribution company. Aggregation of a huge number of electrical vehicles, joined and controlled
together as a fleet, is necessary in order to obtain the desired benefits on the grid. The idea is to go
beyond just scheduling the charging cycles, but also to provide other services to the grid operator.
The aggregated entity would offer services to the grid as a single element but deliver the services
with multiple units dispersed in the grid. This activity is usually undertaken by a third party called
electric vehicle aggregator, who would be in the middle between the DSO and EV users. Its main
task would be to suggest a charging profile to the customers a day in advance, while sticking to their
constraints and schedules. By following this charging profile, customers would get discounted prices
for electricity, while the aggregator, would profit from the DSO. With this new figure in place, new
business solutions can arise and he would need to negotiate the benefits for the users for providing
other services, such as cheaper electricity, free battery replacement etc.

Another possibility, which mainly involves public charging stations, is to organize a fleet of EVs
and one or more types of RES under one entity. This concept is known as “virtual power plant” and
has many benefits, because the combination of more than one technology controlled by the same
entity would guarantee more reliable production as well as having storage capabilities within the same
virtual plant. The aggregator, who is in charge, will be able to participate in the market and increase
the profit of each individual participant.

6.1. Smart Charging

In addition to e-mobility, it is necessary to talk about smart-mobility, which represents all the
new possibilities of using the car and its interaction with the network. As mentioned, on average,
electric cars, due to their charging and autonomy characteristics, are used for their own movement
and transport activities for very short periods, just for 5% of the time while the remaining 95% of time
remain stationary and, therefore, unused.

Given their flexible load with electric storage available and the development of communication
systems, it would be absurd to view them as just a regular load. Their main function will remain in the
transportation sector, but with a high potential in providing services, both to the grid and to the market.
The V2G (vehicle-to-grid) mode of operation can be applied, exchanging energy in the system during
critical conditions, and since electric vehicles are dispersed by nature, this increases their impact on
grid regulation, facilitating the work of the network operator. This application for EVs can reduce
the overall costs of purchasing and maintaining storage units in the future, and reduce the need for
grid upgrades, which would result in an economic benefit for the DSO. Consumers providing this
service through their vehicles, of course, should be properly compensated, with the possible creation
of new markets.

However, the management of this resource is extremely complex, with some elements requiring
strong regulation. Furthermore, charging and discharging the battery for the V2G increases the cycles
carried out causing greater degradation to the battery. The owner must also be paid for this reason and
must be informed about the amount of the remaining charge to be sure of being able to use the vehicle
after having transferred energy to the network. The fee will depend on the market price and the time
in which the vehicle remains available for the service. Finally, vehicles must communicate with the
electrical system via a special connection inside the plug. From this analysis was born the idea of a full
time use of EVs and to use them not only for traditional activities but also as energy accumulators.
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In the energy management process, the role played by storage systems is certainly complementary
to renewable generation and contributes in giving stability to the network both as a quick response to
the required needs and as a reduction in power fluctuations related to renewable generation produced
by other sources such as photovoltaics and wind. The latter, in fact, being dependent on climatic
factors and, therefore, not programmable, cannot provide optimal and immediate solutions to sudden
requests from the network, so an efficient storage system is essential to manage the differences between
production and use. By taking advantage of the charged batteries of electric cars connected to the
network, it is possible to offer, in a very short period, an adequate response to a sudden peak in demand.
If on one hand the diffusion of electric vehicles could contribute to the stability of the network by
regulating the frequency and reducing the power fluctuations linked to renewable generation, on the
other hand the uncontrolled growth of electric cars, not adequately supported by an expansion of the
distribution network, could produce an opposite effect. According to the simulations performed, the
current network infrastructure has the potential to support a medium-low EV penetration (below 50%).

In particular considering the trend of the load in the tertiary sector, the effects of electric vehicles are
not very serious since the requests of recharge are concentrated in the morning and are not summed up
to the typical afternoon peak. In the residential area, however, the effect of EVs influences more heavily
on the network, since the recharges are concentrated mainly in the evening thus producing greater
peaks. So it is possible to make the vehicles interact with the grid at different levels with several options
such as V2H (vehicle-to-home), V2B (vehicle-to-building) and V2G (vehicle-to-grid). In this way, the
bi-directionality of the battery is exploited to allow an energy flow also from the vehicle to the network.

Vehicle batteries store a lot of energy, on average about 25 kWh (but those of the latest generation
reach up to 90 kWh), which correspond to about two and a half days of energy required by typical
users. It is therefore a big amount of energy that can be used. Taking advantage of this opportunity is
not easy, and it is convenient only when large quantities of energy are involved or with many vehicles
in the same place, located together as the only source such as in parking lots, near charging stations
and in residential areas during the night. V2G can be used to provide power supply at peak demand
for an intervention time varying between four and six hours every day, or for ancillary services in
order to supply power to support the system occasionally in case of frequency variations, due to loss of
generation or problems on transmission lines. In this case, these are single interventions with a limited
average duration of ten minutes.

Finally, regulation can also be performed in order to exchange active and reactive power to
guarantee the voltage regulation of the system. The amount of operations that can be executed is very
high but for a short time interval of a few minutes at a time.

6.2. Peak Shaving and Load Levelling

The management of the electricity grid is very complex, since the power consumption by the
users is characterised by very marked fluctuations. Peak production by RES like solar panels does not
correspond with the peak loads of the system, so storing that energy in the electrical vehicles would be
very good for guaranteeing system adequacy, reducing the need of investments in the generation sector.

Besides, the stability of the system might be endangered due to high percentage of uncontrollable
loads. The use of an electrical energy storage system according to the load levelling logic consists in
the storage of energy during the low load hours of the electrical system and its subsequent supply
during periods of high demand from users as simulated in the QDSL battery model. This operating
criterion entails above all technical benefits, in particular by optimising the operation of the thermal
plants and the management of the electricity network owing to the peak shaving operation, useful for
levelling the peaks of maximum electricity demand. In fact, the intervention of a storage system can
satisfy the peak demand while maintaining a more homogeneous generation profile. Thermal plants,
in particular those that exploit low-cost primary sources, are not designed to operate at partial load
with good efficiencies. By accumulating the surplus of electricity that they generate during periods of
low demand, it is possible to allow these systems to always operate near nominal load and efficiency.
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The stored energy can be subsequently supplied during the hours of maximum demand by reducing
the load of expensive peaking systems powered by natural gas.

Higher penetration of EVs means higher electrical energy requirements, as well as bigger stress
on the electrical grid. The storage systems can intervene, as previously described, to level the load
curve and manage the periods of maximum demand by postponing investments on new network
infrastructures and on increasing installed power. This operating strategy also favours the practice of
energy price arbitrage. It takes advantage of the price difference of electricity that occurs between two
times of the day or week to make an economic profit for the storage system. Electricity is purchased
and stored when it costs little due to the low demand from users, and then it is resold during the hours
when prices are higher.

From an economic point of view, it is possible to affirm that energy storage systems favour the
reduction and stabilization of prices in the electricity market because they release electricity production
from speculation and the volatility of prices linked to fossil fuels.

7. Conclusions

This study examined the impact of charging systems for electric vehicles on a real distribution
network with reference to various future scenarios of electric mobility, from 20% to 80% of the overall
car fleet. The diffusion of domestic recharging systems on the LV network led to critical issues on some
transformers of the secondary substations only when there were high penetration levels, while there
were no violations of significant operating limits on the MV network. Neither have the fast charging
stations caused changes in constraints for the MV network. In future however, it is probable that their
more massive installation will generate problems particularly with regard to transformer overloading
and expected voltage limits. The critical issues observed occurred more in a purely urban network in
which the grid elements are subjected to more use than the rural ones, thus requiring that investments
may be necessary in future to ensure the full availability of high-powered charging stations.

The results disclosed that additional power demand from EVs could be a problem for the electric
system, mainly because the highest demand from EVs corresponds to the typical consumption peak
from the residential customers. However, in strong networks, the additional load does not yet represent
a real challenge.

In Italy, the strong presence of renewable resources will encourage the increasing penetration of
EVs in the network, from a technical point of view, provided that smart strategies for load control are
also implemented, both for private citizens and for public utilities.

In this simulation, the results obtained, although reasonable, are not entirely realistic, because the
data related to the load curves are simulated and do not guarantee complete dependability regarding
the networks analysed. Even the generation profile of the photovoltaic systems has been simulated
and although close to reality, it is a simplification being considered constant for each day of the week.
A possible solution, within electric demand-side management strategies, is the active demand response
(ADR), which consider a change in the behaviour and use of electricity, dependent on end customers,
in response to certain price signals.

This study can, therefore, be considered useful both for purely technical purposes of interest of
the DSO, as fully responsible for the management of the network, and for present and future owners of
an EV who will be driven to change their energy consumption habits. The scenario envisaged is one
in which awareness about energy consumption is increasingly important, and consumers are very
conscious of their consumption in real time and well adapted according to market price signals. Each
proposed measure can be implemented with positive results in most cases.

However, these interventions are not always sufficient for obvious infrastructural problems,
some of which are visible in heavy loads on lines that supply many users. Physical intervention is
therefore necessary; this involves replacing the current conductors with those that have larger sections
to withstand the thermal limits or by inserting more conductors in parallel in order to decongest the
overloaded lines and improve the voltage profile.
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Finally, it should be pointed out that the control measures examined so far are local in nature and,
therefore, will have to be properly coordinated with one another; the DMS (distribution management
system) in the primary station will be tasked with analysing the system’s state, optimizing it and
sending the appropriate regulation signals to all devices, i.e., OLTC (on-load tape changer), distributed
generation, loads and accumulations.

The electrification of transport and the development of the network towards smart grids constitute
the next and imminent evolution of the electricity sector. In addition to guaranteeing the technical
advantages listed in this study, the new condition will lead to sustainable mobility and optimal
management of the network, with lower power losses and a reduction in costs in a virtuous circle that
benefits the environment.
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