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Abstract

In the past few years, SPV installations in Italy have increased dramatically, providing more
than 7.5% of the national electricity consumption in 2014. Most of the installed SPV capacity
is allocated in the distribution network, and the majority of the installations is represented
by single-phase rooftop SPVs connected to residential LV grids. Those large SPV shares lead
to network integration issues such as voltage rise, overloading of the network components
and voltage phase unbalance. Electric Vehicles (EVs) are a technology in rapid expansion
whose connection is expected to take place in the LV network as well. EVs might represent
a possible solution to the SPV integration issues, since they can be used as fast distributed
battery storages, and consume locally part of the excess PV generation.

The purpose of this work is to propose different EV charging strategies, based on the
present electricity tariffs and future developments of the electricity market as well as the EV
technology, and to analyze their impact on the grid bottlenecks that limit an increase in the
penetration of the PV hosting capacity in LV networks.

For the scope of this work, a model of a residential LV network is recreated using the
software DIgSILENT PowerFactory, by adapting to the Italian case study a CIGRÉ bench-
mark. The PV hosting capacity and the grid bottlenecks at the present state of the grid
are investigated, in order to determine what are the limiting factors for an increase in the
PV installations. The present electricity tariffs for Italian residential customers are analyzed,
together with possible future technical (voltage droop control, Vehicle-to-Grid functionality)
and economical (Distribution Locational Marginal Pricing) developments. According to this
analysis, 4 scenarios are identified, and the EV load profiles are generated with MATLAB for
each of them and introduced in the simulation model.

The analysis of the simulation results revealed that the present Time of Day (TOD) tariffs
are inefficient in the integration of EVs and SPV in residential grids. There has been found
a positive correlation between the number of EVs in the network and the increase in the
PV hosting capacity for the other scenarios analyzed, which, according to the scenario and
the EV share in the network, increases between 18 and 64% compared to the present value.
However, a series of EV integration issues are still registered, regarding the voltage magnitude
variations and voltage phase unbalance. The proposed future developments mitigate some of
the integration issues, without solving them completely.

The results of the analysis conducted in this work shows that there exist a series of
limitations in the mutual benefit between PV and EV technologies in LV distribution grids.
EVs can increment the PV hosting capacity in the existing LV networks without the need
for grid reinforcements, however, the impact of considerable shares of EVs requires additional
research. The results of this work can be adapted to other European LV networks.
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1 | Introduction

The Electric Vehicle (EV) technology is now in its early stages, but its proliferation is expected
to exponentially increase in the next few years. The Solar Photovoltaic (SPV) technology is
instead already a significant power source in many countries, including Italy where in 2013 it
provided more than 7% of the national electricity demand.

The spread of EVs and PVs is expected to increase, and to create power quality issues in
the power network, especially on the Low Voltage (LV) side. However, since PV generation is
predictable to some extent and the EV is a flexible load, a combination of the two technologies
can mutually help the increase in number of both EV fleet and PV installed units to be
plugged-in to the grid.

This report investigates how, and to what extent, different EV charging strategies can
increase the PV hosting capacity in the case of an Italian residential LV network. The hosting
capacity is defined as the maximum PV installed capacity that can be allocated into the LV
network without the violation of any of the grid constraints assumed. Those constraints are
based on power quality indicators such as voltage magnitude, voltage phase unbalance and
maximum loading of the network components.

This first chapter contains the introduction and the background for this work, which lead
to the definition of the Problem Statement. A list of objectives and the limitation of this
work are then discussed, then the methodology employed in the project is introduced. In the
end, an introduction to the content of each chapter in the report is to be found in the outline
section.

1.1 Background

Global warming, the increase in the average temperature of Earth’s climate system, is one
of the main issues of our time. This phenomena has evidence in instrumental temperature
records, melting of major stores of land ice such as the glaciers in the Northern Hemisphere and
in the consequent rise of the sea levels [1]. Almost all the scientific community nowadays agrees
that global warming is caused by increasing concentrations of greenhouse gases produced
mainly by human activities.
The Intergovernmental Panel on Climate Change (IPCC) stated in 2013 that the largest driver
of global warming is carbon dioxide (CO2), which is emitted mainly by fossil fuel combustion
and cement production [1].

The transportation sector is nowadays responsible to almost one fifth of global CO2 emis-
sions: for this reason it is a good candidate to apply the decarbonization of the human activ-
ities [2], [3]. The replacement of Internal Combustion Engine (ICE) vehicles with Electrical
Vehicles (EVs) is a step in that direction as of private transportation [4].

1



2 Chapter 1. Introduction

EVs are now a technology in rapid expansion: in 2012, the global stock was of 180.000
units (0.02% of total passenger cars) and by the year 2020 it is expected to have 20 millions
of electrical/hybrid vehicles on the road worldwide (2% of total passenger cars in 2020) [3].
Fig. 1.1 shows a prediction of the evolution of EV market in the decade 2010-2020. This
increasing trend is confirmed by the more recent data on sales, with more than 200.000 EVs
sold in 2013 and more than 280.000 sold in 2014 worldwide [5], [6].

Figure 1.1: Sales (on the left) and stock (on the right) targets for EV until 2020 [3].

Apart from CO2 emissions savings, EVs present other advantages when compared to
ICE vehicles, including no noise emissions, better reliability due to the reduced number of
mechanical components, independence from oil availability and price fluctuations, reduced
costs of operation and better overall efficiency [2].

However, the electricity generation sector must be reconsidered as well, for the electrifi-
cation of private transportation to be effective in CO2 reduction. Charging private vehicles
using electricity generated from conventional fossil fuel power plants might solve some of the
problems on a local level, e.g. air pollution in big cities, but on a global perspective, the
impact is negligible [2].

For this reason the share of Renewable Energy Sources (RES) in electricity generation
should increase. Renewable energy is defined as energy that comes from resources which are
naturally replenished on a human timescale: some examples are sunlight, wind, tidal and
waves. The exploitation of RES for electricity production is virtually CO2-free, and it is
not affected by shortages. One technology able to convert sunlight into electricity is Solar
Photovoltaics (SPV).

SPV has experienced a considerable growth in the last decade, and in 2013 it reached
138.9 GW of global cumulative installed capacity, with 38.4 GW installed only that year [7].
Italy represent an interesting case study for its high penetration of SPV. At the end of 2013
the cumulative installed capacity was 17.928 GW, 13% and 22% of the world and EU-27 total
respectively [7], as shown in Fig. 1.2.

This considerable share resulted in a yearly production in the year 2013 of 21,229 GWh,
equivalent to more than 7% of the 2013 national energy consumption [8].
PV generation units have typically small rated capacities when compared to conventional
power plants, and are scattered on the territory [9]. As a result, the vast majority of the PV
installed capacity is connected to the distribution grid. In the Italian case study, at the end
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Figure 1.2: Evolution of European PV cumulative installed capacity [7]. At the end of 2013, Italy is for the
third year in a row the second country for PV installed in the EU-27.

of 2012 96% of the total number of PV units were installed in the LV grid, accounting for the
31% of the PV installed power [10].

Referring to [11], [12], high PV shares introduce power quality issues to the LV grids.
Distribution networks were planned for a one-way power flow operation only [13]. For this
reason the reverse power flow, which can occur when the PV generation exceeds the local
load demand, can result into overvoltages over the admissible range along LV feeders, and
overloading of network equipments such as cables and distribution transformers. Since most
of PV units have a rated power in the range of few kW, and they are mostly connected
to a single phase of the grid only, another integration issue is represented by voltage phase
unbalance.

The EV load is expected to introduce issues in the LV network as well. Since the electri-
fication of the transportation sector is still at an initial stage, the number of charging points
will be limited in the near future. For this reason the EV owners will charge their vehicle
mainly at home, plugging their EV to a residential socket [2]. EVs represent an additional
load, for which the LV grid was not designed and sized: a single vehicle recharging its batteries
has a power demand in the range of few kW, comparable to the average household consump-
tion [2]. The peak load introduced by unplanned EV charging can lead to overloading of the
network components such as cables and transformers, overheating and undervoltages in the
distribution grid.

Since PV is intermittent, but on some way predictable power source [14], and EVs are
flexible loads, different researches suggest that one technology might be complementary to the
other. Referring to [12], [15] and [16], the implementation of distributed storage systems in
LV feeders has been presented as a solution to overcome overvoltages and overloading of the
distribution transformer, when the active power generation is higher than the load demand.
Those distributed storage systems can be represented by EVs, when plugged into the electrical
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grid. EVs in the near future will be able to modify their charging profile according to real-time
signals, helping to reduce the integration issues, in a process called smart charging [2].

1.2 Problem Statement
The integration of PV generating units in LV networks is limited by the presence of grid
bottlenecks, such as voltage magnitude variations, overloading of the network equipments
and voltage phase unbalance.

Guaranteeing high power quality standards while using an increasing share of intermit-
tent, partially unpredictable renewable energy sources is a challenge for Distribution System
Operators (DSOs) in the future. Better coordination between RES production and load con-
sumption is necessary, in order to reduce the need for investments in reinforcing or upgrading
the power grid infrastructure.

EVs are a recently developing technology whose connection will take place mainly on
the LV network, due to the size of the EV batteries and the present lack of a fast charging
infrastructure. Several studies suggests how EVs can be used as distributed battery storages.
The EV charging process could reduce the reverse power flow in the LV feeders, main cause
of the limits to a further increase in the PV hosting capacity, by absorbing power close to the
PV generating units. The local consumption of the PV generated energy bring also economic
advantages for an electric customers who owns both a PV unit and an EV, in the form of
savings in the electricity bill by an increased share of self-consumed energy.

According to these conclusions, some objectives for this project have been found and are
presented in the next section.

1.3 Objectives
The main objective of this work is to propose different EV charging strategies, and to ana-
lyze their impact on the grid bottlenecks for large integration of PV units in LV residential
networks. The Italian scenario is chosen as a case study.

To achieve this objective the following tasks have been completed:

• Investigate the present hosting capacity for PV generating units in a test case Italian
LV distribution grid, and determine any grid bottlenecks;

• Propose an optimization process to minimize the cost for the residential customer who
owns an EV and a PV unit for each of the proposed scenarios;

• Apply EV charging scenarios based on the EV driving and availability patterns and the
present electricity tariffs for Italian residential customers;

• Apply technical (voltage droop control, Vehicle-to-Grid functionality) and economical
scenarios (Time-of-use Tariff, Net Metering, Locational Marginal Pricing) to integrate
more SPVs and EVs in the distribution grid;

• Propose a new approach for the evaluation of the cost related to the battery wear-out
associated with Vehicle-to-Grid functionality;

• Introduce different EV shares in the residential LV model, and evaluate the impact on
the network PV hosting capacity and grid bottlenecks for each of the scenarios proposed;



5

1.4 Methodology

As the test case network for investigating the influence of high penetration of SPVs and EVs
on distribution grids, a benchmark grid model based on the CIGRÈ European Low Voltage
network is recreated using the software DIgSILENT PowerFactory. A series of modifications
on the original model are proposed, including the lengthening of the radial feeder, the inclusion
of single-phase connections and the modeling of individual loads and generating units. These
modifications aim to adapt the model to the Italian scenario, where single-phase connections
are predominant in residential LV networks. The proposed modifications are tested with a
series of simulation analysis based on voltage sensitivity.

The domestic load and the PV generating profiles used in this work are based on mea-
surements data from an ABB solar irradiance sensor and a study on the European domestic
load profiles. Unbalanced load flow simulations are conducted, and data about loading of all
network components, voltage magnitude and voltage phase unbalance at any node of the grid
is collected and used as indicators of the grid power quality, in order to determine eventual
grid bottlenecks. The maximum PV hosting capacity in the network is calculated using an
iterative algorithm developed using a DIgSILENT Programming Language (DPL) script.

After the evaluation of the PV hosting capacity at the present state of the grid, the
impact of different EV charging scenarios is analyzed. The EV load profiles are generated as
the output of an optimization process, where the EV load demand is the control variable, the
cost for the EV owner is the cost function and the constraints considered are those derived
from the battery State of Charge (SOC), the availability for home-charging and the charger
technology. The EV availability for home-charging and the EV energy demand are generated
with a MATLAB script from a normal distribution function, based on data from an EU survey
about Italian car drivers’ habits.

New functionalities based on forecasting future development of the electricity market
and EV technology are analyzed. Voltage droop control for the EV charger is implemented
through an iterative co-simulation process, where the maximum allowed EV power demand is
calculated with MATLAB, and the feedback on the voltage level at the bus where the EV is
connected is performed with PowerFactory. The implementation of an application of real time
pricing, Distribution Locational Marginal Pricing (DLMP), is proposed. The price signals of
DLMP are based on unbalanced loss sensitivity analysis. A new approach to calculate the
cost associated with battery wear-out during Vehicle-to-Grid (V2G) operation, based on the
energy that can be cycled in the battery cycle life, is proposed and implemented in MATLAB.

1.5 Limitations

Some assumptions and limitations are considered in this work, and they are listed as follows:

• The residential LV grid modeled in this work has a radial structure; other configurations,
such as ring or mesh grid, or modifications of the grid topology are not taken into
consideration. Only one feeder of the LV grid has been modeled in detail, while the
other feeders connected to the secondary side of the MV/LV transformer are modeled
as aggregate loads;

• It is assumed that the modeled MV/LV transformer is not equipped with On-Load Tap
Changer (OLTC) functionality. The analysis is limited to the LV side of the network
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only; any impact of EVs and PVs on the MV and HV sides of the network is not analyzed
in this work;

• It is assumed that every household in the modeled LV grid has a rooftop PV unit
connected to a single-phase inverter, and a single-phase EV charger. For simplicity
reasons all residential units, individual PV units and EV chargers are modeled with the
same rated power. Cloud transients and differences in the installations of the PV units,
such as tilt and orientation angles, are not considered; for this reason all the PV units
modeled follow the same generation profile;

• In the implementation of voltage droop control for the EV charger, the same droop
control is applied to all the EV chargers in the network, regardless of their location in
the grid or the EV battery SOC;

• The chemistry of the EV batteries and the effects of temperature and discharge rate on
their lifetime are not considered;

• The participation of EVs and PVs in other markets apart from day-ahead is not analyzed
in this work;

• Control strategies for active and reactive power control from EVs and PVs are not
investigated in this report;

• Power quality issues such as harmonics, flicker, frequency fluctuations etc. are not
considered in this work;

1.6 Outline of the Report

• Chapter 1: Introduction
This first chapter contains the background on which this work is based, the objectives,
the limitations there have been considered and the methodology followed in this work.

• Chapter 2: State of Art
In this second chapter the theoretical background on which this work is based is pre-
sented. First, an overview on distribution networks is introduced, with focus on LV
residential grids in the Italian scenario. Then follows an analysis of LV loads in res-
idential grids, and the description of their modeling process. PV technology is then
presented, with focus on grid integration issues and the Italian case study. The power
quality indicators used to determine the PV hosting capacity in the LV feeder, and their
limits assumed as constraints are then discussed. In the end of the chapter the Elec-
tric Vehicle (EV) technology is presented. The EV integration issues in LV networks,
the proposed solutions such as voltage droop control and Vehicle-to-Grid functional-
ity (V2G), and the EV operation in terms of driving patterns and charging points are
discussed.

• Chapter 3: Adaptation of the CIGRÈ Benchmark Model
In this chapter the modeling of the residential LV network is presented. At first, the
CIGRÈ European LV benchmark is analyzed. A modified version of the benchmark
model is then proposed and implemented, in order to better represent the Italian case
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study. The adapted model is presented and tested, through a series of analysis based
on voltage sensitivity. In the end, the PV hosting capacity at the present state of the
grid is evaluated on the proposed simulation model.

• Chapter 4: Integration of EVs and PV units in the network
In this chapter the EV is introduced into the network model, and its impact on the grid
bottlenecks and the PV hosting capacity is evaluated and discussed. First, Time Of
Day tariff (TOD), the available tariff for Italian residential customers, is analyzed and
the EV load modeled accordingly is introduced into the network. The bottlenecks and
the new PV hosting capacity are evaluated for this scenario. Net Metering functionality
is then analyzed, and the same simulations are performed. In the end the results are
compared and a list of conclusions on the present electricity tariffs for Italian customers
in terms of PV and EV integration in the network is presented.

• Chapter 5: EVs in Future Distribution Grids
In this chapter future developments of the distribution grid are presented. An approach
based on loss sensitivity is proposed to determine real-time marginal pricing, with the
purpose to stimulate the self-consumption of the PV generated energy by applying
varying prices according to the location and the grid conditions. The implementation
of V2G functionality is analyzed, and the new approach to model the cost associated
with the battery wear-out is presented and implemented. The same evaluations as for
the previous scenarios are conducted, and in the end the results are compared.

• Chapter 6: Conclusions and Future Works
In this final chapter the results of the simulations are discussed, and the advantages and
drawbacks of the integration of EVs and PVs in LV distribution grids are analyzed on
both the EV owner and the DSO perspective. In the end, future works are presented.
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2 | State of Art

In this chapter the theoretical background of this work is presented. In the first section, the
structure and operation of distribution grids is analyzed, with focus on the grid bottlenecks
for an increase in the PV penetration. Then follows a description of the elements connected
to LV distribution grids, from residential loads to generating units such as SPV. The issues
regarding the integration of high shares of PV units in those grids are summarized after a
literature review. In the end, the EV as a load in the system is presented, and its potential
as distributed battery storage in the system, as well as its limits, are described.

2.1 Distribution Grids

In this first section of this chapter, typical structures of distribution grids are presented. First,
an overview of distribution grids is presented, followed by a more detailed description of radial
distribution network in the Italian case study, on which this work focuses. The issues related
to the bi-directional power flow that can occur in these grids with the increase in the PV
installations are presented, with focus on the Italian case study.

2.1.1 Composition of a Power Network

A power network is composed of a transmission system and a distribution system. While the
transmission system is responsible for the bulk transfer of electrical energy from the generating
power plants to the major load centers, the distribution system has the task to supply, with
high power quality and reliability, all the local customers with an appropriate voltage level
[17]. A schematic representation of a power grid is displayed in Fig. 2.1.

Distribution systems can be subdivided into Medium Voltage (MV) networks, also called
primary distribution systems, and LV networks, or secondary distribution systems. MV
networks have nominal voltages in the tens of kV, while LV networks usually have nominal
voltage of 400 V [19].

The vast majority of electrical customers are connected at LV level, and supplied via
feeders connected to MV/LV distribution substations [17]. Most of the RES installed capacity
is nowadays connected to the distribution network as well. While large wind turbines and
solar power plants are generally connected to the MV level, units with smaller rated capacity,
including most of the installed PV capacity, are connected to the LV level [10].

2.1.2 Structure of a Distribution Network

The most common configuration for distribution networks is the radial topology. Radial
distribution networks are composed of feeders which are supplied by one end only, typically

9
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Figure 2.1: Typical scheme of the electrical power grid with the range of voltage levels commonly used in
continental Europe [18].

connected to the busbar at the secondary side of a distribution transformer.
The radial topology has the main advantage of economy in the installation when compared

to other topologies, such as ring or mesh grids [20]. The drawbacks are related to the power
quality level. The high impedance of the conductors used in LV networks result into voltage
variations in conditions of high load demand or high distributed generation power production.
These variations are more evident for the customers connected close to the end of the feeder,
where the impedance from the distribution transformer reaches its maximum, and can exceed
the design limits [20].

Traditionally LV distribution networks were designed for one-way power flow, from the
medium voltage substation to low voltage customer loads [21].

The voltage drop ∆V in a line such as the one represented in Fig. 2.2 can be approximated
as:

Figure 2.2: Single line diagram of a three phase AC line.

∆V ' RP +XQ

V
(2.1)
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where P and Q are the active and reactive power exchanged at the Point of Common
Coupling (PCC), R is the line resistance, X is the line reactance and V is the line voltage.

It is relevant to notice that the R/X ratio for the conductors used in LV networks, both
OHLs and cables, is usually high, often over unity [22]. This means that the active power has
greater influence than the reactive power on the voltage magnitude, when compared to the
transmission network. High shares of distributed generation units, such as SPV, can lead to
reverse power flow in the feeder, from the customers to the distribution transformer. In such
a case the term P = Pgen −Pload becomes negative, resulting in a voltage rise ∆V which can
go above the allowed limits at the end of the feeder.

2.1.3 Italian Distribution Network

The Italian distribution network is operated using a 20 kV MV network connected through
transformers to a 400 V LV network. Apart from rare exceptions, where an above average
service continuity is required and the ring grid is used, e.g. in hospitals, all the Italian
distributed network is operated with a radial structure [20].

It is common practice to use more than one type of conductor along the same feeder, with
larger cross-section in the beginning of the feeder and smaller cross-section close to the end,
due to the lower current flowing in the line [17], [20].

Another relevant characteristic of the Italian LV network is the predominant use of single-
phase load connections, especially in residential grids [20]. The use of single-phase connections
applies also for the considerable share of installed distributed generation: the use of single-
phase PV inverters is allowed for sizes up to 6 kW, and the vast majority of the current
installations, mainly composed of rooftop PVs, is below this limit [10].

More detailed data about the network elements will be presented in the next chapter,
together with the description of the simulation model.

2.2 Low Voltage Loads

In this second section of the chapter the most common loads in residential LV grids, domestic
load and public illumination, are presented. The electric load due to the EV home-charging
process is presented separately in Section 2.4.

2.2.1 Household Loads

The household load profile is the sum of all load profiles of the residential electrical loads,
such as appliances, air conditioning, illumination, and others [23]. Household loads represent
the majority of LV loads, and due to the low individual energy demand they are usually
connected to a single-phase of the grid only [9], [20]. Even if the LV feeders are planned in
order to maintain a fair distribution of single-phase loads among the three phases, a certain
level of load unbalance is always present in the grid, known as background unbalance [24].

The domestic load profile proposed in [25] was used for modeling the load demand of the
residential units of this work. The original profile has been obtained by measurements from
a sample of buildings in Wales, and it represents one of the best approximation of standard
European residential load profiles [25]. In order to obtain a smoother profile, and because
the PV measurements used are on a hourly base, the original load profile has been adapted
to hourly resolution from the original 5 minutes one. A comparison between the 5 minutes
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resolution data and the 1 hour average data, for one example of one day of the year, is
presented in Fig. 2.3.

The so obtained domestic load profile has a peak load of 3.76 kW and a yearly consumption
of 2979.71 kWh. These values suit the Italian case study: in 2012 the average yearly Italian
household consumption was 2298.85 kWh, ranging from a minimum of 1772.83 kWh in Imperia
(Liguria) to a maximum of 2999.84 kWh in Carbonia (Sardinia) [26].

It has been assumed in this work a constant Power Factor (PF) of 0.95 for the domestic
load demand, and a rated power of the connection to the grid of 4.50 kW; all the assumption
regarding the residential load are summarized in Table 2.1.

Figure 2.3: Comparison between the 5 minutes resolution measurement data and the 1 hour average resolution
data, used in this work as a domestic load profile, during an example of one day of the year.

Table 2.1: Assumptions made in the modeling of the single-phase residential load.

Parameter Value Unit

Rated power 4.50 kW
Peak consumption 3.76 kW
Yearly consumption 2979.71 kWh
Power Factor (PF) 0.95 -

The various loads in the grid usually do not absorb their rated power simultaneously, so
the maximum system power demand is always lower than the sum of the single load rated
powers. A parameter used to describe this phenomena is the coincidence factor fco, defined
as the ratio between the system maximum power demand PM and the sum of the single loads
maximum demand PM,i [20], as expressed by Eq. 2.2.

fco = PM
n∑
i=1

PM,i

(2.2)

To simulate the coincidence of residential loads in the grid, three different profiles are
created by shifting the original profile one week forward and backward, so the consumption
profile for a Monday is replaced by the consumption profile of another Monday, etc.
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Figure 2.4: Comparison between the three residential load profiles generated from the original measurement
data over one week of simulation.

A comparison of the three different profiles on a weekly base can be seen from the plot of
Fig. 2.4. The resulting system residential load has a coincidence factor fco = 0.56, a value
suitable for residential loads [20].

2.2.2 Public Illumination

Another common load in residential districts is represented by public illumination. An ap-
proximation used in this work, is to model the public illumination network as an aggregate
load, with two different power demand levels: ON (1 p.u.) and OFF (0 p.u.). The aggregate
load represents the sum of all the individual light pole loads. In the model an aggregate loads
representing the cable cabinet is created, accounting for approximately 8% of the present state
of the grid load demand. Since the single-phase light poles are distributed equally among the
three phases, the aggregate load will be modeled as a three-phase balanced load.

The load profile in this work will be derived from the PV power output irradiance mea-
surements, with OFF state when the PV generation is not null and ON state anywhere else.
Public illumination loads are commonly connected to dedicated feeders. For this reason the
aggregate load representing public illumination will be connected to the LV side of the distri-
bution transformer.

2.3 Solar Photovoltaics
In this section the PV technology and how its integration in LV networks affects the grid power
quality are presented. A brief overview of the PV share and its future forecast is presented
in Section 2.3.1. The issues related to a high share of PV generation in distributed grids are
then presented. In the end, a definition of the maximum hosting capacity in a distribution
network, based on a set of power quality indicators, is proposed.

2.3.1 Present Share and Future Forecast

The solar PV global installed capacity has reached 138.9 GW in 2013, and future forecasts
show how this number is going to increase in the next years [7]. Regarding Italy, the trend
on the cumulative installed PV capacity is constantly increasing while the new installations,
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after a boom in 2012, are now in a decreasing trend. This tendency is illustrated in the plot
of Fig. 2.5.

Figure 2.5: Yearly installations and cumulative installed PV capacity in Italy from 2006 to 2013 [10], [27],
[28]. While the cumulative capacity is still increasing, the yearly installations are decreasing due to reductions
in the governmental subsidies and saturation of the LV grids.

Referring to [29], in some Italian distribution networks the installation of new PV units has
been delayed until reinforcements of the distribution network are operated. The saturation
of the hosting capacity in most of the distribution network explains the decreasing trend in
the installations of new PV capacity, displayed in Fig. 2.5.

2.3.2 Issues in the Integration of PV Units in LV Grids

Some of the main issues that prevents large integration of PV units in LV networks are voltage
rise, overloading of network equipments and voltage phase unbalance [12], [15], [22].

Voltage rise is a direct consequence of the reverse power flow on the feeders [12]. This
phenomenon occurs when in the same feeder high SPV generation meets low load conditions,
and it is more relevant in long feeders with high impedance, as described in Eq. 2.1. Voltage
rise is a particularly relevant issue in LV network: because of the resistive characteristic of
LV conductors, active power (such as PV active power output) has a greater impact than
reactive power over the grid voltage [22], [30].

Voltage rise is harmful for the grid infrastructure and the customers connected to it. The
application of a voltage over the design limit can lead to degradation due to long-term heating
and eventually to a failure of the electronic component [31]. If the upper voltage limit at the
PCC is exceeded, voltage rise will also result into a regulation or curtailment of the power
output of PV systems, resulting in loss of renewable energy [32].

Another issue is represented by overloading of network equipments such as MV/LV trans-
formers and LV cables [15], [33]. Currents over the design limits will result into overheating
of the network component, and consequent loss of life.

One more problematic issue is represented by voltage phase unbalance. Although signifi-
cant efforts are made by the utilities in equal distribution of loads and distributed generation,
a perfect balance of load and generation among network phases it is not always possible
[13]. Voltage phase unbalance may occur even when all loads and generating units connected
have the same rated power, due to differences in the generation and load profiles [24]. An
increase in the distributed generation installed power can result into an amplification of the
background unbalance over the defined limits.
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Other known issues of the PV penetration in LV grids, such as grid unintentional islanding,
complexity of network protection relays coordination and frequency fluctuations [9], [12], [34],
are not investigated in this work.

2.3.3 Hosting Capacity for Photovoltaics in Low Voltage Grids

The hosting capacity for photovoltaic generation in a power system is ’the degree of PV share
that the power system can accept without endangering the reliability or quality of power’ [35].

The impact of PV generation in a distribution network can be quantified by using a set
of indicators about power quality. Those analyzed in this report include voltage magnitude,
phase unbalance and overloading of network components. Once defined the limits for those
parameters, the hosting capacity is defined as the maximum share of PV for which none of
those constraints is violated.

In the following paragraphs the indicators used to define the hosting capacity are pre-
sented, and their limit values used as constraints are specified.

Voltage Magnitude

As introduced in section 2.1.2, due to the high R/X ratio of the LV conductors, the influence
of active power on the voltage level is considerable in LV grids, and high shares of PVs can lead
to voltage rise. Under normal operating conditions a ±10% range around the nominal voltage
value for 95% of the week, measured as the 10 minutes mean RMS, is the limit imposed by
the EN 50160 requirements [36]. It has to be highlighted that this constraint applies to the
whole distribution network, including both the LV and the MV levels. Since in this project
the impact on the MV level is not considered, for conservative reasons a voltage limit of ±5%
on the LV level, at any time, is selected.
To summarize, it will be used as a requirement that the voltage magnitude V (measured as
phase-to-neutral for single-phase, phase-to-phase for three-phase) in any of the i LV nodes of
the grid, always fulfill the equation:

Vmin ≤ Vi ≤ Vmax (2.3)
The [Vmin Vmax] range for three-phases and single-phase connections is summarized in

Table 2.2.
Table 2.2: Voltage magnitude rated values and admissible range for single-phase and three-phase connections.

Single-phase Three-phase

Vrated [V] 230.00 400.00
Vmin [V] 218.50 380.00
Vmax [V] 241.50 420.00

Phase Unbalance

Voltage unbalance represents the difference in magnitude between the phases of a three-phases
system. Voltage unbalance is harmful for the grid for different reasons, including overheating
of AC electrical machines and increased losses in the distribution transformer [21].
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Voltage unbalance can be defined by using the Percentage Voltage Unbalance Factor
(%VUF) [37]. %VUF is calculated as the ratio of the negative sequence voltage component
Vn to the positive voltage sequence component Vp, as in Eq. 2.4.

%V UF = Vn
Vp
· 100 (2.4)

The positive and negative sequence voltage components can be obtained from the line
voltages, by using Eq. 2.5 and 2.6, where a = 16 120◦ and a2 = 16 240◦.

Vp = Vab + aVbc + a2Vca
3 (2.5)

Vn = Vab + a2Vbc + aVca
3 (2.6)

The EN50160 limit for voltage unbalance is 2.00% [36]. This value will be used as a
constraint in order to define the maximum PV hosting capacity. The voltage phase unbalance
constraints can be expressed then by Eq. 2.7.

%V UFi = Vn,i
Vp,i
≤ %V UFmax = 2.00% (2.7)

Overloading of Network Components

Overloading of network components affects the thermal regime in both the distribution trans-
former and the system conductors.

For the distribution transformer it is selected that the current should not exceed the
maximum rated current at any time. This conservative constraint can be formulated as:

Itrafo ≤ Itrafo,max (2.8)

Regarding the network conductors, the limit is set according to their ampacity value.
The ampacity of a conductor is the RMS value of the line current which the conductor can
continuously carry while remaining within its temperature rating. A common practice for LV
and MV installations is to refer directly to the datasheets provided by the cable manufacturer
for the ampacity limits [20]. The data used in this project are taken from a manufacturer
datasheet [38] and are listed in Table 3.5. Given the ampacity Imax,j for the j cable in the
network, the constraint will be that at any time is respected the equation:

Ij ≤ Imaxj (2.9)

To summarize, the PV hosting capacity is evaluated as the distribution network PV in-
stalled power that never leads to a violation of the constraints expressed by Eq. 2.4, 2.7,
2.8 and 2.9. In this work, the hosting capacity value is evaluated as the rated power that
each individual PV unit in the network can reach, rather than the number of PV units of a
specific rated power that can be plugged into the network. The PV hosting capacity and the
constraints are evaluated on a yearly base, in order to consider the seasonal behavior of PV
production and residential load demand.
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2.3.4 PV Generation Profile

The PV generation profile used in this work has been obtained from measurement data
provided by ABB. The PV installation where the measurements were conducted is located in
the city outskirts of Florence, Italy. The measurement profile has one year length and hourly
resolution. An example of the PV generation profile during one week is presented in Fig. 2.6.

The main characteristics of the PV generation profile are summarized in Table 2.3. Since
the rated power of the PV units modeled in this work is variable, the PV generation profile
is scaled accordingly, by using a process described in Section 3.3.

Figure 2.6: Example of the PV generation profile during one week of simulation.

Table 2.3: Main parameters of the PV installation where the measurements are conducted.

Parameter Value Unit

Rated power 2.80 kW
Peak production 2.78 kW
Yearly production 3395.73 kWh
Installation type Rooftop PV -
Azimuth angle 90◦ (east) -
Tilt angle 15◦ -
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2.4 Electric Vehicles

In this last section of the chapter the EV technology is analyzed and a model of the EV load is
proposed. First, the assumptions on which the model of the EV is created are presented, both
regarding the battery modeling and the EV driving and availability patterns. The theoretical
background and the modeling of Vehicle-to-Grid (V2G) and Voltage Droop Control are then
illustrated. In the end, the issues due to an increased EV share in the power network, the
solutions found in the literature, and the possible benefits of using EVs as distributed storages
in networks with high PV share are presented.

2.4.1 EV technology

An EV is a vehicle that uses one or more electric motors for its propulsion. This general
definition of EV includes road vehicles, rail vehicles, electric boats, electric aircrafts, and any
other possible application of electricity for traction [2], [39]. In this project the focus will
be on electric city cars. The term EV will be used in this project to refer to this particular
application of electric motors.

There exist several types of commercially available EVs, which can be grouped into Plug-
in Electric Vehicle (PEV), Fuel Cell Electric Vehicle (FCEV) and Hybrid Electric Vehicle
(HEV) [2]. The objective of this work is to investigate the contribution of EVs in increasing
the PV hosting capacity in a power network. For this reason the focus from now on will be
on PEVs only, since FCEV and HEV do not directly charge their batteries from the grid [2].

The PEV battery market is nowadays covered mainly by three technologies: lead-acid,
nickel metal hydride (NiMH) and lithium-ion (Li-ion) [40], [41]. Li-ion is the most promising
technology for its high specific energy (Wh/kg) and power (W/kg) [2], and it is expected
to be the most widespread battery technology in new EV applications [42]. For this reason
Li-ion will be the only battery technology on which this work will focus its attention.

A commercially available Li-ion based EV city car, the 2014 Nissan Leaf, has been chosen
as a model in this project. The capacity of the Li-ion battery pack is 24 kWh, which for
the average driving efficiency 0.18 kWh/km ηdri allows a maximum range Rmax of 133 km.
Technical information about the vehicle can be found in Table 2.4.

Table 2.4: Nissan Leaf main technical specifications [43].

Parameter Symbol Value Unit

Battery capacity Crated 24 kWh
Average driving efficiency ηdri 0.18 kWh/km
Maximum range Rmax 133 km

Many factors affect the battery lifetime, one of the most important being the State of
Charge (SOC) [40]. SOC is defined as the % value of the charge left in the battery com-
pared to the battery rated capacity. The cycle life is defined as the number of complete
charge–discharge cycles that the battery can perform, before its nominal capacity falls below
a specified limit. This limit is set, in this work, as 80% of the battery initial rated capacity
[40].
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SOC values should be reduced from the theoretical 0-100% range for not deteriorating the
battery lifetime and guaranteeing safe operation. Referring to [44], the lowest SOC admissible
for Li-ion batteries to preserve their performances is 20%. The upper charge should also be
limited, in order to avoid overcharging and safety related issues [45]. A upper value of 90%
is set in this work.

To summarize, the EV Li-ion battery model used in this project will operate in the 20-90%
SOC range. This restriction results in a maximum range of 93 km. The hypothesis on the
battery are summarized in Table 2.5.

2.4.2 Battery Charger

It is likely that in the near future EV owners will charge their vehicle mainly at home, due
to the drivers’ habits and the present lack of charging infrastructures [2], [46], [47]. For these
reasons, in this project only the EV home-charging is considered.

The EV charger modeled in this work is based on the specifications of the single-phase 3
kW charger provided with the Nissan Leaf [43]. Table 2.6 presents a summary of the charger
model used in the simulations.

Due to the 85% charging efficiency ηcha, the full power charging Pmax,DC at the battery
side will result in a 3.53 kW load Pmax,AC on the grid side. The Power Factor (PF) of the
EV charger is reported to be in the range from 0.98 lagging to the unity factor [48], [49]. In
this work the PF is assumed to be 1.

Table 2.5: Assumptions on the bat-
tery model.

Parameter Value Unit

Maximum SOC 90% -
Minimum SOC 20% -
Maximum range 93.1 km

Table 2.6: EV charger model used in the simulations [43].

Indicator Symbol Value Unit

Power input [AC] Pmax,AC 3.53 kW
Power output [DC] Pmax,DC 3.00 kW
Input voltage Vrated 230 V
Maximum current Imax 16 A
Charging efficiency ηcha 0.85 -
Discharging efficiency ηdis 0.85 -
Power Factor PF 1 -

2.4.3 Vehicle-to-Grid functionality

The basic concept of V2G is that an EV, when parked and plugged into the network, can
either absorb energy and store into its batteries or discharge the batteries and provide power
back to the grid [2], [40].

The implementation of V2G presents several advantages for the EV user and for the local
DSO. On the DSO perspective, an EV with V2G functionality can be used as a distributed,
fast acting energy storage. It can provide power in peak load times, reducing the network
load and consequently reducing or deferring network upgrades, provide ancillary services and
regulating power. The integration of EVs with V2G functionality will allow power systems to
be more flexible with the synchronization between generation and load, since the EV can act
both as a load and a generator, and thus accommodate higher shares of intermittent RES,
such as PV [40].
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On the EV and PV owner perspective, the use of V2G functionality can increase the
self-consumption by storing the exceeding PV energy during daylight hours and powering the
domestic load during peak hours. The EV can also generate revenue by storing the energy
purchased when the price is low, and then providing part of the energy back to the network
or the residential unit when the price is higher.

The V2G concept presents some limitation and drawbacks. The overall net efficiency of
the V2G process depends on the product between the charging and the discharging efficiency
of the EV battery, and can be calculated as:

ηnet = ηdis · ηcha (2.10)

For the Li-ion battery of the EV analyzed in this work, the values of ηdis and ηcha are
presented in Table 2.4, both assumed equal to 85%. This results in a net efficiency of 72.25%.
This means that for every kWh provided by the EV back to the network requires approxi-
mately 1.38 kWh to be charged in order to restore the original SOC.

Another parameter that cannot be neglected in the analysis of V2G is the additional wear-
out introduced by a more frequent and aggressive cycling of the battery, and the connected
cost for the EV owner. Every additional charge-discharge cycle introduced by V2G operation
will result in an additional consumption of the battery life compared to the normal operation.

For Li-ion batteries, such as the one of the Nissan Leaf analyzed in this work, the previously
defined cycle life is dependent on the DOD of the charge-discharge cycle and other factors,
such as ambient temperature and the discharge rate, which will not be analyzed in this work
and left for future works. The relationship between cycle life and DOD is exponential, as it
can be seen from Fig. 2.7

Figure 2.7: Exponential relations between DOD and cycle life for Li-ion batteries [40].

The curve of Fig. 2.7 has been approximated by [40] with Eq. 2.11.

ln(L) = −0.795 · ln(D) + 6.5425 (2.11)

which can be rewritten as:
L = 694D−0.795 (2.12)

where L is the battery life as number of cycles and D is the DOD of the charge-discharge
cycle. In other words, each cycle of depth D will consume 1/L of the total cycle life.
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A more detailed evaluation of the cost connected to the battery wear-out in V2G op-
eration will be presented in Section 5.2, where the V2G functionality is added to the EV
load modeling. In the next section, driving patterns for EVs in terms of energy demand and
availability for home charging are proposed and discussed.

2.4.4 EV Driving Patterns

The driving patterns of EVs consist of data about the EV availability for charging and the
SOC at the arrival at the charging spot. With the knowledge of the driven distance and the
vehicle average efficiency in terms of kWh/km, it is possible to determine the SOC at the
arrival at destination and, with simple calculations, the time and energy needed to restore
the SOC to the desired level.

As presented in the introduction of this project, the EVs today on the road are a small
fraction of the total number of cars; for this reason real EV driving patterns are difficult to
obtain. Referring to [2], [50], the assumption that the EV users will follow the same driving
patterns as ICE users is an acceptable approximation; therefore, the analysis of the driving
data of conventional cars will be used to create driving patterns for EVs in this project.

Regarding the Italian case study, the 2012 EU mobility survey reports how in Italy a
private car stays parked for more than 90% of the time [51]. This can be seen from the left
plot of Fig. 2.8, where the average travel time of ICE vehicles during a week is compared
between various EU countries. In the survey it has been highlighted how the average driving
time for Italian ICE drivers is almost independent from the day of the week and around
1h15’; this means that for approximately 22h45’ every day (over 92% of the time) the vehicle
is parked somewhere.

As introduced in the previous section, in this project it is assumed that EVs can only be
charged at home. This means that the time when the car is available for charging is smaller
than the time the car is not used for driving: for example a commuter may park his/her
vehicle at the working place where there is no EV charger available.

Figure 2.8: Average daily travel time per day of the week (left plot) and average daily driven distance (right
plot) for a series of EU countries [51].

In this work some assumptions are made to define the EV availability for home charging;
by EV availability is meant the time the EV is plugged into the network, regardless of the
battery’s SOC. Based on the data about home departure and arrival times and the average
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number of trips done in a day found in the EU survey [51], it is assumed that the maximum
availability for home charging will occur during the weekdays from 00:00 to 8:00 and from
19:00 to 24:00, and during the weekend. The probability of the EV being able to charge
during these hours is set to 90%.

A lower value (50%) is set during the working hours, from 8:00 to 12:00 and from 14:00
to 19:00 during all the weekdays. As the survey reports how ’in Spain, Italy and France there
is some share of individuals who return home in between of the working day’ [51], during the
lunch break on the weekdays, from 12:00 to 14:00, an intermediate level of EV availability
(70%) is assumed.

A visual representation of the EV availability for charging in the weekdays and the weekend
is plotted in Fig. 2.9.

Figure 2.9: Scheme of the probability of the EV to be available for home-charging in the weekdays and the
weekend [51].

From data about the driven distance and the average driving efficiency (0.18 kWh/km,
see Table 2.4), the EV energy demand can be calculated. According to the EU mobility
survey [51], the average daily driving distance in Italy is approximately 50 km, with limited
differences between weekdays and weekend, as shown in the right plot of Fig. 2.8.

In this project the EV daily driven distance is selected randomly from a normal distribu-
tion, having mean 50 km and standard deviation 5. The standard deviation value has been
chosen in order to have all the values in the range 0-93 km. The lower limit is set to give
physical meaning to the driving distance, while 93 km is the maximum distance that the
chosen EV can cover within the assumed 20-90% SOC range, as presented in Table 2.5.

2.4.5 EV Integration Issues in LV Grids

The EV charging process raises a number of technical issues for the DSO, due to the large
amount of energy required, which can reach or even exceed the domestic load demand.

If the Nissan Leaf modeled in this work is driven for 50 km a day (the average driven
distance in Italy) for 300 days in a year, the yearly energy demand will be:

EEV = Dday · 300 · ηdri
ηcha

= 50 · 300 · 0.18
0.85 = 3176.74 kWh/y

where Dday is the average daily driven distance, ηdri is the average driving efficiency and
ηcha is the EV charger efficiency. The EV yearly consumption is in this case more than the
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domestic load demand considered for this work (2979.71 kWh/y, as presented in Table 2.1).
This additional load can result into increased line losses in the system, overloading of

network components and voltage variations below the minimum limit along the feeder. The
introduction of the EV home-charging load is particularly relevant in residential LV networks,
where the uncoordinated charging of the EVs can overlap with the evening household power
consumption, resulting in an increased peak load demand the network was not designed for
[30], [48].

Another integration issue is represented by voltage phase unbalance. Since single-phase
chargers will be the most common configuration in LV grids, it is possible that an unequal
distribution of the EV chargers over the three phases will lead to voltage imbalance in the
LV feeder [49]. It has to be remarked that since the residential customers in Italy are usually
connected to a single phase of the LV system only, the phase unbalance due to EV charging
can increase the already existing network background unbalance (introduced in paragraph
2.2.1).

2.4.6 Voltage Droop Control Functionality for the EV Charger

A possible solution to the issues that the EVs introduces in the power network is represented by
Voltage Droop Control (VDC). With VDC functionality, the EV charger active power demand
is controlled according to the voltage level at the connection point [52]. If the voltage V is
lower than the rated value Vrated, the maximum power demand of the EV charger is decreased,
until it is reduced to zero for a minimum voltage level Vmin.

This method can help reducing the voltage variations in a power system, by reducing the
EV load demand in case of undervoltage at the bus where the EV is connected, and shifting
part of the EV load demand to hours where the voltage is higher.

Several voltage droop control strategies can be implemented. In this work the analysis is
limited to one of the simplest, represented by a linear slope. A graphical representation of
linear voltage droop control can be found in Fig. 2.10 and can be mathematically expressed
as:

Pdroop(V ) =


Prated V ≥ Vrated
Kp · (V − Vmin) Vmin < V < Vrated
0 V ≤ Vmin

where Kp is defined as:

Kp = Pmax
Vrated − Vmin

(2.13)

According to the constraints assumed in Sec. 2.3.3, it is assumed in this work to have
Vmin = 0.95 p.u. of the rated voltage.

2.4.7 Use of EVs to Increase PV Penetration in LV Grids

Battery storage is one of the main technologies used as a storage system [53], and the use of
EVs as distributed battery storages represent a particular application of this technology.

A deferrable load, or flexible load, is an electric load which needs to be supplied for a part
of the day and which can be deferred in time, Examples of flexible loads are air conditioning,
heat pumps and some appliances, while other loads such as illumination do not have this
property. EVs are flexible loads [2], since the battery charging process can be delayed and/or
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Figure 2.10: Scheme of the maximum charging power allowed with voltage droop control functionality. The
EV is allowed to charge at full power for voltages over the rated value, while the charging is forbidden in case
to undervoltages over 5%. The intermediate voltages result into intermediate charging power allowed.

modified in order to adapt to the network conditions or to meet more convenient electricity
prices. For this reason the synchronization between the PV production and the EV load
demand can be possible. Day-time charging reduces the evening load peak and increases the
PV local consumption [30]. Referring to [54], it has been suggested how EVs can be used as
a storage device for the surplus power generated by PV units, reducing the amount of power
brought from the power utility and limiting the reverse power flow due to PV generation.

The use of EVs to solve the voltage rise problem in LV feeders with high penetration of
PV is analyzed in [55]. The paper focuses on LV networks with high share of PV generation
and EV demand, concluding that a relatively small EV penetration in residential grids is
sufficient for providing voltage support during high PV generation periods, if the EV load
demand is synchronized with the peaks of the PV production.

Voltage phase unbalance is another issue, introduced in LV grids by single-phase connec-
tions of Distributed Generation and load [24]. Voltage phase unbalance in the network can
be reduced, if the EVs charge accordingly to the voltage of each phase, self-consuming the
PV generated energy independently for each phase.

2.5 Electricity tariffs for Residential Customers

2.5.1 Time of Day tariffs

Time of Day (TOD) tariffs, also known as Time of Usage (TOU) tariffs, are used to avoid
excessive load peaks in the grid, by applying a variable price according to the time of the day.
A higher price is set during peak load periods, and lower rates during off-peak load period.
The electrical customer can decide whether to shift part of the energy demand during off-peak
hours, or pay accordingly.

An application of TOD tariffs, named Tariffa Bioraria, is at the present day the only
electricity tariff available for Italian residential customers, such as those connected to the
residential network analyzed in this work [56].

A more detailed description of the Italian TOD tariff, inclusive of the analysis of the final
price formation, is available in Section 4.2.
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2.5.2 Net Metering Service

Net metering is a service available for an electric consumer who also owns a generating unit,
such as SPV. By using net metering service the energy produced, and not instantaneously
self-consumed, can be delivered to the local distribution network, and it can be used to offset
the electric energy provided by the DSO to the customer during the applicable billing period.
In the event that the consumer’s generation exceeds the consumption over the billing period,
the customers is paid for the energy sold to the network, at a price per kWh lower than the
cost of the purchased electricity.

In the Italian case study Net Metering is put on top of the above mentioned TOD tariff.
Since the cost of the electricity purchased from the DSO is always greater than the reward
for the excess energy fed into the grid, this service is most profitable when the energy is self-
consumed. For this reason Net Metering represents the most profitable option for customers
that own deferrable loads, such as EVs, since deferrable loads can variate their load demand
to increase the self-consumption of the PV generated energy.

Net Metering service in the Italian scenario is analyzed in Section 4.3.

2.5.3 Real Time Pricing

Real time pricing (RTP) represents a future development of TOD tariff: with RTP the price
of electricity varies with time according to the grid conditions, such as the loading level of the
network components and the voltage magnitude, so as to better represent the variable costs
of energy generation, transmission and distribution [57], [58].

Supplying an electric load during conditions of load peak demand is for the DSO more
expensive than to supply the same load during off-peak hours, due to congestion in the
network and higher line losses. Similarly, during peak load conditions the value of the PV
generated energy is higher, since it can help reducing the loading of the distribution network
by providing locally part of the needed energy.

An application of Real Time Pricing, Distribution Locational Marginal Pricing (DLMP),
is proposed as a future scenario and analyzed in Section 5.1.

2.6 Summary
Large integration of PV generation in LV grids is limited by the presence of grid bottlenecks
such as overvoltages, voltage phase unbalance and overloading of the network components.
The introduction of EVs in the network can potentially solve these bottlenecks, since the
EV charging process can absorb part of the PV generated energy and reduce the reverse
power flow in the feeder. On the other hand, the introduction of EVs does present a series of
integration issues as well, since the EV charging process, when combined with the residential
peak demand, can result into undervoltages in the network and possible overloading of the
network components. For EV and PV technologies to mutually benefit each other, the grid
bottlenecks for the PV integration have to be identified and EV charging strategies have to
be designed accordingly.
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3 | Adaptation of the
CIGRÈ Benchmark Model

Based on the theoretical background presented in the previous chapter, a model of a LV
residential grid for the Italian case study is built. Using the CIGRÈ benchmark model for
LV networks as a starting point, an adapted model is proposed and tested. The present
PV hosting capacity of this adapted model is investigated, and the grid bottlenecks are
determined.

3.1 Analysis of the CIGRÈ benchmark model

A benchmark model is chosen, in order to maintain the important technical characteristics
of a real grid, while reducing the complexity and the wide range of differences between the
existing LV networks.

The LV network model developed within the EU project Microgrids, adopted by the Task
Force CIGRÈ C6.04.02 as a European benchmark model for LV networks [59], has been
considered for this work as a starting point.

3.1.1 Description of the CIGRÈ benchmark model

A schematic representation of the benchmark model is shown in Fig. 3.1.
The model represents a LV network powered from the LV busbar of a MV/LV transformer,

serving a residential area through underground cables. One feeder is modeled in detail,
while the others are represented with an aggregate load connected to the LV busbar of the
transformer (not displayed in the figure).

The residential customers are represented as aggregate loads. Those aggregate loads and
distributed generation units are connected along the length of the feeder and its branch. The
benchmark model provides a load profile for the residential loads, which is plotted in Fig. 3.2.
The feeder parameters are listed in Table 3.1, while the transformer main characteristics are
described in Table 3.2.

DIgSILENT PowerFactory has been used to recreate the model of the benchmark LV
network. The network elements characteristics are modeled according to the data of [60].

3.1.2 Limits of the Original Benchmark Model

By conducting an analysis based on unbalanced load-flow simulations, it can be seen how the
benchmark model represents a strong grid, with no power quality issues or overloading of any

27
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Figure 3.1: CIGRÈ LV distribution network benchmark [60].

Table 3.1: Parameters of the LV benchmark model; Node C is the furthest node (FN) from the distribution
transformer.

Parameter Unit

Grid topology Radial
Number of feeders modeled in detail 1
Number of household loads 5 (aggregate loads)
Load installed capacity 55.6 kVA
RES installed capacity 12.5 kVA
Impedance from the LV busbar to the FN 0.084675 + j0.0487 Ω
Voltage sensitivity at the FN (dV/dP) 0.603 p.u./MW
Distance FN - transformer 345 m
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Table 3.2: Main parameters of the MV/LV distribution transformer.

Parameter Value Unit

Primary voltage 20.0 kV
Secondary voltage 0.4 kV
Rated power 400 kVA
Impedance 5% -
Connection Dyn11 -

network component. This represent a limit for the analysis of this project, because the study
of smart charging strategies for the EV charging are unnecessary if there is no issue in the
integration of PV units in the network.

Even in the unlikely event of fco = 1, e.g. 100% load demand compared to the rated
power from every residential unit in the grid, the most loaded cable, the segment of the main
feeder connected to the distribution transformer, will experience a current of only one third
of its ampacity. Regarding the voltage magnitude fluctuations, the scenario with 100% load
and no generation does not create issues for the integration of more load in the network. As
an example, the voltage profile along the feeder in the 100% load scenario is shown in Fig.
3.3. Data about power quality measurements are available in Table 3.3.

To determine how much PV could be theoretically be installed in the benchmark network,
a simplified model of the feeder is proposed, illustrated in Fig. 3.4.

The line is representative of the total length of the feeder. Branches and loads are excluded,
and a PV unit is connected at the end of the feeder. This represents the worst case scenario
for the PV integration in the grid, since no power is locally consumed, and the impedance
between the generation unit and the distribution transformer is the maximum. Both the local

Figure 3.2: Load profiles for household loads (in blue), commercial and industrial loads [60].
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Figure 3.3: Voltage profile along the feeder of the benchmark model with 100% load demand (compared to
the rated value) and no generation.

Table 3.3: Data about the present scenario of the benchmark model, worst case scenario (maximum load
demand from all the loads), no PV units or EVs connected.

Element Position Limit Value Unit

Maximum loading of a line Line 1 100 33.5 % on cable ampacity
Minimum phase voltage BUS7,A 95.0 96.6 % of the rated value
Maximum phase unbalance BUS7 2.00 0.65 %VUF

Figure 3.4: Single line diagram of the simplified model of the LV feeder.

load consumption of part of the PV generated energy and the installation of part of the PV
installed capacity closer to the distribution transformer will lead to an increase in the PV
hosting capacity.

Assuming that the voltage at the secondary side of the transformer is set to 1 p.u., the
overvoltage at the busbar at the end of the feeder can be calculated rewriting Eq. 2.1 as:

∆V = V2 − V1 = R · P +X ·Q
V1

(3.1)

where P and Q are the active and the reactive power outputs of the PV unit, V1 is the
voltage at the busbar 1, R is the line resistance and X is the line reactance. R and X can be
calculated by multiplying the distributed parameters r and x of the main feeder conductor
by the length of the line l. All the parameters are listed in Table 3.4.
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Table 3.4: Parameters used in the simplified benchmark model.

Parameter Symbol Value Unit

Voltage at the transformer secondary side V1 1.000 p.u.
Distributed resistance r 0.163 Ω/km
Distributed reactance x 0.136 Ω/km
Total length of the feeder l 0.315 km
Line resistance R 0.051 Ω
Line reactance X 0.043 Ω
Cable ampacity Imax 310.0 A

The limits for the installed PV capacity considered are the voltage level at the PV busbar,
which should stay in the 0.95-1.05 p.u. range, and the loading of the cable with respect to
the cable ampacity.

Eq. 3.1 can be simplified even more considering a unity power factor for the PV units,
having these only active power P as output. The line current can now be computed as:

Iline = P√
3V2

(3.2)

The overvoltage at the busbar at the end of the feeder can be written as:

∆V = R · P
V2

(3.3)

Eq. 3.2 and Eq. 3.3 can be used to determine the maximum PV hosting capacity at the
end of the feeder. Considering the loading of the line as constraint, Eq. 3.2 can be rewritten
as:

Pmax,I = Imax · V2 ·
√

3 = 310 · 400 ·
√

3 = 214.00 kW (3.4)

Considering the overvoltage at the end of the feeder as the constraint, the maximum
installable PV power can be found as:

Pmax,∆V = V2∆V
R

= 400 · 20
0.051345 = 155.80 kW (3.5)

From Eq. 3.4 and 3.5, it can be seen how the maximum PV capacity is restricted by the
overvoltage at the busbar. In this scenario the loading of the line is limited to 68.8%. The
information of the loading of the distribution transformer is in this case not relevant, since
the other feeders connected to it are not taken into consideration in this analysis.

155.80 kW of PV installed capacity represents 278% of the grid load demand (55.6 kW, see
Table 3.1), and more than 10 times of the installed distributed generation in the benchmark
model. It has to be remembered that this scenario represent the worst case condition for
the PV integration in the network. The benchmark model is not suitable for a study on PV
integration issues, since the PV installed power can be extended way over its present share.

For representing the Italian case study, where individual connections are predominant in
LV residential networks as introduced in Section 2.1.3, the simulation of individual loads is
limited by the reduced number of connection points in the original benchmark model.
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For these reasons the benchmark model has to be modified, by using the procedure ex-
plained in the following section.

3.2 Adaptation of the Benchmark Model
In this section the description of the methodology followed to adapt the benchmark model,
in order to better represent the Italian case study, is presented. The adapted model is then
compared with the original benchmark and tested through an analysis of simulation data.

3.2.1 Modifications on the Original Model

While the main structure of the feeder and the distribution transformer parameters (listed
in Table 3.2) are maintained, a series of modifications have been done respecting the criteria
presented in [60], and are listed in the following part of this section.

Line Length

The length of the sections that compose the main feeder is increased, from 35 m to 50 m.
This modification results in a weaker network, more susceptible to voltage rise, since the line
impedance is directly proportional to the length of the feeder.

Two additional segments are added at the end of the feeder, resulting in a total length
from the transformer to the furthest node of 510 m, compared to the 345 m of the original
model, listed in Table 3.1.

Line Types and Parameters

Single-phase connections are modeled, in order to give a better representation of the Italian
case study. A single-phase 6mm2 Cu line is modeled to simulate the individual house connec-
tion, while the other line types are maintained. Data about the network elements are listed
in Table 3.5.

Table 3.5: Data about the network elements in the benchmark model, data from [38], [60].

Line type Cross-section Rph Xph Ampacity Length
name (neutral) (mm2) (Ω/km) (Ω/km) (A) (m)

Main_line 120 (120) 0.153 0.136 310 35
Branch_line 70 (50) 0.266 0.151 229 105
Branch2_line 50 (35) 0.387 0.295 188 30
Domestic_line 6 (6) 3.080 0.200 57 30

Loads and Distributed Generation

Individual household loads are modeled rather than the aggregate ones of the original bench-
mark model. Each individual single-phase domestic connection is modeled as two loads in
parallel, representing the normal household profile and the EV charger, and a PV generating
unit, as shown in Fig. 3.5. A total of 30 households are individually recreated in the network.
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For the domestic load, the profiles described in Section 2.2.1 are used. The PV units follow
the generation profile described in Section 2.3.4

Figure 3.5: Model of three individual households connected to the same busbar. H1-3 loads represent the
normal household load, EV1-3 the EV charging points and PV1-3 the PV generating units. Each household
bus bar is connected to a different phase of the network to provide current symmetry among the three phases.
The EV loads are out of service in this initial stage of the simulations, which in the software used results in
the gray coloring.

To model the other feeders connected to the LV side of the distribution transformer,
aggregate loads and generating units are used. Two aggregate loads representing the other
feeders connected to the MV/LV transformer are modeled using data and load profiles from the
benchmark model, while another aggregate load representing public illumination is modeled
according to the procedure introduced in 2.2.2.

An aggregate PV generating unit is modeled to represent the distributed generation
present in the other feeders. The same generating profile as for the individual PV units,
scaled according to the rated power, is used for the aggregate ones.

All the loads and distributed generation units used in the model are listed in Table 3.6,
while all the load and generation profiles used are available as spreadsheets in the CD attached
to this report.

Table 3.6: Data about the household loads and the PV units in the model.

Network element Rated power Number Connection Power Name in
(kVA) of units factor the model

Individual units
Individual PV unit Variable 30 Single-phase 1 PV1-30
Household load 4.50 30 Single-phase 0.95 H1-30
EV charger load 3.53 30 Single-phase 1 EV1-30

Aggregate units
Aggregate PV 50.00 2 Three-phase 1 3PV1-2
Public Illumination 12.00 1 Three-phase 1 ILL
Aggregate feeder 1 100.00 1 Three-phase 0.85 AGG_1
Aggregate feeder 2 100.00 1 Three-phase 0.90 AGG_2
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A comparison between the adapted model and the original model, based on the parameters
of Table 3.1, is presented in Table 3.7.

Table 3.7: Comparison between the parameters of the LV benchmark model and the adapted model; FN =
Furthest Node.

Parameter Unit
Benchmark model Adapted model

Grid topology Radial Radial
Number of feeders modeled in detail 1 1
Number of household loads 5 (aggregate loads) 30 (individual houses)
Load installed capacity 55.6 kVA 147 kVA
RES installed capacity 12.5 kVA Variable
Transformer - FN impedance 0.084675 + j0.0487 Ω 0.10368 + j0.08775 Ω
FN voltage sensitivity (dV/dP) 0.603 p.u./MW 0.6735 p.u./MW
Distance FN - transformer 345 m 510 m

The obtained single-line diagram model of the modified benchmark network is shown in
Fig. 3.6.

3.2.2 Load Flow Analysis of the Adapted Benchmark Model

The adapted model is tested with an analysis based on unbalanced load flow simulations.
BUS8, the furthest node of the feeder, is also the node with the highest voltage sensitivity in
the network, and as a consequence it is the bus where the highest variations in the voltage
magnitude are registered. For this reason the voltage profile at BUS8 is analyzed.

The load flow simulations conducted show increased variations in the voltage magnitude,
when compared to the original benchmark model, but almost always within the +5%/-5%
range assumed. This can be visualized from the yearly voltage profile of BUS8, shown in the
plot of Fig. 3.7.

The only violation is registered at hour 7907 (11am on the 26th of November). During this
hour the load coincidence factor fco, expressed by Eq. 2.2, reaches its maximum value, and
the maximum residential load demand results in an undervoltage at the furthest node of the
feeder. Since the violation occur only once in one year of simulations, and the undervoltage
is above 94% of the rated value, it might be acceptable in the normal operation of a LV
distribution grid.

Voltage phase unbalance is limited in this case to background unbalance noise, concept
introduced in Section 2.2.1. The %VUF index never violates the 2% constraint, as it can be
seen from the plot of Fig. 3.8.

The maximum loading level of all network components is below the maximum values. The
line with the maximum loading is a residential cable connection (C15 in the model), with a
34.2% loading compared to the ampacity of the cable. The distribution transformer loading
is limited at 58.8% of its rated power. The overall feeder line losses are limited to 558 kWh,
less than 0.06% of the yearly load demand. All the simulation results are summarized in
Table 3.8.
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Figure 3.6: DIgSILENT model of the adapted benchmark, used as a model of an Italian residential LV grid
in this work.

Figure 3.7: Yearly voltage profile of phase A at BUS8 for the present scenario of the grid, with no EVs and
PVs installed in the feeder. The -5% voltage constraint is violated only for one hour of the year, hour 7907,
due to high simultaneity of residential load demand.

The simulation results are suitable for a LV distribution grid, which is normally sized
for future increase of the load demand [17], and leave room for EVs to charge, even if no
distributed generation is installed in the network. At the same time, the adapted model is
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Figure 3.8: Background unbalance in terms of %VUF values for one year of simulation at BUS8, the bus
where the highest unbalances are registered.

Table 3.8: Power quality indicators, testing of the model, no PV or EV units in the feeder.

Indicator Position Value Limit

Minimum bus voltage (p.u. on rated value) BUS8,C 0.948 0.950
Number of occurrences (h/y) 1
Line losses (% of load demand) - 0.058 -
Maximum %VUF BUS4 0.274 2.000
Maximum line loading (% on ampacity) C15 34.2 100
Maximum transformer loading - 58.8 100
(% on rated power)

proven to be more sensible to voltage fluctuations than the original benchmark model. This
might lead to integration issues for high shares of PVs installed in the feeder.

A process to determine the hosting capacity for PV generation in this adapted model will
be presented in the next section. The PV hosting capacity will then be evaluated at the
scenario for the grid, where no EVs are connected to the network.

3.3 Determination of the Maximum PV Hosting Capacity

An iterative process is proposed for the determination of the maximum PV hosting capacity.
The PV generation profile obtained form measurements, described in Section 2.3.4, is mul-
tiplied by a scaling factor s. The rated power of each PV unit in the network is calculated
as:

Phost = s · Pmeas (3.6)

where Pmeas is the rated power of the PV unit where the measurements are conducted
(2.80 kW, see Table 2.3). In the beginning the scaling factor s is set to 0. Each iteration
increases the scaling factor s by a fixed step. Unbalanced load flow simulations are conducted
at each iteration, in order to determine if any of the constraints about the power quality
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indicators is violated. The considered constraints regard voltage magnitude, voltage phase
unbalance and loading of the network components, as described in Section 2.3.3. If one or
more constraints are violated, the maximum PV hosting capacity has been reached.

The algorithm is implemented with a DPL script, and it is illustrated by the flowchart of
Fig. 3.9.

Figure 3.9: Flowchart of the algorithm used in this work to determine the feeder PV hosting capacity.

The maximum PV rated power for each of the PV units in the network is found to be
2.775 kW. This represents the rated power Pi of each of the i rooftop PV units plugged into
the grid, which do not violate the assumed constraints at any hour of the year.

The feeder hosting capacity can be calculated as:

Phost = ni · Pi = 30 · 2.775 = 83.25 kW

The PV hosting capacity at the present state of the grid is limited by the voltage magnitude
at BUS8, the furthest node of the feeder. Any increase of the PV installed power in the feeder
over the Phost value previously evaluated will result in a violation of the +5% overvoltage limit
assumed as constraint in this work.

As introduced in Section 2.3.2, overvoltages are harmful for the grid infrastructure and
the customers connected to it; even if a 5% voltage rise over the rated value does not directly
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create particular issues, if combined with a rise in the MV voltage level can lead to violation of
the ±10% EN 50160 requirements. Since this project does not take into account modifications
in the MV voltage level, any violation of the conservative ±5% voltage range are considered
as potentially dangerous and so for conservative reasons there is set the constraint.

The voltage profile of Phase A at BUS8, with the PV rated power scaled to the hosting
capacity value, in shown in 3.10. The voltage is always inside the -5% / +5% boundaries; the
distributed generation has also a positive effect on the only undervoltage violation registered
at the present state of the grid in Fig. 3.7.

Figure 3.10: Voltage profile of Phase A at BUS8, the furthest node (FN) of the feeder, with the maximum
PV hosting capacity reached. Only Phase A is displayed, since all three phases present the same behavior.

Regarding the loading of the network components, no significant overloading situation
is registered. Both the most loaded line of the network (Line 1, the first segment of the
main feeder) and the distribution transformer never register loading levels over 50% and 60%
respectively. The yearly loading profile are shown in the plots of Fig. 3.11 for the line and
Fig. 3.12 for the transformer.

Figure 3.11: Loading of the most loaded line in terms of % of the cable ampacity over one year of simulation,
present state of the grid scenario.

Regarding the voltage phase unbalance, Fig. 3.13 shows that in some hours of the year the
%VUF index is close to the maximum limit. The voltage disturbances are more frequent in the
central hours of the year, where the solar irradiance, and so the PV power output, are on higher
on average. All the results about power quality measurements are summarized in Table 3.9.
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Figure 3.12: Loading of the distribution transformer in terms of % of the rated power over one yer of
simulation. The maximum value is limited to 58.8%, leaving room for increased load demand.

Figure 3.13: Background unbalance in terms of %VUF values for one year of simulation at BUS8, where the
highest unbalances are registered, present state of the grid scenario.

Table 3.9: Grid data for the PV maximum hosting capacity during hour 3638, when the one of the limits
taken into account is realized.

Indicator Position Value Limit

Maximum phase voltage (p.u. on rated value) BUS8,A 1.048 1.050
Maximum %VUF BUS8 1.670 2.000
Maximum line loading (% on ampacity) Line 1 48.3 100
Maximum transformer loading - 58.8 100
(% on rated power)

From the results obtained in the evaluation of the PV hosting capacity at the present
state of the grid, it can be concluded that the voltage related issue are the limiting factor for
a further increase of the installed power in the LV radial network considered. For this reason,
the use of EVs as distributed storages as a solution to improve the PV hosting capacity seems
feasible, since it has been reported as effective in solving voltage rise related issues in [55], [61].
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3.4 Summary

The CIGRÉ LV benchmark represents a model of a strong grid, where no issues are registered
in the integration of large SPV shares. An adapted model is proposed in this work, where
single-phase loads as well as generating units and individual connections are modeled, in order
to better represent the Italian case.

The grid bottleneck for the PV integration in the adapted LV residential grid model is
found to be the voltage magnitude at the end of the radial feeder. The voltage phase unbalance
%VUF index is close to the maximum values for some hours of the year. The loading of all
network components, instead, does not represent an integration issue.

The PV hosting capacity at the present state of the grid is 83.25 kW, equivalent to a rated
power of 2.77 kW for each of the rooftop PV units modeled.



4 | Integration of EVs and PV Units
in the Network

In this chapter the Electric Vehicle is introduced in the simulation model of the residential LV
network. Two EV charging scenarios are proposed, based on the present electricity tariffs for
Italian residential customers. The first considers the present Time of Day (TOD) electricity
tariffs for Italian residential customers, while the second scenario includes net metering service,
available for customers who own a generating unit, such as SPV, and an EV.

Voltage droop control functionality for the EV charger, described in Section 2.4.6, is im-
plemented for both scenarios. The scenarios are evaluated with and without this functionality,
in order to evaluate if and how this affects the EV impact on the grid.

An optimization process is proposed for each scenario, with the EV load demand as control
variable and the cost of electricity for the EV owner as cost function. The impact of different
EV shares on the grid bottlenecks and the feeder PV hosting capacity is analyzed, and the
results are in the end discussed.

4.1 Simulation Procedure

The simulation process proposed to analyze the scenarios can be summarized as follows:

• The EV load profiles are generated as the result of an optimization process, with the use
of an algorithm implemented in MATLAB. The control variable is the EV charger load
demand, the cost function is the cost of the EV home-charging for the EV owner and
the constraints are derived from the EV availability, the driving patterns, the battery
SOC and the charger technology. A flowchart of the process used to generate one EV
load profile is available in the Appendix in Fig. 1, while the MATLAB scripts used are
available in the CD attached;

• The EV load profiles are applied to the simulation model of the LV residential network
described in Section 3.2;

• Unbalanced load flow simulations are performed, for one year of simulation, for different
EV penetration percentage levels. The EV shares considered in this work are illustrated
in Section 4.1.1;

• For each simulation conducted, a list of power quality indicators is extracted from the
simulation model and analyzed, in order to determine the impact of the EV loads in
the network and the grid bottlenecks;

41
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• By applying the PV hosting capacity algorithm described in Section 3.3, the new PV
hosting capacity is determined for both TOD and Net Metering scenarios, for each of
the EV shares taken into account.

The parameters considered to evaluate the feeder power quality are: the maximum loading
of all the network components, the average and maximum voltage phase unbalance (%VUF),
the minimum bus voltage and the feeder line losses. The description of those parameters and
their maximum values are available in Section 2.3.3.

All the parameters are evaluated on a yearly base, in order to consider the seasonal
behavior of the domestic load demand and the PV power output. In case of one or more
violations of one of the constraints selected, the number of occurrences of the violation is
presented together with the parameter involved. The simulation’s resolution is one hour, so
each occurrence represents 1h/y.

4.1.1 EV Shares

Different EV shares are considered, summarized in Table 4.1. The EV chargers, modeled
according to the data of Table 2.6, are distributed equally among the three phases along
the feeder for every EV share considered, and they are connected to the same phase of the
domestic connection and the rooftop PV unit.

Table 4.1: Different shares of EV considered in the simulations; 100% = 1 EV for every residential customer
in the feeder.

EV share (%)
(0) 20 50 70 100

Number of EVs in the model 0 6 15 21 30

It is assumed that the EVs are added to the residential feeder starting from the furthest
node of the grid, BUS8, and proceeding towards the distribution transformer, following the
same conservative approach as in [62].

4.1.2 Voltage Droop Control Implementation

For both the scenarios analyzed in this chapter, the implementation of voltage droop control
for the EV charger, introduced in Section 2.4.6, is taken into consideration. Each scenario is
evaluated both with and without this functionality, in order to prove its efficacy in reducing
the grid bottlenecks for the EV integration in the feeder.

It has been assumed that the lowest voltage at which the EV can still charge, when voltage
droop control is applied, is 0.95 p.u. of the rated voltage, being this value defined also as a
lower limit for the voltage magnitude in the feeder.

To generate the EV load demand when voltage droop control functionality is applied,
an iterative co-simulation process between MATLAB and PowerFactory is used. While the
calculation of the EV energy demand, availability for home-charging and maximum allowed
charging power demand is performed with MATLAB, the application of the EV load demand,
and the measurements of the new bus voltages, are performed using PowerFactory. The co-
simulation procedure is necessary, in order to have a feedback on the bus voltage magnitude
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where the EV is connected, when the load due to the EV charging process itself is applied.
For each simulation hour, the loop for calculating the EV charger maximum power demand
is repeated for a fixed number of iterations. This number is set to 10, in order to guarantee
the convergence of the process for every hour.

The flowchart of the co-simulation process is available in the Appendix in Fig. 2.

4.2 Time of Day Tariff scenario

4.2.1 TOD Tariff for Italian Residential Customers

As introduced in Section 2.5.1, the electricity tariff available for Italian residential customers,
known as Tariffa Bioraria, is one example of TOD tariffs.

The final price of electricity for the Italian residential customer, under TOD tariff condi-
tions, is the result of the sum of three components:

• A fixed component, independent from the electrical consumption. As described in Table
4.2, this component is the sum of two different constants and a term directly proportional
to the customer’s connection rated power.

• A component proportional to the energy consumption, dependent on the forecasted
yearly consumption in kWh. The cost of this component is low for consumption below
1800 kWh/y, in order to promote energy savings, and it increases gradually for the
energy consumed over this limit, as it can be seen from Table 4.3.

• A component dependent on the time of the day when the electricity is consumed. The
Italian TOD tariff differentiates only between peak hours, named F1, to non-peak ones,
named F2, by applying two different electricity prices. The off-peak hours are from
19:00 to 8:00 on weekdays and all day on weekends, while the on-peak hours are from
8:00 to 19:00 on weekdays. The time range application is summarized in Table 4.4.

To encourage the customers to consume during off-peak hours, the electricity price in
F2 is more economical than during peak hours. The comparison between F1 and F2
prices is available in Table 4.5.

Table 4.2: Fixed price components in the formation of the final electricity price for the Italian residential
customer [63].

Component Rate Unit

Grid service fixed rate 20.1120 e/customer/year
Retail fixed rate 25.6332 e/customer/year
Rated power rate 1.3525 e/kW

Using the parameters listed in Table 2.1, on which the residential customer is modeled in
this work, the final price of electricity results to be 24.08 ce/kWh during peak hours and 23.45
ce/kWh during off-peak hours. Those values are assumed as base prices in the continuation
of this work, and are summarized in Table 4.6.
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Table 4.3: Price components proportional to the forecast year consumption in kWh for the Italian residential
customer [63].

Consumption range Rate Unit

0-1800 kWh/y 0.1088 e/kWh
1801-2640 kWh/y 0.1259 e/kWh
2641-4440 kWh/y 0.1658 e/kWh
> 4441 kWh/y 0.2084 e/kWh

Table 4.4: Time range application of the
Italian TOD tariff; F1 = peak hour, F2 =
off peak hours.

Time range Weekdays Weekend
From to

0:00 8:00 F2 F2
8:00 19:00 F1 F2
19:00 24:00 F2 F2

Table 4.5: Prices for peak hours (F1) and non peak
ones (F2), for a residential customer as the one modeled
in this work.

Component F1 F2
(e/kWh) (e/kWh)

Energy Price 0.0673 0.0609
Network Charges 0.0134 0.0134
Excises 0.0227 0.0227

Table 4.6: Final electricity price rates for the residential customer, TOD scenario.

Time application Symbol Rate (ce/kWh)

Peak hours cTOD,F1 24.08
Off-peak hours cTOD,F2 23.45

4.2.2 Optimization Process

In this work it is assumed that the main priority for the EV owner is to use his/her vehicle
for driving. No modifications of the EV availability for charging according to price signals
are proposed in this work. Once defined the EV availability and the EV energy constraints,
it is assumed that the EV owner always wants to charge its vehicle at the minimum cost. To
generate the EV load demand an optimization process is used, with the EV charger power
demand as control variable, and the cost for the EV home-charging for the EV owner as cost
function.

This work focuses on the optimization of the cost of the EV home-charging, rather than the
minimization of the grid integration issues for EVs and PVs, because private owned network
components, such as EVs and PV units, will react only to economic inputs.

The optimization process is implemented with a MATLAB script. The target of the
optimization process, or cost function, is the daily electricity cost for the EV home-charging.
The cost function can be expressed as an integral of the energy demand of the EV charger
e(t), multiplied by the price of electricity c(t), over a period of time dt. The daily cost function
can then be expressed as:

f(p) =
∫ 24

1
e(t) · c(t) dt (4.1)
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Since the TOD prices are constant during each hour i, Eq. 4.1 can be simplified as the
sum of the products between the average hourly power demand of the EV charger pi, and
the hourly cost of electricity ci. The optimization process can be now be written as a linear
optimization problem. The cost function can now be expressed as:

f(p) = c1 · p1 + c2 · p2 + · · ·+ c24 · p24 =
24∑
i=1

ci · pi (4.2)

The charger power demand should be always non negative (pi ≥ 0), since no V2G func-
tionality is considered in this scenario, and should not exceed the rated power of the charger
(pi ≤ Pmax).

Those constraints are summarized in the equations 4.3.

pi ≥ 0 i = 1, 2, . . . , 24
pi ≤ Pmax,i i = 1, 2, . . . , 24 (4.3)

By formulating the constraints regarding the maximum charging power as in Eq. 4.3, it
is possible to take into account the EV availability, by making Pmax,i to assume the following
values:

Pmax,i =
{

0 if the EV is not available
Pdroop,i if the EV is available (4.4)

Using Eq. 4.4, the only solution for the charging power pi, when the vehicle is not available,
is pi = 0. If the vehicle is available for home-charging, the maximum power demand can be
in the range [0 - Pdroop], where Pdroop is the maximum power demand allowed when droop
control is activated, and can be calculated by using Eq. 2.13. If no droop control is activated,
Pdroop = Pmax.

Regarding the EV battery SOC, it is assumed as constraint that the SOC is restored to
the default value of 90% in the 24h of each day. By knowing the SOC at the arrival SOCarr,
based on the driving patterns described in Section 2.4.4, this additional constraint can be
formulated as:

24∑
i=1

pi = 0.9− SOCarr (4.5)

To summarize the linear optimization problem can be expressed as:

Cost function f(x) =
24∑
i=1

ci · pi
Subject to:

pi ≥ 0
pi ≤ Pmax,i∑
i
pi = 0.9− SOCarr

 i = 1, 2, . . . , 24
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4.2.3 Simulations Results

This section presents the results of the introduction of EVs in the model of the residential LV
network, in terms of grid bottlenecks and increase of the feeder PV hosting capacity.

At the beginning TOD scenario without voltage droop control is considered, and the
results of the introduction of different EV shares are analyzed. Then, voltage droop control
functionality is added and the same considerations are performed. In the end, the results are
compared.

TOD Tariff without Voltage Droop Control

The optimization process for this case results in an average cost function value f(p) of 875.39
e. The value is obtained as an average between the 30 EVs simulated in the 100% EV share,
in order for the measurement not to be influenced by the single driver’s habit.

The simulated EVs require on average 3698 kWh/y. The average cost of the electricity for
charging the EV is evaluated as the ratio between the average cost function and the average
energy demand, resulting 23.67 ce/kWh. This value is much closer to the off-peak cost of
electricity F2 (23.45 ce/kWh) than to the peak value, proving the efficacy of the algorithm
in minimization of the EV charging cost and the high EV availability during off peak hours.

BUS8 is chosen as an indicator for the minimum feeder voltage, since it is the furthest
bus of the feeder (see Fig. 3.6), and the one with the highest voltage sensitivity, where the
voltage magnitude perturbations will present their peak values.

Table 4.7 shows the power quality indicators, introduced in Section 2.3.3, evaluated for
different EV shares.

Table 4.7: Power quality indicators for different EV shares, TOD scenario, no droop control. Values in red
indicates the violation of the limits considered (listed in the first column).

EV share (%)
Power quality indicator Limit (0) 20 50 70 100

Minimum bus voltage at BUS8 (p.u.) 0.950 0.955 0.952 0.946 0.941 0.937
Number of occurrences (h/y) - - - 1 7 15
Line losses [% of load demand] - 0.101 0.133 0.193 0.233 0.268
Maximum %VUF 2.000 1.974 1.569 1.831 2.043 2.858
Number of occurrences (h/y) - - - - 3 4
Maximum line loading (% on ampacity) 100 43.54 50.84 52.00 51.80 59.61
Maximum transformer loading 100 58.83 58.84 61.65 64.58 71.13
(% on rated power)

From the data of Table 4.7, it can be seen how the factors that limit the EV integration in
the network are the voltage magnitude and the voltage phase unbalance. The 5% undervoltage
constraint is violated for the cases above the 50% EV share, and the voltage phase unbalance
violates the 2% constraint for 70% and 100% EV shares.

A close look at the EV charging profile can explain this phenomena. As it can be seen
from the cumulative plot of Fig. 4.1, most of the EVs start to charge simultaneously, as
soon as the price of electricity moves to the off-peak value. The EV peak overlaps with the
evening domestic load peak, resulting in high loading of the radial feeder and consequent
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undervoltages at the end of it. The unequal distribution of the EV load during some hours
of the year results into voltage phase unbalance, a phenomena more evident with higher EV
shares in the network.

Figure 4.1: Cumulative load demand of 30 EVs during an example of one day of simulations, divided by the
phase connection of the EV charger, TOD scenario, no VDC implemented.

The number of occurrences of the violation is for both the parameters limited to few hours
of the year.

Since an increased number of EVs plugged into the network result in an additional load
in the feeder, the line losses are affected by the EV share and their increase is proportional
to the number of EVs in the feeder.

Regarding the impact of the EVs in the increase of the PV hosting capacity, it can be
seen from Table 4.8 how the increase is limited to +4% for each share taken into account.

The PV hosting capacity does not increase with an increasing share of EVs, because the
contribution of EVs is limited to the self-consumption of part of the generated energy by one
EV close to the end of the feeder. The load profile of the EV and the PV power output can
be seen in Fig. 4.2.

The reasons for the limited increase of the PV hosting capacity are to be found in the
limitations of the TOD tariff structure. Since TOD tariffs encourage the consumption during
off-peak hours, and those include daylight hours only during the weekend, as seen Table 4.4,
the EV load is more likely to overlap with the evening peak consumption rather than the PV
peak production.

Table 4.8: Increase of the PV hosting capacity for different EV shares, TOD scenario, no droop control
activated.

EV share (%)
(0) 20 50 70 100

Individual hosting capacity (kW) 2.775 2.886 2.886 2.886 2.886
Feeder hosting capacity (kW) 83.25 86.58 86.58 86.58 86.58
Variation of the hosting capacity - +4.0% +4.0% +4.0% +4.0%
(% compared to present scenario)
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Figure 4.2: PV generation output, EV load profiles and voltage magnitude in the condition of maximum
voltage magnitude in the feeder. It can be noticed how one EV consumes locally part of the PV generated
energy during the hours of peak production. The contribution is however limited, and does not result in a
significant increase of the feeder PV hosting capacity.

In the following paragraphs the same analysis will be performed for the case with voltage
droop control applied.

TOD Tariff with Voltage Droop Control

The optimization process for the case with voltage droop control implemented results in an
average cost function value f(p) of 888.80 e. As in the previous case, the value is obtained
as an average between the 30 EVs’ cost functions, in order for the measurement not to be
influenced by the single driver’s habit. The average consumption is in this case 3754 kWh/y,
resulting in an average cost of electricity of 23.68 ce/kWh. This value is almost identical
to the cost per kWh of the case with no voltage droop control implemented. A comparison
between the costs of electricity is available in the end of the chapter, in Table 4.16.

A first conclusion that can be drawn is that, with the restrictions of voltage droop control,
the EV can still complete most of its charging during low peak hours; voltage droop control
do not affect the customer’s cost for the EV home-charging in the TOD scenario.

From the data of Table 4.9, it can be seen how the implementation of the voltage droop
control is effective to allow a higher EV integration in the LV network. The restriction of the
EV load demand during undervoltage conditions allows, in this case, EV shares in the grid
up to 50%. For higher EV shares the voltage magnitude constraint is violated for 2 hours of
the year only, where the EV load demand at the buses close to the distribution transformer
(where the voltage magnitude is over 0.95 p.u.) overlaps with a high residential load demand,
and results into voltage violations at the end of the feeder. It can be seen from the cumulative
plot of Fig. 4.3 how the peak values of the total EV load demand are lower than in the case
with no VDC implemented, available in Fig. 4.1. The lower peak demand results in lower
voltage variations at the end of the feeder.

A comparison between the two TOD cases, with and without droop control, of the voltage
profile during week 10 at BUS8 can be found in Fig. 4.4. From the plot it can be seen how
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Figure 4.3: Cumulative load demand of 30 EVs during an example of one day of simulations, divided by the
phase connection of the EV charger, TOD scenario, with VDC implemented.

the voltage droop control is effective in reducing the voltage violations in the network, by
reducing the EV power demand when the bus voltage is lower than 1 p.u.

Figure 4.4: Comparison between the Phase A voltage at BUS8, the furthest bus of the feeder from the
distribution transformer, during one week of simulation, with droop control implementation (in green) and
without (in red).

Regarding other power quality indicators considered, the voltage phase unbalance never
violates the 2% constraint in this case. The increase of the EV load demand results in an
increase of the feeder line losses and maximum loading of the network components; this
increase is proportional to the number of EVs plugged into the network, but it is less steep
than in the TOD scenario without voltage droop control. A graphical comparison of the
feeder line losses between the two cases of the TOD scenario is displayed in Fig. 4.5.

The increase of the PV hosting capacity compared to the case without voltage droop
control is limited, as it can be seen from the data of Table 4.10. Only few EVs charge during
daylight hours, reducing the possibility of self-consumption of the PV generated energy, and
so the reduction of the reverse power flow in the feeder, main cause of the violation of the
grid constraints.

Voltage droop control functionality is useful to increase the EV share in the network, while
maintaining the power quality standards. However, its application does not have a significant
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Table 4.9: Power quality indicators for different EV shares, TOD scenario, voltage droop control activated.
Values in red indicated the violation of the limits considered (presented in the first column).

EV share (%)
Indicator Limit (0) 20 50 70 100

Minimum bus voltage at BUS8 (p.u.) 0.950 0.955 0.952 0.951 0.947 0.944
Number of occurrences (h/y) - - - - 2 2
Line losses (% of load demand) - 0.101 0.131 0.183 0.214 0.244
Maximum %VUF 2.000 1.974 1.760 1.792 1.761 1.792
Maximum line loading (% on ampacity) 100 43.54 46.77 46.77 46.77 50.82
Maximum transformer loading 100 58.83 58.83 61.79 64.49 67.03
(% on rated power)

Figure 4.5: Comparison between the feeder line losses for the TOD scenario, in the case with no voltage
droop control (VDC) implemented (solid line), and with this functionality implemented (dashed line). The
implementation of VDC functionality reduces the line losses for every EV share considered.

Table 4.10: Increase of the PV hosting capacity for different EV shares, TOD scenario, voltage droop control
activated.

EV share (%)
(0) 20 50 70 100

Hosting capacity (kW) 2.775 2.886 2.997 2.997 2.997
Feeder hosting capacity (kW) 83.25 86.58 89.91 89.91 89.91
Variation of the hosting capacity - +4.0% +8.0% +8.0% +8.0%
(% compared to present scenario)

impact on the PV hosting capacity. The next scenario proposed in this work, Net Metering,
will approach the problem from a different angle, by modifying the cost function to optimize.

Instead of minimizing the cost of the EV home-charging only, the domestic load demand
and the PV power output are included in the cost function as well. The proposed algorithm
for generating the EV load profile will take into consideration the possibility of charging the
EV with the PV power output that exceeds the domestic load demand. As it will be proved
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in the next chapter, this possibility is economically more convenient for the EV owner than to
charge during off-peak hour only, and it limits the reverse power flow in the feeder, resulting
in a higher value of the PV hosting capacity in the residential network.

4.3 Net Metering Scenario

4.3.1 Net Metering Service in the Italian Scenario

As introduced in Section 2.5.2, Net Metering is a service available for electrical customers
who own also a generating unit, such as SPV.

The payback for the Italian PV owner under net metering conditions is the sum of two
components. The first is the value of the PV energy self-consumed that has not to be pur-
chased from the grid. It can be calculated as the PV energy produced and self-consumed
multiplied by the hourly TOD electricity tariffs.

The second component is the value of the excess PV generated energy injected into the
network. This parameter, known as contributo in conto scambio (in Italian), or CS, is evalu-
ated on a yearly base and is the sum of the smaller between two terms (OE and CEi, explained
in the following paragraph) and the product between the exchanged energy and a constant
accounting for network charges. The CS component of the payback for the PV owner can be
expressed as:

CS = min(OE ;CEi) + CUSf · ES (4.6)

where:
OE [e] is the product between the yearly energy consumption [kWh] and the Standard Price
for Electricity (Prezzo Unico Nazionale or PUN. PUN values in 2015 were around 5ce/kWh
on average [64]);
CEi [e] is the value of the energy fed into the grid, accounted as the product of the energy fed
into the grid [kWh] and the day-before prices of electricity. Those prices are usually higher
than the PUN [64];
CUSf [ce/kWh] is a term accounting for the network and general charges;
ES [kWh] is the yearly energy exchange at the PCC, calculated as the minimum between the
energy bought and the energy fed into the grid [65].

Net Metering has been planned with the purpose to reduce the reverse power flow in the
feeder. For this reason the maximum economic benefit for the PV owner is realized when the
PV generated energy is instantaneously self-consumed, rather than injected and consumed in
a different time.

In order to have a numerical example, the same domestic load demand and PV production
as used in the simulation model are considered, 2979 and 3441 kWh/y respectively. All the
data used for this calculation are listed in Table 4.11.

The PV energy self-consumed is evaluated for each hour of the year, as the hourly differ-
ence between Pdom and PPV , and accounts for 1176 kWh/y. The PV energy self-consumed
results in savings for 280 e for the residential customer, or 23.81 ce/kWh of energy self-
consumed. This value is close to the cost of electricity during peak hours, since the Italian
TOD tariff peak values are during most of daylight hours.



52 Chapter 4. Integration of EVs and PV Units in the Network

Table 4.11: Data used to determine the value of the PV energy fed into the grid [65].

Parameter Symbol Value Unit

Domestic yearly energy consumption Edom 2979 kWh
PV yearly energy production EPV 3441 kWh
PV energy self-consumption Eself 1177 kWh
Energy withdrawn from the grid Ewit 1862 kWh
Energy injected into the grid Einj 2324 kWh
PUN PUN 5.207 ce/kWh
CUsf CUsf 5.937 ce/kWh

Regarding the excess PV energy injected into the network, on a yearly base the residential
unit injects into the grid Einj = 2324 kWh and withdraws Ewit = 1862 kWh; the component
CS is calculated using Eq. 4.6, and results into 207.5 e. The value of the electricity injected
into the grid can be calculated as the ratio between the calculated CS and the amount of
energy sold, resulting into an electricity price cPV = CS/Einj = 8.93 ce/kWh.

It can be noticed how the value of the PV generated energy in the network, 8.93 ce/kWh,
is sensibly lower than the cost of purchasing energy from the grid during both peak and
off-peak hours, 24.08 and 23.45 ce/kWh respectively. Those values are summarized in Table
4.12.

Table 4.12: Comparison between the present Italian TOD tariffs and the calculated value for the exceeding
PV energy sold to the network in Net Metering functionality. Values in ce/kWh.

Base Price Symbol Rate (ce/kWh)

Energy consumption (peak hours) cTOD,F1 24.08
Energy consumption (off-peak hours) cTOD,F2 23.45
PV energy net production cPV 8.93

For this reason a solution for optimizing the economical benefit for the residential customer
is to increase the self-consumption of the PV generated energy, by shifting the deferrable loads’
consumption when the PV production is high.

Since the EV is a flexible load, a smart charging algorithm that maximize the PV energy
self-consumption is proposed for this scenario. No modification of the domestic load profile
is considered in this work, since there is no knowledge of the deferrable loads’ share in the
total domestic load demand obtained by measurements.

4.3.2 Optimization Process

The smart charging strategy is translated into an optimization problem, with the purpose to
minimize the energy cost for the household and EV owner.

A similar procedure as the one described in Section 4.2.2 is used, with the addition of
the domestic consumption Pdom and the PV production PPV in the cost function. The
energy price is the one derived from the TOD tariff (introduced in Section 4.2.1) if the
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hourly consumption exceeds the production, or the previously calculated value cPV if the PV
production exceeds the domestic and EV consumption combined. The optimization problem
for this scenario can be expressed as:

Cost function f(p) =
24∑
i=1

ci · (pi + Pdom − PPV )

where

ci =
{
cTOD if pi + Pdom − PPV ≥ 0
cPV if pi + Pdom − PPV < 0 (4.7)

Subject to:

pi ≥ 0
pi ≤ Pmax,i∑
i
pi = 0.9− SOCarr

 i = 1, 2, . . . , 24

4.3.3 Simulations and Results

This section presents the results of the introduction of EVs in the grid with the Net Metering
charging scenario. The same approach as in Section 4.2.3 is followed.

The EV profiles for every vehicle are generated using the previously described optimization
process with the MATLAB script EVProfiles.m, available in the CD attached.

As in the previous scenario, the simulations are performed for different EV shares and
with and without voltage droop control.

Net Metering without Voltage Droop Control

The minimization of the yearly cost of electricity for the residential user results in an average
cost function value f(p) of 889.54 e. This value is comprehensive of the domestic load demand,
the energy cost for the home-charging, the savings originated from the self-consumption of
part of the PV generated energy and the payback CS, originated from the excess PV energy
injected into the network. The yearly household consumption, sum of the domestic and
the EV load demands, results to be 6699.71 kWh, for an average cost of the electricity of
13.28ce/kWh. This value is not directly comparable with the result of the TOD scenario,
since the cost functions minimized are different.

Table 4.13 presents the power quality indicators for each of the EV shares considered. It
can be seen how the grid bottleneck for EV integration is the voltage phase unbalance. The
violation of the 2% constraint occurs in a range from 3 to 5 hour per year.

The voltage phase unbalance depends more on the phase where the EVs are charging,
rather than the number of EVs simultaneously connected to the grid. In the Net Metering
scenario, since the EV charging profile depends on a larger series of factors than in the TOD
scenario, including the vehicle availability for home-charging during daytime, the PV power
output and the domestic load demand, the EV load demand is spread during the 24h of the
day. For this reasons it is more likely that few EVs are charging on the same phase, rather
then to have an uniform distribution of the charging profile over the 3 phases, as it can be
seen from the plot of Fig. 4.6. This unequal distribution results in a higher voltage unbalance
in the system.
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Figure 4.6: Cumulative load demand of 30 EVs during an example of one day of simulations, divided by the
phase connection of the EV charger, Net Metering scenario, no VDC implemented.

The second limiting factor is the voltage magnitude at the furthest node of the feeder,
BUS8, which violates the 5% undervoltage limit for EV shares over 70% in the feeder. Since
no voltage droop control is implemented, the EV demand for high EV penetration in the
network results into undervoltages at the end of the feeder.

All the other parameters taken into consideration (maximum loading of all network com-
ponents, feeder line losses) present an increasing trend with the increase number of EVs
plugged into the network, as in the TOD scenario previously described.

Table 4.13: Power quality indicators for different EV shares, Net metering scenario, no droop control. Values
in red indicates the violation of the limits considered (listed in the first column).

EV share (%)
Indicator Limit (0) 20 50 70 100

Minimum bus voltage at BUS8 (p.u.) 0.950 0.955 0.952 0.950 0.949 0.945
Number of occurrences (h/y) - - - - 3 7
Line losses (% of load demand) - 0.101 0.120 0.150 0.174 0.196
Maximum %VUF 2.000 1.954 2.209 2.279 2.398 2.007
Number of occurrences (h/y) - - 3 3 5 3
Maximum line loading (% on ampacity) 100 43.54 59.09 62.85 63.28 63.44
Maximum transformer loading 100 58.83 59.81 63.61 64.38 68.40
(% on rated power)

In this scenario the increase of the PV hosting capacity is relevant, and proportional to the
EV share in the network. The maximum hosting capacity for the all feeder is over 136 kW for
a 100% EV share in the grid, more than 60% over the hosting capacity at the present state of
the grid. Unlike the TOD scenario, with Net Metering functionality it is more convenient for
the EV owner to self-consume the PV generated energy, by charging during daylight hours.
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Table 4.14: Increase of the PV hosting capacity for different EV shares, Net Metering scenario, no voltage
droop control implemented.

EV share (%)
(0) 20 50 70 100

Individual hosting capacity (kW) 2.775 3.335 4.329 4.396 4.551
Feeder hosting capacity (kW) 83.25 100.57 129.87 131.87 136.53
Variation of the hosting capacity - +20.8% +56.0% +58.4% +64.0%
(% compared to present scenario)

Net Metering with Voltage Droop Control

Voltage droop control functionality is added on top of the Net Metering charging scenario, in
order to prove its efficacy in integrating more EVs in the network.

The minimization of the yearly cost of electricity, inclusive of domestic and EV load
demands and the paybacks originated from PV generation, results in an average cost function
value f(p) of 895.10 e. The yearly household consumption, sum of the domestic and the
EV load demands, results to be 6674.71 kWh, for an average cost of the electricity of 13.41
ce/kWh.

From the analysis of the results listed in Table 4.15 it can be seen how the maximum
voltage phase unbalance remains the limiting factor for the EV integration in the network.

The implementation of voltage droop control for the EV chargers is effective in reducing
the impact of the EVs in the grid regarding the voltage magnitude and the loading of the
network components. While there are still voltage magnitude violations for the 70% and 100%
EV shares, the minimum bus voltage is closer to the 0.95 p.u. value assumed as a constraint.
The number of occurrences of these violations is also reduced when compared to the case with
no voltage droop control (see Table 4.13).

The line losses and the loading of the network elements are increasing with the number of
EVs in the grid, but with a less steep curve than without voltage droop control. A graphical
comparison between the two cases of the Net Metering scenario can be seen from the plot of
Figure 4.7.

The feeder PV hosting capacity for this case presents identical values as the case without
voltage droop control; for this reason the data of Table 4.14 apply also to this case. A possible
reason is that the droop control reduces the EV power demand during load peak hours only,
when the voltage is below the rated value, while the EV load demand is not affected when the
residential load demand is low and the PV production is high, resulting in possible overvoltage
in the feeder.

In the next section of a general conclusion of the application of the EV load in the network
is drawn, and the scenarios proposed and analyzed in the next chapter are introduced.
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Table 4.15: Power quality indicators for different EV shares, Net metering scenario, voltage droop control
implemented. Values in red indicates the violation of the limits considered (listed in the first column).

EV share (%)
Indicator Limit (0) 20 50 70 100

Minimum bus voltage at BUS8 (p.u.) 0.950 0.955 0.952 0.952 0.949 0.948
Number of occurrences (h/y) - - - - 2 3
Line losses (% of load demand) - 0.101 0.117 0.142 0.161 0.176
Maximum %VUF 2.000 1.974 2.493 1.803 2.018 2.852
Number of occurrences (h/y) - - 2 - 1 1
Maximum line loading (% on ampacity) 100 43.54 46.58 46.59 46.60 51.69
Maximum transformer loading 100 58.83 58.84 62.55 64.57 64.97
(% on rated power)

Figure 4.7: Comparison between the feeder line losses for the TOD and Net Metering scenarios, in both cases
with no voltage droop control (VDC) implemented (solid line), and with this functionality (dashed line). The
introduction of Net Metering reduces the feeder line losses, while the implementation of VDC functionality
reduces the line losses for both scenarios.
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4.4 Discussion

In this section a comparison between the results of the scenarios considered so far, TOD
and Net Metering, with and without voltage droop control, is performed. First, the impact
of the EV charging scenarios on the EV owner perspective, in terms of average cost of the
purchased electricity, is presented. The EV integration in the network is then discussed, based
on the analysis of the simulation results. In the end, the impact of the different EV charging
strategies on the feeder PV hosting capacity is analyzed.

4.4.1 Cost for the EV owner

A comparison between the average cost of electricity for the Italian residential customer in
the scenarios analyzed in this chapter is to be found in Table 4.16.

As previously introduced, the average costs of electricity between TOD and Net Metering
scenarios are not directly comparable, since no PV generation and domestic load demand are
included in the TOD scenario cost function.

It can be noticed how the implementation of voltage droop control does not affect sig-
nificantly the cost of electricity for both scenarios. The EV can still complete most of the
charging process during off-peak hours, even when the maximum allowed charging power is
reduced due to undervoltages in the network.

Table 4.16: Comparison between the average cost of electricity between TOD and Net Metering scenarios,
inclusive of the cases with and without VDC functionality for the EV charger.

Scenario Case Average cost of
electricity (ce/kWh)

TOD no VDC 23.67
with VDC 23.68

Net Metering no VDC 13.27
with VDC 13.41

4.4.2 EV Integration in the Network

From the results of the simulations conducted and analyzed in this chapter, it can be seen
how the grid bottlenecks for the integration of EVs, in residential LV networks, are the voltage
magnitude at the end of the radial feeder and voltage phase unbalance. The loading of the
network components does not represent an issue, even for the maximum EV share considered.

The implementation of voltage droop control for the EV charger is effective in reducing
the impact of the EV load on the voltage magnitude, and allows higher shares of EV in the
feeder for both the scenarios proposed. Voltage droop control is effective in reducing the line
losses and the maximum loading of the network components.

On the other hand, voltage droop control is ineffective in reducing the maximum voltage
phase unbalance in the system, which is still over the limit value for a limited number of
hours of the year.
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4.4.3 Impact on the PV hosting capacity

The PV hosting capacity is significantly increased in the Net Metering scenario, when the
EV daytime charging is more convenient for the EV owner. TOD tariff structure, when not
supported by Net Metering functionality, has been proven inefficient for the integration of
EVs and PVs in the network, since the EV owner is encouraged to overlap the EV loading
profile with the evening peak load demand rather than the PV peak production.

The results obtained in the increase of the PV hosting capacity are independent from
the implementation of voltage droop control, since this functionality does not affect the grid
bottlenecks that limit the PV hosting capacity in the feeder, such as overvoltages and voltage
phase unbalance. Table 4.17 summarizes the results in term of PV hosting capacity for the
scenarios considered so far.

Table 4.17: Comparison between the variation in the PV hosting capacity compared to the present scenario
for the four scenario so far considered

EV share (%)
Scenario Case 20 50 70 100

TOD no VDC +4.0% +4.0% +4.0% +4.0%
with VDC +4.0% +8.0% +8.0% +8.0%

Net Metering no VDC +20.8% +56.0% +58.4% +64.0%
with VDC +20.8% +56.0% +58.4% +64.0%

4.5 Conclusion

Two different EV charging scenarios, based on the present electricity tariffs for Italian residen-
tial customers, have been analyzed in this chapter: Time-of-Day (TOD) and Net Metering.

The main limitation of the TOD scenario is that the electricity prices during most of
daylight hours are higher than during evening and nighttime. For this reason, a coordination
between EV load demand and PV generation is rarely convenient for the EV owner. As a
consequence of this, the introduction of EVs does not result into a significant increase in the
feeder PV hosting capacity.

Net Metering service has been proven to be effective in allowing a higher PV integration
in the network, by encouraging the PV self-consumption. However it does not differentiate
the electricity tariffs according to the grid conditions. The PV generated energy injected back
into the network is rewarded with the same tariff either if it helps improving the feeder power
quality, e.g providing local generation during hours of high load demand, or if it creates grid
bottlenecks, e.g. increasing the reverse power flow in the feeder during hours of low load
demand, when overvoltage is registered. The same limitation applies to the EV load: the
electricity tariff remains constant whether the EV locally consumes the excessive PV energy,
or if it overlaps with conditions of already high consumption in the feeder. As a consequence
of this, while Net Metering is effective in increasing the PV hosting capacity to more than
60% of the present scenario, a series of EV integration issues are registered, such as voltage
phase unbalance and voltage variations below the minimum limit.
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The implementation of voltage droop control has been proven to be effective for both
the scenario analyzed in reducing the EV integration issues on the feeder voltage magnitude,
without compromising the EV charging process or increasing significantly the costs for the
EV owner.
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5 | EVs in Future Distribution Grids

In the previous chapter of this work, the focus has been put on the impact of EV charging
on distribution grid bottlenecks and on the PV hosting capacity at the present state of the
network. Two scenarios, representing the available electricity tariffs at the present day for an
Italian residential customer, were proposed: Time of Day (TOD) and Net Metering.

In this chapter the focus is on future perspectives. This chapter contains an analysis on
future developments in the distribution network operation and in the EV technology, e.g. the
introduction of day-ahead real time pricing (introduced in Section 2.5.3) in the distribution
level and EV’s Vehicle-to-Grid (V2G) functionality.

Two future scenarios are proposed in this chapter. The first considers the implementation
of Distribution Locational Marginal Pricing (DLMP), an application of real-time pricing [57],
[66]. The second scenario considers EV’s V2G functionality, in the context of the above
mentioned DLMP pricing structure.

The proposed future scenarios represent possible future operating conditions for EVs [2].
The modeling of these scenarios is considered relevant for the scope of this work, since the
proliferation of EVs will reach considerable numbers only in the next future, as it can be seen
from the plot of Fig. 1.1.

Since the implementation of voltage droop control for the EV chargers has been proven
to be effective for reducing the EV integration issues, as described in the conclusions of the
previous chapter, in the proposed future scenarios it has been assumed that all EV chargers
will be equipped with this functionality.

Regarding V2G functionality, it is assumed that all EVs plugged into the network in the
V2G scenario can discharge their batteries to supply the domestic consumption.

In the next section DLMP concept is analyzed, and an algorithm is presented to calculate
the real-time electricity prices. The simulation results are then presented, using a similar
structure as in the previous chapter. The last scenario analyzed in this work will be V2G,
where EV’s V2G functionality will be added on top of the above mentioned DLMP pricing
structure.

In the end of the chapter, a comparison with TOD and Net Metering scenarios is con-
ducted, in order to determine if, and how, the future developments of the electricity tariffs
and the EV technology considered in this work can improve the EV and PV integration in LV
distribution networks, and increase the PV hosting capacity in the model of the residential
LV grid.

61
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5.1 Locational Marginal Prices for Distribution Grids

Locational Marginal Pricing (LMP) is a pricing structure based on real time pricing. It
reflects the marginal cost of electricity supply for an additional increment of power to a node
in the network [66], [67]. Since the cost for the DSO to supply loads connected at different
nodes of the system can be different, due to the different line losses, LMP structure results
in different prices for different nodes, hence the name Locational.

While LMP have already been adapted in some countries for the transmission network [68],
this pricing structure has still to be implemented on the distribution level [57]. Distribution
Location Marginal Pricing (DLMP) has been proposed as a solution to increase the system
efficiency when compared to the present flat electricity rate, by encouraging customers to
modify their load profile according to price signals. These prices are set in order to decrease the
feeder line losses, being the cost of purchasing electricity proportional to the losses introduced
by the customer’s load demand, and to appropriately reward PV owners for the energy injected
to the grid during high load demand, by rewarding the energy produced during peak load
consumption more than during periods of high PV generation [57].

A scenario based on Distribution Locational Marginal Pricing (DLMP) in proposed. The
target is to obtain a higher synchronization between load demand and PV production than
in the previously analyzed TOD and Net Metering scenarios. This target is achieved by
proposing a new price structure, where the cost of electricity is dependent on the marginal
feeder line losses introduced by each load and generating unit in the system. The price
calculation is based on loss sensitivity analysis, and it will be explained more in detail in
Section 5.1.1.

DLMP consists of three components: cost of energy, cost of losses and cost of congestion
[58], [69], [67].

The cost of energy depends on the energy price at the transmission level, and does not
variate along the buses of a LV feeder [57]. In this work it is assumed that the cost of energy
is the cost of electricity determined by the present TOD tariffs, described in Section 4.2. The
electricity rates used in this work are listed in Table 4.6, and the time application of the
Italian TOD tariff is described by Table 4.4.

The cost of congestion is a parameter used to quantify the marginal congestion of the
network components, introduced by a variation in the load demand. In the radial residential
network modeled in this work, no overloading is ever registered, even when the maximum EV
share is considered, as it can be seen from the simulation results of the previous chapter. For
this reason the cost of congestion is not considered in the modeling of the DLMP structure
proposed in this work.

The cost of losses represents the cost associated to the marginal line losses, introduced by
a variation in the load demand. This parameter in evaluated with an analysis based on loss
sensitivity, presented in the next section. To summarize, in this work DLMP will be based
on the present TOD tariffs, for the cost of energy, and the marginal line losses.

5.1.1 Price Calculation

The DLMP structure proposed in this work is based on the work of [57], [68], and can be
expressed by Eq. 5.1.
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ct,k = ct,TOD ·
(

1 + dLosst
dSt

)
(5.1)

where ct,k is the electricity price at the hour t for the bus k, ct,TOD is the reference price
at the time t, originated from the present Italian TOD tariff, and dLosst are the marginal
losses due to the apparent power demand St at time t for the bus k.

Referring to [70], for unbalanced distribution systems loss sensitivity λ = dLoss/dS, for
a node n and phase φ, can be approximated as:

(5.2)
λn, φ = 2

|Vn,φ|
·
(∑

l

(Il,a ·Rl,aφ · cos(θI,l,a − θI,n,φ) +

Il,b ·Rl,bφ · cos(θI,l,b − θI,n,φ) + Il,c ·Rl,cφ · cos(θI,l,c − θI,n,φ))
)

where:
Vn,φ is the voltage magnitude of phase φ at node n;
l is the number of lines in the radial network;
Il,φ is the line current in line l and phase φ;
Rl,φ1φ2 is the real part of the line impedance Zl,φ1φ2 for line l;
θI,l,φ is the angle of phase current φ in line l;
θI,n,φ is the angle of phase current φ at the node n where the loss sensitivity

is evaluated;

Eq. 5.2 will be used in this work to calculate the loss sensitivity coefficient λ, used to
determine the cost of electricity withdrawn and the value of the electricity injected to the
network. Eq. 5.1 can be rewritten as:

ct,k = ct,TOD · (1 + λt,n) (5.3)

The coefficient λt,n, evaluated at hour t, increases proportionally to how much the power
withdrawal at the node n increases the system line losses. In this work the base prices
ct,TOD for the cost of the purchased energy have been assumed to be the present TOD rates.
Regarding the value of PV energy sold to the network, the cPV value calculated for the Net
Metering scenario, described in Section 4.3, is used. These values are summarized in Table
4.12.

For the calculation of the values of λt,n, for every hour of the year t, any node of the
network n and phase φ, an algorithm is implemented with a DPL script (available in the CD
attached).

In order to avoid negative energy prices, which can occur when the marginal line losses
are low enough to make λ < −1, so that Eq. 5.3 becomes negative, an additional condition
is set for the variable λ: if (1 + λ) is negative, the energy price is automatically limited to
zero. This can be written as: λn,i ≥ 0. The limitation to zero of the day-ahead price of
electricity had already been registered in the Italian case, in conditions of high PV generation
and minimum load demand [71].

The resulting price of electricity varies in a wide range along the year. As an example,
the DLMP electricity prices for BUS8, the furthest of the network, are presented in the plot
of Fig. 5.1. The most relevant values are listed in Table 5.1.
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Figure 5.1: Plot of the DLMP electricity prices (in blue) and their average (in red) at BUS8, the furthest
node of the feeder.

Table 5.1: Relevant data about the DLMP prices for the energy produced and consumed, DLMP and V2G
scenarios. Values in ce/kWh.

cDLMP,c cDLMP,p

(consumption) (production)

Average price (ce/kWh) 24.24 9.14
Minimum price (ce/kWh) 0.00 0.00
Maximum price (ce/kWh) 48.48 18.41

From the data of Table 5.1 that the resulting average price is similar to the cost of
electricity with the present TOD tariffs, while the maximum price is approximately twice as
much. The cost of the purchased electricity is on average lower during the central months of
the year (see Fig. 5.1), due to the higher PV production and the lowering of the feeder kine
losses introduced by the local load consumption.

5.1.2 Optimization Problem

A similar optimization process as for the Net Metering scenario, expressed by Eq. 4.7, is used
in this DLMP scenario.

The modification introduced here regards the price of energy ci, which will be dependent
on the system losses according to Eq. 5.3.

The optimization problem proposed for the DLMP scenario can be expressed as:

Cost function f(p) =
24∑
i=1

ci · (pi + Pdom − PPV )

where

ci =
{
cDLMP,c = cTOD · (1 + λnφ) if pi + Pdom − PPV ≥ 0
cDLMP,p = cPV · (1 + λnφ) if pi + Pdom − PPV < 0 (5.4)

Subject to:
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pi ≥ 0
pi ≤ Pmax,i∑
i
pi = 0.9− SOCarr

 i = 1, 2, . . . , 24

5.1.3 Simulations and Results

The minimization of the yearly cost of electricity for the residential user results in an average
cost function value f(p) of 1019.70 e. This value is comprehensive of the domestic load
demand, the energy cost for the home-charging and the payback CS (explained in Section
4.3.1), this payback being generated by the PV energy injected into the network. The energy
consumption, sum of the domestic and the EV load demand, results to be 6723.21 kWh, for
an average cost of electricity of 15.16ce/kWh. This value is approximately 14% higher than
the value of the cost function calculated in the Net Metering scenario, described in Section
4.3.3 and summarized in Table 4.16.

This increase in the yearly cost of electricity for the residential user can be explained by
an analysis on how the total household load is composed. While the EV load demand is the
result of the above mentioned optimization process, and it is shaped to minimize the cost for
the EV owner to home-charge following the new pricing structure, the domestic load demand
remains unchanged, despite the price structure is now different. Modeling and controlling
the deferrable loads, which consist a portion of the total domestic load demand, could reduce
this value. Since the domestic load demand is obtained from measurements data, without the
knowledge of the share of deferrable loads, this idea has not been implemented in this work.

Table 5.2 illustrates the power quality indicators for the EV share considered.

Table 5.2: Power quality indicators for different EV shares, DLMP scenario. Values in red indicates the
violation of the limits considered (listed in the first column).

EV share (%)
Power quality indicator Limit (0) 20 50 70 100

Minimum bus voltage at BUS8 (p.u.) 0.950 0.955 0.955 0.953 0.951 0.951
Line losses (% of load demand) - 0.101 0.100 0.111 0.124 0.134
Maximum %VUF 2.000 1.974 2.747 2.394 2.398 2.730
Number of occurrences (h/y) - - 5 5 2 9
Maximum line loading (% on ampacity) 100 43.54 52.18 53.98 52.91 52.83
Maximum transformer loading 100 58.83 62.26 64.27 66.49 71.65
(% on rated power)

The main improvement brought by the application of the DLMP scenario, compared to
TOD and Net Metering, is that no undervoltage is registered in the network for any EV
share, as anticipated from Table 5.2. The minimum yearly voltage is registered at BUS8 for
the 100% EV share, and in this conditions the voltage magnitude does not violate the -5%
limit assumed as constraint in this work. This can be visualized from the plot of the yearly
voltage profile at BUS8, displayed in Fig. 5.2.
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Figure 5.2: Yearly voltage profile of phase A at BUS8 with 100% EV share, DLMP scenario. The voltage
magnitude is inside the ±5% range during all the hours of the year.

DLMP is a successful charging strategy for the integration of EVs in the residential feeder
regarding the voltage magnitude bottleneck. The causes of this success are to be found in
its pricing structure that penalizes the load demand during hours of high consumption, and
in the implementation of Voltage Droop Control functionality for all EV chargers assumed,
which limits the maximum allowed charging power according to the bus voltage where the
EV is connected.

The line losses are proportional to the number of EVs in the network. As direct conse-
quence of the structure of DLMP prices, described in Eq. 5.2, which penalizes the loads that
introduce losses in the system with higher electricity prices, the line losses are much lower
than in the previous scenarios. A graphical comparison between the simulation results about
line losses, for all the scenarios considered so far in this work, is available in Fig. 5.3.

As in the scenarios representing the present state of the grid, the loading of the maximum
loading of the network components does not represent an issue for the integration of EVs and
PVs in the feeder, since the maximum values are still far from reaching the maximum limits
assumed as constraints.

Figure 5.3: Comparison between the feeder line losses in each of the scenarios so far analyzed.

The grid bottleneck for the EV integration in this scenario is represented by the voltage
phase unbalance, which presents maximum values over the 2% constraint for each EV share
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considered. As in the Net Metering scenario described in Section 4.3, also in this DLMP
scenario few EVs are charging simultaneously. If only a portion of the total share of EVs is
charging at the same time, it is more likely to have more EV charging on one phase than
to have an uniform distribution among the three phases of the system, which leads to an
increase in the existing background unbalance. An example of the unequal distribution of the
EV charging profile among the three phases, during an example of one day of simulation, can
be found in the plot of Fig. 5.4.

The number of occurrences of the violation of the 2% %VUF constraint is limited to a
maximum of 9 h/y, and the maximum %VUF value is limited to below 3%.

Figure 5.4: Cumulative load demand of 30 EVs during an example of one day of simulations, divided by the
phase connection of the EV charger, DLMP scenario.

As it can be visualized from Table 5.3, the increase in the feeder PV hosting capacity is
proportional to the number of EVs plugged into the feeder.

Table 5.3: Increase of the PV hosting capacity for different EV shares, DLMP scenario.

EV share (%)
(0) 20 50 70 100

Individual hosting capacity (kW) 2.775 3.286 3.308 3.308 3.352
Feeder hosting capacity (kW) 83.25 98.57 99.23 99.23 100.57
Variation of the hosting capacity - +18.4% +19.2% +19.2% +20.8%

5.2 Vehicle-to-Grid Scenario
Referring to the above mentioned DLMP structure, it can be seen how the electricity price
varies on a wider range than with the present Italian TOD tariffs. For this reason, in a future
perspective where RTP are implemented on the distribution level, the discharge of the EV
battery might be convenient for the EV owner. On the DSO perspective, as introduced in
Section 2.4.3, the EVs with V2G functionality represent a new opportunity, since they can
operate as fast energy storages, and can reduce grid bottlenecks.

In the last scenario proposed in this work, the impact of EVs with V2G functionality in
the case of the previously described DLMP price structure is analyzed. It is assumed, in the
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context of future perspective, that all the EVs plugged into the feeder in this last scenario
can perform V2G functionality. As in the previous DLMP scenario, it is assumed that all EV
chargers are implemented with voltage droop control functionality.

The assumptions made in order to propose a method to evaluate the cost of the battery
wear-out associated with V2G operation, introduced in Section 2.4.3, are presented in the
next section. The simulation results are then presented and discussed, following the same
structure as for the other scenarios analyzed in this work.

5.2.1 Vehicle to Grid Concept and Applications

As introduced in Section 2.4.3, the V2G operation has two major drawbacks: the low net
efficiency and the battery wear-out, associated with a more frequent and aggressive cycling
of the EV battery pack.

The charge-discharge cycle associated with V2G operation can theoretically take place at
any hour of the day, involving any DOD in the operational limit of the battery; V2G operation
can lead to an independent charge-discharge cycle, or simply an increased discharge of the
battery after the EV gets home after the last trip of the day, followed by a longer charging
process. Evaluating all these variable for each V2G operation cycle will require a deep analysis,
which is outside the scope of this project.

A new approach to evaluate the cost associated to the battery wear-out in V2G operation
is proposed in this work. Referring to [44], [40], the battery cycle life is exponentially affected
by the Depth of Discharge (DOD) at which it is cycled. This exponential relation is expressed
by Eq. 2.12. The energy En that can be cycled throughout the battery cycle life , however,
variates in a limited range for different DOD, at it will be proved in the following example.
En can be expressed by Eq. 5.5, where En is the cycled energy in the battery cycle life, L
is the cycle life in terms of cycles, Crated is the battery rated capacity and DOD is expressed
as percentage of the battery capacity.

En = L ·DOD · Crated (5.5)

As a numerical example, if the 24 kWh Li-ion battery considered in this work is always
cycled at 20% DOD, the number of cycles the battery can perform in its cycle life L is:

L = 694 · (0.2)−0.795 = 2495

The energy En that can be cycled in the battery cycle life can be calculated by using Eq.
5.5:

En20% = 2495 · 0.2 · 24 = 11.97MWh

The battery wear-out per unit of energy cycled Wout, is defined in this work as the ratio
between the battery lifetime (in p.u.), and the energy En that can be cycled in the lifetime
(in kWh). This can be expressed by Eq. 5.6.

Wout = 1
En

(5.6)

For the previously considered 20% DOD example, the deterioration per kWh of energy
can be calculated using Eq. 5.6:

Wout,20% = 1
11.97 · 103 = 8.35 · 10−5kWh−1
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A series of DOD levels inside the operating battery range assumed in this work, listed
in Table 2.5, has been selected, and can be found in the first column of Table 5.4. For each
DOD level, the battery cycle life has been evaluated by using Eq. 2.12. The energy that can
be cycled in the cycle life and the battery wear-out have been evaluated for each DOD level,
by using Eq. 5.5 and 5.6 respectively. In the end of Table 5.4, an average of all the values is
presented. It can be seen from Table 5.4 that En variates in a limited range, from a minimum
of 10.39 MWh at 10% DOD to a maximum of 15.91 MWh at 80% DOD.
Table 5.4: Battery maximum number of cycles, cycled energy and battery wear out per unit of energy cycled
in the battery cycle life, evaluated for different DOD.

DOD Battery cycle Energy En Battery wear-out
(% on Crated) life L (MWh) Wout(kWh−1)

(from Eq. 2.12) (from Eq. 5.5) (from Eq. 5.6)

10 % 4329 10.39 9.63 · 10−5

20 % 2495 11.97 8.35 · 10−5

30 % 1807 13.01 7.68 · 10−5

40 % 1438 13.80 7.24 · 10−5

50 % 1204 14.45 6.92 · 10−5

60 % 1048 15.00 6.67 · 10−5

70 % 922 15.48 6.46 · 10−5

80 % 829 15.91 6.28 · 10−5

Average 1759 13.75 7.40 · 10−5

In this work it has been considered a constant battery deterioration associated with V2G
operation, directly proportional to the energy injected to the grid. Since the actual values
and numbers of charge-discharge cycles are unknown, this value is set as the average between
the values of Table 5.4, resulting in a wear-out of the battery of 7.40 · 10−5 (0.0074 %) for
each kWh injected into the grid.

The cost in terms of ce/kWh for the battery wear-out can be calculated once the cost of
the battery replacement at the end of the cycle life is known. The battery replacement cost
for the Nissan Leaf modeled in this work is estimated to be 5499 $ (approximately 5000e)
[72], [73]. A value of 5000 e is assumed in this work. The wear-out cost per unit of energy
cycled during V2G operation has been calculated in this work as:

cwearout = 5000 · 7.40 · 10−5 = 37.02 ce/kWh

5.2.2 Modeling of V2G cost

Based on the assumptions made in this work, illustrated in the previous section, the cost
per kWh cV 2G associated with V2G operation is evaluated. This cost includes the cost of
the additional battery wear-out associated with V2G operation cwearout, and the cost for the
energy cenergy that needs to be purchased, in order to recharge the battery to the previous
SOC level. To take into consideration the charge-discharge overall efficiency the energy cost
cenergy is divided by ηnet, the net cycle efficiency calculated in Eq. 2.10.

The cost of 1 kWh injected by the EV into the network, using V2G operation as modeled
in this work, can be expressed by Eq. 5.7.
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cV 2G = cwearout + cenergy
ηnet

(5.7)

Some considerations can be done on the cost cV 2G. If the hourly DLMP price cDLMP ,
evaluated using Eq. 5.3, is higher than the cost associated with V2G operation cV 2G, it will
be economically convenient for the EV owner to discharge the vehicle to supply the domestic
load demand. If the hourly price of the energy injected to the grid cPV is higher than cV 2G,
it will be more convenient to discharge the battery to supply the network. If none of those
conditions is realized the V2G process is not convenient for the EV owner.

Since the cost of the battery wear out (37.02 ce/kWh) is always higher than the maximum
value of the energy injected to the network (18.41 ce/kWh), it is never convenient for the
EV owner to discharge the EV battery to sell energy to the power grid, neither if the energy
is self produced from the PV unit nor if it is purchased at the yearly minimum price.

V2G operation to supply the domestic load demand is convenient only if the cost of the
V2G process cV 2G is higher than the hourly electricity price cDLMP . The maximum cost of
electricity is higher than the cost of the wear out cwearout for some hours of the year. In the
best case scenario the margin left is:

cDLMP,max − cwearout = 48.48− 37.02 = 11.46 ce/kWh

5.2.3 Optimization Problem

The main difference introduced by V2G operation is that the EVs can supply power back
to the grid, and hence the EV charger power demand pi can be negative. The limit to the
discharge power is assumed to be equal in magnitude and opposed in sign to the maximum
power demand Pmax, the constraint set for when the battery is charging.

The optimization problem for the V2G proposed scenario can be expressed as:

Cost function f(p) =
24∑
i=1

(ci · (pi + Pdom − PPV ) +Wout,i)

where

ci =
{
cTOD · (1 + λnφ) if pi + Pdom − PPV ≥ 0
cPV · (1 + λnφ) if pi + Pdom − PPV < 0 (5.8)

and

Wout,i =
{
−cwearout · pi if pi < 0
0 if pi ≥ 0 (5.9)

Subject to:

pi ≥ −Pmax,i
pi ≤ Pmax,i∑
i
pi = 0.9− SOCarr + (1− ηnet) · Wout

cwearout

 i = 1, 2, . . . , 24

5.2.4 Simulations and Results

Following the same procedure as in the previous scenarios, the EVs are now introduced in the
network and their impact on the grid bottlenecks and the PV hosting capacity is evaluated.
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The minimization of the yearly cost of electricity for the residential user, in the V2G
scenario, results in an average cost function value f(p) of 956.32 e. As in all the other
scenarios analyzed, this value is obtained as the average between 30 EV charging profiles,
in order for the measurements not to be affected by the single driver’s behavior. The cost
function value is comprehensive of the cost for supplying the domestic load demand, the
cost for the EV home-charging (inclusive of the extra energy needed for V2G operation), the
cost of the additional battery wear-out associated with V2G operation and the payback CS
originated by the PV energy injected into the network (explained in Section 4.3).

The yearly energy consumption results to be 3900 kWh, inclusive of the domestic and the
EV load demand. The average cost of electricity is 13.90 ce/kWh, lower than in the DLMP
scenario. This result confirms the concept behind V2G scenario, since V2G operation will
take place only when it is economically convenient for the EV owner to discharge the vehicle
rather than to purchase electricity from the grid.

A large portion of the total cost regards the battery wear-out, on average 370 e/y, around
38% of the total. The energy cycled in V2G operation is on average 1000 kWh. Since the EV
battery wear-out accounts for a large portion of the cost for the residential customer modeled
in this work, a decrease in the battery cost, or better performances in terms of cycle life, or
both, will result in increased savings for the EV owner.

Table 5.5 illustrates the power quality indicators for each of the EV share considered.

Table 5.5: Power quality indicators for different EV shares, V2G scenario. Values in red indicates the
violation of the limits considered (listed in the first column).

EV share (%)
Power quality indicator Limit (0) 20 50 70 100

Minimum bus voltage at BUS8 (p.u.) 0.950 0.955 0.955 0.951 0.950 0.950
Line losses (% of load demand) - 0.101 0.104 0.123 0.133 0.138
Maximum %VUF 2.000 1.974 2.434 2.655 2.355 2.421
Number of occurrences (h/y) - - 2 4 5 9
Maximum line loading (% on ampacity) 100 43.54 46.75 55.04 55.04 61.32
Maximum transformer loading 100 58.83 59.92 62.13 63.62 68.88
(% on rated power)

In this V2G scenario no voltage magnitude violations are registered, for any of the EV
shares considered. The DLMP pricing structure on which EVs with V2G functionality are
expected to operate, together with the implementation of VDC functionality, is effective in
the suppression of the voltage magnitude bottleneck for the EV integration in the network.

The bottleneck for this scenario, as in DLMP and Net Metering, is represented by voltage
phase unbalance. The %VUF index exceeds the 2% constraint for all the EV shares considered.
As in the DLMP scenario, the explanation of this phenomena is to be found in the unequal
distribution of the EV load among the three phases of the system. A graphical representation
of the cumulative distribution of the EV load demand on the three phases, for an example
of one day of simulations, can be found in the plot of Fig. 5.5. The violation of the %VUF
index is limited to a a maximum of 9 hours per year, and the peak values are always below
3%. All the other power quality indicators considered in this work are within the assumed
limits, as in the previous DLMP scenario.
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Figure 5.5: Cumulative load demand of 30 EVs during an example of one day of simulations, divided by the
phase connection of the EV charger, V2G scenario.

As illustrated in Table 5.6, the increase of the PV hosting capacity is proportional to
the number of EVs connected to the residential feeder. The PV hosting capacity results are
improved, when compared to the DLMP scenario (shown in Table 5.3). The discharge of
the EV battery results into a higher average energy demand from the EVs. This additional
consumption is supplied by an increased charging during daytime hours, resulting into an
incremental PV local consumption. As a consequence of this, the reverse power flow in the
feeder is reduced, and the grid bottlenecks that limit the installation of more PV units in LV
networks are diminished.

Table 5.6: Increase of the PV hosting capacity for different EV shares, V2G scenario.

EV share (%)
(0) 20 50 70 100

Individual hosting capacity (kW) 2.775 3.308 3.552 3.552 3.685
Feeder hosting capacity (kW) 83.25 99.23 106.56 106.56 110.56
Variation of the hosting capacity - +19.2% +28.0% +28.0% +32.8%
(% compared to present scenario)

5.3 Discussion

In this last section of this chapter, a comparison between the results of the future scenarios
proposed and analyzed in this work, DLMP and V2G, is performed. Following the same
procedure as in Section 4.4, at first the cost of electricity for the EV owner is discussed. EV
integration in the network is then considered, based on an analysis of the simulation results,
followed by an investigation on the impact of the different EV charging strategies on the
feeder PV hosting capacity.
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5.3.1 Cost for the EV Owner

A comparison between the average cost of electricity for the Italian residential customer for the
scenarios analyzed in this chapter, and the two cases of Net Metering analyzed in Chapter 4,
is presented in Table 5.7.

As explained in Section 5.1.3, the domestic load demand does not variate according to
the price signals, since no information is available about the share of deferrable loads in the
measurements data. For this reason the average cost of electricity is higher in the future
scenarios, based on real time pricing, than on the present Net Metering scenario. Further
studies on the composition of the domestic load demand, and an optimization of the load
profile of the deferrable loads can lead to a decrease in this cost.

Table 5.7: Comparison between the average cost of electricity between DLMP and V2G scenarios.

Scenario Case Average cost of
electricity (ce/kWh)

Net Metering no VDC 13.27
with VDC 13.41

DLMP 15.16
V2G 13.90

From the above mentioned results it can be concluded that V2G functionality is effective
in reducing the cost of electricity for the EV owner.

5.3.2 EV Integration in the Network

From the results of the simulations conducted and analyzed in this chapter, it can be seen
how the grid bottleneck for the integration of EVs on a future perspective, in a model of an
Italian LV residential network, is the voltage phase unbalance.

The violation of the voltage magnitude constraint, the major bottleneck in both the sce-
narios analyzed representing the present state of the grid, is not an issue for the future
scenarios analyzed in this chapter.

5.3.3 Impact on the PV Hosting Capacity

The increase in the PV hosting capacity is proportional to the number of EVs plugged into
the network for both the proposed future scenarios, DLMP and V2G. The addition of EV’s
V2G functionality is effective in allowing higher shares of PV in the feeder than with DLMP
only.

A comparison between the results of all of the scenarios proposed, in terms of increase in
the feeder PV hosting capacity, is presented in Table 5.8.

It can be seen how the highest values are reached with the Net Metering scenario. However,
it has to be highlighted that this scenario present the most critical EV integration issues,
involving both the voltage magnitude and the voltage phase unbalance.
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Table 5.8: Comparison between the results of the introduction of different EV charging scenarios in terms of
increase of the feeder PV hosting capacity.

Scenario Case EV share (%)
20 50 70 100

TOD no VDC +4.0% +4.0% +4.0% +4.0%
with VDC +4.0% +8.0% +8.0% +8.0%

Net Metering no VDC +20.8% +56.0% +58.4% +64.0%
with VDC +20.8% +56.0% +58.4% +64.0%

DLMP +18.4% +19.2% +19.2% +20.8%
V2G +19.2% +28.0% +28.0% +32.8%

5.4 Conclusion
The proposed future developments of the electricity market, with the introduction of real
time pricing, and the integration of EVs with V2G functionality will lead to an improved
integration of EVs and PVs in the distribution network.

Voltage phase unbalance will represent a possible issue for future developments, as it is for
the present scenario. The proposed future scenario mitigate this phenomena, without solving
it completely. It has to be highlighted that the %VUF index presents values over the 2%
limit, assumed as a constraint in this work, for a limited number of the year only. In the
worst case scenario, the violation is registered for only 9h/y, less than 0.02% of the total. In
addition to this consideration, it can be noticed from the results listed in Table 5.2 and 5.5,
how the maximum %VUF is less than 3% for each scenario considered. Further, this violation
could be the result of a particular combination which happened to be applied in this study.

There is a correlation between EV share in the network and increase in the PV hosting
capacity, proving the efficacy of the use of distributed storages, such as EV, to solve the grid
bottlenecks that limit a further integration of distributed generation in the network.



6 | Conclusion and Future Works

In this work a series of studies has been conducted. In the beginning, the theoretical back-
ground regarding the integration of PV units in Italian LV networks has been analyzed. The
rapid increase of the PV installed power in recent years, with the connection of more than
18 GW of distributed generation in networks planned for a one-way operation only, resulted
in the raise of integration issues. The most relevant are found to be overvoltages, overloading
of the network components and voltage phase unbalance.

The use of EVs as distributed storage systems, in order to reduce the reverse power flow
in the residential feeder, has been found to be a possible solution for these problems. Since
EVs present some integration issues as well, because their charging process can overlap with
the domestic load demand, a study on the EV charging profiles has been conducted.

In this project, a series of EV charging scenarios has been proposed, and their impact on
the grid bottlenecks for a large integration of PV units in LV networks has been analyzed.

A simulation model based on the CIGRÉ LV benchmark has been created and tested, in
order to represent an example set of a radial residential grid in the Italian case. Steady-state
analysis has been carried out to determine the PV feeder hosting capacity, concluding that
the main grid bottlenecks are the voltage variation at the end of the feeder and voltage phase
unbalance.

The EV interaction with SPV and the residential load demand has been then analyzed.
Different EV charging strategies, based on the present electricity tariffs for Italian residen-
tial customers (TOD and Net Metering) and future technical and economical developments
(voltage droop control, DLMP, V2G) has been identified.

From the simulation results obtained, it has been concluded that with the present Italian
TOD electricity tariffs, the introduction of the EV load in the network cannot increase sig-
nificantly the PV penetration. The present TOD structure sets lower prices during nighttime
and the weekend, and for this reason it encourages the EV owner to overlap the charging
process of its vehicle with the evening domestic load peak, rather than with the PV peak pro-
duction. As a consequence of this, the number of EVs that can be plugged into the network
is also limited. With high shares of EVs in the feeder, the voltage magnitude for the furthest
customers from the distribution transformer can violate the lower boundaries, resulting in a
deterioration of the power quality.

For the other scenarios proposed and analyzed in this work, Net Metering, DLMP and
V2G, a positive correlation between the number of EVs introduced in the network and the
increase of the PV capacity is proven.

From the DSO perspective, EVs were proven to help the increase of the PV installations
in LV grids under the existing Net Metering structure, and the future possible developments
such as the introduction of real time pricing applied to the distribution level. The additional
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PV hosting capacity generated by the EV introduction in the grid can lead to postponements
or reduction of the need for grid upgrades and reinforcements, such as ring connections and
replacement of the network components.

V2G functionality, applied in this work in a future scenario with the hypothesis of a real
time pricing structure based on marginal line losses, has been proven to be effective in the
increase of the PV hosting capacity and the reduction of the total cost of electricity for the
EV owner.

A series of integrations issues for the EVs, however, persist. While the introduction of
Voltage Droop Control for the EV charger and DLMP are effective in solving the voltage
magnitude issue, voltage phase unbalance remains a problem. The violation of the %VUF
index considered has been registered for every EV share introduced, even if the number of
occurrences is limited and the peak values are close to the 2% value that defines the constraint.

To conclude, the present Net Metering tariff and the considered future developments,
such as the introduction of real time pricing, VDC functionality for the EV charger and
V2G operation, has been confirmed to be effective for the increase of the PV penetration
in residential LV networks. Regarding the impact of EVs in the grid power quality, further
research is needed.

This study is applicable to other grid topologies and to other cases than the Italian one.
The original CIGRÉ benchmark model, on which the adapted model proposed in this work
is based, has the advantages of generality, and it represent a benchmark for all European LV
grids. The simulations results might vary, but the principles on which this project is based
are unchanged.

6.1 Future Works

As EVs are proven to potentially increase the PV hosting capacity in residential LV grids, a
series of possible future works based on this project might be worth considering. Some of the
most important future perspectives are summarized in the following list:

• More EVs types can be included in the simulation network, e.g. hybrid vehicles and
BEVs with different battery range. A study based on different options for the EV
charging, such as charging at the workplace, battery swapping and fast charging stations,
can be carried out. Driving patterns based on EV measurements data, when those will
be available, will represent a step forward for the EV load modeling.

• The participation of the EVs in other energy markets is a future step for this work. EVs
can participate the regulating market, providing both upward regulation, by reducing
the load demand or proving V2G functionality (if available) and downward regulation,
by increasing the battery charging power. EVs can also provide ancillary services, to
support system power imbalance. In the context of the participation on other than
day-ahead market, the figure of the EV aggregator can be investigated;

• Other deferrable loads in residential networks can be modeled. Heat pumps, air con-
ditioning and other domestic appliances can modify their power demand according to
price signals, without compromising their functionalities, and can contribute to the
increase in the local self-consumption of the PV generated energy;



• An analysis of power quality indicators not considered in this work, such as current
harmonics, frequency fluctuations and reliability of distribution grids with SPV and
EVs can be investigated. Voltage and frequency control strategies, and an analysis of
the dynamic behavior of the case study network, can be included in an extension of this
work;

• In the end, network reinforcements and variations in the grid topology can be considered,
as complementary to EVs for the increase of the PV penetration in LV grids.
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Appendix A

Figure 1: Flowchart of the algorithm used to generate the load profile of a single EV for both TOD tariff
and Net Metering scenarios. The algorithm is repeated for each EV introduced in the network in order to have
different load profiles for each EV.
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Figure 2: Flowchart of the co-simulation algorithm used to calculate the maximum power demand of the
EV charger when voltage droop control is used. The boxes in white are the operations performed with
PowerFactory, while the boxes in turquoise are those performed with MATLAB.
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