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ABSTRACT Low-carbon technologies (LCTs) such as Electric vehicles (EVs), heat pumps (HPs), and PV
systems increase phase unbalance due to uneven phase distribution. Phase unbalance can lead to overheating,
suboptimal capacity utilization, and power losses. This work analyzes the unbalance impact inflicted by the
grid integration of PVs, HPs, and EVs under different combinations and penetration levels. The main novelty
of this study is the use of different types of real-world distribution grids (rural, suburban, and urban) for the
LCT unbalance impact comparison, while simultaneously considering the influence of several unbalance
factors; LCT phase connections and grid distributions, the seasonal effect, and the power and consumption
levels, the latter of which have been evaluated as mitigation strategies. The results showed that the combined
integration of PVs, EVs, and HPs can cause high voltage unbalance, especially in grids with high existing
loading. The seasonal effect was the most impactful unbalance factor, intensifying unbalance by the
integration of PVs-HPs and PVs-EVs combinations during Winter and Summer, respectively. Furthermore,
reductions in the power and consumption levels of the LCTs decreased the unbalance total violation duration
in a range between 11% and 25% for all distribution grids. Reducing the LCT consumption levels also
decreased the unbalance magnitude, which reached up to 15% for the urban grid under 100% HP and PV
penetration. Finally, it was found that consumption duration enhances unbalance, such as the peak power
levels, because it increases the simultaneity of technologies operating in different phases.

INDEX TERMS Distribution grids, electric vehicles, grid impact, heat pumps, PVs, voltage unbalance.
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Az PV Module’s Azimuth.

Bey EV’s Battery Capacity.

cy Temperature Coefficient of PV Efficiency.

Cuir Air specific Capacity.

Cp Building Thermal Capacity.

CPypp Temperature Coefficient of MPP PV Power.

Cyar Water specific Capacity.

E; Yearly Energy Consumption of Building i.

E, EV’s Requested Energy.

FF Fill Factor of PV Module.

G Irradiance under STC.

Gine Incident Irradiance.

Groct Irradiance under NOCT.

1 ?goC’Gmc PV Module S-C Current under Module
Temperature 25°C and Irradiation G"*°.

I, EV’s Rated Current.

I EV’s Charging Current.

1oy EV’s CV Charging Current.

Pﬁ;;g’GW MPP PV Power under Module Temperature
25°C and Irradiation G"°.

Pyop MPP PV Power under STC.

P%E‘"” MPP PV Power under Module Temperature
Ty and Irradiation under STC.

Py Base Load Distribution Profile Power.

P Base Load Consumption Power.

Py HP Consumption Power.

Ppy PV Generation Power.

Sy Wind speed.

T, Ambient Temperature.

Ty PV Module’s Temperature.

T, EV’s Parking Time.

Ty Building Temperature.

Troct Temperature under NOCT.

Tret HP Return Water Temperature.

Tsup HP Supply Water Temperature.

VgSCaC’GW PV Module O-C Voltage under Module
Temperature 25°C and Irradiation G"*°.

Vu/Vp Negative/Positive Sequence Voltage.

Vabs Vbe, Veo  Three Phase-to-phase Voltages.

Vi Building Volume.

ABBREVIATIONS
AOI Angle of Incidence.
BESS Battery Energy Storage System.

CC Constant Current (Charging Region).
COP  Coefficient of Performance.

Ccv Constant Voltage (Charging Region).
DG Distribution Grid.

DHW  Domestic Hot Water.

DSM  Demand Side Management.
DSO  Distribution System Operator.
ESS Energy Storage System.

EV Electric Vehicle.
HP Heat Pump.
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LCT Low-Carbon Technology.
LV Low Voltage.

MCS Monte-Carlo Simulation.
MPP Maximum Power Point.
MV Medium Voltage.

NOCT Normal Operation Conditions Test.
0-C Open Circuit.

PV Photovoltaics.

S-C Short-Circuit.

SOC State of Charge.

STC Standard Test Conditions.

T/F Transformer.

VUF Voltage Unbalance Factor.

I. INTRODUCTION

The European Green Deal established the aim of net zero
greenhouse gas emissions in the EU by 2050 [1]. To reach
this goal, low carbon technologies (LCTs) such as heat pumps
(HPs), electric vehicles (EVs), and PV rooftop systems will
be abruptly increased in the residential and commercial
sectors [2], [3], [4], due to the transition to sustainable energy
and new emission regulation policies [5].

However, the integration of LCTs will increase the strain
on the distribution grid (DG), which is already near the
energy transport capacity limits in many countries such as
the Netherlands [6]. Apart from the impact on grid capacity,
adopting LCTs can increase phase unbalance since many of
these components will be connected to a single phase of the
three-phase distribution network. This is because most LCTs,
such as residential PV rooftops and HPs, are low power level
components and do not exceed 3 kW-rated power [7].

Phase unbalance occurs when there is a deviation in
voltage, current, or phase angle between the three phases.
Several reasons can cause phase unbalance. Firstly, as already
stated, the uneven distribution of single-phase customers
with uneven loading over the three phases, as well as their
stochastic load behavior, e.g. concerning HP operation or EV
charging [8], can have a serious impact on phase unbalance.
For example, while Dutch public and commercial buildings
built since 2010 have a 3-phase connection, most households
constructed before 2010 are single-phase connected [9].
Secondly, structural asymmetries in distribution grids can
jeopardize the grid balance due to uneven line self and mutual
impedance [10]. Finally, unbalanced faults such as line-to-
line short circuits (SC), line or double line-to-ground SC &
broken lines can seriously harm system balance [11].

Phase unbalance is undesirable since it inflicts various
serious consequences for the distribution grid. The unequally
distributed voltages or currents over the phases can lead to a
higher peak power than necessary. Since the required capacity
must be increased to accommodate the higher peak values, the
reinforced grid capacity is not fully and, hence, sub-optimally
utilized [10]. Moreover, the cost of this reinforcement can
be considerable, as quantified in [12]. Finally, another
consequence of unbalance is increased thermal and power
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FIGURE 1. Causes and consequences of phase unbalance [10].

losses and overheating in the power cables. One main reason
is the flowing current in the neutral wire under phase
unbalance conditions [10]. The causes and consequences of
unbalance are summarized in FIGURE 1 [10]. This work
evaluates the impact of the integration of PVs, HPs & EVs on
phase unbalance in different types of Dutch low-voltage (LV)
distribution grids (rural, suburban, and urban) under different
combinations and penetration levels. Moreover, the influence
of four main unbalance factors has been analyzed: the
LCT phase connections and grid distributions, the seasonal
effect, and finally, the LCT power and consumption levels
which have also been investigated as unbalance mitigation
strategies. The mean and maximum voltage unbalance factor
(VUF) has been utilized for the phase unbalance analysis.

II. LITERATURE OVERVIEW AND CONTRIBUTIONS

A. IMPACT OF INDIVIDUAL LCT INTEGRATION ON PHASE
UNBALANCE

Several existing works studied the impact of PV integration
on phase unbalance. The impact of single-phase rooftop PV
installations on LV distribution networks was investigated
using probabilistic simulations in [13]. The study randomized
the location and phase connection of the PV installations
and the rated power and penetration levels. It was found that
while increased penetration of small single-phase PV systems
(5 kW) can stabilize voltage unbalance in the network,
larger single-phase PV systems (15 kW) can increase voltage
unbalance in the distribution grids. Similar results about
phase unbalance increase or reduction depending on the
power output of the PV systems were observed in the studied
worst-case scenarios in [14]. However, the analysis was
conducted in a developed representative LV network feeder
and not in real grid case studies. Additionally, a large PV
field’s impact on a Torino building was studied in [15]
using various unbalance metrics, highlighting the importance
of partial shading on current unbalance. Finally, various
unbalance metrics were used in [16] for voltage unbalance
regulation in different LV distribution grids.

Concerning unbalanced EV integration, uncontrolled and
tariff-based control case studies were investigated in [17].
While voltage unbalance was introduced from 50% pen-
etration in the uncontrolled study, the tariff-based control
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managed to suppress it. Additionally, the impact of a
workplace parking lot with 54 EV chargers in Tunisia was
analyzed in [18]. While voltage unbalance remained below
the standard limit at all times, EV chargers introduced sig-
nificant current unbalance. Furthermore, a mixed-integrated
linear programming approach was proposed in [19] for
two uncontrolled EV charging methods, which reduced the
power losses for up to 14.8%. Moreover, it was shown that
a considerable amount of power losses can be concealed
if the neutral conductor is not considered in unbalanced
simulations. On the contrary, the authors in [20] utilized
EV fleets with vehicle-to-grid capabilities to improve grid
stability and power quality minimizing active power losses
and voltage deviations. Finally, the importance of using
unbalanced power flows for grid impact assessment has
been proven in the probability study [21], which investigated
different types of HP integration in LV distribution grids.

B. IMPACT OF COMBINED LCT INTEGRATION ON PHASE
UNBALANCE

Regarding the combined impact of unbalanced LCT integra-
tion, unbalance induced by combined PVs-EVs integration
has been investigated the most. EV charging was found
more hazardous than PV generation for voltage unbalance
of the IEEE residential feeder of [22] and the Irish LV grids
of [23] while the use of demand side management (DSM)
and battery energy storage systems (BESS) was proposed,
respectively. Moreover, the impact of EV charging location
and mode on voltage unbalance variations with simultaneous
PV integration has been proven in the probabilistic analysis
of [24]. Additionally, the impact of increasing EVs-PVs
penetration levels has been analyzed in [25] and [26],
where January and August were found to be the most
hazardous months and rural networks were found to be
the most vulnerable, respectively. Furthermore, the related
unbalance impact was translated to total imbalance-induced
cost concerning energy losses and capacity wastes in [27]
while the impact of unbalance on the residential smart grid
performance was evaluated in [28]. On the contrary, the
studies of [29] and [30] investigated the combination of
EVs and HPs under various penetration levels on voltage
unbalance. In [29], it was shown that the integration of
EV chargers has a more significant effect on the voltage
unbalance, while in [30], the importance of newer buildings
with higher energy labels was proven. Finally, [31] studied
the HPs-PVs combined integration for unbalance mitigation
in rural and urban grids.

Few works have also focused on the impact of the
combined integration of PV, EVs, and HPs on unbalance,
such as [32], [33], and [34]. In [32], it was shown that
the distribution network could tolerate integrating LCTs
separately. However, the integration of EV chargers caused
significant voltage unbalance, due to the large variability in
demand compared to HPs. Moreover, the significance of the
number of customers in the distribution feeders was shown
in [33] while the importance of the customers’ location in
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the grid was identified in [34]. However, none of these works
investigated the effect of different types of distribution grids
in combination with the seasonal effect and different power
levels when all PVs, EVs, and HPs are integrated under
different penetrations.

C. RESEARCH GAP AND CONTRIBUTIONS

The existing works that have assessed the grid unbalance
impact of the combined LCT integration are summarized in
TABLE 1. It can be seen that only a few phase unbalance
assessment works have incorporated all PVs, EVs, and
HPs in their study, while season comparison has only been
investigated in [25]. While works such as [31] and [33] have
conducted analysis of several months, the phase unbalance
was analyzed for the total duration neglecting the seasonal
interrelations of the investigated LCTs and their influence on
the phase unbalance in different seasons.

On the one hand, the effect of the random LCT grid
distribution on phase unbalance under multiple penetrations
has only been studied in [24], [30], [31], and [33]. On the
other hand, comparisons of different types of grids (e.g.
rural, suburban, urban, etc) have only been conducted in [26],
[27], [31], and [34]. From these sets of works, only [33]
and [34], respectively, comprise the integration of PVs, EVs,
and HPs, while none of the existing works analyze them
together utilizing real-world grid case studies.

Furthermore, apart from different LCT phase connec-
tions and LCT grid distribution, adjusting the power- and
consumption-level of LCTs can have a significant impact on
the inflicted phase unbalance and can potentially be used as
an unbalance mitigation measure. From the existing works,
only [24] and [33] have studied this effect as a mitigation
measure, and only for EVs (smart charging use in [24]).

Finally, grid impact assessment studies can follow mainly
top-down and bottom-up approaches. While top-down
approaches use generalized data scaled down to the level
of the investigation, a bottom-up approach generates the
needed LCT profile data by utilizing detailed LCT models
to incorporate the physical operation of the components and
increase scalability, modifiability and consider the effects
of simultaneous LCT operation [35]. Overall, this work’s
contributions are summarized as follows:

1) A bottom-up study that analyzes and compares the phase
unbalance inflicted by EVs and HPs in PV-integrated grids
under multiple penetrations accounting simultaneously for
the influence of the season. This kind of study has only
been conducted in [25], which, however, comprised only a
comparison of PVs and EVs, whereas [33] neglected the
comparison of different seasons. On the one hand, different
LCT pairs (PVs-EVs, PVs-HPs) inflict different unbalance on
distribution grids due to different simultaneity and operation
characteristics, such as duration and power levels. On the
other hand, different seasons directly affect the different LCT
profiles in bottom-up approaches, increasing and decreasing
power peaks and consumption levels. The study of this
combined effect is still missing from the existing literature.
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2) Investigates and compares the phase unbalance inflicted
by LCT integration in different types of grids (namely
rural, suburban, and urban) utilizing six real-world (Dutch)
distribution grids and considering the existing grid loading
and the LCT grid distribution effect. Concerning works
that comprise PVs, EVs, and HPs, the effect of LCT grid
distribution on phase unbalance has only been investigated
in [33], while a comparison of different types of grids
is still missing from the literature. The study of this
combined comparison under the integration of different
LCTs in real-world grids can provide significant insights
about the most hazardous LCT depending on the type of
the investigated grid and its characteristics and the LCT
distribution.

3) Evaluates one power-based and one consumption-based
mitigation method for EVs and HPs, respectively, analyzing
the effect of different LCT power and consumption levels
on phase unbalance. The effect of the LCT power and
consumption level on phase unbalance has been accounted
for only in [24] and [33] (see TABLE 1); however, only
concerning the EV mode of operation, e.g. smart-charging.
Moreover, the authors in [27] did not consider HPs in their
study, while in [33], it was not assessed as a potential phase
unbalance mitigation measure.

The rest of this work is categorized as follows. Section I1I
integrates the methodology of this work, thus the modeling
of the LCTs and their phase connections. Section IV includes
the case studies, LCT grid distribution and simulation setup.
Sections V & VI comprise the results and discussion,
respectively, where the work’s findings are compared with
the existing knowledge and recommendations are given for
critical unbalance situations. Finally, Section VII comprises
the conclusions and future work recommendations.

lll. METHODOLOGY

A. VOLTAGE UNBALANCE FACTOR (VUF)

In this work, the VUF was chosen to quantify three-phase
unbalance, which is defined as the ratio between the negative
sequence voltage component V,, and the positive sequence
voltage component V), as shown in (1) where Vi, Ve, Vea
the three phase-to-phase voltages of the three phases a, b, ¢
and o the phasor rotation operator [36]. This metric has
been chosen. firstly, because it considers both the voltage
magnitudes and the voltage angles and is defined as the
true definition of voltage unbalance [36]. Secondly, it is
the most commonly used metric in the literature, and its
utilization for the highest accuracy in estimation is endorsed
by multiple studies, such as in [30]. Finally, VUF is the
used metric for voltage unbalance limits definition for Dutch
DSOs [37]. It must be noted that the legal phase unbalance
limits considered in this work (e.g. 3% maximum voltage
unbalance) apply for the case of the Netherlands, defined
in [7] and [37].

\%
%VUF = — % 100
Vb
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TABLE 1. Characteristics of existing grid unbalance assessment works with combined LCT consideration.

. Grid LCT Grid LCT Power
Ref | PV | EV | HP ggg}ggi CLO?nTp Type 5532 Scf)i;‘;“ Dis/tion | & Cons/tion Mitigation
” " | Comp. ) ’ Effect Effect
[28] v v v
3P-connection
[25] v v v v v v & BESS
22] v 7 DSM
[23] v v v v BESS
[27] v v v v v v
[26] v v v v v
[24] v v v v v v smart-charging
[29] v v v TOU & DR
[30] v v v v v v
higher TF cap
[31] v v v v v v v & 3P-connection
& larger cables
[32] v v v v
[34] v v v v v
[33] v v v v v v v v (EVs)
EV avg charging
Work v v v v v v v v v v & HP: thermal
comfort decrease
= Vab + & - Voe + @ - Veq the “TIsotropic Sky Model” with weather data such as direct
3 normal, diffuse horizontal & global horizontal irradiances,
V. — Vap + o - Ve +a? - Veq ) air temperature, and wind speed obtained by the Meteonorm
b 3 database [41]. The most important equations of the utilized

where o = 120°

B. MODELING OF LOADS AND LCTs

As discussed, this work has followed a bottom-up approach.
Hence, the LCT profiles were generated with the use
of LCT models with reasonable accuracy to consider the
component-side view and increase scalability and modifi-
ability. Consequently, the profiles were distributed to the
LCTs in the grid simulations according to each case study
and penetration level. It must be highlighted that attention
has been given to the coupling of the LCT models, and
the same data input has been used to create the different
LCT profiles, such as weather data for PVs and HPs (e.g.
irradiation, ambient temperature, etc.) in order to increase the
consistency of the work.

1) BASE LOAD

The base load consumption Pf(t) of each grid building
i is calculated considering the load yearly consumption
E' and per-minute load residential or commercial distribu-
tion profiles Py(#) from the “Platform Verbruiksprofielen™
database [38], as dictated in (2).

Pi(t) = E'P4(1) 2)

2) PV SYSTEMS

The PV generation profiles were developed based on [39]
and [40]. Each PV rooftop system was rated at 3 kW
generation power. The total module incident irradiance Gaor
at a certain angle of incidence (AOI) was calculated using
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model are summarized below.
cos(AOI(t)) = cos(Bpr)sin(Bs(t))
+ sin(Bpr)cos(B(t))cos(Azyy — Azs(t))  (3)
Ginc(1) 9.5 Nsic

Ty ()=T,(t Troct—20 1
M( ) a( )+ Gnoct ( noct )5.7+3.SSW( af )
4)
PICC™ (1) = Py p + cpypp(Tu (1) — T,
MPP = Pypp + crypp(Tu (1) — Ta) ®)
TMsztc
P t
pTm-Ge (1) = M (6)
AMGstc
P[%;;}C)‘»Gmc (t) — FFV(%SC?CsG”lC (t)lggOC’GlnC(t) (7)
25°C.G. 1%45;1€ ’GW( )
’7 s inc(t) - _Mrr (8)
AMGinc

ntV(t) = n?"CCne )1 + %(TMO) —-25°C1  (9)

Ppu(®) = 1™ (AN Ginen™ (10)

Equation (3) dictates the instantaneous AOI of the PV
module where 6y & Azpy the tilt angle and orientation
(azimuth) of the module and 6; & Az the solar elevation
and azimuth, respectively. Moreover, the module’s dynamic
temperature Ty is dictated by the Duffie-Beckman model (4)
where Ty, sy, Gines Gnoer = 800W/m?, Tpoer = 44°C
& af = 0.9 the ambient temperature, the wind speed,
the incident irradiance, the irradiance and temperature under
normal operating conditions, and the absorptivity factor,
respectively. Moreover, (5) & (6) model the effect of the
module temperature on the PV power output and efficiency,
while (7) & (8) dictate the related effect of irradiance.
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Finally, (9) and (10) model the real module efficiency and
PV power generation. In these equations, the parameters
Gye = 1000W/m?, P, = 245W, ng. = 0.1943,
Ay = 126 m?, cpypp = —0.29%/°C, n'™ = 0.95 &
FF = (0.788 represent the irradiance, maximum-power-point
(MPP) power, and efficiency under standard test conditions
(STC), the module area, the power temperature coefficient,
the efficiency of the inverter, and the module’s fill factor,
while the variables VéSCﬂC’GW & ISZgOC’GW the open-circuit
(O-C) voltage and short-circuit (S-C) current of the module
under the incident irradiance.

Using Monte-Carlo Simulation (MCS), 90 different winter
and summer PV generation profiles were created and
distributed in the DGs, varying the PV module tilt angles and
orientations (tilt angle: [10°, 50°], orientation: [0°, 360°]).
A weekly summer and winter PV output profiles are depicted
in FIGURE 2, where it can be seen that PV generation is
higher and lasts longer during Summer days.

3000 — Winter
. 2500 Summer
2 2000 |||
g 1500 | |
Z 1000 W ‘“ l\\ } | “ F ‘ M
50(()) J"\’M ‘M )”M (A y“}"l L"Mﬂl Wi
1 2 3 4 5 6 7

Days of the Week

FIGURE 2. Weekly Winter and Summer PV generation profiles.

3) EV CHARGERS

The weekly profiles of the EV chargers were created using the
EV driving patterns data from the Elaad open database [42],
such as arrival and departure time and states of charge (SOC),
requested amounts of energy, etc. The EV driving patterns
and characteristics have been acquired for the following EVs:
“Kona, I3, I-Pace, and Model 3” EVs with 11 kW AC-
rated power, the ““Model X, and Model S” EVs with 16 kW,
and the “Zoe” EV with 22 kW AC-rated power. A linear
approximation of the constant current (CC) and constant
voltage (CV) charging regions has been considered in (11).
Equation (11) dictates EV charging at constant rated current
I, until 80% SOC (CC region), and then the charging current
decreases linearly to zero until 100% SOC (CV region) [43].
Moreover, a 30% consumption increase has been considered
in (12) for the Winter profiles to account for higher energy
consumption due to cabin heating [39], which has been
integrated into the arrival SOC and requested amounts of
energy of the EV fleets.

In total, 200 weekly EV charger winter and summer
profiles were created for home, semi-public, and public EV
chargers. As depicted in FIGURE 3, home chargers have
longer parking times and requested energy amounts than
semi-public/public chargers but fewer charging events [44].

Ley(t) = 5(1 — SOC()I(1)
Len(t) = min(I,(1), I, (1) (11)

56892

SOCY™ = 1.380C“™ — 0.3S0C 4ep
EY'™ = (SOCgep — SOC™B,, (12)

where: I, I, & I.; the CV-region, rated & charging currents
for every time instant #, SOC)™" & E)™ the arrival SOC &
requested energy during winter, respectively, SOC;¥" the
arrival SOC during summer, B,, the battery capacity of every
EV and SOCy,, its departure SOC.

4) HEAT PUMPS

The HP load profiles were generated based on the heating
model in [45] where a typical Dutch terraced building and
an ON-OFF 3 kW-rated Dimplex LIK 8MER have been
used as building and HP models, respectively. In addition,
the required inputs are the building and HP specifications,
weather data from Metenorm, and residential/commercial
occupancy profiles. The heating model has developed the HP
load profiles by keeping the building temperature 7}, within
the desired limits [21° C, 23° C] using floor-heating and is
summarized in the following equations.

Onp(t) + Oir (1) — Qos(1)

Tp(t + At) = At + Tp(t) (13)
b Cp + VpCir Pair b
where:
Qlos(t) = Qcond(t) + Qvent(t) (14)
Onp(0)
Pp,(t) = 15
p() COP() (15)
COP(t) = 7.90471 ¢~ 0-024(Trer(1)=Ta) (16)
Onp(t)
Trer(t) = Ty — ————— 17
ret (1) sup ’/hwat Coar (17

Charger
Semi-Pulic

10.0 Charger | || |
Public |

Home
|
75 Charger | [

Charging Power [kW]

2.0 |

0.0 -
0101 01-01 01-01 01-01 01-02 01-02 01-:02 01-02 01-03
00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00

FIGURE 3. Home, Semi-public & Public Charger Profiles for 2-days

Simulation.
3
~ i
2 |
2 (1 A1 |
o 1
~
0
1 2 3 4 5 6 7 8
— Winter — Summer Days of the Week

FIGURE 4. Weekly Winter and Summer HP profiles for the residential
buildings.

The temperature dynamics are dictated in (13) and depend
on the Opp, Oir, Qlos which represent the HP output, heatings
gains by incident irradiation and heating losses, respectively,
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divided by the total building thermal capacity (the thermal
capacity of the building structure C, = 4.755 kWh/K and
of the encapsulated air volume V}, = 585 m?®). Additionally,
the total losses le comprise the conductive losses and &
ventilation losses Qvem in (14). Moreover, a water tank is
heated twice daily, at 06:00 and 19:00, for domestic hot water
(DHW) use. The HP power consumption has been calculated
as dictated in (15), where COP is the HP Coefficient of
Performance and is modeled in (16). Finally, the COP
depends on the HP return water temperature T, dictated
in (17) where riny,q; = 0.8 kg/s & Cygqr = 1.16 Wh/kgK the
flow water rate and the water specific capacity, respectively,
and Ty, the supply water temperature set at 35°, 50° and 18°
for floor-heating, DHW and floor-cooling.

The weekday occupation profiles have been considered
to be outside the window [08:00, 14:00] for the residential
buildings and between [09:00. 21:00] for the commercial
ones. During the weekends, the residential buildings have
been assumed to be always occupied while the commercial
buildings are occupied between 09:00 and 18:00. Using
normal distribution for the occupation and disoccupation
building times, 200 winter and summer weekly profiles
have been created for the residential and commercial
buildings. FIGURE 4 depicts weekly winter and summer HP
consumption profiles for a residential building where the high
peaks belong to DHW use and the low peaks belong to floor
heating/cooling.

C. SEASONAL ANALYSIS OF LCT POWER PROFILES

In FIGURE 5, power profiles for PVs, HPs, and EVs during
Winter (upper row) and Summer (lower row) are summarized
so that the seasonal differences of the LCTs are further
clarified. Concerning PVs, PV power is generated between

a) PV Generation: Winter

b) Building HP Consumption: Winter

[09:00 and 16:00], with the highest power peak of 2.5kW
occurring at 12:00. In contrast, PV generation lasts longer
during Summer (more specifically between [05:00, 20:00]),
having higher power peaks that reach up to 3.2kW. A weekly
average PV rooftop generation is approximately 132kWh
during Winter and 281kWh during Summer (113% higher).

Moreover, regarding the ON-OFF HPs, the high pulses
belong to DHW while the low pulses to space heating and
cooling in Winter and Summer, respectively. During Winter,
building heating is performed with approximately 2kW HP
power, while building cooling needs only 1.5-1.6kW power.
This is justified by the more moderate difference between
the ambient and building temperatures, since the building
temperature is maintained between [21° C), 23° C)], and the
ambient temperature deviates between [20° C), 30° C)] and
[-5° C), 10° C)] during Summer and Winter, respectively.
Furthermore, building cooling in Summer occurs mostly in
the afternoon and endures approximately 4h, while building
heating in Winter occurs in the night and in the evening
and lasts approximately 8h (100% longer than cooling). The
seasonal difference in DHW power consumption is lower due
to the high supply temperature for DHW (50° C); however,
the time needed for water heating in Winter is considerably
higher. A weekly average HP energy consumption is
approximately 286kWh during Summer and 645kWh during
Winter (126% higher). Finally, it can be seen that HP
consumption for cooling is more likely to overlap with PV
rooftop generation during Summer than HP consumption for
heating during Winter.

Finally, the 30% higher EV consumption (hence, requested
energy) during Winter due to cabin heating is visible in
FIGURE 5 c¢), since the EVs arrive with a lower SOC than
in FIGURE 5 f). While the power levels remain unchanged,

c) EV Charger Consumption: Winter
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FIGURE 5. Daily Power Profiles for PVs, HPs, and EVs during Winter [a), b), c)] and Summer [d), e), f)].
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FIGURE 6. Existing loading profiles of the six LV DGs during Summer and Winter.

since the EVs are charged with the rated charging power
in uncontrolled charging, the total charging duration can
considerably increase (e.g. 30-45’ longer).

D. LOAD AND LCT PHASE CONNECTIONS

In this work’s unbalanced simulations, two-phase connection
types were considered according to each LCT specification:
three-phase WYE connections and single-phase-to-neutral
connections, which can be connected to any phase.

1) PHASE CONNECTION OF BASE LOAD

The phase connections of the base load depend on the
building specifications, which were provided together with
the DGs provided by Enexis groep.

2) PHASE CONNECTION OF HEAT PUMPS AND PV SYSTEMS
Both HP and PV systems are distributed as single-phase
components since both LCTs have a 3 kW rated power
level, which is below the legal limit for single-phase
components [7]. When an HP or PV system is assigned to
a single-phase connected building, the LCT is connected to
the same phase as the building. In the case of a three-phase
connected building, the LCT is connected randomly to the
one phase.

3) PHASE CONNECTION OF EV CHARGERS

Regarding the EV chargers, the number of EV charging
phases depends on the rated power levels of the incoming
EVs. A 7.4 kW-rated power constitutes the maximum limit
for single-phase EV charging, which relates to a maximum
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32A phase current at a 230V node voltage. The charging of
EVs that have a higher rated power (11-22 kW) is realized
using all three phases. It must be noted that most EV driving
patterns have rated charging powers above 7.4 kW (11 kW,
16 kW, or 22 kW). Hence, to allow simulations with both
single- and three-phase charging, the rated charging power of
all 11 kW-rated and of 50% of the 16 kW-rated EVs has been
reduced to 7.4 kW, increasing the charging time window and
keeping the requested energy the same. The charging of the
rest of the EVs (50% of the 16 kW-rated and all 22 kW-rated)
was performed three-phase.

IV. LV GRIDS, LCT GRID DISTRIBUTION, CASE STUDIES,

AND SIMULATION SET-UP
A. LV GRIDS

The investigation is conducted on six Dutch LV distribution
grids (DGs) [43], which are provided by Enexis [46]. The
grids are divided into light- and heavy-loaded rural, suburban,
and urban distribution grids. Each provided LV grid is
connected to the main grid via an MV/LV transformer and
integrates loads corresponding to residential or commercial
buildings, which were provided with associated data, such
as yearly consumption, phase connections, maximum phase
currents, etc. With the use of each load’s yearly consumption
E!, the distribution profiles Py4(t) from [38] and (2) (see
Section III-B.1), the load consumption profiles were gener-
ated and integrated into the grids. Similarly, the generated
profiles of LCTs such as PV systems, EV chargers, and
heat pumps from Sections III-B.2-4. were integrated into the
grids depending on the number and type of buildings/loads
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and LCT combinations and penetrations described later in
Section IV-B. to investigate the effect of phase unbalance in
the DGs.

It must be noted that the LCT profiles were integrated
with a similar manner into the light- and heavy-loaded grids
which are independent from the size of the grids or the grid
buildings and depend only on the phase connections and LCT
grid distribution methodology described in Sections III-D.
and IV.C, respectively. Hence, the generation of the LCT
profiles was realized only with the use of specific real PV, EV,
and HP modules and the models described in Section III-B.
Moreover, the number of the integrated LCTs into each
grid depends only on the number of the grid loads; hence,
a heavy-loaded grid integrates a higher number of LCTs
than its light-loaded counterpart under the same penetration
due to a higher number of existing loads. The methodology
of LCT grid distribution for each grid and case study is
thoroughly described in Section IV-C. Finally, the most
important characteristics of the 6 LV grids are summarized
in FIGURE 6 and TABLE 2 to show the differences between
the light- and heavy-loaded grids of the same type.

FIGURE 6 depicts the existing loading of the six LV grids
with 0% LCT penetration during Winter and Summer weeks.
It can be seen that the Winter base load is always higher than
the respective Summer load. Moreover, comparing the same
grid types, the load power peaks can be considerably higher
in the heavier-loaded grids which can reach up to 6x and 1.5x
times higher in the rural, and urban grids, respectively. This
can be also seen in TABLE 2 which summarizes the number
of buildings and nodes and the yearly consumption in MWh
for each investigated grid. Finally, the grids are depicted in
FIGURE 7.

TABLE 2. Characteristics of the 6 LV distribution grids.

Grid Buildings | Nodes | Yearly Consumption
Light Rural 3 28 97,954 MWh
Heavy Rural 138 546 486,782 MWh
Light Suburban 266 873 2353,034 MWh
Heavy Suburban 480 1419 2830,574 MWh
Light Urban 123 339 1680,223 MWh
Heavy Urban 296 1512 2745,560 MWh

Light Rural Grid

Light Suburban Grid Light Urban Grid

.

Heavy Rural Grid Heavy Suburban Grid Heavy Urban Grid

FIGURE 7. 6 Dutch LV Distribution Grids (Enexis Groep).
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B. CASE STUDIES

The case studies of this work have been summarized in
TABLE 3. As explained, 6 DGs have been utilized, one
light- and one heavy-loaded grid per rural, suburban, and
urban category, to account for the grid type and existing grid
loading influences on phase unbalance. Moreover, 3 LCT
combinations have been considered to study the interrelated
unbalance impact of PV integration with EV, HP, and EV-HP
integration in the DGs under 4 increasing penetrations (0, 50,
80, 100%).

Finally, 4 main unbalance factors are considered: the
LCT phase connections, grid locations, Summer and Winter
seasons, and LCT power- and consumption-levels. The fourth
unbalance factor has also been evaluated as a potential
mitigation measure, utilizing average charging (power-based
measure) and thermal comfort decrease (consumption-based
measure) for EVs and HPs, respectively.

C. LCT GRID DISTRIBUTION

With the use of the developed LCT models of Section III-B.,
a pool of PV, EV, and HP profiles has been generated. From
the 3 respective pools, LCT profiles have been randomly
selected, using the normal distribution, and distributed to
the 6 LV DGs according to each penetration and combination
case study. An example of the LCT grid distribution is shown
in FIGURE 8 for the heavy rural grid. The LCT penetration
level depends mainly on the number of buildings (existing
loads). FIGURE 8 a. depicts the heavy rural grid with the
existing loads without LCT penetration. A penetration of 50%
means that half of the buildings comprise a PV rooftop, an HP
module, and an EV charger (see FIGURE 8 d. where a part of
the grid is depicted). Moreover, the LCTs have been randomly
distributed independently. Hence, a building may comprise a
PV rooftop and not an HP or EV.

In continuation, 80% and 100% LCT penetration levels
are depicted in FIGURE 8 e. and f. The LCT profiles have
been increasingly added to the DGs under the increasing
penetrations, meaning that all buildings that comprised,
e.g., a PV rooftop at 50% penetration, will comprise a
PV rooftop also at 80% penetration. Hence, every next
penetration level comprises the LCTs of the previous level
at the exact locations. Furthermore, a penetration of 100%
means that all buildings comprise one of all 3 LCTs. Finally,
PV systems and HPs have been distributed to the existing
buildings, regardless of their type (residential or commercial).
In contrast, home EV chargers have been distributed at
the residential buildings while public and semi-public EV
chargers have been distributed at the commercial buildings.
No LCT of the same type could be connected to the same
node.

D. SIMULATION ENVIRONMENT AND SET-UP

The simulation period has been selected to be one week
to capture the intra-weekly effects. For example, the
occupations of residential and commercial buildings differ
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TABLE 3. Case studies for LCT impact on phase unbalance.

Case Studies
Distribution LCT LCT LCT Mitigation
Grids Combinations | penetrations Unbalance Factors Measures
2 Rural (light & heavy) PVs-EVs 0 % 1. LCT phase connections 1. EVs: Average charging
(power-based measure)
2. HPs: thermal comfort
2 Suburban (light & heavy) PVs-HPs 50 % 2. LCT grid locations decrease (consumption-
based measure)
. 3. Seasons:
2 Urban (light & heavy) PVs-EVs-HPs 80 % Winter & Summer
4. LCT power & consumption levels
100 % e .
(evaluated and as mitigation measures)

during weekdays and weekends. Moreover, the amount of
EV charging events also differs during the week [42].
Furthermore, the timestep of the simulation has been set
to be 1 minute to realize a trade-off between accuracy and
computational time. The most computationally expensive
simulations (for the heavy suburban grid) remained under
90 minutes, which is considered appropriate for grid schedul-
ing unbalance studies. Moreover, 1-minute simulations can
more accurately consider the coincidence factor of LCT
operation [47]. Finally, the AC-unbalanced Newton-Raphson
load flow calculation method was utilized for the unbalance
analysis of all investigated grids, LCT combinations and
penetration levels. The grid simulations were realized in
the DigSilent PowerFactory 2019 environment, while the
LCT integration management was performed in the Python
3.9 environment.

V. RESULTS
A. PHASE CONNECTIONS: UNBALANCE FACTOR (UF) 1

1) INTRODUCTION OF PHASE CONNECTIONS

Firstly, the phase unbalance was studied by randomizing
the LCT phase connections at their initial locations, which
were obtained from [39] to compare the results with the
related results of the balanced integrations and to be used as
a base case study. A uniform probability function in a Python
environment was used to randomly select the integrated LCT
profiles from their respective families.

2) PHASE CONNECTIONS-RESULTS (1): UNBALANCE
MAGNITUDE AND DURATION
FIGURE 9 depicts the maximum and average VUF in the
6 DGs for 0%, 50%, 80% & 100% LCT penetration levels
and all LCT combinations after randomizing their phase
connections. No phase unbalance is seen in the light rural
grid under any circumstances. For the urban grids and the
heavy rural grid, the maximum unbalance is below 3%.
The heavy suburban grid exceeds 3% for 80% and 100%
LCT penetration even for the PV-HP scenario, reaching a
maximum VUF of 7.5%, whereas in the light suburban grid,
the VUF overpasses slightly the threshold of 3% at 50% and
100% combined penetration levels.

These observations show that voltage unbalance depends
heavily on the type of grid and the existing grid loading
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conditions summarized in TABLE 2, and it generally
increases with higher LCT penetrations. For example, the
light-loaded rural grid maintains low voltage unbalance for
all levels of LCT penetration. Even for 100% penetration,
the maximum VUF stays below 0.35%. However, the heavy
rural grid reaches a maximum of 1.6% unbalance at 100%
combined LCT penetration, five times higher than the light
counterpart. Similar observations have been made for all
depicted light and heavy suburban grid scenarios.

Moreover, the significant influence of the existing grid
loading can be seen not only by comparing the unbalance
inflicted by the same LCT combinations on different DGs
but also by comparing the combined PV-EV-HP integration
with the partial PV-EV and PV-HP integrations in the same
DG. It can be seen that in the suburban grids that are already
characterized by higher existing loading than the rural and
urban grids, the combined PV-EV-HP can increase voltage
unbalance by a factor up to 100% compared to the PV-EV
and PV-HP integrations which are not seen in the other types
of grids.

However, a decrease of unbalance in increasing penetration
levels can also be seen in several cases, e.g., from 50% to 80%
penetration for the light suburban grid or from 80% to 100%
for the light urban grid. This is justified because integrated
LCTs at higher penetration levels can even out LCTs at lower
levels if the extra load is added to a different phase (or extra
generation is added to a phase with existing loads).

Regarding LCT comparison, the highest VUF was
observed for the PV-EV-HP integration scenario, as expected
for all grids. However, for almost all grids and LCT
penetration levels, voltage unbalance is higher for HP
integration than for EV chargers. Especially for both the light
rural and heavy urban grids, it can be seen that the unbalance
in the PV-HP-EV integration scenario is very close to the
unbalance in the PV-HP scenario. This can be justified, firstly,
by the fact that HP operation lasts longer than the fewer
EV charging events to continuously maintain the building’s
thermal comfort, as seen in FIGURES 3, 4. Secondly, all HPs
are single-phase LCTs due to low power rating while multiple
EV charging sessions are realized with > 7.5kW charging
power and use all 3 phases for EV charging.

As the Dutch electricity code obligates DSOs to maintain
a VUF lower than 3% for 95% of the time at the point of
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a. Total grid with 0% LCT penetration

c. Grid part with 0% LCT penetration

e. Grid part with 80% LCT penetration f. Grid part with 100% LCT penetration

FIGURE 8. LCT grid integration in the heavy-loaded rural grid under 0, 50, 80, and 100% LCT penetrations: Red color (PVs), Blue color (EVs), Green color
(HPs), Black color (existing loads).

common coupling [7], the duration of unbalance exceeding The heavy-loaded grids experience more long-lasting voltage
certain levels was investigated. = The hourly duration of unbalance than their lighter counterparts. While the light
0.5, 1, 2 & 3% VUEF that every grid experiences for 100% rural grid experiences no unbalance, the heavy rural grid is
combined LCT penetrations is depicted in FIGURE 10. characterized by a VUF > 0.5% for more than 6 hours during
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FIGURE 9. Maximum and average VUF in the 6 DGs for all LCT penetration
levels and combinations in the initial locations.

I VUF > 0.5%
6 B VUF > 1%
— B VUF > 2%
= 5 Il VUF > 3%
2
2 4
=
5 3
Q.
g 2
=
1
0 ,
Light Heavy  Light Heavy Light Heavy
Rural Rural Suburban Suburban Urban Urban

Grids

FIGURE 10. Duration of maximum VUF exceeding certain levels for 100%
PV, EV & HP penetration.

the week. However, VUF remains under 1%. The heaviest
voltage unbalance of the heavy suburban grid is also seen
here, which is the only grid exceeding 3%.

3) PHASE CONNECTIONS-RESULTS (2): GRID COMPARISON
In FIGURES 9 & 10, it is observed that in contrast with
the rural and suburban grids, the light urban grid shows a
slightly higher unbalance than the heavy one such concerning
magnitude (more than double for 50% and 80% penetrations)
as also concerning duration. Therefore, the investigation
proceeded to grid analysis to justify this observation.
FIGURE 11 depicts the amount of energy consumption
in the 6 DGs regarding the distance from the MV/LV
transformer (T/F) that connects the DG with the main grid.
Moreover, FIGURE 12 visualizes the relative distance (0-1)
at which 50% of the total feeder energy is consumed inside
the radial feeders in the grids to show which feeders are
more heavily loaded at their first or their second half. In this
regard, nearly all consumption occurs at the furthest point
of the loaded feeders of the light urban grid, apart from
feeders 3 and 4, which are empty. This can also be seen for
the light urban grid in FIGURE 7, which depicts the grids’
spatial visualizations. In contrast, 50% energy consumption
occurs at around 60%-80% feeder length in most of the radial
feeders of the heavy-loaded urban grid. Hence, consumption
at longer distances from the T/F contributes to the increase

56898

of unbalance (heavy suburban grid). However, the distance
inside the radial feeders has an equally significant effect.

Moreover, information about the percentage of loads
situated at radial feeders is provided in TABLE 4 to
strengthen the above conclusion. The rural and urban grids
consist only of radial feeders, while the suburban grids
service loads through a combination of meshed and radial
feeders, as can also be seen in FIGURE 7. It is also seen here
that 100% of the loads in the light urban grid are placed in
radial feeders.

The reasoning for the effect of distance on unbalance in
the radial feeders comes from the fact that voltage deviations
are more severe when higher consumption occurs at the
end of the feeders due to the higher impedance in the
distribution line. Additional randomly phase-connected loads
that simultaneously draw power from different phases can
provoke a higher phase unbalance at distant nodes, which are
characterized by a higher voltage drop.

Light Rural Grid

Light Suburban Grid Light Urban Grid

5 5 5
§ 4 4 4
23 3 3
g2 2 2
E 1 1 1 I
0 0 0 il
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
Heavy Rural Grid Heavy Suburban Grid Heavy Urban Grid
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%2 2 2
o
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FIGURE 11. Energy Consumption amount at the distance from the MV/LV
Transformer of the distribution grids.
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0.8
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0.2
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01 2 3 4 56
Feeder

024 6 8101214
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FIGURE 12. Relative feeder-length point that 50% energy consumption
occurs at the radial urban grids’ feeders.

B. LCT GRID LOCATIONS: UNBALANCE FACTOR 2

1) INTRODUCTION AND CONTRIBUTION OF LCT GRID
LOCATIONS

Secondly, after the unbalance impact analysis of random LCT
phase distribution, the work proceeded to study the effect
of LCT grid distribution. In this regard, 10 different LCT
distributions were simulated for each of the 0, 50 & 100%
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TABLE 4. The load share per grid in radial feeders.

Grid % Loads in feeders
Light Rural 100%
Heavy Rural 97.8%
Light Suburban 19.5%
Heavy Suburban 78.3%
Light Urban 100%
Heavy Urban 99.7%

penetration levels in order to show the effect of the LCT
locations, which has not yet been studied for different
real-world grid case studies (rural, suburban, urban). For each
of the 10 iterations, the LCTs were also here increasingly
inserted in the DGs according to the increasing penetration
levels, meaning that every next penetration level comprises
the LCTs of the previous penetration level in their previous
grid locations.

2) LCT GRID LOCATIONS-RESULTS

The maximum VUF results of the above iterations for all
DGs and LCT combinations are presented in FIGURE 13.
Similar to the results of the previous section, the light rural
grid maintains the lowest voltage unbalance, while the heavy
suburban grid experiences the highest voltage unbalance.
Irrespective of the LCTs used, the median maximum VUF
increases for increasing LCT penetration. Moreover, the
unbalance in the PV-EV-HP scenarios is closer to the
unbalance in the respective PV-HP scenarios in most grids.
Hence, the previous observation that EV integration has
a smaller impact on the unbalance than HP integration
is also strengthened here and is irrespective of the LCT
locations. In addition, the light urban grid suffers from an
equal or slightly higher unbalance than the heavy urban grid
despite its lower amount of loads, as also expected from
our previous grid analysis. Finally, the already highly loaded
suburban grids present a much higher VUF during combined
PV-EV-HP integration (up to 300% increase compared to the
other two partial combinations), an observation that was also
made in FIGURE 9.

Furthermore, it is also observed that the phase unbalance
variance is higher in the light-loaded grids than in their
heavy-loaded counterparts. This can be justified by the fewer
amount of loads and LCTs in these grids that affect more
significantly the unbalance results according to their location
in the grid feeders. On the contrary, a random re-distribution
of a vast amount of loads at the nodes of a DG changes more
moderately the status quo of the grid situation. This can be
seen especially for the light rural grid, which, with a median
maximum VUF of 0.48% at 50% PV-EV-HP penetration,
is characterized by a variance of approximately 0.2%. Hence,
it can be concluded that the unbalance factor of LCT grid
distribution is less impactful than expected. This is justified
by the fact that all our insights from Section V-A. concerning
the comparison of different DGs, LCT combinations, and
penetrations remain the same, and the most notable impact
has been on the variance of the VUF results regarding the
grid type and loading.
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FIGURE 13. Maximum grid VUF for 10 iterations of randomized LCT
locations for PV-HP/PV-EV/PV-HP-EV combinations under 0%, 50% &
100% penetrations.

Regarding further comparison between EV and HP inte-
gration, FIGURE 14 depicts the median VUF of the PV-EV
and PV-HP 100% integration scenarios against the median
VUF of the 100% PV-HP-EV integration scenario for all
DGs. The interpretation of the figure is that the distance of
the VUF markers of the one combination in the Y axis (e.g.
PV-HP) from the dashed grey identity line depends on the
influence of the other combination (e.g. PV-EV) and vice
versa, as compared with the PV-EV-HP combination in the
X axis. Hence, if the influence of the PV-EV integration
were negligible, the markers of the PV-HP scenario would
lie on the identity line. Therefore, the vertical distance to the
identity line can be interpreted as the impact of the omitted
LCT. For most of the grids, the PV-HP integration VUF
markers are closer to the identity line, indicating that the
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impact of EVs on unbalance is notably lower. For the heavy
suburban grid, the outliers suggest that they contribute greatly
in combination.
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FIGURE 14. The median VUF of the different scenarios (PV+HP and
PV+EV) plotted versus the median VUF of the scenario PV+HP+EV under
100% penetration.

Light Rural Grid

— Max
—=- Avg

Light Suburban Grid Light Urban Grid

VUF (%)
S 2
S N N

0
0 50 80100 0O

Heavy Rural Grid

— PV+EV+HP
PV+EV
— PV+HP

50 80100 O
Heavy Suburban Grid ~ Heavy Urban Grid

3

N W

VUF (%)

1

0
50 80100 O 50 80100
Penetration (%) Penetration (%)

[N S RE o e

0 = ma==FS=22 =7
0 50 80100 0

Penetration (%)

FIGURE 15. Maximum and average VUF for 0, 50, 80 & 100% penetration
of PV-EV, PV-HP & PV-EV-HP LCT combinations during Summer.

C. SEASONS: UNBALANCE FACTOR 3
1) INTRODUCTION AND CONTRIBUTION OF SEASONS
Thirdly, the focus has been placed on showing the effect
of different seasons on the unbalance impact of LCT
integration. As already shown in Section II-C., an unbalance
impact comparison due to the integration of different LCT
combinations under different seasons, e.g. Summer and
Winter, is still missing from the existing works that comprise
PVs, EVs, and HPs. More specifically, this work has already
conducted a comparative analysis of EVs and HPs in different
PV-integrated grids during Winter in Sections V-A. & VB.
However, the seasonal effect has a strong influence on the
profiles of all 3 LCTs since, on the one hand, the PV
generation highly increases in Summer, and on the other
hand, the EV and HP consumption highly increase in Winter.
Hence, the Summer season can alter significantly the
Winter findings by the comparative unbalance assessment
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due to the combined integration of PVs-EVs and PVs-HPs.
For this case study, in order to avoid the effect of the LCT
phase and grid distributions, the LCTs were distributed again
back to their initial grid locations and phases for a fair
comparison with the respective winter results in FIGURE 9.

2) SEASONS-RESULTS

FIGURE 15 shows the maximum and average voltage
unbalance during a Summer week for the considered LCT
combinations, penetration levels, and DGs. Regarding the
combined PV-EV-HP integration scenarios, a slightly lower
unbalance can be seen during Summer for most of the grids.
For example, the maximum VUFs for the light and heavy
suburban and urban grids for the Winter season are 3.2, 7.8,
1.1 & 1.1%, respectively, while the respective numbers for
the Summer season are 3, 6.2, 1 & 1%. However, the PV-EV
integration produces similar or higher unbalance than PV-HP
integration in most penetrations apart from the light rural and
urban grids. The reasoning behind this difference is twofold.
Firstly, the HP consumption decreases significantly during
Summer, especially for the Dutch grid case studies, which are
characterized by a more moderate ambient temperature. This
is also concluded in [45] for which the same LCT profiles
were utilized. Hence, PV-HP integration scenarios result in
lower unbalance than in the Winter season. EV consumption
also decreases due to the lack of cabin heating. However,
this decrease amounts to 30% while HP heating consumes
approximately 50% more energy than HP cooling.

Secondly, PV generation is assumed to be integrated into
all the simulated scenarios. PV generation coincidences for
a higher duration with EV charging than HP cooling because
the buildings are mostly unoccupied when PV power is gener-
ated since most of them are residential. Concerning balanced
power flows, coincident LCT operation is mostly beneficial
for better grid impact mitigation. However, it can become
detrimental for unbalanced power flows if LCTs inject
and withdraw power from different phases simultaneously,
increasing phase unbalance. Therefore, considering also the
higher PV generation during Summer (see FIGURE 2), and
hence higher phase power difference, PV-EV integration
scenarios result in higher unbalance compared to Winter.

D. LCT CONSUMPTION AND POWER LEVELS:
UNBALANCE FACTOR 4
1) INTRODUCTION AND CONTRIBUTION OF LCT
CONSUMPTION AND POWER LEVELS
Finally, the LCT power and consumption levels have been
studied as final phase unbalance factors for EV chargers
and HPs, respectively. This part was realized for different
LCT locations and 0%, 50% & 100% penetration levels,
however, only for the Winter season. The maximum and mean
VUF metrics were utilized for the unbalance analysis since
they are correlated with the impact of the peak power and
consumption on unbalance, respectively.

Averaged EV charging has been used to study the effect
of power levels on voltage unbalance inflicted by EV grid
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integration. In averaged charging, the power levels are
decreased since the charging power is averaged over the
parking time of each vehicle for all EV charger profiles while
keeping the energy consumption the same [48]. This is shown
in (18) where P¢p, E, T, the charging power, requested
energy, and parking time, respectively. It must be noted that
the CV charging region was not considered in the average
charging.

Pe(t) = E; /T) (18)

On the contrary, the HP consumption levels have been
lowered with a slight decrease in the building thermal comfort
to study the effect of the LCT consumption levels on voltage
unbalance inflicted by HP integration. This was realized
by decreasing the desired temperature interval from [21°C,
23°C] to [20°C, 21°C] in the HP heating model presented in
Section III-B.4. Hence, new lower-consumption HP heating
profiles were generated and distributed in the initial phases
and locations of Section V-A. for the Winter season to cancel
out the effect of the other unbalance factors. While average
EV charging affects the LCT power levels, decreasing the
desired building temperature affects the LCT consumption
levels. This is because while it decreases the total HP
consumption needed to keep the thermal comfort of the
buildings, the power levels are hardly changed since the
utilized HPs are ON-OFF and not variable-speed. Moreover,
since the unbalance factor was tested for the Winter season,
the desired temperatures have been decreased to reduce the
heating consumption. To apply the concept during Summer,
the desired temperatures should be increased to reduce the HP
cooling consumption.

2) LCT CONSUMPTION AND POWER LEVELS-RESULTS
This case studies the effect of different power and consump-
tion levels of the integrated LCTs on voltage unbalance.
This case (“Low Power Mode” in FIGURE 16) has been
investigated only for Winter and three distribution grids:
light- and heavy-loaded urban grids and the heavy-loaded
suburban grid. FIGURE 16 depicts the VUF magnitude
results of the “‘low power mode” on the right with the original
results (named as ‘“‘normal”’) on the left, which are taken
by FIGURE 9. Moreover, FIGURE 17 shows the respective
comparison concerning the duration of unbalance with VUF
above certain levels at 100% PV-EV-HP penetration.
Varying power and consumption levels for EV charging
and HP heating, respectively, has varying effects on the
VUF violation magnitude and duration. On the one hand,
the duration of the unbalance is decreased for all DGs in
a range between 11% and 25% regarding all VUF levels,
as seen in FIGURE 17. On the other hand, the effect on
the VUF magnitude varies per combination. Concerning, the
PV-HP integration scenarios, a lower VUF can be seen (up to
15% decrease) regarding both maximum and average VUF
when the HP consumption levels are decreased. However,
concerning the PV-EV integration scenarios, an approximate
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60% VUF increase is observed in the light urban grid (VUF
reached 0.8% from 0.5%) while a 30% decrease is seen in the
heavy urban grid, both at 100% penetration level. Moreover,
a VUF increase of 20% is observed for the combined PV-EV-
HP scenario at 100% penetration level at the heavy suburban
grid (VUF reached 10% from 8%).
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FIGURE 16. Comparison of average and maximum VUF produced by the
low and original power modes for all LCT combinations and penetrations
in 3 DGs.
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FIGURE 17. Comparison of the duration of the maximum VUF produced
by the low and original power modes for 100% PV-EV-HP penetration.

As discussed, this case study has different effects on HP
operation and EV charging. While energy consumption for
HP heating is decreased due to lower thermal comfort, the
effect on the power peaks of the ON-OFF HP operation
is minimal. This is because while the ON HP duration is
decreased, the power peak itself remains the same since it
depends on the COP and the ambient temperature. On the
contrary, average EV charging results in the following
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opposite effects. While the power peaks of EV charging are
reduced, the duration of the EV charging is increased since
the EV is charged during the whole parking time because the
total amount of requested energy remains the same. Hence,
on the one hand, simultaneous PV peak power injections and
EV peak power withdrawals during uncontrolled charging
(normal mode) can result either in a higher VUF if they occur
on different phases or in a lower one if they occur on the same.
On the other hand, the prolonged EV average charging (low
power mode) can reduce the VUF due to reduced power peaks
but also increase the probability of a higher VUF in time due
to increased simultaneous operation with the PVs. Therefore,
it can result in contradictory observations. For example,
a lower maximum VUF is observed at 80% penetration of the
combined PV-EV-HP integration in the heavy suburban grid
(6.1% instead of 7%) during the mitigation mode, whereas
VUF increase is noted at 100% penetration (10.1% instead
of 7.9%).

E. EVALUATION OF LCT CONSUMPTION AND POWER
LEVELS VARIATION AS PHASE UNBALANCE MITIGATION
MEASURES

This work evaluates varying the LCT consumption and
power levels as a potential unbalance mitigation measure
for HPs and EVs, respectively. The reasoning behind the
investigation of such strategies is, firstly, their simplicity in
implementation and, secondly, the potential of mitigation
without the installation of further assets, such as ESSs. Such
unbalance mitigation measures were only investigated in
[27]; however, only for EVs and the study did not consider
HP integration.

While simple, the two implemented control strategies
managed to have some notable effects on voltage unbalance
mitigation. Firstly, the duration of VUF violation was
decreased up to 25% for all investigated distribution grids,
which is especially important for the heavy-loaded suburban
grid, which suffers from the highest voltage unbalance
levels. Secondly, decreasing the LCT consumption levels
could effectively decrease the voltage unbalance up to 15%,
although the mitigation measure was not effective enough
to reduce the VUF of the heavy suburban grid below the
3% legal limit. Finally, decreasing the LCT power levels at
expense of consumption duration was found to have uncertain
results concerning voltage unbalance mitigation; while the
VUF will be decreased during the previous charging window,
it can be increased during the extended window when the
operation of PVs and EVs overlap in different phases. This is
also the reason why the VUF magnitude could result in higher
or lower; however, the duration of the violation is always
decreased. Hence, it can be seen that while peak power levels
are important for phase unbalance decrease, the consumption
duration is also significant. A mitigation measure that affects
both should be implemented only with coordination of the
phase connections of the LCTs. For example, the PVs and
EVs must inject and withdraw power, respectively, to and
from the same phase.
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Overall, this work was mainly devoted to quantifying
the voltage unbalance impact by the grid integration of
PVs, EVs, and HPs, addressing different combinations,
penetration levels, and influencing factors. Additionally, the
work proceeded to evaluate the fourth unbalance factor as a
mitigation measure due to its simplicity and lack of need for
additional assets and investments. It has effectively reduced
the voltage unbalance duration in all investigated cases and
grids. Moreover, while it had some notable mitigation results
in half of the investigated cases (PV-HP scenarios), its
effectivity was proven uncertain in all scenarios that included
EVs. While the further investigation of phase unbalance
mitigation is out of the scope of this work, more sophisticated
power-control measures (such as smart-charging and DSM),
which can also alter the LCT phase connections in real-
time, should be investigated to reach a final conclusion about
the potential of voltage unbalance mitigation without the
need of additional assets (e.g. ESSs) or grid reinforcements
(e.g. higher cable area, etc.). In this regard, emerging
phase-changing EV chargers, such as the Zaptec EV charger,
can assist in the implementation of the power control
strategies proposed above in practice.

VI. DISCUSSION OF RESULTS
A. SUMMARY OF FINDINGS
Compared with the knowledge in the existing literature, the
findings of this work have been distinguished into the three
following categories:

A) Findings in agreement.

B) Contradictory findings.

C) New findings.

1) A) IN AGREEMENT:

The significance of the unbalance impact due to LCT
integration has also been shown in this work. Especially the
unbalance impact increase due to combined LCT integration
has been shown in multiple studies such as in [25] and [26]
for PVs and EVs, in [29] and [30] for EVs and HPs, in [32]
and [33] for PVs, EVs, and HPs, etc.

For example, the authors in [25] showed that the VUF
exceeded 2% even from 20% combined penetrations of PVs
and EVs for 28% and 31% of the simulation time during
Winter and Summer, respectively, reaching a maximum
value of 10% under 80% combined penetrations. Moreover,
a higher VUF was found during Summer compared to Winter
for all studied penetration levels showing higher violation that
could reach up to 40%. This comes in agreement with our
observation about higher voltage unbalance during Summer
in our PV-EV scenarios. However, the authors in [25] did
not include HPs in their investigation to show the HP
contribution combined with the seasonal influences to voltage
unbalance. Furthermore, voltage unbalance violations were
investigated in [26] in rural and suburban grids during
increasing combined EV and PV penetrations. While no
violations were found for both grids, the suburban grids
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showed lower unbalance reserves for further EV and PV
integration, when cables were considered for distribution
lines in both grids. However, the investigated networks, while
developed in coordination with the German DSOs, did not
constitute real grids. Additionally, the authors in [30] found
more pessimistic results, showing VUF violations even from
20% combined penetrations of EVs and HPs, which reached
a maximum value of 12%. However, no PV integration and
season comparison were performed in the study, neglecting
the interrelations of the EVs and HPs with the PV generation
simultaneously considering the impact of the seasonal effect.

In this work, the combined integration of PVs, EVs, and
HPs provoked the highest voltage unbalance compared to the
other LCT combinations, as was also seen in [32]. Compared
to the maximum predicted unbalance of 4.1% under 100%
combined penetration in [32], our unbalance results for the
Dutch suburban grids are even more pessimistic, reaching
a value up to 8%. This is justified by the overpopulation
that characterizes the Dutch suburban grids; in contrast,
an adapted network was investigated in [32]. Furthermore,
while seasonal comparisons were ignored in [32], the authors
investigated the effect of the cable size, showing that a
30% cable size decrease can result in 10% higher VUF;
however, only the 100% penetration level was investigated
in the study. Furthermore, a higher amount of violations was
also identified in [33] during the combined integration of
all PVs, EVs. and HPs. However, the authors showed how
balanced power flows underestimate violations concerning
voltage deviations, loading utilization, and energy losses,
without directly measuring the unbalance in the investigated
grids. For example, it was shown that voltage violations begin
only at 90% PV-EV-HP penetration levels during balanced
power flows, while the respective penetration level was only
40% during the case of unbalanced power flows. Moreover,
the effects of different seasons and distribution grid types on
phase unbalance were not quantified.

Moreover, the strong effect of the existing grid loading
was also proven in this work by comparing light- and
heavy-loaded grids of the same type. This comes in
agreement with the findings in [30], where two Scottish
urban grids (one large- and one small-sized) were compared,
predicting a 100% higher maximum unbalance for the first
one. Furthermore, the general influence of the increasing
penetration levels on the voltage unbalance increase was
also evident in this work since, in most cases, 100% LCT
penetration had the most detrimental effect on unbalance,
with 50% penetration level being the most important
intermediate step for all studied LCT combinations. Such
findings agree with the insights about the importance of
the penetration level in the studies of [23], [24], [25], [26],
[27], [29], [30], [31], and [33] for combined integration of
PVs-EVs, EV-HPs, PVs-HPs & PVs-EVs-HPs, respectively.

Finally, the importance of the grid topology on voltage
unbalance was also proven in this work. It was seen that DGs
that comprise a high number of radial feeders are more prone
to voltage unbalance due to higher voltage deviations by loads
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located at the feeders’ ends (away from the transformer). This
comes in agreement with similar observations made in [24],
where the furthest point from the distribution transformer
suffered from the highest unbalance. Furthermore, similar
observations were made in [34], where the authors compared
the contributions to voltage violations of PVs, EVs, and
HPs, analyzing them both temporarily and spatially during
unbalanced power flows. It was found that the customers
located after the 40% feeder length caused the highest amount
of violations.

2) B) CONTRADICTORY FINDINGS:

Firstly, regarding grid comparison, suburban grids were
found to be more vulnerable to voltage unbalance, and they
were the only DGs exceeding the legal limit of 3% VUF.
On the contrary, LCT integration was less hazardous for
rural and urban grids. This contradicts the findings in [27]
where the the authors calculated the phase residual current
in urban, suburban, and rural grids of the UK, finding an
average value of 100A, 60A, and 40A, respectively. Hence,
while the UK suburban grids were found more prone to
unbalance than the UK rural grids, the urban grids were
found to be the most vulnerable. Moreover, the authors
in [26] found the German rural grid more vulnerable to
unbalance than the investigated suburban grid (even from
50% of combined PV-EV penetrations); however, only when
they considered overhead distribution lines for the rural
grid. In contrast, as explained before, better results were
seen for the rural grid when cables were considered for
the distribution lines of both grids. In our case studies, the
higher vulnerability of the suburban grids is justified by
their overpopulation in the Netherlands which is multiple
times higher than the Dutch rural and urban grids (see
TABLE 2). Moreover, the studied heavy-loaded rural grid in
our work showed an x2 times higher VUF than the respective
heavy-loaded urban grid, which comes in agreement with
the comparison between rural and urban grids in [27]
and [31]. The above comparisons between the findings
of our work and the existing knowledge show the high
influence of the characteristics of the distribution grids
of different countries, and hence, the results should not
be generalized regarding grid-type comparisons. Therefore,
a study investigating voltage unbalance in the same grid types
of different countries could provide more conclusive insights
concerning this matter.

Secondly, regarding LCT comparison, the HP integration
provoked always higher voltage unbalance than the EV
integration during Winter under all penetration levels. This
finding contradicts with results in [30], where EV charging
was found to be more hazardous for phase unbalance than
HPs. More specifically, the VUF reached a value of 7%
and 3% under 100% penetration level of EVs and HPs,
respectively. However, the authors did not consider the
seasonal effect and PV integration in their study, neglecting
the seasonal LCT interrelations. Moreover, similar insights
were also drawn in the two investigated LV feeders in [32],
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finding a maximum VUPF of 2.9% and 3.4% during 100% EV
integration and 2% and 2.5% during 100% HP integration
for the two feeders, respectively. However, while PVs were
included in this study, their co-integration was not considered
in the above comparisons. Moreover, only one developed
network was investigated in [32], and concerning the seasonal
influence, the authors used Summer PV profiles and Winter
EV profiles to investigate the worst-case scenario. In contrast,
in our study, the higher impact of HP integration on voltage
unbalance was justified by the fact that HP operation lasts
longer than the fewer EV charging events since, in our
modeling, we considered that the HPs continuously maintain
the thermal comfort of the occupied buildings. Thus, this
is also a direct effect of utilizing detailed models of the
LCTs for the generation of their profiles (bottom-up studies)
instead of using nationalized data (top-down studies) or
more simplified formulas. Moreover, residential HPs are all
single-phase connected in contrast with EV charging, which
is performed single-phased only for rated power < 7.4kW.
Finally, distinguishing Summer and Winter profiles for
all LCTs, it was found that different seasons affect the
inflicted unbalanced results differently by different LCT
combinations; hence, while Winter is more hazardous for
PV-HP integration, the opposite applies for Summer and
PV-EV integration.

Thirdly, regarding season comparison, a slightly lower
overall unbalance was seen during Summer compared to
Winter for the combined PV-HP-EV integration cases. From
the works in TABLE 1, only the work in [25] compared
explicitly the unbalance results between Summer and Winter,
and found the Summer season as the most hazardous for
voltage unbalance by LCT integration. However, the authors
in [25] did not include HPs in their investigation, which
were found in our work to have a crucial effect on the total
provoked unbalance between different seasons. If the results
in [25] are compared with our results from the PVs-EVs
scenarios, hence investigating the same LCTs, the findings
of the two studies come in agreement.

Finally, taking everything into account, it can be concluded
that these findings are highly case-specific and dependent
on the characteristics of the study and should not be
generalized over works with highly different case conditions.
Nevertheless, they are valuable for distribution system
operators (DSOs) in the Netherlands and should be taken
into consideration for other countries with similar grid
characteristics and weather conditions.

3) C) NEW FINDINGS:
The key new insights of this work are summarized as follows:
1) While the VUF generally increases during increasing
LCT penetration levels, unbalance mitigation effects were
observed for all LCT combinations in some penetration levels
after 50% penetration. While this was seen in some works
for the PVs-EVs combination ( [22], [24]), it wasn’t seen
again for the PVs-HPs combination (e.g. in [31]) or the PVs-
HPs-EVs combination ([32], [33], [34]). In our work, these
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mitigation effects without the use of any measures were seen
because integrated LCTs at higher penetration levels can even
out LCTs at lower levels if the extra load is added to a
different phase.

2) The main effect of the LCT distribution unbalance
factor concerns the unbalance variance, which was higher
in the light-loaded grids than in their heavy-loaded grid
counterparts. That means that the unbalance can deviate
higher from the average value when LCT locations are altered
in lighter-loaded grids; however, the insights from DG and
LCT comparisons remained the same.

3) In balanced power flows, coincident operation of
generators and loads (e.g. PVs and EVs) would most probably
be beneficial for mitigation of violations. On the contrary,
coincident LCT operation can become detrimental to unbal-
anced power flows if LCTs inject and withdraw power from
different phases simultaneously. This is the reason why the
unbalance provoked by PV-EV integration was considerably
increased during Summer when PV generation is higher,
while this was not observed for PV-HP integration; PVs and
EVs overlap much higher than PVs and HPs.

4) Concerning unbalance factors’ comparison, the seasonal
effect was found to have a much higher influence on
unbalance than the LCT grid distribution. While PV-HP
integration caused a higher VUF than PV-EV integration
during Winter at all penetration levels and DGs, PV-EV
integration approximated and, in some levels, overpassed
PV-HP integration during Summer (due to insight 3).
On the contrary, LCT grid distribution, while increasing the
unbalance variance, did not alter this work’s main insights.

5) Consumption-based (thermal comfort decrease) and
power-based (average charging) mitigation measures decre-
ased the total duration of unbalance violations in a range
between 11% and 25%.

6) Regarding consumption-level effect, the utilization
of the thermal comfort decrease as a mitigation measure,
decreased notably the VUF (up to 15% decrease). Mitigation
of unbalance was seen in some works by power-based
measures. For example, the authors in [24] reduced the
unbalance from 5% to 3.5% using EV smart charging. This
work is the first study in which a consumption-based measure
(heating consumption decreased by a decrease in thermal
comfort) provided notable unbalance mitigation. However,
it did not manage to reduce the VUF below 3% for the
heavy-loaded suburban grid.

7) Average charging caused contradictory results (increase
and decrease) concerning the magnitude of unbalance
violations. This was justified by the fact that average charging
reduces the charging power levels while simultaneously
increasing the charging duration (it expands the duration
during the whole parking period). Hence, according to
insight 3, the simultaneity of EV charging with other LCT
operations (e.g. PV generation) can be increased and provoke
higher voltage unbalance. Hence, more sophisticated power
control strategies (such as phase-changing smart charging)
should be investigated for unbalance mitigation.
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8) From insights 3 & 7, we can conclude that while the
duration of consumption is as important as peak power levels
for phase unbalance, and hence, decreasing the peak power
levels at the expense of duration (e.g. average charging) is
not always effective.

B. CRITICAL VOLTAGE UNBALANCE RESULTS AND
MITIGATION RECOMMENDATIONS

From the above analysis, it is concluded that uncontrolled
phase integration of LCTs such as PVs, EVs, and HPs in
future distribution grids can cause major unbalance issues,
and several critical situations have been identified.

1. Due to high existing loading and overpopulation,
suburban grids are highly vulnerable, especially at high
combined penetrations of PVs, HPs, and EVs. It is important
that, especially in heavy-loaded grids, such as in suburban
areas, the LCT phase connection planning is coordinated
beforehand during the LCT grid installations.

2. A high number of loads at the end of radial feeders can
highly jeopardize voltage unbalance even in grids with lower
loading, due to higher undervoltage compared with the nodes
closer to the distribution transformer. Hence, overloading
at the end of radial feeders should be avoided if possible,
otherwise, the installation of additional assets, such as ESSs,
could benefit high voltage deviations and, consequently,
voltage unbalance.

3. Simultaneous LCT operation can be critical for unbal-
ance, when LCTs operate in different phases. This was seen
for EV integration during Summer due to higher overlap with
PV generation (PV generation lasts longer during Summer)
and it was also endorsed with the average EV charging results
(average charging increases the duration of the EV charging).
Hence, power-injecting and power-withdrawing LCTs whose
operations overlap, such as PVs and EVs, respectively, should
be considered to be connected at the same phase to reduce
the impact on voltage unbalance. Furthermore, emerging
phase-changing chargers can assist in solving unbalance by
managing the LCT phase connections in real time.

4. HP integration can critically affect voltage unbalance,
especially concerning heating during Winter seasons, when
HP consumption levels are higher and are operated for a
longer period during the day. Moreover, most residential HPs
are single-phase devices. A first step in varying LCT power
and consumption levels has been taken in this study which
resulted in mitigating effects; however, to a limited extent.
More sophisticated power/consumption control and DSM
solutions capable of utilizing different price mechanisms
should be investigated further for potential unbalance miti-
gation without the use of additional installations and/or grid
reinforcements. Additionally, the further adoption of LCT
3-phase connections can further reduce phase unbalance.

Finally, grid investments and reinforcements (e.g. higher
transformer capacities, larger cable cross-section areas, etc)
are also recommended for unbalance mitigation if the less
costly strategies are not adequate to keep voltage unbalance
below the legal limit of 3%.
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Overall, it was seen that different grid types, seasons,
and weather conditions favor or deteriorate the inflicted
unbalance of different integrated combinations of LCTs.
In addition, the power injections and withdrawals by
simultaneous LCT operation can magnify the unbalance issue
further and are strongly dependent on the social adoption of
LCTs and user behavior. Therefore, the developed mitigation
solutions can highly differ and must be adapted to the needs
of each distribution grid and its characteristics accounting
simultaneously for a yearly analysis.

C. LIMITATIONS
Taking everything into consideration, this work’s limitations
can be summarized as follows:

The work has incorporated a level of uncertainty in the
grid unbalance assessment. For example, as discussed, MCS
was utilized for the generation of 600 home, semi-public, and
public EV charging profiles, while random PV orientations
and building occupancy profiles were used for the generation
of the 90 PV and 200 HP profiles. Moreover, the weather
data acquired by the Meteonorm database, such as solar
irradiation and ambient temperature, are averaged over the
duration of the last 10 years. However, there are a lot
of other sources of uncertainty that were not considered
in the analysis. Some examples are the consideration of
different PV and HP modules, different types of buildings and
building parameters, a higher number of distribution grids per
category, etc.

Furthermore, on the one hand, the utilization of the
Dutch distribution grids contributes to the unbalance analysis
of different grid types and LCT distributions considering
real-world data and not synthesized test feeders. On the
other hand, it decreases the level of generalization in some
of the previously explained findings. The same also applies
with the use of the Dutch weather conditions. Therefore,
the contradictory findings in Section VI-A.2. regarding
DG and LCT comparisons apply mostly to the country of
the Netherlands and at a level for countries with similar grid
characteristics and weather conditions. However, the findings
in Sections VI-A.l. and VI-A.3., such as the importance of
the grid topology, comparisons between different unbalance
factors and the importance of the seasonal effect, the mitiga-
tion potential of LCT power and consumption levels, etc, can
be generalized for grid unbalance assessment studies and are
independent of the grid and weather conditions of this work.

Additionally, as already discussed, the alteration of the
LCT power and consumption levels have been investigated
as mitigation solutions for the grid unbalance. However,
only one power-level solution (average charging) and one
consumption-level solution (decrease of buildings’ thermal
comfort) have been included in the study. Further solutions
in this regard should be studied in order to conclude about
the effectivity of LCT power and consumption levels on their
inflicted unbalance.

Finally, this work did not consider social acceptance
factors in the analysis. For example, the LCT distribution
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was realized homogeneously, while in reality, people living
in higher-income areas tend to adopt new technologies
more easily, leading to a skewed distribution. Moreover,
a household with a PV system is more likely to also own an
EV and/or an HP; however, in this work, a building may own
a PV rooftop and not an EV or an HP and vice versa.

VIi. CONCLUSION AND FUTURE WORK

This work has followed a bottom-up approach to evaluate
the inflicted phase unbalance by the integration of PVs, EVs,
and HPs on different types of Dutch LV DGs (rural, urban,
and suburban) under different combinations and penetration
levels. Focus has been placed on the quantification of the
influence of 4 main unbalance factors on the interrelated
inflicted unbalance by the different LCT combinations: the
LCT phase connections and grid distributions, the seasonal
effect, and the LCT power and consumption levels. The use
of the latter as a mitigation measure has also been evaluated.

The Dutch suburban grids were found to be the most
vulnerable in future phase unbalance. Moreover, the seasonal
effect significantly enhanced the provoked unbalance by
PV-HP and PV-EV integration during Winter and Summer,
respectively. While LCT grid distribution showed a notable
effect on the unbalance variance, it was less impactful
on the overall unbalance observations concerning grid and
LCT comparisons. Regarding the mitigation strategies, the
decrease in the LCT consumption level decreased the
magnitude of the unbalance violation and, remarkably,
its duration. Finally, it was found that the increase of
consumption duration can be as detrimental to unbalance as
the power levels, because it can increase the simultaneity
factor of LCTs that operate in different phases.

In future work, a higher level of uncertainty in the
analysis is recommended to study its impact on the unbalance
results (e.g. different LCT and building properties, etc.).
Furthermore, the use of more real-world rural, suburban,
and urban DGs, preferably from a different country than
the Netherlands, is proposed to ensure the generalization of
results. Finally, it was seen that the effect of LCT power and
consumption levels as mitigation can be contradictory. While
further investigation of phase unbalance mitigation is out of
the scope of this work, further power and consumption control
strategies with the use of phase-changing devices (such as EV
chargers) are recommended for future work to conclude about
the effectiveness of mitigation measures without additional
assets of reinforcements for phase unbalance.
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