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Abstract

In order to meet the worldwide limits on greenhouse gases emissions, a shift from a fossil fuels to a renewable energy-
based electric system is required. As this process goes on, both the power generation and consumption profiles are
changing in daily pattern and magnitude, so the power grid needs to become more and more flexible in order to handle
this variability. At the distribution level, photo-voltaic (PV) systems are, by far, the most widespread distributed energy
resource, mostly due to the recent drop in the cost at the residential level. As more and more consumers become also
producers (the so called "prosumers") and the volatile solar energy production increases, a higher number of storage
systems is required to both avoid grid destabilisation and minimise the CO2 emissions. At the same time, since the
transportation sector is responsible for a sizeable part of the total CO2 emissions, electric vehicles (EVs) are bound to
replace traditional internal combustion engine vehicles. However, two main issues may arise when a large number of
vehicles are connected to the existing power grid at the same time. The first issue is that the electricity required to charge
them needs to be renewable, while the second is that, a rapid electrification of the existing vehicles fleet could destabilise
the grid. In this context, this thesis aims at partially addressing these two issues by analysing different ways to reduce
the impact of both PV systems and EVs on low (LV) and medium (MV) voltage grids. After the introduction and a
chapter dealing with the most closely related research work, a novel optimisation algorithm, aimed at obtaining the
optimal storage capacity for each prosumer belonging to a "renewable energy community" is presented. The algorithm
minimises the dependence of the community on the main grid, which is one of the main purposes of this new model,
while minimising the total installed storage capacity. The algorithm is tailored to the specific case study, because it
keeps track of the willingness of the users to install a battery and keeps the voltage levels between regulatory limits in
the optimisation process. In the second part instead, the effects of "uncontrolled" and "smart" EV-charging the electric
vehicles with the aim of reducing the power fluctuations at the MV/LV transformer level are analysed. In particular,
the interaction between PV production and EV charging is investigated, while considering the grid voltage fluctuations,
the distribution line losses and the transformer loading levels at the same time. The broader impact of smart charging is
also analysed by performing a simplified economic and battery wear analysis. Results help in understanding if storage
devices can reduce the dependence of a renewable energy community on the main grid, and to what extent it is possible
and economically viable to do so. Moreover, results quantify a realistic range of EV and PV system penetration in a LV
grid that still allows for a combined minimisation of their impact on the power grid.
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Chapter 1

Introduction

1.1 Research Context

The worldwide regulation on climate change, �rst introduced in the Kyoto protocol (1994), then con�rmed in the Paris

agreement (2016), identi�ed a temperature increase threshold of 1.5°C compared to pre-industrial levels as the target

value to mitigate the effects of global warming and prevent irreversible changes in our ecosystems. The Intergovern-

mental Panel for Climate Change (IPCC) on its 6th Report showed how different Shared Socio-Economic Pathways

(SSPs) produce different levels of emitted CO2 per year, as shown in Figure 1.1 [1]. In turn, the SSPs correlate to

different temperature rise gradients, hence the targets.

The Authors of the report described SSP2-4.5 (expected 2°C increase by 2050) as the "most likely" one, based on the

current worldwide situation. In that scenario, "the world follows a path in which social, economic, and technological

trends do not shift markedly from historical patterns. Global and national institutions work toward but make slow

progress in achieving sustainable development goals. The overall intensity of resources and energy use declines." In

order to shift to SSP1-1.9 or SSP1-2.6 (expected 1.6-1.7 °C increases by 2050), "the consumption needs to be strongly

oriented towards low material usage and lower resource and energy intensity."

Aside from this important message, the IPCC also provided a current greenhouse gases emissions inventory based on

data from 2019. The greenhouse gases emissions at present depend by around 22% on agriculture, forestry and land

use, 33% on energy supply, 15% on transportation, and 24% on industry. A detailed breakdown is shown in �gure 1.2.

In order to decrease the 33% of the emissions depending on energy supply, the generation paradigm needs to shift

from a fossil fuels-based model, to a clean energy sources-driven one. This is the reason why, in the recent years, the

electric system has undergone some major changes. Those changes mainly involve shifting from a centralisedtype of

electricity generation, based on large scale coal/gas, nuclear and hydro power plants to a decentralisedone, where the

generation/consumption at the consumers' side is governed by the so-called Distributed Energy Resources (DERs).

Recently, it was shown that DERs generate more competitive, clean and resilient systems [2]. Thus, the number of

DERs connected to the grid is increasing every year. However, while from a theoretical standpoint the higher the

share of DERs, the lower the greenhouse gases emissions are, there are complexeconomic and technical limitationsthat

have slowed down the transition to a cleaner energy system. Those limitations stem from the way the electric grid was

originally designed, i.e. as an Alternating Current (AC) system whose core elements, such as transformers, lines, circuit

breakers, were designed assuming the power transmission and distribution to be unidirectional, from High-Voltage (HV)

through Medium-Voltage (MV), down to Low-Voltage (LV). Instead , the ever-increasing share of DERs connected at the

distribution side can create reverse power �owsfrom LV to MV, generally due to large quantities of power simultaneously

injected into the grid at moments of low consumption. This may occur when photo-voltaic (PV) systems produce large

quantities of power during the central hours of the day. Moreover, the production of electricity by fossil fuels-based

sources is generally fully controllableand able to meet any load demand, whereas DERs are mostly volatile due to their

dependence on natural resources.

Those power injections can destabilise thegrid voltage, createcongestion over the lines, overload the transformersor endan-

ger the electric equipment designed for a unidirectional power �ow, such as circuit breakers [3]. Additionally, DERs

are generally direct current (DC) sources, and require the transformation of the injected currents into AC via non-linear

power electronics that increase the harmonic content of the current and voltage waveforms. Finally, DERs generally do

not provide any inertial response to restore the grid frequency in the case of sudden connections or disconnections of
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FIGURE 1.1: SSPs and related CO2 emissions from the IPCC 6-th Report [1].

FIGURE 1.2: Greenhouse Gases Emissions Breakdown from the IPCC 6-th Report [1].
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large loads or generators. Understanding these issues is essential to accommodate larger shares of DERs in the power

grid without expensive reinforcements.

1.2 Objectives

Over the last years PV systems have become very competitive due to the decrease in their levelised cost of electricity

[4], i.e. the cost to produce electricity that considers the entire lifetime of the panel. Differences persist all over the

world regarding the economic value [5–7], but from the grid side, the main issue is always the simultaneous injection

of electricity during the central hours of the day, when the consumption is often at its lowest. In order to mitigate this

impact, battery energy storage systems (BESSs) need to be properly placed, sized and controlled, so that the payback

time of the combined PV+BESS system is minimised. As such, the �rst objective of this work is to understand how

BESSs can be properly controlled and sized to increase the hosting capacity of the grid and provide an economic bene�t

to the users. For this reason, a novel BESS sizing algorithm with the goal of maximising collective self-suf�ciency in

a renewable energy community (REC), while minimising the total BESSs installed capacity, will be presented. RECs

are legal entities, composed by citizens, municipalities or small-enterprises that pool their production, consumption

and storage resources to improve the "collective" self-suf�ciency. This is done by enforcing the electricity exchanges

between the REC members themselves. To this end, different BESS control strategies can be used. In this dissertation,

two policies will be analysed.

Recently, the cost of electric vehicles (EVs), more speci�cally plug-in ones (PEVs) has also decreased [8] and studies

report that PEVs could break-even with an equivalent internal combustion engine vehicle in six years [9]. Hence, a

more sustainable way of transportation could be available to everyone in a very short time. Those EVs however, need

to be charged through the electric grid, and the peak consumption values of EV charging stations generally happen

when people are home. That may overload the electric network, especially if domestic appliances simultaneously

consume electricity. Thus, the secondobjective of this work is exploring the possibilities of smart PEVs charging and

its interactions with the PV production on a LV grid. Thus, the capabilities of a smart charging algorithm for PEVs to

smooth the active power curve through the LV/MV transformer will be investigated in a variety of realistic scenarios,

including PV production. The desired objective is achieved by either allocating the EVs charging sessions at low-

demand times of the day or during high-PV production periods, in order to maximise the use of renewable energy and

avoid impacting the grid. In the simulations, the actual EV use and willingness of the uses are also considered.

In conclusion, the thesis is structured as follows: Chapter 2 provides an overview of the scienti�c literature regard-

ing the aforementioned topics, when either BESS or smart EV charging stations with smart charging capabilities and

residential PV systems are simultaneously considered. In Chapter 3 and 4 instead, two alternative solutions to both

problems are validated through real-world simulations and supported by a broader analysis of their grid-related, en-

vironmental and economic impacts. Chapter 5 expands the results of Chapter 4 by presenting the analysis of the EV

uptake impact on a large MV/LV distribution network. Chapter 6 draws the main conclusions of the work and provides

an overview of ongoing and future activities.



4

Chapter 2

Background

In this Section, the different parameters affected by the introduction of PV systems and EV stations on the electric

network are presented, along with a number of examples taken from the literature. Then, different techniques to

reduce those impacts are presented, mostly concerning stationary BESS and smart EV charging or vehicle-to-grid (V2G)

algorithms.

2.1 DERs Grid Impact

Following the scheme introduced by Caballero-Pena et al. [3], DERs can impact the electric distribution systems by

altering its most important electric parameters, e.g. the root-mean-square (RMS) amplitude of bus voltages and line

currents, the grid frequency and total harmonic distortion (THD), the power losses over the lines and the power quality

in general (voltage unbalance, �icker, frequency and harmonics).

Numerous studies about the impact of PV systems and EV charging stations on the electric network can be found in

the literature. In the following Section, each speci�c parameter will be individually analysed and some examples will

be provided.

2.1.1 Voltage Magnitude Changes

In order to demonstrate how a power injection/absorption in�uences the voltage levels, we can assume, without loss

of generality, to analyse the simple system composed by one �xed power generator, one load, one line and a MV/LV

transformer, such as in Figure 2.1.

The equation (2.1) relating the power injection-absorption to the voltage levels is presented by Ghiani et al. [10]:

DV = V1 � V2 =
R � (Pl � Pg) + X � (Ql � Qg)

V
� L (2.1)

FIGURE 2.1: Example system to show how voltage is in�uenced by power injections and absorptions.
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where index 1 refers to the slack bus, whose voltage level is set to the nominal one (V1 = V), Pg and Qg are the

active/reactive power injections at node 2 (both positive), Pl and Ql are the absorptions at the same node,R and X are

the line resistance and reactance per unit length and L is the line length. Even if Equation (2.1) holds for any voltage

level, a LV feeder is going to be considered for this example. This choice stems from two reasons: �rstly, LV networks

are much more subject to voltage �uctuations than MV and HV ones are. This happens both because of the intrinsic

characteristics of the LV lines and because a much higher power injection/absorption is required to destabilise a MV

grid. Secondly, the work presented in chapters 3 and 4 is going to be based on the IEEE LV Test Feeder.

In order to show that a power injection from a DER always produces a voltage rise, let us assume that the load is

negligible ( Pl = 0 and Ql = 0), which means that Pl � Pg < 0 and Ql � Qg < 0, so that there is a surplus of power

injected at node 2. If we assume that the DERs are PV systems, this situation is likely to happen during the central

hours of the day. In that scenario, we obtain equation (2.2) and by setting DV < 0, it is possible to solve for R/X while

remembering that Pg = Sg � cos(ag), Qg = Sg � sin(ag) and PFg = cos(ag). In these equations Sg is the apparent power

injection, ag is the phase angle between the voltage and current signals produced by the PV inverter and PFg is the

associated power factor.

R
X

> �
Qg

Pg
= �

sin(arccos(PFg))
PFg

DV < 0 (2.2)

On the contrary, when Pg = 0, Qg = 0 and DV > 0, which represents the voltage decrease condition at the end of the

line, equation (2.3) is obtained

R
X

> �
Ql

Pl
= �

sin(arccos(PFl ))
PFl

DV > 0 (2.3)

where PFl is the load power factor.

It is clearly visible that all the positive PFg values satisfy the inequality in (2.2), since R
X is usually positive in LV

networks. Thus an overvoltage always occurs when injecting both active and reactive power into the grid. Dual

conclusions can be drawn from (2.3) for the case of a purely passive consumer connected at bus 2. This means that a

voltage decrease always happens when both the active and reactive absorbed powers are positive.

In order to quantify the magnitude of the voltage �uctuations, and show that they are in�uenced by the R/ X line ratio

and line length L, let us take as an example theR/ X ratios for the primary and secondary lines of the IEEE 906 Bus

LV Test Feeder. That ratio ranges from 1.30 to 6.20 for primary lines and from 9.43 to 40.10 for secondary ones. The

magnitude of the �uctuation of the voltage at bus 2 ( V2) is directly proportional to the modules of P and Q (either

consumed or generated), the R/ X ratio and the line length L. Moreover, under speci�c circumstances, e.g. high PFl

and PFg and high R/ X ratios, it is possible to obtain an approximation of the voltage at bus 2, V̂2, as shown in equation

(2.4).

V̂2 = V1 �
R � (Pl � Pg)

V1
� L (2.4)

Note that in general, the relative approximation error, expressed in % as DE = ( 1 � V2/ V2) � 100 is small enough. Under

the aforementioned circumstances, it is possible to generalise that for LV lines with a high R/X ratio and both PFg and

PFl close to unity, the impedance and reactive power effects are mild and can be neglected.

Tables 2.1 and 2.2 justify the conclusions drawn by assuming two line lengths L (0.2 km and 1 km) and different R/ X

ratios (1.3 and 40). Note how the "modules" of the active and reactive power jPj and jQj are used in the tables, because

the power can be either absorbed (in that case jPj = Pl , jQj = Ql ) or injected (jPj = Pg, jQj = Qg). The tables also

show the voltage �uctuations at bus 2 ( V2), the associated current variations DI normalised by the line ampacity and

the value of the aforementioned approximation error DE.

It is thus con�rmed that the voltage and current �uctuations are higher in magnitude for highly resistive and long

lines, such as the ones connecting the LV users to the secondary grid substations. As such, the standard for LV systems

EN50160:2010 [11] speci�es that the 10-minutes RMS value of the voltage levels should not be over 1.1 p.u. or under
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L=0.2 km Overvoltage Undervoltage Overcurrent
jPj [kW] jQ j [kVAr] V 2 [V] V2 [p.u.] DE [%] V 2 [V] V2[p.u.] DE [%] DI [%]

0.00 0.00 240.00 1.00 0.00 240.00 1.00 0.00 0.00
2.00 0.41 240.86 1.00 0.05 239.14 1.00 -0.05 3.97
4.00 0.81 241.71 1.01 0.10 238.29 0.99 -0.10 7.94
6.00 1.22 242.57 1.01 0.14 237.43 0.99 -0.15 11.90
8.00 1.62 243.43 1.01 0.19 236.57 0.99 -0.19 15.87
10.00 2.03 244.28 1.02 0.24 235.72 0.98 -0.24 19.84

L=1 km Overvoltage Undervoltage Overcurrent
jPj [kW] jQ j [kVAr] V 2 [V] V2 [p.u.] DE [%] V 2 [V] V2[p.u.] DE [%] DI [%]

0.0 0.00 240.00 1.00 0.00 240.00 1.00 0.00 0.00
2.0 0.41 240.86 1.00 0.05 239.14 1.00 -0.05 3.97
4.0 0.81 241.71 1.01 0.10 238.29 0.99 -0.10 7.94
6.0 1.22 242.57 1.01 0.14 237.43 0.99 -0.15 11.90
8.0 1.62 243.43 1.01 0.19 236.57 0.99 -0.19 15.87

10.00 2.03 244.28 1.02 0.24 235.72 0.98 -0.24 19.84

TABLE 2.1: Voltage and current �uctuations for a primary line of length 0.2 km or 1 km due to power injections or
absorptions jPj and jQj: R/ X=1.31, Ampacity=210 A.

L=0.2 km Overvoltage Undervoltage Overcurrent
jPj [kW] jQ j [kVAr] V 2 [V] V2 [p.u.] DE [%] V 2 [V] V2[p.u.] DE [%] jDI j [%]

0.00 0.00 240.00 1.00 0.00 240.00 1.00 0.00 0.00
2.00 0.41 246.65 1.03 0.01 233.30 0.97 -0.03 14.88
4.00 0.81 253.30 1.06 0.03 226.61 0.94 -0.07 29.76
6.00 1.22 259.95 1.08 0.04 219.91 0.92 -0.11 44.64
8.00 1.62 266.60 1.11 0.05 213.21 0.89 -0.15 59.52
10.00 2.03 273.25 1.14 0.06 206.52 0.86 -0.19 74.40

L=1 km Overvoltage Undervoltage Overcurrent
jPj [kW] jQ j [kVAr] V 2 [V] V2 [p.u.] DE [%] V 2 [V] V2[p.u.] DE [%] jDI j [%]

0.00 0.00 240.00 1.00 0.00 240.00 1.00 0.00 0.00
2.00 0.41 273.25 1.14 0.06 206.52 0.86 -0.19 14.88
4.00 0.81 306.50 1.28 0.11 173.03 0.72 -0.46 29.76
6.00 1.22 339.75 1.42 0.15 139.55 0.58 -0.86 44.64
8.00 1.62 373.00 1.55 0.18 106.07 0.44 -1.51 59.52
10.00 2.03 406.25 1.69 0.21 72.59 0.30 -2.75 74.40

TABLE 2.2: Voltage and current �uctuations for a secondary lineof length 0.2 km or 1 km due to power injections or
absorptions jPj and jQj: R/ X=40, Ampacity=56 A.

0.85 p.u. at any time during the year, and that it should be limited between 0.9 p.u. and 1.1 p.u. for 95% of the time.

Thus, particular care should be devoted to ensure that those limits are not exceeded.

2.1.2 Overloading and Losses

If the system in Figure 2.1 is taken as a reference once more, another consequence of a greater power mismatch at bus 2

is the increase in the power and current �owing through the lines. In order to see that, assuming that R/ X is suf�ciently

high (so that the reactance effects are negligible) and that both PFg �! 1 and PFl �! 1, it is possible to use Ohm's

Law to calculate the current increase DI associated to the voltage �uctuation DV, through Equation (2.5)

jDI j =
DV
R

=
jPj � L

V1
(2.5)

where jPj is the magnitude of the injected or absorbed power and jDI j is the magnitude of the additional current

produced by jPj. Overcurrent values, reported in tables 2.2 and 2.1 as a percentage of the lines ampacities (indicated

in the captions to the tables), may range from a few % points to about 20% in the case of primary lines, and up to 74%

for secondary ones. Reminding Joule's law, linking the power dissipated through a conductor to the current �owing

through it, an increase in the current �owing through the conductor produces a quadratic increase in the system losses,

thus it is important to avoid lines overloading. The Italian regulation [12] for electric systems with a nominal voltage
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lower than 1 kV [12] prescribes that currents should not be higher than 140% of the ampacity of the line. Electric

equipment manufacturers may however indicate even stricter limitations to avoid damage to the cables.

2.1.3 Power Quality

Under the generic term of "power quality", it is possible to �nd different issues affecting electric systems, which can

also be caused by DERs.

2.1.3.1 Frequency Stability

A �rst important one is the frequency stability, which depends on the power mismatch between generation and con-

sumption. Dixon [13] proposes equation (2.6) to determine the rate of change of the rotational speed of a synchronous

system dw
dt in the case of a sudden power mismatch:

PGEN
resp + PGEN

non� resp� PLOAD = 2 � Heq� w �
dw
dt

(2.6)

where

• PGEN
resp represents the aggregated power of "responsive" generators, which automatically change their rotational

speed to interact with the power mismatch;

• PGEN
non� resp represents the "non-responsive" generators aggregated power, which do not change their speed auto-

matically to restore the frequency;

• PLOAD is the total electric load connected to the grid;

• Heq is an empirically-derived constant calculated as the total system kinetic energy over the nominal apparent

power system rating, as in Chapter 3 of [13].

Since the rotational speed w in stationary conditions must be constant, Equation (2.6) also shows how both an in-

crease/decrease of PLOAD or PGEN
non� resp may signi�cantly affect the system frequency, especially in the case of un-

planned connection/disconnection events. DERs, such as PV systems and EV stations, are indeed generators and

loads which inject/absorb AC power through DC/AC power electronics converters, which do not produce any in-

ertial response in case of frequency �uctuations. Thus, their connection/disconnection or a variation in their power

absorption/consumption pro�les could pose a threat to system stability. The regulation for synchronous LV networks

connected to the MV/HV grid [11] prescribes that deviation of the 10 s average of the fundamental frequency does not

exceed� 1% for more than 0.5% of the year, and that it never exceeds +4%/-6%.

2.1.3.2 Voltage Unbalance

An uneven distribution of loads and DERs on the single phases of a network could lead to voltage and currents un-

balance in the three-phase systems, possibly causing different malfunctions. The most common indicator for voltage

unbalance, is the Voltage Unbalance FactorVUF (equation (2.7))

VUF [%] =
V NEG

V POS � 100 (2.7)

where V NEG and V POS are the 10 minutes RMS values for the negative and positive sequence components of the three-

phase AC voltage waveform. The regulation [11] prescribes that 90% of the V NEG values should be within � 2% of

V POS, or similarly that 98% < VUF < 102% for 90% of the time.

2.1.3.3 Harmonics

Since most of the modern DERs are connected to the grid via power converters that represent highly non-linear loads,

the harmonic content of the voltage and current waveforms is steadily growing. The most common indicator for the

harmonic contentis the "total harmonic distortion" (THD) coef�cient, which is calculated, for example for voltage levels,

as in (2.8)
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THDV [%] =

vu
u
t

N

å
n= 1

�
Vn

V1

� 2

� 100 (2.8)

where Vn is the RMS value of the n-th harmonic voltage, N is the number of harmonics, and V1 is the RMS harmonic

voltage value of fundamental frequency. In power electronic converters, the RMS value of the 3rd, 5th and 7th har-

monics can be very large. Thus, they should be limited and properly �ltered via passive or active �lters, i.e. series or

parallel circuits designed to prevent harmonic currents from entering the system. Power transformers are mostly af-

fected by harmonics. Thus, particular care should be placed in mitigating this issues. The regulation around harmonics

[11] prescribes that 95% of the 10 min RMS voltage values for the single harmonics Vn
V1

should be lower than speci�c

thresholds based on the harmonic order n, and that THDV should be less than 8% if n=1,...,40.

2.1.3.4 Flicker

Flickerhappens instead due to low voltage magnitude �uctuations with a very short time period, causing variations in

lighting intensity of lamps. The main causes of �ickering are industrial loads with a �uctuating consumption such as

welding machines, mills, arc furnaces and compressors. Several studies tried to determine the effects of �ickering on

human health, but it was found that it is highly subjective, and a �ickering level which causes a headache in one person

is harmless to another. Nonetheless, �ickering is quanti�ed by "disturbance" curves that depend on both the voltage

�uctuation magnitude and the number of �ickers per minute. As such, it is possible to distinguish between the short

term �icker severity Pst,i , measured over 10 minutes by �ickermeters and the long term one Plt , obtained as in (2.9)

Plt = 3

vu
u
t

12

å
i= 1

P3
st,i

12
(2.9)

where Pst,i is the short-term �icker intensity over the i-th 2-hours interval of the day and Plt is the daily long-term

�icker intensity. The existing regulation [11] prescribes that the weekly Plt < 1 for 95% of time. A new directive by the

EU [14] tackles instead the issue of �ickering in the much more widespread LED lights. In that regulation, the limit of 1

is also set for the short term �ickering index at full load. That value means that the probability for the user to perceive

�ickering is 50%.

There is a vast literature regarding the impact of DERs on the electric grid, covering all the aspects that were outlined

up to here. In the following, a number of them will be presented and described.

2.1.4 Literature Review on PV Impact

As of now, the concept of "hosting capacity" (HC) and "penetration" of DER are going to be extensively used in the

following literature review. HC is used in the literature to de�ne the maximum allowable installed capacity of DERs

that does not produce any violation of the speci�c thresholds prescribed by some regulation. It must be noted, that

the HC for voltage violations could be different from the one for the current loading levels, or voltage unbalance. The

concept of DER "penetration" instead, is generally de�ned for PV systems, as in Equation (2.10), i.e.

PVpen =
å M

m= 1 PPV
m

å N
n= 1 SLOAD

n
(2.10)

where PPV
m is the nominal installed capacity of the m-th PV generator on the grid and SLOAD

n is the nominal apparent

power of the n-th load on the grid. The de�nition for EVs is similar, but is less frequently found in the literature. It has to

be noted that, even if the penetration is a very easy-to-understand and useful indicator, there are several shortcomings

in the speci�c case of DERs, since most of the times neither PV systems nor EVs absorb their nominal power. Thus, the

penetration is not very indicative of the actual production/consumption balance in a system.

A number of examples of how the impacts of PV systems and EV stations on the electric network are analysed and

mitigated in the literature is provided in Table 2.3.
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Parameter PV Systems EV Charging Stations
Voltage Magnitude [15–46] [46–59]

Lines Loading [25, 26, 29, 31, 33–35, 37, 44–46, 58–60] [46, 48, 49, 51, 54, 57, 61–63]
Transformer Loading [32, 33, 45, 46, 53, 60] [46, 50–52, 54, 61]

Losses [29, 36, 40, 44, 64–67] [48–50, 57, 68, 69]
Frequency [70–72] (impact) - [73] (support) [46, 48, 49, 51, 54, 57, 61–63] (support)

Voltage Unbalance [22, 23, 36, 42, 44, 46, 60, 64, 65, 67, 74–76] [46, 57, 63, 69, 77–79]
Harmonics [30, 44, 58, 59, 80–83] [77, 84–87]

Voltage Flicker [25, 39, 88–90] [87, 91–93]

TABLE 2.3: Review of the literature around PV and EV impact on the grid.

Since the analysis is quite different depending on whether MV or LV systems are considered, in the rest of this Section

the related studies will be separately described.

2.1.4.1 PV Impact on MV Feeders

Several Authors analysed and tackled the issue of voltage stability due to the injection of PV power in MV test feed-

ers provided by IEEE. For example, Joshi et al. [40] analysed the IEEE 13-bus feeder, �nding that both the voltages

and losses are not impacted by PV, and never trespass the MV limits ( � 0.1 p.u). The same network was analysed by

Emmanuel et al. [65], who calculated the voltage magnitude variation, unbalance, transformer and lines overload and

electric losses due to PV units. They found out that overvoltages are the main source of HC limitation. Balamurugan

et al. instead [36], focused on the IEEE 34 node MV test feeder and observed that there are speci�c buses where intro-

ducing three-phase PV systems is particularly risky in terms of voltage unbalance. That happens even though both the

voltage pro�le and losses bene�t from the introduction of PV systems. Other Authors analysed bigger MV networks,

such as Begovic et al. [41], that studied the IEEE 123-bus test feeder and realised that even stochastic PV placement

may provide peak load shaving and CO2 emissions reduction. Liu et al. also studied the same network [29] and tested

a particle swarm optimisation-based (PSO) network recon�guration methodology. They found that both the losses and

overvoltage issues are eliminated by changing the grid topology, and that the required grid recon�guration is reduced

by smart capacitors and transformer control. Moreover, Ceylan et al. [24] applied tap changing and reactive power

control to mitigate the impact of PV systems on the 123-bus grid. They found out that distributed PV generation has a

much lower impact on the grid than PV power concentrated on one node only. Finally, Daud et al. [17] analysed several

IEEE MV test feeders and observed that both losses and overvoltage issues are minimised when the PV penetration is

between 60 and 80%. Over that value, the PV production is unmatched by the load, reverse power �ow happens and

the aforementioned issues appear.

When real MV grids are instead considered, as Ampofo et al. [35] did, voltage rise is found to be maximum when

the PV systems are far from the transformer and the available load consumption is low. Heilscher et al. instead

[33] realised that, even if the PV systems are evenly distributed along a MV grid in Germany, their impact on the

transformer and lines loading keeps being relevant and severely limits the grid HC. Dhlamini et al. [18] modelled

the transmission/distribution networks in the South African region of North Cape and observed that, due to the high

solar irradiance in the area, voltage stability is greatly affected by the installation of PV systems. Luthander et al. [32]

analysed two feeders in Sweden with increasing levels of PV uptake, up to 100% of the load consumption. Batteries and

power curtailment are used to increase the HC while reducing overvoltage, overcurrent and transformer overloading

events. Other Authors, like Pormousavi et al. [72] analysed voltage and frequency stability on a typical American MV

grid and realised that up to 30% PV penetration can be reached without creating issues. However, the provision of

ancillary services is required to keep the frequency under the allowed limits. Feilat et al. [70] instead, analysed the

entire national grid from Jordan, and found that the maximum PV HC considering current and voltage limitations is

10% of the total load demand. If frequency is considered instead, the installation of PV and wind power plants can

cover 40% of the total demand without any issues. A smaller network composed by 14 buses was analysed by Reno et

al. [28], who investigated the extent to which smart inverters with volt-var control could improve the PV HC, showing

that up to 100% PV penetration is allowed. A very simple MV network was analysed by Shayani et al. [31], who

showed that both overvoltage and overcurrents are a bottleneck to PV HC. The former can moreover be solved by

setting the transformer taps to a lower p.u. value, so that the PV generation can grow up to twice the load capacity.
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Finally, Navarro et al. [21] analysed a 25-bus system at the interface between the LV and MV grid, and found out that

the LV side limits the PV HC, while the MV side is not in�uenced.

As far as voltage unbalance is concerned, Ding et al. [42] tested capacitor switching on the IEEE 123-bus grid, by

maximising the PV HC with a mixed-integer linear programming approach and monitoring the voltage levels, the

unbalances and current loading. They found out that, even though a positive impact is detected, the system has to be

supported by storage system. On the same topic, Wang et al. [75] analysed the IEEE 13 and 123-bus networks and

solved the BESS siting problem with the objective to maximise the use of PV-produced energy. They compared the

results with normal HC maximisation methods and highlighted the advantages of the proposed solution. Farmer et

al. [51] instead, focused on the lines loading only while analysing a MV grid in Vermont, and observed that both the

cables and transformers could be loaded up to 60% more, although in general the expected average increase is around

15%.

Darussalam et al. [71] investigated how PV in�uences the system frequency in a MV Indonesian grid, and realised

that 20% PV penetration is the HC. Other Authors focused on the harmonic injection due to PV. Barutcu et al. [80] for

example, analysed how the voltage and current RMS values in three 7, 13 and 25-bus MV systems react to high PV

injections in terms of total and single harmonic distortions. They found that when the irradiance is low, the current

harmonics limit the HC value, whereas when the irradiance is high, voltage harmonics are more severely affected.

2.1.4.2 PV on LV Feeders

Many Authors showed that LV grids typically suffer more than MV ones from the introduction of PV systems due

to larger R/X values and long lines. Aziz et al. [16] for example, showed that if the PV power is concentrated on

one LV bus, a PV penetration of 2.5% is enough to destabilise the grid, whereas if the PVs are spread over the grid,

the HC value may increase up to 110% PV penetration. Dubey et al. [23] found out that both voltage magnitude and

unbalance are affected by the increasing penetration of PV systems, especially when most of the PV capacity is installed

far from the transformer. Additionally, increasing the base-load consumption (e.g. power through the transformer

when no PV is installed) improves the PV hosting capacity. Haghi et al. [26] instead, compared various techniques

to increase the PV hosting capacity of a Californian grid, �nding that Volt-VAR is the best technique to avoid PV

curtailment due to overvoltage issues. Mohammadi et al. [25] analysed how the LV network protections are affected

by PV systems and proposed "smart" ones that reduce the overvoltage, overcurrent and �icker events. Smith et al. [38]

instead, observed that the feeder they analysed already suffers from both overvoltage and voltage unbalance issues at

the furthermost buses from the transformer for a 20% PV penetration. Tang et al. [22] showed once more that smart

inverters with volt-VAR capabilities help in reducing the voltage magnitude variations and unbalances, improving the

PV HC from a 140-200 % to a 250-270 % PV penetration. Tevar-Bartolomé et al. [19] analysed the cost of upgrading a

very vast MV/LV network of 80000 customers. Up to 30% PV penetration, no grid upgrading is required, while above

that value, the upgrade costs increase quadratically with the installed PV capacity. Moreover, 30% PV penetration is

the optimal value that minimises the losses and does not involve any economic expenditure for additional operation

and maintenance. Stetz et al. [45] analysed a LV network in Germany where smart inverter capabilities, on-load tap

changers and grid reinforcements are used to mitigate the voltage, line currents and transformer loading issues. They

realised that reactive power support from smart PV inverters is the most pro�table and ef�cient strategy. Torquato et

al. [60] instead, performed a Montecarlo analysis and found that overvoltages and voltage unbalances are the most

restrictive limitations to PV HC, which can be accurately estimated also by selecting a limited amount of feeders. Hu

et al. [64] implemented inverter reactive power consumption and on-load tap changing to improve the PV HC from

40 to 70% in a Danish feeder. Interestingly, both the techniques improve the voltage pro�le, but could create voltage

unbalance and slightly increase the losses. Finally, Rahman et al. [74] investigated voltage magnitude �uctuations and

unbalance on an Australian network and showed that demand-side management (DSM) and on-load tap changing can

be optimally controlled by using a modi�ed PSO algorithms to minimise the upgrading costs.

Finally, some Authors studied a very common example of European LV Grid, which is going to be considered in

this thesis too: the IEEE 906 Bus LV Test Feeder. Indeed, Gonzalez-Moran et al. [20] used this grid model together

with irradiance data from the north of Spain, �nding that coordination between the PV systems is required to avoid

overvoltages and that the installed PV capacity needs to be tailored to the load pro�le of each user. Kitworawut et al.

[44] instead, studied how voltage magnitude, unbalance, lines and transformer overloads, as well as voltage harmonics
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are impacted by PV production. They found out that voltage rise and lines loading are the limiting factors for HC,

which is around 150% PV penetration. Voltage unbalance, harmonics and transformer loading are not outside of the

regulatory limits, but they increase as the PV penetration does. The electric losses instead, start to increase when the

PV penetration exceeds 50%.

Some other Authors focused their efforts on voltage unbalance issues on LV grids instead, such as Schwanz et al. [67],

who analysed two Swedish and one German LV network, �nding that PV redistribution and size reduction is key to

reduce the unbalance. The introduction of 6 kW PV for each phase produces around 1% unbalance. Moreover, Su et

al. [76] analysed how reactive power support from small-scale PV inverters can help reducing the voltage unbalance in

Perth, Australia, and observed that it has a very positive impact.

2.1.4.3 PV and Power Quality

A number of Authors analysed the problem of harmonics injection from PV generators. Deng et al. [83] realised that

a simple LV grid can be impacted by a high PV penetration due to multi-resonance peaks at the point of common

coupling of each PV system. Those peaks can be mitigated by passive damping resistors. Hu et al. [82] instead, studied

how the resonance of LCL �lters for PV systems could affect the additional harmonic content in a North American

power system. They found that the harmonic content reduction far outweighs the introduction produced by the �lters.

Sakar et al. in both [58] and [59], analysed how introducing PV system impacts the voltage levels, current loading

and single/total voltage and current harmonic distortion levels. They also introduced two new optimised �lters that

maximise the PV HC and outperform traditional THD minimising ones. Finally, �ickering issues were analysed by

some Authors. For example, Ari et al. [88] showed that a LV grid in Nevada does not experience violations of the

voltage �icker limits due to PV power �uctuations, provided that the adopted time-step is small enough to capture

the irradiance �uctuations. Arshad et al.[90] instead, analysed a number of Finnish LV grids and observed that while

urban areas do not suffer from �icker, even when the PV penetration is high, the rural ones do. They also propose an

active/reactive inverter-based power pro�le compensation to reduce those issues. Finally, Ferdowsi [89] et al. analysed

a LV grid from Lousiana and realised that �ickering issues start arising when 10% of the customers install 7 kW PV

systems, and become severe when a share of 30% is reached.

2.1.5 Literature Review on EV Impact

A vast literature exists regarding the impact of charging plug-in hybrid electric vehicles (PHEVs) and battery electric

vehicles (BEVs) on LV and MV grids. What follows is a review of some signi�cant papers concerning the results of EV

HC on the grids.

2.1.5.1 EVs on MV Feeders

Dulau et al. [48] investigated the IEEE 13-bus MV system, �nding that the lines loading, losses and voltage drops

are heavily impacted by the EV penetration, especially in fast EV charging scenarios. Lopes et al. instead [62], found

that both voltage levels and line congestions on a grid in Portugal are greatly impacted by large scale plug-in electric

vehicle (PHEV) integration and that time-of-use tariffs produce a mild effect on the grid HC value. Johansson et al.

[54] extended their analysis to a large-scale EV integration plan for a Swedish LV-MV network and showed that 50%

EV penetration is HC for undervoltages, overcurrents and transformer overloads. If the charging power increases,

the maximum allowed penetration decreases to 25%, with the transformers being the most vulnerable elements in the

system. Masoum et al. [50] instead, analysed a LV/MV distribution feeder with a large number of PHEV charging

stations. They found out that, when 80% PHEV penetration is reached, the transformers are impacted by both slow

and fast charging, whereas at 20% those impacts are almost negligible. Voltages are impacted too, with deviations

up to -0.14 p.u. at 20% and 0.43 p.u at 80 % PEV penetrations respectively. Losses generally increase alongside the

PHEV penetration, and generally occur when the number of charging events is higher. Finally, Schlee et al. [53]

investigated the impact of large scale PHEV penetration on a LV/MV distribution feeder from Idaho, and observed

that the maximum undervoltage magnitude is around -0.14 p.u and that transformer loading increases by up to 8%.

Both issues can be ef�ciently handled by smart scheduling the charging sessions based on time-of-use tariffs.
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2.1.5.2 EVs on LV Feeders

Some Authors analysed the impact of EVs on LV feeders instead. Dubey et al. [55], for example, investigated the impact

of EV charging on the voltage levels of a very large LV grid, and realised that the voltage drop is directly proportional

to the distance from the transformer. They also found that increasing the size of closely connected EV chargers greatly

impacts the voltage drops, and that wires with a higher ampacity (primary feeders) are less affected than the others.

Kelly et al. [52] showed that transformers are the most impacted element in the system, as peak EV charging happens

almost always at the same time of the day in both the urban and rural analysed LV feeders. Leemput et al. [56] analysed

a Flemish LV feeder instead, �nding that smart charging strategies, such as voltage droop control, reduce the minimum

voltage levels but do not improve the overall grid performance enough to respect existing regulation. The combination

of peak shaving and voltage droop control instead, provides the best results as it avoids grid reinforcement at all. Islam

et al. [63] analysed coordinated EV charging, �nding out that the voltage unbalances are solved, while the current

unbalance issues are greatly improved. The voltage levels issues instead, are only marginally solved. Al Essa et al.

[57] analysed a generic UK LV network and found out that voltage unbalance and magnitude �uctuations are the most

restrictive limitations to HC, whereas lines and transformers are signi�cantly impacted, but without overcoming the

threshold levels. Additionally, losses are increased by EV deployment. Finally, Putrus et al. [77] analysed a typical UK

LV grid and observed that voltage magnitude and current unbalance are impacted above 20% EV penetration, whereas

harmonics are signi�cantly impacted only at much higher penetration levels.

The issue of transformer overloading was analysed by Taylor et al. [61], who presented preliminary results from a

study by EPRI in the US. They realised that the transformer close to the customers are the most in�uenced by PHEVs,

since they do not bene�t from the aggregation of EV pro�les, which typically smooths out the power curve. Temporal

and spatial diversity of the PHEVs, in general, reduces the overloads frequency by 2-8%. About the topic of current

and voltage unbalance instead, Islam et al. [69] investigated a MV/LV grid from Queensland, Australia, proposing a

controller to reduce the EV impact on the system by performing coordinated charging. They found that the application

of the controller to the most impacted set of nodes is the most ef�cient to increase the HC value. Klayklueng et al. [79]

showed that if the EV stations are concentrated on one phase only, the voltage unbalance may increase up to thrice.

Losses are generally increased by EV connection too, as Pieltain-Fernandez et al. show [68]. Indeed, losses at off-peak

consumption moments of the day can increase by 14%-40% due to simultaneous charging from all EV stations.

2.1.5.3 EVs and Power Quality

As far as the system frequency is concerned, Dechanupaprittha et al. [94] analysed micro-grid frequency control when

EVs are connected, and realised that charging scheduling optimisation is required to keep the frequency close to the

nominal level. Banol-Arias instead [95], analysed the possibility of rewarding EV owners for their participation in

frequency regulation, and found that the EVs provide an operational reserve for grid stabilisation. Finally, model

predictive control [96, 97] and adaptive optimal control [98] were used to reduce the EVs load impact on grid frequency

and provide primary frequency regulation with very positive results. Since the expectations of the EV owners need

to be included, as explained in [99, 100], simulations were performed and proved that the optimisation models do not

in�uence the quality of service for the users. With regards to harmonic content, instead, Gomez et al. [84] studied

how the transformer lifetime is impacted by the current THD in a system with EV chargers, and showed that the

THD should be limited to 25-30% to achieve a reasonable transformer life expectancy. Flickering from EV chargers is

analysed in [93] on the MV 4-bus IEEE test system. The Authors found out that fast charging EV stations from 150 to

350 kW violate the voltage �icker limitations, even though the results depend on the adopted time-step. Basta et al.

[91] analysed the MV IEEE 34 bus system in terms of harmonic distortion and voltage �icker, �nding out that the order

of the harmonics heavily depends on the type of charger and manufacturer. Regarding �icker instead, the long-term

effects are more important than the short term ones, which are within an acceptable range. Finally, Blavette et al. [92]

analysed voltage �icker at the connection of EV charging stations, and observed that it is important to avoid saturating

the grid with an EV capacity close to the pre-connection base-load. Also, even though the simultaneous introduction of

PV systems could reduce the congestion levels due to EVs, the higher allowable EV penetration could in-turn increase

voltage �icker issues.
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2.1.6 Review on Combined PV and EV Impact

Recently, various Authors started analysing the combined impact of PV and EV on electric systems. Raouf et al. for

example [46] analysed to which extent BESS deployment can mitigate both the impact of EV charging stations and

PV systems on a LV network from Ireland. Results show that voltage unbalance is much more impacted than voltage

magnitude. Finally, the voltage magnitude, together with cables loading and transformer power, are impacted much

faster by an increase in EV rather than PV capacity. Carollo et al. [37] analysed an extensive real LV feeder with both

EV and PV, and realised that the PV overvoltage issues are just mildly mitigated in very high EV uptake scenarios.

Gabdullin et al. [15] analysed a real LV test feeder from Malta and found that if the PV penetration is under 30%, none

of the analysed feeders show any overvoltage issue. Moreover, uncontrolled EVs charging does not produce any PV

HC increase. Finally, Fachrizal et al. [47] analysed the combined PV-EV HC on the IEEE 906 Bus LV Test Feeder, �nding

that smart EV charging and PV curtailment are the most effective ways of minimising the net-load peaks, respectively

leading to a 20% and a 40% increase in the number of users equipped with a PV system or an EV station.

In the following sections, techniques to improve the combined PV/EV HC making use of Energy Storage Systems

(ESSs) and smart vehicle-to-grid (V2G) charging algorithms are going to be showcased.

2.2 PV Systems Impact Mitigation

There are many types of stationary ESSs that can be used to mitigate the impact of DERs in general, and more specif-

ically of PV systems and EV stations. The most important parameters that have to be checked when choosing which

solution to use are the energy and power density, lifetime, response time, round-trip ef�ciency and cost. A small review

of the most relevant ones is going to be henceforth presented.

2.2.1 Types of ESSs

The stationary ESSs are roughly divided in two categories, as reported by various Authors [101, 102]: the mechanical

and electro-chemicalones.

Among mechanicalstorage devices, it is possible to �nd machines that use heat, water or air with compressors, turbines

and similar devices to store the electricity. For example, compressed air systems store the electricity by compressing

air and then releases it by expansion. Pumped hydro instead, stores it by pumping water to a higher altitude, then

releases it by running a turbine while the water �ows back to a lower stage. Liquid air storage uses electricity to cool

air until it lique�es, and then brings the liquid back to a gas, which is then used to run a turbine and produce electricity.

Thermal and pumped thermal energy storage instead use a heat pump (HP) to store energy inside a medium like

gravel or water, then gets it back with any heat engine used to run a turbine to produce electricity. Flywheels store

the electricity as kinetic energy and release it by working as a traditional generator Electro-chemicalstorage devices

instead store electricity in the chemical reactions between the acids in the batteries themselves, and examples of that

are Li-Ion and Redox Flow Batteries. Super capacitors are also included in this category, and store energy through

the electric �eld created between two metal plates which are separated by a dielectric medium. All of the mechanical

methodologies generally have longer lifetimes (25–50 years), lower energy (< 80 kW m� 3) and power ( < 2 kW m � 3)

densities, and lower round-trip ef�ciencies ( < 80%) than Li-Ion batteries. Thermal energy storage devices are the

exception to that rule, having much higher power and energy density, but rather low minimum ef�ciencies (45-75%).

Flywheels instead, have a very short response time and high power density (1000-2000 kW m � 3), but are still extremely

expensive compared to Li-Ion batteries. Among the electro-chemical ESSs instead, Redox Flow Batteries have much

longer lifetimes than Li-Ion ones, but fall short in terms of energy/power densities and round-trip ef�ciencies. Super-

capacitors instead have the highest power density of all ESSs, but a much lower energy density than Li-Ion batteries

(same level as Redox-Flow ones). Moreover, they generally are still very expensive.

Since both power and energy densities are required for PV energy storage and due to their recent cost drop, Li-Ion

batteries are the most widespread and mature storage technology. Thus Li-Ion batteries, henceforth dubbed as BESS,

are the only type of ESS which is going to be considered.
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2.2.2 BESS sizing

As introduced in Chapter 1, in order to support DER generation on a LV grid, the BESSs need to be properly sized and

controlled. The analysis of the literature highlights three different, but equally important, aspects for BESS sizing: the

input modelling, the BESS controland the sizing algorithm.

2.2.2.1 Input Pro�les Modelling

Since BESSs sizing results are only as good as the modelling of the input pro�les is, the choice regarding how the input

data to the sizing algorithms are modelled is vital. Two categories can be de�ned:

• Deterministic Modelling: the input pro�les are obtained through one extensive measurement campaign or �eld

trials, and no statistic modelling is performed.

• Probabilistic Modelling: stochastic distributions are used to describe the input load and production pro�les or

abstract representative pro�les from several measurement campaigns.

In deterministicmodelling, the input data is not statistically processed to be as representative as possible of the daily

or seasonal behaviour of a system. Thus, it requires no pre-processing, and more faithfully represent the reality of the

speci�c electric system the measurement campaign considered.

In probabilisticmethods instead, the input data should statistically represent the consumption and production pro�les

on the analysed grids, thus the sizing results are more easily generalised for similar networks and depend way less on

the speci�c analysed case study. However, the results of the sizing algorithm for one speci�c case study may not be as

accurate as in the case where the modelling was deterministic, due to the inevitable degree of randomness in the input

pro�les.

Both of these ways to model the input data are used to create load/production pro�les, which are then fed into sizing

algorithms to obtain the battery capacity.

2.2.2.2 Sizing Algorithm Classi�cation

Another important aspect is the sizing algorithm, which, as reported in [103, 104], can be classi�ed in two categories:

• Analytic: a set of different power system con�gurations are evaluated against an ESS capacity change, while all

the other input pro�les generally stay the same. The best solution is showed by sorting a performance indicator

or objective function.

• Search-Based:an optimal solution is found with mathematical or heuristic optimisation methodologies, by min-

imising or maximising a speci�c objective function.

The �rst type, analytic methods, are generally not very time-ef�cient if the BESS capacity increase for each scenario

is small, since a lot of possibilities need to be analysed. These algorithms are, essentially performing a "sensitivity

analysis" on a set of parameters which change due to the BESS size increase. The results of the sizing procedure are

evaluated at every iteration and the "best" solution is chosen as the optimal one.

Whenever the computational burden of analysing such a wide array of network con�gurations is too high, however,

search-based methodsare preferred. In those algorithms an optimisation algorithm is used to minimise some objective

function, either by making use of mathematical optimisation algorithms or heuristic ones:

• Mathematical:the search is guided by means of a mathematical optimisation algorithmthat minimises/maximises

a particular objective function. Those algorithms rely on mature mathematical optimisation algorithms such as

linear or quadratic programming that converge to optimal solutions. The range of objective functions that can be

represented is however limited to the ones that can be mathematically represented as a function of the decision

variables.

• Heuristic: the search is guided by heuristic algorithmsthat mimic naturally existing behaviours to �nd an optimal

path to the objective. An example could be copying how insects �y in a swarm or bees move inside a colony.
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Methodology Pros Cons Examples

Analytic
• Easier to understand • Very dependent on the choice of scenarios

[105–108]
[109–113]

• Very �exible in all simulation environments • Generally computationally intensive
• Provides clear and stable outputs • May miss global optimum if scenarios are not carefully chosen

Search-Based - Mathematical
• Based on stable mathematical methods • Explicit mathematic representation is required (no hybrid KPIs)

[114–117]• Fast and robust if problem is linear • Computational burden increases with problem complexity
• Usually able to reach global optimum • May require complex linearization techniques to be solved

Search-Based - Heuristic
• No complex mathematical representation • Less stable/reliable than mathematical optimisation for linear problems

[105, 118–121]
• Widely applicable to all sorts of sizing problems • May miss global optimum

Hybrid
• No high computational resources requirement • Complexity increases and easiness of results interpretation decreases

[122–124]
• Combines strong points of different methods

TABLE 2.4: Pros and cons of different BESS sizing methodologies, along with some examples related to PV.

These methods allow for a very wide range of objective functions to be minimised/maximised and act as "sort-

ing" algorithms that �nd the optimal search direction. Those algorithms generally reduce the computational

time requirements of the mathematical ones and allow for the minimisation/maximisation of multiple objective

functions at the same time, but are not guaranteed to always reach the global optimum.

Finally, hybrid methods combine the best features of the other methodologies, for example algorithms operating on

different stages that perform a mathematical optimisation of one parameter, then use it as the input to a sensitivity

analysis or a heuristic search-based method.

It has to be noted that the "search-based" sizing algorithms could also not require a BESS control, because they are

also capable of scheduling the BESS to achieve an optimisation objective. The analytic ones instead, usually simulate a

number of scenarios and then evaluate the objective function. Thus, they almost always need a BESS control to optimise

the instantaneous charge/discharge and achieve a global, usually sub-optimal, value of the objective function.

Tables 2.4 details the main pros and cons of each sizing method and gives some speci�c examples of how they were

used in the literature for PV-related BESS sizing. In the following, those examples are going to be shortly described.

Among the Analytic methods, Nazaripouya et al. [106] minimised the total BESS capacity and solved the siting problem

for a number of BESS placed on the IEEE MV 14-bus test feeder. They regulate the active and reactive power �ows by

applying inverter controls to reduce the overvoltage issues. Ru et al. [107] instead, analysed how BESSs in�uence a

single user yearly saving thanks to the PV-related self-suf�ciency. Their approach tries to �nd a critical BESS capacity

threshold over which the savings due to the installation of storage systems are null, and the results show that between

9.4 and 16 kWh per user is the most appropriate BESS size range. Yang et al. [108] minimised the system costs by

deploying BESS systems on a MV test feeder with high PV penetration. They found out that the BESS costs are still

too high to ensure the payback time is reached before the BESS end-of-life. The same results are obtained by Zheng

et al. [105], who analysed the IEEE 14-bus test feeder instead. Yue et al. [125] performed BESS sizing on a test 68-bus

feeder where 35% of the traditional generation is replaced by PV systems. By deploying a Monte-Carlo approach, they

observed that, in order to address the frequency issues arising from replacing generators with PV systems, a BESS

capacity from 53 MWh to 16 GWh is required. Cervone et al. [123], paired a Markov Chains stochastic approach for

input data creation to a deterministic optimisation to size the BESS for a PV-powered grid. They realised that in this

particular case study, lead-acid BESS achieve a payback period of 8 years while the costs of Li-ion ones are too high

to be considered yet. In Long et al. [126], the Authors propose a centralised BESS control algorithm to maximise the

district-level self suf�ciency of a community of 100 grid users spread over a vast LV network. The Authors show that a

reduction in the electricity costs up to 30% is achievable, along with an increase in the self-consumption values by 10-

30% and self-suf�ciency by 20%. Moreover, the more users participate in district electricity trading, the more the BESS

size tends to reduce. As a consequence, a self-consumption value of 80% requires each user to install a 3 kWh BESS

instead of a 10 kWh one. Another example is found in Rodrigues et al. [127], where a centralised energy sharing BESS

control algorithm was applied to a university campus system to understand which is the most economically pro�table

BESS ownership scenario. When a centralised BESS control is applied, the model where the users purchase the BESSs

has the lowest payback period, provided the initial investment is not too high for them. The scenario where a company

purchases the BESSs instead, is only pro�table to attract the users, since it has a longer payback period for the company

but requires no initial user investment. In both these examples, the BESSs are centrally controlled by a company, thus

the charging/discharging can be "coordinated" and provide the highest bene�ts. As such, the classi�cation splitting the

BESS controls in "decentralised" and "centralised" is very important, so in Section 2.2.2.3, the main differences between

these two categories are going to be presented.
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Some of thesearch-basedmethods rely on heuristicalgorithms to minimise or maximise some particular objective func-

tion. Shang et al. [121] for example, used a PSO algorithm to simultaneously minimise dispatch costs and lower the

cost of electricity in a LV grid in Singapore. The Authors showed that, as the renewable energy penetration covers more

and more of the total electricity demand, the cost of electricity decreases from 0.26 to 0.18 $/kWh. Ai et al. [118] instead,

make use of a Binary Fire�y Algorithm to solve the BESS siting/sizing problem in the IEEE 69-bus MV test feeder, in

order to minimise the overvoltage events due to the installation of a large 3.66 MW PV generator at one bus. They also

report that the overvoltage events are neutralised by the BESSs. Babacan et al. [120] used a genetic algorithm to solve

the BESSs sizing/siting problem on the IEEE 8500-Node test feeder. They observed that the installed BESS capacity

increase with the PV penetration is sub-linear and the higher the installation costs, the lower the installed capacity, as

the nodes least affected by PV will not be supported anymore. Finally, if only one centralised BESS is installed, the

scale-economy allows for a higher total installed BESS capacity. Saboori et al. [119] analysed how the pro�ts of an

electric distribution company managing a MV system can be maximised by optimally sizing and managing BESSs with

a PSO algorithm. It is shown how a 60% annual pro�t increase can be obtained when PV and BESSs are properly sized

and coordinated, whereas when there is no storage capacity, a 45% increase only is reached. If there is no PV instead,

the increase stops at 37%. Zheng et al [105] tested how a fuzzy-programming based PSO can be used to minimise the

Distribution System Operator (DSO) system costs on the IEEE 15-bus test feeder. They realised that, in this speci�c case

study, Li-ion batteries are better than lead-acid ones, and that the best solution is to place the BESSs at the PV systems'

location, a solution requiring the installation of a BESS nominal power equal to 30% of the PV capacity only.

Some other search-based methods rely onmathematicaloptimisation techniques. Fortenbacher et al. [116] proposes an

optimal power �ow approach to size the BESSs in a test grid from CIGRE with a high PV penetration. The installed

PV systems in fact, produce up to 100% of the load consumption, and decentralised BESS control results as the most

pro�table solution since it prevents PV curtailment.ù Johnson et al. [115] instead, studied a real UK LV test feeder, and

optimised the BESS size by means of Mixed-Integer Linear Programming to control active and reactive BESS exchanges.

In this case study, the authors found that BESSs are not economically as viable as traditional grid reinforcement tech-

niques. Nick et al. [114], investigated how BESSs can perform grid support in terms of voltage, currents and losses in

the IEEE 34-bus MV system. By adopting a mixed-integer cone programming approach, they showed BESSs ef�ciently

eliminate line congestion and load curtailment, mitigate overvoltages and minimise the electricity cost. Nick et al. [117]

analysed a larger MV system too with a total connected PV capacity of 5 MW and solved the sizing/siting problem by

using an alternating direction method of multipliers algorithm. They found out that compared to the work in [114],

the simulation is much faster. Finally, Dragicevic et al. [124] paired a robust optimisation model for PV uncertainty to

a search-based method based on mixed-integer linear programming to minimise the systems cost, considering battery

degradation as well. They observed that traditional lead-acid batteries are not economically as viable as Li-ion ones

due to their higher replacement frequency.

2.2.2.3 Centralised vs. Decentralised BESS Controls

ESSs in general, but more speci�cally BESSs try to mitigate the lack of contemporaneity between the PV production

and the load consumption. As such, a control algorithm is usually required to regulate the power exchanged with the

battery. A typical situation is shown in Figure 2.2, where the PV production ( PPV) is mostly available from 08:00 to

17:00, whereas the consumption (PLOAD ) is concentrated in the 06:00-08:00 and 18:00-21:00 intervals.

This active power mismatch is visible in the pro�le of the power exchanged with the grid PNET = PLOAD � PPV , which

is negative during overproduction hours and positive for underproduction. This issues can be smoothed by charging

or discharging the battery ( PBESS), in order to smooth the PNET curve to PNET + PBESS, Simultaneously, the battery

state-of-charge (SOCBESS) pro�le will re�ect the injected/absorbed power. Summing up, the batteries are charged

when there is a surplus of PV generation EPV and discharged when the PV production is not enough to cover the load

demand ELOAD , in order to minimise the amount of energy exchanged with the grid ENET . Even if both Decentralised

and Centralised charging algorithms follow the same generic BESS principle, they generally select grid-level or single-

user level objective functions to optimise.

For example, centralised controls require a "coordinator", an entity that receives information about the state of the

storage devices and instructs them on how to ef�ciently use their capacity to achieve a global optimal value of some
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