
Impact of the deployment of solar photovoltaic and electrical vehicle
on the low voltage unbalanced networks and the role of battery energy
storage systems
Mohamed, A. A. R., Best, R., Morrow, D. J., Cupples, A., & Bailie, I. (2021). Impact of the deployment of solar
photovoltaic and electrical vehicle on the low voltage unbalanced networks and the role of battery energy
storage systems. Journal of Energy Storage, 42. https://doi.org/10.1016/j.est.2021.102975

Published in:
Journal of Energy Storage

Document Version:
Peer reviewed version

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights
Copyright 2021 Elsevier.
This manuscript is distributed under a Creative Commons Attribution-NonCommercial-NoDerivs License
(https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits distribution and reproduction for non-commercial purposes, provided the
author and source are cited.

General rights
Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy
The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Download date:23. May. 2023

https://doi.org/10.1016/j.est.2021.102975
https://pure.qub.ac.uk/en/publications/097b6883-4e84-4ed6-9eb5-3899e4b27856


1 

 

1 Introduction  1 

Distribution system operators (DSOs) are facing major 2 
challenges arising from the rapid deployment of low carbon 3 
technologies (LCTs) on the low voltage residential network 4 
(LVRN). The two main contributing technologies are solar 5 
photovoltaics (PVs) and electric vehicles (EVs). Their 6 
deployment is increasing rapidly due to their economic and 7 
environmental benefits, in addition to the vast decrease in their 8 
cost and the maturity level they have reached. In the UK and 9 
Northern Ireland, the integration of LCTs is increasing to fulfil 10 
the zero-emission target by 2050 [1]. This commitment has 11 
forced several regulations to be introduced in order to 12 
encourage customers to own these technologies by offering 13 
subsidies, including tax deduction, feed-in tariff and 14 
microgeneration export programs [2].   15 

The impact of LCTs is widespread as they can affect different 16 
network levels. The main issue with the LVRN is the lack of 17 
measurement devices and monitoring. In Northern Ireland, 18 
there is as of yet no policy decision for smart meter rollout, 19 
which contributes to the lack of visibility of the LV network. 20 
Hence, it is very difficult for the DSO to take the proper actions 21 
at the right time to avoid curtailing power delivery. 22 
Furthermore, regulations are enforced by the ESQCR to protect 23 
the network security and power quality such as the G98 24 
connection recommendation that limits the PV feed-in power 25 
for single-phase connections to 3.68 kW [3], which restrict 26 
prosumers to export their excess generation and hence it is 27 
considered as wasted energy. The technical challenges behind 28 
the use of LCTs are voltage violations beyond the allowable 29 
limits, thermal overloading on the transformers and cables, and 30 
high power losses in both phase lines and neutral. Severe 31 

voltage unbalance (VU) can also occur due to the rapid 32 
deployment of these unmanaged technologies.  33 

There are different conventional and smart solutions that can be 34 
applied to maintain the safe operation of the LVRN. Battery 35 
energy storage systems (BESS) have been considered recently 36 
as a powerful option due to their different environmental, 37 
economic, and technical benefits, especially their crucial role in 38 
facilitating the safe integration of more LCTs to support the 39 
energy evolution towards low carbon future. The BESS can be 40 
utilized to achieve different technical goals and solve various 41 
challenges in the LVRN. In the LVRN, the BESS can be 42 
installed along the feeders, at the transformer bus, or at the 43 
properties behind the meter. According to current regulations, 44 
DSOs cannot operate, manage, or own energy storages [4]. 45 
Hence, DSOs aim to utilize the storage units owned by third 46 
parties and individuals to provide the network with the needed 47 
support in return for agreed payments. 48 

In Northern Ireland, the DSO (NIE Networks) is facing some 49 
network challenges due to the rapid deployment of LCTs at the 50 
low voltage level. These challenges affect the power stability, 51 
quality, and security of different network levels. Hence, NIE 52 
Networks is investigating different conventional and innovative 53 
smart solutions to mitigate these challenges. One of these 54 
solutions is the Facilitation of Energy Storage Services (FESS) 55 
project [5]. This project will provide a framework to integrate 56 
third-party customers/aggregators energy storage systems 57 
(ESS) to enhance the performance of Northern Ireland 58 
distribution networks.  59 

The aim of this paper is to analyze the impact of LCTs on 60 
Northern Ireland LVRNs as well as investigating the role of 61 
community BESS in mitigating the LCTs challenges.  62 

Impact of the deployment of solar photovoltaic and electrical vehicle on the low 
voltage unbalanced networks and the role of battery energy storage systems 

Ahmed A.Raouf Mohamed1,*, Robert J. Best1, D. John Morrow1, Andrew Cupples2, Ian Bailie2 

1 EPIC Research Cluster, School of Electronics, Electrical Engineering and Computer Science, Queen’s University Belfast, 
Belfast, UK 
2 Northern Ireland Electricity Networks, Belfast, UK. 
*amohamed06@qub.ac.uk 

 

 

 

Keywords: 

Electric vehicles 

Solar PV 

Unbalanced LV networks 

Battery energy storage 

systems 

Low Carbon Technologies 

Abstract 
 

The deployment of low carbon technologies (LCTs) such as solar photovoltaics (PVs) and electric 

vehicles (EVs) is increasing due to their various benefits. However, their rapid integration in the 

residential networks imposes critical technical issues to the network operators. In this paper, a 
sensitivity analysis is conducted to investigate the impact of these technologies on low voltage 

unbalanced residential networks located in Northern Ireland. Different penetrations are investigated, 

and the results are assessed using various technical indices. The simulations are performed using 

actual load measurements in a 10-minute resolution obtained from the network operator of Northern 
Ireland. The impact of LCTs on the phase imbalance is considered by analyzing the voltage unbalance 

and neutral losses. The results suggest that monitoring each feeder and phase separately and consider 

the voltage unbalance in the assessment as it can be violated without a voltage magnitude violation 

occurring, in addition, the farthest nodes from the transformer bus were found to be very sensitive to 
violations. The solution-based community battery energy storage systems (BESS) is investigated by 

introducing sizing and scheduling algorithms to solve the network issues and enhance the network 

performance using black-box optimization. The results proved the wide capability of the community 

BESS in providing the network with different services. The main purpose of this study is to provide a 
full understanding of the future challenges posed by the deployment of LCTs and the role of BESS in 

accelerating the transition towards a low carbon future by supporting the network operation. 
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a) Literature Review  63 

In the literature, there are many studies investigating the impact 64 
of LCTs on LVRNs. In [6], probabilistic assessments using 65 
Monte Carlo simulations are conducted for different LVRNs 66 
located in the UK to evaluate the impact of LCTs on the 67 
network constraints. The results showed that 50% of the test 68 
networks faced some violations in node voltages or thermal 69 
ratings. In [7], the impact of EV charging on the LVRN is 70 
assessed for a network located in Ireland. The study showed 71 
that with 20-40% penetration of EV, the network limitations 72 
will be violated. However, both studies have not considered the 73 
VU factor/rate in the analysis based on specific standards. The 74 
phase VU rate (PVUR) defined by IEEE [8] was considered in 75 
[9], where the LCTs impacts are assessed in terms of energy 76 
losses and voltage problems. However, the definition of PVUR 77 
is not accurate enough and may lead to inexact results as it does 78 
not consider the line voltage and the phase angle. Furthermore, 79 
the study [9] did not consider the impact of LCTs on thermal 80 
overloads of the feeders and transformer.  81 

The impact of the high PV penetration on the LVRN in the UK 82 
was studied in [10]. The study concluded that the LVRN safe 83 
PV penetration limit is around 75%. However, the study 84 
focused only on the impact of PV on the network voltage and 85 
did not consider the thermal overloading and the unbalanced 86 
nature of the LVRN. The impact of EV charging on LVRN 87 
located in Budapest is addressed in [11], where the voltage 88 
stability and transformer loading were only considered. The 89 
impact of EV on LVRN located in the UK is presented in [12]. 90 
The study employed deterministic and probabilistic 91 
approaches, and the results revealed that the violations occurred 92 
to node voltages and main feeder with 33% EV penetration, 93 
while the distribution transformer was found to be overloaded 94 
for all the EV uptake scenarios. However, the VU was not 95 
considered which is a crucial factor that should be considered 96 
in evaluating the impact of LCTs. The EV charging drawbacks 97 
on LVRN located in Malaysia are analyzed in [13], the results 98 
showed that the LVRN can accommodate up to 10% of EV 99 
without exceeding the network constraints. 100 

The impact of LCTs on the LVRN varies from one network to 101 
another as it depends on the location, type, and specifications 102 
of the network. Additionally, the regulations and standards 103 
define the network constraints, thus, affecting the network 104 
hosting capacity. As a consequence, there are differences in the 105 
results in the literature related to this topic. Furthermore, the 106 
assessment methodology applied in addition to the adopted 107 
assumptions also affect the results. When analyzing the impact 108 
of LCTs, it is important to consider three-phase unbalanced 109 
power flow calculations and define properly the technical 110 
indices used in the assessment. In addition, the LVRN 111 
headroom should not be defined by a specific value unless the 112 
network has only one feeder. For the LVRN with multiple 113 
feeders, the hosting capacity should be determined for each 114 
feeder independently besides the transformer headroom. 115 

The integration of BESS to support the LVRN against the LCTs 116 
challenges has proved to be an attractive option as 117 
demonstrated by recent projects and reported in the literature. 118 
As a part of low carbon network fund projects in the UK, 119 
Scottish and Southern Electricity Networks has investigated the 120 

application of small-scale BESS (25 kWh / 25 kW) in assisting 121 
the LVRN operation and performance [14]. The project 122 
deployed three single-phase units of the same size at street level 123 
and utilized the BESS inverter active and reactive power in 124 
peak shaving, and voltage regulation as well as improving the 125 
phase imbalance and power quality. The BESS proved its 126 
capability in regulating the voltage by ±7 V and reducing the 127 
network peak by a maximum of 100 Amps over the day in 128 
addition to improving the network power quality. 129 

The use of BESS for peak shaving in the LVRN has been 130 
addressed in [15], where a probabilistic method was adopted to 131 
assess the capability of behind the meter BESS in peak shaving. 132 
The study considered the impact of residential PV and heat 133 
pumps. The size of community BESS at LVRN was determined 134 
to solve the voltage and feeder largest problems in [16] using 135 
rule-based approach. While the BESS was controlled using 136 
linearized optimal power flow (OPF) to maintain the voltage 137 
and line flow within the acceptable limits. Yet, the previous 138 
studies modelled the LVRN as balanced network and ignored 139 
the LVRN unbalanced nature. The phase balancing using BESS 140 
was addressed in [17], where the capability of BESS in 141 
optimizing the VU was proved in addition to enhancing the 142 
operation of the LVRN. The study investigated different 143 
locations for the BESS, and the results suggest that the BESS 144 
should be installed at the feeder’s end node.   145 

In [18], an approach is introduced to allocate, size and dispatch 146 
behind the meter BESS optimally on the LVRN. Mixed-integer 147 
linear programming was employed for the BESS allocation, 148 
while linear programming was used to settle the BESS active 149 
and reactive power dispatch through three-phase OPF by 150 
linearizing the constraints to minimize the total cost of system 151 
installation as well as managing the violations. Yet, the study 152 
did not consider the phase imbalance in their analysis. Another 153 
residential BESS control approach based on multi-objective 154 
optimization using particle swarm has been introduced in [19] 155 
to optimize the VU, voltage deviation, power losses and PV 156 
curtailment. The formulation adopted OPF using penalty 157 
factors to consider the network and BESS constraints. 158 
However, the BESS sizing based on the LCTs potential impacts 159 
has not considered. In addition, the previous studies considered 160 
only the impact of PV and did not consider other evolving LCTs 161 
such as the EVs. 162 

The community BESS sizing and sitting in unbalanced LV 163 
networks was introduced in [20] to minimize the BESS 164 
installation costs as well as maintaining the network constraints 165 
within the allowable limits. The study considered the network 166 
constraints represented in node voltages, VU, and line flows 167 
which were formulated as hard constraints in the OPF problem. 168 
However, OPF is NP-hard problem due to the nonconvexity 169 
associated with the equations and constraints which may result 170 
in convergence to a local point of infeasibility [21], hence, other 171 
methods should be considered in formulating the nonlinear 172 
constraints to reduce the complexity through linearization, 173 
convex relaxation, or by using soft constraints [22].  The BESS 174 
control to mitigate VU in the LVRN has been addressed in [23]. 175 
However, the study did not consider other network constraints 176 
such as node voltage and line flow.  177 
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Few studies have addressed the integration of BESS in 178 
Northern Ireland distribution networks. In [24], an investigation 179 
of system services that can be delivered by the BESS has been 180 
addressed through a case study on an actual distribution 181 
network located in Northern Ireland. The study investigated the 182 
active/reactive power capability of the BESS in supporting the 183 
network operation and performance. In [25], BESS allocation, 184 
sizing, and scheduling approach is introduced for congestion 185 
management, the study investigated different installation 186 
scenarios to solve the anticipated high LCTs uptake in Northern 187 
Ireland. The look-ahead scheduling and real-time operation of 188 
BESS to provide the distribution networks of Northern Ireland 189 
with many ancillary services including grid power levelling, 190 
reactive power support, power quality improvements have been 191 
addressed in [26], [27]. Another study in [28] addressed the 192 
integration of BESS in Northern Ireland distribution networks 193 
to maximize self-consumption of wind energy and maximize 194 
the returned BESS revenues. However, none of these studies 195 
addressed the impact of LCTs or the integration of BESS on the 196 
LVRN of Northern Ireland.         197 

b) Contributions  198 

This paper complements the previous studies by providing an 199 
assessment methodology to analyze the impact of LCTs in the 200 
LVRN as well as investigating the sizing and scheduling of a 201 
community BESS to solve the LCTs challenges and enhance 202 
the network performance and operation. The main 203 
contributions of the paper are as follows:  204 

1) Investigating the impact of LCTs on LVRNs located 205 
in Northern Ireland. Unlike the studies mentioned in 206 
the literature review that focus on specific indices or 207 
specific technology, the proposed assessment 208 
methodology covers most of the network technical 209 
indices as well as studying the impact of PV and EV 210 
on the network in addition to considering the 211 
unbalanced nature of LVRN to provide a complete 212 
picture on the LCTs impacts and the network hosting 213 
capacity. Three LVRN located in Northern Ireland are 214 
adopted and the assessment include observing the VU, 215 
phase voltage, feeder and transformer loadings, phase 216 
line losses, and neutral losses.  217 

2) Introducing a sizing algorithm for the community 218 
BESS to overcome the potential congestion caused by 219 
the future penetrations of LCTs. The objective of this 220 
sizing algorithm is to find the minimal BESS size to 221 
reduce the investment cost that solves network 222 
violations represented in node voltage violations, VU, 223 
and feeder’s overloads. 224 

3) Proposing a look-ahead scheduling algorithm for the 225 
community BESS that aim to optimize the VU and 226 
reduce the energy losses in neutral and phases as well 227 
as maintaining the LVRN technical constraints within 228 
the acceptable limits. 229 

4) Evaluating the proposed BESS sizing and scheduling 230 
algorithms on an actual LVRN located in Northern 231 
Ireland with the LCTs uptake scenario of 2030. In 232 
addition, the impact of the BESS scheduling algorithm 233 
on the BESS degradation is evaluated using a semi-234 
empirical Li-ion ageing model.  235 

It is worth mentioning that the assessment methodology 236 
introduced in this paper considers analyzing the impact of LCTs 237 
on the neutral losses. Furthermore, the proposed scheduling and 238 
sizing algorithms are introduced for three-phase community 239 
BESS which considers the complexity of three-phase model 240 
and network in addition to formulating the OPF problem as 241 
black-box optimization and modelling the constraints in the 242 
objective function as a feasibility problem, which reduces the 243 
complexity of the formulation as well as the computation time. 244 
Moreover, the proposed BESS scheduling algorithm aims to 245 
reduce the neutral losses as one of its objectives. To the best of 246 
authors’ knowledge, these aspects have not been addressed 247 
previously in the literature.  248 

The paper is organized as follows: Section 2 presents the 249 
modelling of networks and LCTs, Section 3 presents the impact 250 
assessment methodology, the impact assessment results are 251 
given in Section 4, the BESS model, sizing, and scheduling 252 
algorithms are presented in Section 5, the BESS case study and 253 
simulation results are given in Section 6, finally the conclusion 254 
is given in Section 7.  255 

2 LCTs Assessment Modelling  256 

In this section, the models used in this paper are explained 257 
which are related to the test networks, EV charging profiles, PV 258 
generation profiles, and the future LCTs uptake scenario of 259 
2030 for Northern Ireland.  260 

a) LVRN Models 261 

Three test LVRN are being used to evaluate the impact of LCTs 262 
on the network constraints. These networks are located in 263 
Northern Ireland, UK and connected to the 11 kV network 264 
through 11 kV / 400 V transformers with different ratings. The 265 
transformers do not have on-load tap changing capability and 266 
the sending voltage at the transformer bus is set at +3.75% of 267 
nominal (i.e., 415 V). Each transformer feeds a number of 268 
households through underground three-phase/four-wire feeders 269 
of different sizes. Details on the number of households and 270 
feeders for each network are given in Table 1. The feeders are 271 
labelled as units (i.e., from U2 to U6 for LVRN_1), the 272 
simplified schematics for the test LVRNs are given in Figure 1.  273 

Table 1. Test LVRNs details   274 

Network 

ID 

Number of 

Households 

Number of 

feeders/units 

Feeders’ 

labels 

Transformer 

rating  

[kVA] 

Typical day 

max demand 

[kVA] 

LVRN_1 92 5 U2 – U6 250 66.77 

LVRN_2 95 4 U3 – U6 300 72.59 

LVRN_3 103 4 U3 – U6 350 73.11 

 275 

The network details and aggregated measurements are provided 276 
by the DSO of Northern Ireland (NIE Networks). As mentioned 277 
in the introduction, there is a lack of monitoring devices on LV 278 
networks in Northern Ireland, hence, three-phase 279 
measurements for a specific period in August 2019 for each 280 
feeder of each LVRN were only provided by the DSO in 281 
10-minute resolution. To illustrate an example of these 282 
measurements, the transformer power of LVRN_1 for the 283 
23rd of August 2019 is illustrated in Figure 2.    284 
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 285 
Figure 2.  LVRN_1 Transformer power for the 23rd of August 2019 286 

 287 

b) EV Modelling 288 

The EV charging is random as it depends on people’s 289 
behaviour. Hence, probabilistic methods are being used to 290 
generate different patterns. Three parameters should be defined 291 
to generate the EV charging patterns; 1) start time; 2) EV 292 
battery state of charge (SoC), and 3) charging power.  293 

1) Start time: the start time of the EV charging cycle can be 294 
arbitrarily assigned. However, to mimic the real starting 295 
time, one-year data of actual residential EV charging 296 
measurements obtained from the dataset of the Low 297 
Carbon London (LCL) project by UK Power Networks 298 
[29] was used. For each day, the first hour (cycle start time 299 
𝑇𝑠) of the EV charging cycle is obtained. Afterwards, the 300 
daily values for one year are treated as a normal 301 
distribution function with (𝜇 = 12.9478, 𝜎 = 8.4437) and 302 
the cumulative distribution function (CDF) can be then 303 
illustrated in Figure. 3, calculated as: 304 

𝐹(𝑇𝑠 | 𝜇, 𝜎) =
1

2
+
1

2
𝑒𝑟𝑓 [ 

𝑇𝑠 − 𝜇

√2𝜎
 ]                (1) 305 

Where 𝜇 is the mean, and 𝜎 is the standard deviation. From 306 
Figure 3, various start times of EV charging cycles can be 307 
obtained randomly conditioned by this CDF. 308 

 309 
2) EV battery SoC: the end time of the EV charging cycle can 310 

be determined using the battery SoC and the charging 311 
power. The EV battery SoC can be simulated as a CDF of 312 
the daily travel distance assuming that the daily travel 313 
distance of an EV is identical to the conventional vehicle 314 
as done in previous studies [30], [31]. The daily travel 315 
distances of conventional vehicles can be obtained from 316 
national surveys such as [32]. In this paper, the EV battery 317 
SoC model utilizes the same approach, where the 318 
lognormal is used to define the daily travel distance 319 
probability using the UK daily travel data from [32] with 320 
(𝜇 = 3.2125,𝜎 = 0.6537), sequentially, the EV battery 321 
SoC as a CDF of the daily travel distance can be shown in 322 
Figure 4, calculated as: 323 

𝐹(𝑆𝑜𝐶 | 𝜇, 𝜎) =
1

2
+
1

2
𝑒𝑟𝑓 [

𝑙𝑛(1 − 𝑆𝑜𝐶) + 𝑙𝑛(𝑑𝑟) − 𝜇

√2𝜎
]  (2) 324 

Where dr is the maximum range of the EV. The dr is taken 325 
as 150 km as an average value according to the EV battery. 326 
In this work, an average EV battery size of 45 kWh is 327 
adopted based on the popular EV available in the market 328 
[33]. By obtaining the EV battery SoC, the residual 329 
capacity to be charged for an EV charging cycle can be 330 
identified. More details on the EV battery SoC modelling 331 
can be found in [30]. 332 

 
Figure 3. CDF of EV charging start time. 

 
Figure 1. Test LVRN schematics used in the analysis: (a) LVRN_1, (b) LVRN_2, and (c) LVRN_3 
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 333 

Figure 4. CDF of EV battery SoC 334 

3) Charging power: the charging power is determined 335 
according to the available residential EV chargers. Typical 336 
single-phase residential EV chargers’ ratings vary from 337 
3 kW (slow/standard) to 7 kW (fast) [33]–[35].  338 

After determining the start time, and the residual EV battery 339 
capacity to be charged, the end time can be settled according to 340 
the charging power. For specific EV charger rating, several EV 341 
charging patterns can be randomly generated conditioned to the 342 
CDF in Figure 3 and Figure 4 which were obtained using real 343 
data.   344 

c) PV Modelling 345 

The PV generation pattern depends mainly on the weather 346 
condition. In order to generate PV patterns, three parameters 347 
need to be settled; 1) start time; 2) end time; 3) generated 348 
power. The start and end times can be settled based on the 349 
geographical location, and season. While the generated power 350 
is affected by many factors like irradiance, clouds movement 351 
and module status (module efficiency, quality, and cleanness). 352 
Different models can be applied to generate generation patterns 353 
of residential PV [36]. In this work, real measurements are 354 
obtained from [37] for two PV sizes, 4 kWp and 6.5 kWp due 355 
to their popularity in Northern Ireland and the UK. It should be 356 
noted that for the impact assessment and BESS sizing case 357 
study, ideal PV generation are adopted to simulate the worst-358 
case scenario [38], while for the BESS scheduling case study, 359 
actual PV measurements are used adopted from [37].  360 

d) 2030 Scenario 361 

The deployment of renewable generation and LCTs is expected 362 
to increase massively in Northern Ireland by 2030 [39], [40] 363 
due to the net-zero carbon target. In this paper, the anticipated 364 
penetrations of EVs and PVs are determined based on 2030 365 
projections to analyze the impact of these penetrations on the 366 
LVRNs. Projections by the transmission system operator 367 
(SONI) suggest that the number of electric vehicles in Northern 368 
Ireland may reach 250,000 by 2030 [39]. According to the 369 
Northern Ireland Statistics & Research Agency, the population 370 
in Northern Ireland will reach 1.95 million by 2030 [40]. The 371 
average size of a household in Northern Ireland is 2.5 ~ 3 372 
persons on average [41]. Thus, 0.4 EV/household is projected 373 
in Northern Ireland by 2030. According to the available data on 374 
the Zap-map for the residential chargers in Northern Ireland 375 

[42], the deployment percentage of each EV charger (3 kW and 376 
7 kW) is 50%, hence 0.2 EV/household for each charger rating 377 
is projected by 2030. For PV deployment, according to recent 378 
data provided by NIE Networks, the number of PV with 379 
microgeneration connection represents 3% of the households in 380 
Northern Ireland. According to future projections by the 381 
national grid, the number of solar rooftop PV will represent 382 
20% of the households by 2030 [43].  383 

3 LCTs Impact Assessment Methodology 384 

In this paper, the proposed methodology in assessing the impact 385 
of LCTs is divided into two parts; the first part is to simulate 386 
different penetration scenarios assuming that the LCT 387 
penetration is divided equally across the three phases, the 388 
second part is to simulate the LCTs penetration on a single-389 
phase to assess their impact on the voltage unbalance. The 390 
following indices are recorded to analyze the impact properly. 391 

• Feeder Voltage: For the EV assessment, the minimum 392 
phase voltage in the day is recorded as per-unit, while 393 
for the PV, the maximum voltage is recorded. The phase 394 
voltage allowable limits in this work are taken as 230V 395 
+10% / -6% (216.2V – 253V) in agreement with the UK 396 
ESQCR [44]. 397 

• Cable Loading: Maximum line flow in the day for each 398 
feeder is considered as a percentage of maximum 399 
current carrying capacity. 400 

• Transformer Loading: Maximum transformer loading in 401 
the day is recorded.  402 

• Daily Line Losses: The total daily loss in energy of each 403 
feeder is considered in each case. 404 

For the unbalanced assessment, in addition to the previous 405 
indices, the following two indices are also considered: 406 

• Voltage Unbalance (VU): VU is a factor representing 407 
the voltage deviation of each line voltage to the average 408 
line voltage. In this work, the approximated factor [45] 409 
of the true definition of voltage unbalance [46] is 410 
adopted. The approximated factor is adopted to ease the 411 
process of determination as it does not require the 412 
negative sequence components and to avoid the use of 413 
complex algebra while providing more accurate results 414 
compared to the IEEE PVUR [45], expressed as: 415 

𝑉𝑈𝑡,𝑢
 =

82×√(𝑣𝑡,𝑢
𝑎𝑏−𝑣𝑡,𝑢

𝑎𝑣)
2
+(𝑣𝑡,𝑢

𝑏𝑐−𝑣𝑡,𝑢
𝑎𝑣)

2
+(𝑣𝑡,𝑢

𝑐𝑎−𝑣𝑡,𝑢
𝑎𝑣)

2

𝑣𝑎𝑣,𝑡
𝑢            (3)  416 

𝑣𝑡,𝑢
𝑎𝑣 =

𝑣𝑡,𝑢
𝑎𝑏 + 𝑣𝑡,𝑢

𝑏𝑐 + 𝑣𝑡,𝑢
𝑐𝑎

3
                         (4) 417 

Where the subscripts u represents the unit/feeder, t is the 418 
time index, and the superscript av denotes average 419 
voltage, and the other superscripts are related to line-to-420 
line voltage. In the UK, the maximum allowable limit of 421 
VU is considered as 2% according to the Engineering 422 
Recommendation P29 [47]. 423 

• Daily Neutral Losses: The daily energy loss in the 424 
neutral of each feeder is considered in each case.  425 

The previous indices are determined by performing time-series 426 
power flow calculations. In this work, the backward/forward 427 
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method for three-phase unbalanced power flow calculation 428 
[48], [49] is used due to its effectiveness in the calculations and 429 
convergence for the unbalanced LVRN. The adopted algorithm 430 
is validated using the power system software (NEPLAN) [50].  431 

In this paper, a deterministic approach is applied to assess the 432 
LCTs impact on the LVRN by applying various penetrations of 433 
LCTs on the network using typical day load measurements. The 434 
worst-case scenario is concerned, hence for the EV start time, 435 
it is assumed that all the EVs are starting to charge at the same 436 
time (18:00 hr). The probability of this is currently very low, 437 
however, in the carbon-free future when the majority of 438 
vehicles are EVs, this case will likely be normal. For the PV, 439 
ideal PV generation profiles for the UK in August are adopted 440 
for the two adopted PV sizes [38]. 441 

4 LCTs Impact Assessment Results 442 

To evaluate the LCTs impact on the LVRNs, detailed analysis 443 
are provided for the first network (LVRN_1) as it has more 444 
feeders compared to the other two networks, while the results 445 
summary for the other two networks are given. 446 

a) Balanced Distribution 447 

 The LCTs penetration is distributed equally on the three 448 
phases. The simulations are conducted for various penetrations 449 
of PVs / EVs as a percentage of households, for the first 450 
network (LVRN_1), the LCTs distributions are as follows: a) 451 
20 EVs / PVs = 21.7% of the households, b) 40 EVs / PVs = 452 
43.4% of the households, c) 60 EVs / PVs = 65.2% of the 453 
households, and d) 80 EVs / PVs = 86.9% of the households. 454 
The simulations are conducted for 50% EVs of 3 kW, 50% EVs 455 
of 7 kW, 50% PVs of 4 kWp and 50% PVs of 6.5 kWp. The 456 
number of the LCTs/unit for each case is distributed according 457 
to the number of households in each unit as given in Table 2 for 458 
the first network (LVRN_1). The results of the LCTs impact 459 
assessment for different penetrations of LCTs are shown in 460 
Figure 5 – Figure 7. 461 

Table 2. Number of EVs/PVs per unit for each case (LVRN_1) 462 

Number of LCTs 

Total U2 U3 U4 U5 U6 

20 4 4 4 6 2 

40 8 8 8 12 4 

60 12 12 12 18 6 

80 16 16 16 24 8 

 463 
Figure 5. Feeder voltage for different number of LCTs (LVRN_1) 464 

(a) 

(b) 

Figure 6. Maximum cable loading for different number of LCTs: 

(a) PVs, (b)  EVs 

 465 
Figure 7. Maximum transformer loading for different number of LCTs 466 

As shown in Figure 5 – Figure 7, the high penetrations of EVs 467 
and PVs will lead to severe violations. These figures show the 468 
violated units only. It can be noticed that the farthest nodes from 469 
the transformer bus (U5) had the most severe violations in terms 470 
of voltage. Furthermore, the impact of EVs on cables 471 
overloading for both the transformer and cables is higher than 472 
the impact of the PVs, while, the PVs have a higher impact on 473 
the feeder overvoltage. The violations occur mainly after 43.4% 474 
of LCTs uptake. Below this percentage, cable overloading 475 
occurred only for Phase B of U2. This is because Phase B of U2 476 
is already heavily loaded by normal demand. Regarding the 477 
network losses, the LVRN with high penetration of PVs will 478 
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have a higher energy loss compared to the EVs. This is because 479 
PVs generate power during long periods in the summer. 480 
Moreover, for higher LCTs penetrations, the losses tend to 481 
increase exponentially. The total network daily loss in energy 482 
for different cases is given in Table 3. 483 

Table 3. Daily losses for different LCTs penetration levels (LVRN_1) 484 

Number of 

LCTs 

Daily Network Losses [kWh] 

With EVs With PVs 

0 5.59 5.59 

20 11.32 3.48 

40 23.85 26.87 

60 44.19 61.98 

80 73.67 111.57 

 485 

The units are affected based on their electrical distance from the 486 
transformer and the number of households in each unit in 487 
addition to their feeder specifications. Noteworthy, in the 488 
previous simulations, the LCTs were divided equally (50% EVs 489 
of 3 kW, 50% EVs of 7 kW, 50% PVs of 4 kWp and 50% PVs 490 
of 6.5 kWp). On the other hand, the number of LCTs/unit in the 491 
previous analysis was determined based on each unit’s number 492 
of households. However, in reality, the LCTs power and their 493 
numbers can vary randomly across the LVRN. Hence, the 494 
power flow simulations were repeated with varying the number 495 
of LCTs for each unit to determine the maximum allowable 496 
number of EVs charging at the same time for each unit, and the 497 
maximum number of PVs that each unit can accommodate 498 
without violating the technical constraints. The results are 499 
summarized in Table 4. The numbers of LCTs per unit in Table 500 
4 represent the maximum allowable number of LCTs in order 501 
not to violate the cable ratings or voltage at each unit which 502 
depends mainly on the length, and specifications of each feeder. 503 

Table 4. Maximum allowable number of LCTs per unit (LVRN_1) 504 

Unit Maximum Number of LCTs 

EVs  

(3 kW) 

EVs  

(7 kW) 

PVs  

(4 kWp) 

PVs  

(6.5 kWp) 

U2 12 5 19 11 

U3 16 7 16 10 

U4 50 22 50 30 

U5 22 10 19 11 

U6 16 7 18 11 

The previous analysis was conducted for the other two 505 
networks (LVRN_2 and LVRN_3) and the results summary for 506 
the three networks is given in Figure 8.  507 

As shown in Figure 8, the LCT hosting capacity varies from 508 
one feeder to another in each network according to the feeders’ 509 
parameters. These values represent the maximum allowable 510 
LCT hosting capacity before network violation occurs (voltage 511 
violation and cable overloads). Note that, the previous analysis 512 
was conducted for the worst-case scenario, where all the EVs 513 
are assumed to start charging at the same time, while ideal PV 514 
generation profiles were used. Additionally, typical demand 515 
measurements were used. However, for other assumptions, 516 
these values may be subject to change. It can be concluded that 517 
the LCTs impact on low voltage networks differs according to 518 
the network specifications (i.e., feeder parameters, 519 
transformers, number of households in each feeder) as well as 520 
the analysis assumptions. Hence, for each feeder in a network, 521 
an impact assessment should be conducted with regard to the 522 
DSO’s data and assumptions.  523 

b) Unbalanced Distribution 524 

In this part, another sensitivity analysis is conducted to estimate 525 
the impact of LCTs with varying penetration on the phase 526 
imbalance. The impacts of this variation are examined for two 527 
units of the first network (LVRN_1) selected based on the 528 
feeders’ lengths with respect to the transformer bus; the nearest 529 
(U2) and the farthest (U5). For each unit, the LCTs penetration 530 
is varied for only one phase (Phase A) which represents the 531 
worst-case scenario. It is assumed that the number of 532 
households of each unit is divided equally on the three phases 533 
(6 houses/phase for U2 and 10 houses/phase for U5). The 534 
simulations are conducted for the 3 kW and 7 kW EV chargers 535 
and the 4 kWp and 6.5 kWp PV sizes, the penetration is varied 536 
with an increment of 2 LCTs per step until the number of 537 
households per phase is reached for each unit separately. The 538 
summarized results are shown in Figure 9 – Figure 12.  539 

 540 
Figure 9. Voltage unbalance of Phase A for different number of LCTs 541 

 
Figure 8. Impact assessment summary of balanced LCTs distribution for three LVRNs: (a) LVRN_1, (b) LVRN_2, (c) LVRN_3 

 

(a) (b) (c)
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 542 
Figure 10. Phase A voltage for different number of LCTs 543 

 544 
Figure 11. Cable loading of Phase A for different number of LCTs 545 

 546 
Figure 12. Total line and neutral losses for different number of LCTs 547 

The previous results show the impact of LCTs on phase 548 
imbalance. For the same LCT power, it can be observed that the 549 
farthest units from the transformer bus are very sensitive to 550 
violations as the VU and node undervoltage values are 551 
significant for U5 with respect to U2. The impact of LCTs on 552 
the voltage unbalance can be averaged as +0.025% / kW for U2 553 
and +0.061%/kW for U5. Furthermore, the EV charging had a 554 
higher impact on the voltage unbalance which can be averaged 555 
as +0.05%/kW compared with the PV with +0.037%/kW, 556 
while, the PV had a higher impact on the voltage limit violation. 557 
U2 can safely accommodate only 33.3% EVs (7 kW) of 558 
households/phase, 75% EVs (3 kW), 66.6% PVs (6.5 kWp), 559 
and 100% PVs (4 kWp). The main violation concerned with U2 560 
is cable overloading. While U5 can accommodate 30% EVs (7 561 
kW), 60% EVs (3 kW), 40% PVs (6.5 kWp), and 55% PVs 562 
(4 kWp). All types of violations have been observed for U5.  563 

For the losses, the line losses tend to be linear with the increase 564 
of LCTs power, however, the neutral loss increases 565 
exponentially. The impact of phase imbalance on the neutral 566 
losses is significant as the losses increase proportionally to the 567 
increase of LCTs. While, if the LCTs are balanced distributed, 568 
the neutral losses should be fixed. It can be concluded that the 569 
impact of LCTs on the voltage unbalance is critical and need to 570 
be monitored especially for the farthest loaded units as a small 571 
number of LCTs operating at the same time on the same phase 572 
will result in severe violations that may lead to curtailing the 573 
power supply by the DSO.  574 

c) Impact Assessment Discussion 575 

The sensitivity analysis proposed in this paper emphasizes the 576 
impact of unmanaged LCTs on the LVRN operation. The high 577 
uptake scenarios of LCTs may lead to critical violations which 578 
need to be considered earlier by DSOs to avoid any future 579 
problems. As shown in the results, with 2030 LCTs projections 580 
(20% PV and 40% EV), the network stability may be threatened 581 
as the anticipated increase in LCTs deployment will lead to 582 
technical violations. Additionally, the high reverse power flow 583 
from PV introduces additional technical issues to the protection 584 
equipment that should be considered in future planning. In the 585 
previous analysis, the voltage limit was constrained at +10%, -586 
6%, however, some DSOs prefer to set tighter limits based on 587 
working practice to ensure the stability and security of the 588 
network which should be considered in the impact assessment 589 
and determining the hosting capacity.  590 

It is highly advised to consider monitoring each phase 591 
separately and consider the voltage unbalance in the assessment 592 
as the VU limit can be violated without a voltage magnitude 593 
violation occurring. The snapshots presented in the previous 594 
results represent the most severe conditions of the day. 595 
However, the time-series simulations show that these violations 596 
may occur for a longer timespan with a lower level of severity. 597 
It was assumed that all the EVs are starting to charge at the same 598 
time. Nowadays, multiple EVs may charge at the same time. 599 
However, with high EVs penetration (e.g., by 2030), the 600 
overlapping in EVs charging may cause severe issues to the 601 
network operation. Furthermore, with high LCTs penetrations, 602 
phase imbalance will likely occur frequently due to increasing 603 
the probability of multiple LCTs operation on a sole phase.  604 

DSOs should monitor the LVRN carefully as the challenges 605 
raised from this level affects the upper network levels in 606 
addition to other physical damages that may occur to the low 607 
voltage network elements. The technical issues that occur from 608 
the high deployment of LCTs in the LVRN can be summarized 609 
as: 1) Transformer and cables overloading; 2) Node voltage 610 
violations; 3) Severe voltage unbalance; 4) High power losses, 611 
and 5) Other power quality issues. All the previous issues can 612 
be solved using conventional solutions such as upgrading a 613 
transformer or underground cables; using reactive power 614 
compensators to mitigate the voltage issues, voltage unbalance 615 
and enhance the power quality; and reconfiguring the network 616 
to mitigate the unbalance impact and losses. All these 617 
traditional solutions require high capital expenditure and no one 618 
solution can address all the aforementioned technical issues. 619 
The most effective smart solutions that can be applied are BESS 620 
and demand side management programs. BESS have attractive 621 
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potential in solving network challenges. However, the planning 622 
and operation of BESS should be properly defined. In the 623 
upcoming section, the planning and operation of a community 624 
BESS to relive network congestion imposed from the high 625 
penetrations of LCTs will be investigated.  626 

5 The role of battery energy storage systems  627 

In this section, a solution to the LCTs challenges is introduced 628 
based on BESS. As discussed previously, conventional 629 
reinforcements have limited applications and high capital 630 
expenditures. However, BESS have the capability to solve all 631 
the LVRN violations. The location of the BESS is crucial to 632 
achieve maximum utilization. In the LVRN, the BESS can be 633 
installed at the transformer bus to mitigate the transformer 634 
overloading as well as the VU at the transformer bus. Yet, other 635 
issues such as cable overloading, node voltage magnitude 636 
imbalance violations, and high energy losses will still exist. 637 
While the BESS could be installed on the feeder of each 638 
congested unit to solve all the LVRN problems, more 639 
beneficially it should be located at the end of the feeder for 640 
maximum performance [17]. In addition, the connection 641 
configuration of BESS should also be identified as the BESS 642 
can be connected as follows: 1) to the congested phases only; 643 
2) to the three phases using three-phase power conversion 644 
system (PCS), and 3) to the three phases using single-phase 645 
PCS with/without a phase selector. In this paper, it is assumed 646 
that the BESS can inject and absorb power to/from the three 647 
phases, this can be done by connecting a single BESS to the 648 
three phases through a three-phase PCS or by connecting three 649 
separate BESS to each phase individually. This section 650 
introduces the adopted BESS model as well as the proposed 651 
BESS sizing and scheduling algorithms  652 

a) BESS System Model 653 

Various models can be used to identify the BESS operational 654 
constraints. In this paper, a detailed generic model is adopted 655 
that can be used for any type of BESS technologies considering 656 
realistic parameters which explained as follows:  657 

1) BESS Power Rating: The discharged power (𝑃𝑡,𝑏
𝑑𝑖𝑠) or 658 

charged power (𝑃𝑡,𝑏
𝑐ℎ𝑟) from the BESS b at any time-point t 659 

must not exceed the BESS predefined rating.  660 

𝑃𝑡,𝑏
𝐵𝐸𝑆𝑆 ≤ 𝑃𝑏

𝑚𝑎𝑥       ;       𝑃𝑡,𝑏
𝐵𝐸𝑆𝑆 ∈ {𝑃𝑡,𝑏

𝑑𝑖𝑠 , 𝑃𝑡,𝑏
𝑐ℎ𝑟}     (5) 661 

2) BESS System efficiency: The power imported (𝑃𝑡,𝑏
𝑐ℎ) or 662 

exported (𝑃𝑡,𝑏
𝑑𝑖 ) from/to the gird by BESS b at any time is 663 

affected by input/output efficiencies of the BESS (𝜂𝑏
𝐵𝐸𝑆𝑆) 664 

and the power conversion system (PCS) ( 𝜂𝑏
𝑃𝐶𝑆 ). 665 

𝜂𝑏
 = 𝜂𝑏

𝐵𝐸𝑆𝑆 × 𝜂𝑏
𝑃𝐶𝑆   ;    𝜂𝑏

𝐵𝐸𝑆𝑆 = √𝜂𝑏
𝑟𝑡𝑒                (6) 666 

𝑃𝑡,𝑏
𝑑𝑖 = 𝑃𝑡,𝑏

𝑑𝑖𝑠 𝜂𝑏
         ;           𝑃𝑡,𝑏

𝑐ℎ =
𝑃𝑡 ,𝑏
𝑐ℎ𝑟

𝜂𝑏
               (7) 667 

Where 𝜂𝑏
𝑟𝑡𝑒  is the BESS round-trip efficiency. 668 

3) State of Charge (SoC): SoC is the percentage measurement 669 
that indicates the available capacity still in the BESS. The 670 
SoC must be maintained within the pre-defined limits to 671 
maintain the BESS capacity over longer periods.  672 

𝑆𝑜𝐶𝑏
𝑚𝑖𝑛

 
≤ 𝑆𝑜𝐶𝑡,𝑏

 

 
≤ 𝑆𝑜𝐶𝑏

𝑚𝑎𝑥
 
               (8) 673 

𝑆𝑜𝐶𝑡,𝑏
 

 
=  𝑆𝑜𝐶𝑡−1,𝑏

 

 
+ 
𝑃𝑡,𝑏
𝑐ℎ  𝜂𝑏

 𝜏

𝐸𝑏
𝐶𝑎𝑝

−
𝑃𝑡,𝑏
𝑑𝑖𝜏

𝐸𝑏
𝐶𝑎𝑝𝜂𝑏

 
           (9) 674 

Where 𝜏 is the interval period such that 𝜏 =
24

𝑛𝑝
, np is the 675 

number of points which is determined based on the data 676 
resolution (24 for hour, 48 for 30-minute, and 144 for 10-677 
minute),  𝐸𝑏

𝐶𝑎𝑝
 is the BESS nameplate capacity, and 𝐸𝑏

𝑢𝑠  is 678 
the BESS usable capacity.  679 

4) PCS Rating: At any time-point, the apparent power 680 
handled by the PCS should not exceed its rating.  681 

𝑆𝑡,𝑏
𝑃𝐶𝑆 ≤ 𝑆𝑏

𝑚𝑎𝑥                                (10) 682 

𝑆𝑡,𝑏
𝑃𝐶𝑆 = √(𝑃𝑡,𝑏

𝑃𝐶𝑆)2 + (𝑄𝑡,𝑏
𝑃𝐶𝑆)2                         (11) 683 

b) BESS Sizing 684 

The BESS size should be determined wisely to avoid 685 
under/over sizing. Additionally, the BESS size should be 686 
determined based on the delivered applications and should 687 
consider the future projections of the LCTs and demand for a 688 
network. These projections should be identified by the network 689 
operators based on their forecasting for each network.  In this 690 
paper, the objective of the BESS is to maintain the network 691 
constraints (VU, node voltage, and line flow) within the 692 
acceptable limits and the 2030 LCTs uptake scenario is adopted 693 
in determining the BESS size in the case study. Determining 694 
the BESS size requires OPF calculations to obtain the BESS 695 
size subject to the network technical constraints. Different 696 
approaches have been introduced to tackle the OPF problem 697 
through linearization, convex relaxation, or by converting the 698 
OPF constraints into soft constraints using penalty functions 699 
[22]. In this paper, the OPF problem is treated as a black-box 700 
optimization [51],  where the network technical constraints 701 
(VU, node voltage and line flow) are modelled in the objective 702 
function as a feasibility problem, which avoids the use of hard 703 
constraints and reduces the computation time of solving the 704 
OPF problem. The goal of this black-box optimization is to 705 
solve all network violations using minimum BESS capacity 706 
which is mathematically formulated as a multi-objective 707 
function using the weighted sum method and normalized into a 708 
mono-objective function using the consequent upper-bound 709 
approach [52], expressed for a BESS installed at a specific 710 
feeder/unit (𝑢) ∀ 𝑡 ∈ 𝑇𝑜 as: 711 

𝑚𝑖𝑛
𝑥
(
𝑤1𝐹1(𝑥)

𝐹1
𝑚𝑎𝑥  +

𝑤2𝐹2(𝑥)

𝐹2
𝑚𝑎𝑥 +

𝑤3𝐹3(𝑥)

𝐹3
𝑚𝑎𝑥 +

𝑤4𝐹4(𝑥)

𝐹4
𝑚𝑎𝑥 )       (12) 712 

𝐹1(𝑥) = ∑𝑐𝑡,𝑢
𝑣𝑢  [𝑉𝑈𝑡,𝑢 > 2]

𝑇𝑜

𝑡=1

                      (13) 713 

𝐹2(𝑥) =∑∑𝑐𝑡,𝑢,∅
𝑣𝑛

3

∅=1

𝑇𝑜

𝑡=1

[𝑉𝑡,𝑢,∅ < 0.94 ∨  𝑉𝑡,𝑢,∅ > 1.1]   (14) 714 

𝐹3(𝑥)  =∑∑𝑐𝑡,𝑢,∅
𝑐𝑎𝑏

3

∅=1

𝑇𝑜

𝑡=1

[𝐼𝑡,𝑢,∅
 > 𝐼𝑚𝑢]               (15) 715 
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𝐹4(𝑥) =  ∑∑𝑥𝑡,𝑢,∅

3

∅=1

𝜏

𝑇𝑜

𝑡=1

                          (16) 716 

Note that [] in Eq. (13) – Eq. (15) are Iverson brackets (the 717 
Iverson bracket is equal to 1 when the logical condition 718 
enclosed is true and 0 otherwise). ∅ represent the phase such 719 
that ∅ {1,2,3}. The multi-objective function in Eq. (13) 720 
consists of four weighted sub-functions. 𝐹1(𝑥) represents the 721 
VU function. 𝐹2(𝑥) represents the voltage violations, where 722 
𝑉𝑡,𝑢,∅ is the phase voltage. 𝐹3(𝑥) represents the cable loading, 723 
where 𝐼𝑡,𝑢,∅

  is the phase current and 𝐼𝑚𝑢 is the feeder maximum 724 
carrying capacity. 𝐹4(𝑥) represents the total used BESS 725 
capacity over the dispatch horizon (charging/discharging). The 726 
weights were varied, and the optimal results were obtained 727 
using the following weights: (𝑤1 = 𝑤2 = 𝑤3), (𝑤1 +𝑤2 +728 
𝑤3 = 4.61𝑤4) and (𝑤1 +𝑤2 +𝑤3 +𝑤4 = 1). The constraints 729 
functions 𝐹1(𝑥), 𝐹2(𝑥), and 𝐹3(𝑥) are given higher weights 730 
compared to the BESS size as they must be maintained within 731 
the acceptable limits. 𝑐𝑡,𝑢

𝑣𝑢, 𝑐𝑡,𝑢,∅
𝑣𝑛 , and 𝑐𝑡,𝑢,∅

𝑐𝑎𝑏  are penalty factors 732 
represent violations of VU, node voltage, and cable rating 733 
respectively. 𝑇  is the optimization horizon such that 𝑇 ∈734 
{𝑇𝑑 , 𝑇𝑐}, where 𝑇𝑑 is the discharging horizon and 𝑇𝑐 is the 735 
charging horizon. 𝐹𝑚

𝑚𝑎𝑥  represents the maximum value of 736 
objective-  for the normalization purpose such that 𝑚 ∈737 
{1,2,3,4}. The VU is considered as a violation if the VU is 738 
larger than 2, the node voltage violation is considered when the 739 
node voltage exceeds 230 +10 / -6 % (0.94 pu – 1.1 pu), and the 740 
cable loading is considered as a violation when the line flow 741 
exceeds the cable ampacity. The optimal values of 742 
𝐹1(𝑥), 𝐹2(𝑥), and 𝐹3(𝑥) are zero which represents no 743 
violations.  744 

The aim of this BESS sizing formulation is to find the minimum 745 
BESS size that solves the network violations. The optimization 746 
solver initializes a set of decision variables x representing the 747 
BESS power 𝑃𝑡,𝑢,∅,𝑏

𝐵𝐸𝑆𝑆  for each phase during each mode 748 
(charging/discharging) at each time-point of the day such 749 
that 𝑥𝑢,∅ = (𝑥𝑡,𝑢,∅, 𝑥𝑡+1,𝑢,∅… . 𝑥𝑇𝑜 ,𝑢,∅). Within each mode, the 750 
decision variables are adjusted to consider the BESS system 751 
efficiency using Eq. (7). Afterwards, these variables are entered 752 
into a time-series unbalanced three-phase power flow routine. 753 
The power flow results are then used to evaluate the objective 754 
function Eq. (12) as black-box. In case of no violation 755 
observed, the value of objective function Eq. (12) is zero. After 756 
the optimization horizon ends, the solver updates the decision 757 
variables to optimally obtain the minimal needed power to be 758 
distributed over the charging/discharging horizons to satisfy the 759 
objective function. The lower bounds of these variables are set 760 
to zero, while the upper bounds should not be limited as the aim 761 
of this method to find the BESS size and rating. However, a 762 
specific value can be set based on the available BESS ratings or 763 
based on the DSO’ preference to reduce the computation time 764 
by decreasing the search space.  765 
After the optimizer converges, the daily power dispatch values 766 
are used to determine the daily BESS usable capacity (𝐸𝑏

𝑢𝑠) 767 
needed during both modes (charging/discharging) considering 768 
the BESS system efficiency Eq. (7) based on the consecutive 769 
period with highest energy dispatch using Eq. (17), afterwards 770 
the BESS nameplate capacity (𝐸𝑏

𝐶𝑎𝑝
) is determined in each day 771 

based on the SoC pre-defined limits using Eq. (19), whilst the 772 
maximum power dispatched within all the day is considered as 773 
the BESS power rating using Eq. (18). 774 

𝐸𝑏
𝑢𝑠 = 𝑚𝑎𝑥(∑∑𝑥𝑡,𝑢,∅

3

∅=1

𝑇𝑑

𝑡=1

𝜏

𝜂𝑏
  ,∑∑𝑥𝑡,𝑢,∅

3

∅=1

𝜂𝑏
 

𝑇𝑐

𝑡=1

𝜏 )       (17) 775 

𝑃𝑏
𝑚𝑎𝑥 = 𝑚𝑎𝑥

(

 ∑
𝑥𝑡,𝑢,∅
𝜂𝑏
 

3

∅=1
𝑡∈𝑇𝑑

  ,∑ 𝑥𝑡,𝑢,∅

3

∅=1
𝑡∈𝑇𝑐

𝜂𝑏
  

)

                  (18) 776 

𝐸𝑏
𝐶𝑎𝑝

=
𝐸𝑏
𝑢𝑠

(𝑆𝑜𝐶𝑏
𝑚𝑎𝑥

 
−𝑆𝑜𝐶𝑏

𝑚𝑖𝑛
 
)
                     (19) 777 

Finally, after determining the daily values of BESS capacity 778 
and rating, the highest values amongst all the simulation days 779 
are considered as the BESS specification (capacity in kWh and 780 
rating in kW). Note that, the proposed BESS sizing algorithm 781 
considers only the BESS active power, and it is assumed that 782 
the BESS PCS is operating on unity power factor in agreement 783 
with the DSO of Northern Ireland regulations  [53]  due to the 784 
impact of reactive power on rising the feeder voltage. The 785 
proposed BESS sizing algorithm flowchart is illustrated in 786 
Figure 13, and the algorithm requires the following inputs:  787 

• Time-series data of demand and LCT (for single or 788 
multiple days according to the available data). 789 

• Pre-defined dispatch horizons for each day (i.e., from 790 
12:00 hr to 17:00 hr for charging, and from 18:00 hr to 791 
23:00 hr for discharging).  792 

• BESS location, DoD/SoC limits, and efficiency. 793 

 794 
Figure 13. Proposed BESS sizing algorithm  795 
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In the power flow calculations, the BESS decision variable at 796 
the BESS node is treated as a negative load during the 797 
discharging mode and as a positive load during the charging 798 
mode. As the network constraints are modelled in the objective 799 
function in Eq. (12), hence the proposed BESS sizing algorithm 800 
is unconstrained optimization which can be solved easily using 801 
many available off-the-shelf optimization solvers.  802 

c) BESS Scheduling  803 

In order to evaluate the impact of BESS in different operating 804 
conditions. A scheduling algorithm is introduced. As the BESS 805 
size and rating have been settled from the previous sizing 806 
algorithm, the scheduling algorithm considers all the 807 
constraints of the BESS model described previously in 808 
Section 5 (a). The aim of this algorithm is to minimize the VU, 809 
and the energy loss in neutral (𝑛), and phases (𝑝) while 810 
satisfying the technical constraints. The BESS scheduling is 811 
formulated also as black-box optimization where the network 812 
constraints are modelled in the objective function as done in the 813 
BESS sizing in addition to adding another three sub-objectives 814 
related to the VU, phase losses, and neutral losses, which is 815 
formulated as a multi-objective function using the weighted 816 
sum method and normalized into a mono-objective function 817 
using the consequent upper-bound approach [52], expressed for 818 
a BESS installed at specific feeder/unit (𝑢) as: 819 

𝑚𝑖𝑛
𝑥

(

 
 

𝑤1𝐹1(𝑥)

𝐹1
𝑚𝑎𝑥  +

𝑤2𝐹2(𝑥)

𝐹2
𝑚𝑎𝑥 +

𝑤3𝐹3(𝑥)

𝐹3
𝑚𝑎𝑥

+
𝑤4𝐹𝐹4(𝑥)

𝐹𝐹4
𝑚𝑎𝑥 +

𝑤5𝐹5(𝑥)

𝐹5
𝑚𝑎𝑥 +

𝑤6𝐹6(𝑥)

𝐹6
𝑚𝑎𝑥

)

 
 
         (20) 820 

𝐹𝐹4(𝑥) =∑𝑉𝑈𝑡,𝑢      

𝑇𝑜

𝑡=1

                       (21) 821 

𝐹5(𝑥) =∑|𝐼𝑡,𝑢
𝑛 |2

𝑇𝑜

𝑡=1

𝑅𝑢
𝑛𝜏                       (22) 822 

𝐹6(𝑥) = ∑∑|𝐼𝑡,𝑢,∅
 |2𝑅𝑢,∅

𝑝 𝜏

3

∅=1

𝑇𝑜

𝑡=1

                (23) 823 

The weights are determined according to the importance of the 824 
objective: 𝑤1 = 𝑤2 = 𝑤3 =

7

30
, 𝑤4 =

1

5
, 𝑎𝑛𝑑 𝑤5 = 𝑤6 =

1

20
. 825 

The network constraints are given higher weights and the 826 
voltage unbalance is given higher importance compared to the 827 
neutral and phase losses. 𝐹1(𝑥), 𝐹2(𝑥), and 𝐹3(𝑥) represent the 828 
LVRN technical constraints described in Eq. (13) – Eq. (15). 829 
The fourth function 𝐹𝐹4(𝑥) is related to minimizing the VU and 830 
has been written in this way to differentiate between this 831 
function and the fourth function 𝐹4(𝑥) of the BESS sizing 832 
algorithm. 𝐹5(𝑥) aims to reduce the neutral losses, where 𝑅𝑢

𝑛 833 
represents the feeder/unit neutral resistance and 𝐼𝑡,𝑢

𝑛  is the 834 
neutral current. 𝐹6(𝑥) aims to reduce the phase losses, where 835 
𝑅
𝑢,∅

𝑝 
 is the feeder/unit phase resistance for each phase. The 836 

proposed scheduling algorithm aims to distribute the BESS 837 
power optimally over the three phases during the daily dispatch 838 
horizons by initializing a set of decision variables subject to the 839 
BESS system efficiency Eq. (7) and the BESS power rating 840 
Eq. (5), however, because the BESS is connected to three 841 
phases, Eq. (5) is adjusted to the following Eq. (24). 842 

∑𝑥𝑡,𝑢,∅

3

∅=1

≤  𝑃𝑏
𝑚𝑎𝑥    ;     𝑥𝑡,𝑢,∅ = 𝑃𝑡,𝑢,∅,𝑏

𝐵𝐸𝑆𝑆         (24) 843 

Eq. (24) and the BESS SoC Eq. (8) are formulated as hard 844 
constraints. The optimization solver evaluates the objective 845 
function Eq. (20) subject to these constraints. The proposed 846 
BESS scheduling algorithm follows the steps illustrated in 847 
Figure 14 and requires the same inputs of the BESS sizing 848 
algorithm in addition to the BESS capacity and power rating.   849 

 850 

Figure 14. Proposed BESS scheduling algorithm  851 

6 BESS Case study  852 

To evaluate the proposed BESS sizing and scheduling 853 
algorithms, only the first network (LVRN_1) is considered. 854 
Only one feeder of the LVRN_1 is considered for the BESS 855 
installation. Based on the impact assessment analysis, the 856 
farthest nodes from the transformer are the most sensitive 857 
locations to violations. Hence, the BESS is assumed to be 858 
located at the end node of U5, lithium-ion BESS technology is 859 
considered. The BESS SoC limits are taken as 𝑆𝑜𝐶𝑏

𝑚𝑖𝑛
 
= 10% 860 

and 𝑆𝑜𝐶𝑏
𝑚𝑎𝑥

 
= 80%  which is equivalent to a depth of 861 

discharge (DoD) of 70%, these values were selected to preserve 862 
the BESS degradation over operation [54], [55]. While the PCS 863 
efficiency (𝜂𝑏

𝑃𝐶𝑆) is considered as  95% and the BESS round-864 
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trip efficiency (𝜂𝑏
𝑟𝑡𝑒) is assumed as 90% which were imported 865 

from an actual project [56].  In addition, the 2030 uptake 866 
scenarios of LCTs given in Section 2 (d) are adopted (20% PV 867 
penetration and 40% EV penetration).  868 

The proposed BESS sizing and scheduling algorithms are 869 
formulated as black-box optimization, which requires a 870 
derivative-free optimizer [51]. Some derivative-free solvers 871 
were tested, and the best results were obtained using the 872 
Genetic algorithm (GA) for the BESS sizing and the NOMAD 873 
solver [57] for the BESS scheduling.  874 

NOMAD is a derivative-free global optimization solver that 875 
implements the MADS (Mesh Adaptive Direct Search) 876 
algorithm [58], which is a development of the Generalized 877 
Pattern Search (GPS) algorithm. NOMAD is a direct search, 878 
iterative method that has three processes in each iteration: poll, 879 
search, and update. It evaluates the objective function by 880 
generating trail points lying on a mesh using the poll and search. 881 
The results of these evaluations are then examined and used to 882 
generate new trial points using the update process. A variable 883 
neighborhood search algorithm is integrated into NOMAD to 884 
prevent the algorithm from being trapped in local optima [59]. 885 
NOMAD has been adopted in this work due to its effectiveness 886 
in providing optimum solutions to the BESS scheduling 887 
optimization problem in a reasonable processing time. In 888 
addition, it has proven its effectiveness in different optimization 889 
problems for commercial and non-commercial applications 890 
[57].  891 

For the BESS sizing, different GA generations were tested, and 892 
it was observed that the objective function does not change 893 
significantly after 80 generations. For the BESS scheduling, the 894 
following NOMAD parameters are assigned: starting points of 895 
zeros, and stopping criteria of max execution time of 1000 896 
seconds, and relative/absolute convergence tolerances of 1e-7.  897 
The GA was utilized using the optimization toolbox of 898 
MATLAB and the NOMAD was implemented in MATLAB 899 
through OPTI Toolbox [60]. 900 

a) BESS sizing results 901 

The proposed BESS sizing algorithm is designed to simulate a 902 
period of time (few days to years) and to determine the optimal 903 
BESS size amongst the simulated days. As shown in the LCTs 904 
impact assessment, the violations vary according to the LCTs 905 
penetrations and assumption used in analysis such as the 906 
distribution of LCTs across the phases, and the LCTs patterns. 907 
In this paper, a case study is presented based on a set of 908 
assumptions to evaluate the BESS sizing algorithm. As there is 909 
a paucity in the available measurements for the test network, 910 
demand measurements of a single day (23/8/2019) in 10-minute 911 
resolution are selected for the BESS sizing which represents the 912 
date with maximum demand among the available 913 
measurements. For the LCTs, ideal PV generation profiles are 914 
used, while different EV patterns are generated 915 
probabilistically using the EV charging pattern model described 916 
in Section 2 (b). However, to tighten the EV charging during 917 
peak time to consider the severe violations, the start time of EV 918 
charging is constrained between 16:00 hr to 22:00 hr 919 
conditioned by the CDF in Figure 3. Furthermore, to consider 920 
the unbalanced impact, the LCTs are assumed to be distributed 921 

on U5 phases as follows (60% of the LCTs on Phase A and 40% 922 
on the other phases equally). 923 

The pre-defined scheduling horizons are assigned as; from 924 
12:00 hr to 17:00 hr for charging (𝑇𝑐) which represents the mid-925 
day period with high PV generation and from 18:00 hr to 926 
23:00 hr for the discharging (𝑇𝑑) which represents the evening 927 
peak with high EV charging. Probabilistic simulations were 928 
implemented by varying the EV patterns 20 times and the BESS 929 
sizing summary results are shown in Figure 15.  930 

 931 

 932 
Figure 15. BESS sizing results for 20 simulations   933 

As shown in Figure 15, as the PV and demand profiles are fixed, 934 
the BESS specifications (capacity/power) vary based on the EV 935 
charging patterns. The more the EV charging overlaps, the 936 
higher BESS capacity needed due to their impact on threatening 937 
the LVRN technical constraints. The highest BESS size 938 
achieved is 140 kWh / 29 kW. However, this represents the case 939 
with the highest violations which unlikely to happen regularly 940 
because the EV charging was constrained to specified times to 941 
simulate violations during the peak. However, in reality, EV 942 
charging varies across the day. In addition, the distribution of 943 
LCTs over phases was pre-settled, however, it may differ in 944 
practice. The selection of BESS specification amongst the 945 
results is left to DSOs based on their projections and 946 
assumptions. However, it is recommended to simulate a long 947 
period based on DSO assumptions to determine accurately the 948 
BESS size using the proposed sizing algorithm. From the 949 
previous results, an average BESS specification can be 950 
determined as 47 kWh / 19 kW. 951 

b) BESS scheduling results 952 

To evaluate the effectiveness of the proposed BESS scheduling 953 
algorithm, the following assumptions are adopted. One week of 954 
demand measurements are used from 23/8/2019 to 29/8/2019. 955 
For the LCTs profiles, two actual PV profiles for the following 956 
sizes (4 kWp and 6.5 kWp) are adopted from [37] for the same 957 
week. While different EV charging patterns were generated 958 
from the pre-explained model in Section 2 (b). BESS 959 
specification of 47 kWh / 19 kW has been used as an average 960 
of the BESS sizing results. To simulate random LCTs 961 
distribution over phases, the loading of LCTs over the three 962 
phases of U5 were distributed randomly for each day as:  963 

𝑟∅ = 𝑟𝑎𝑛𝑑 [0,1] ;   𝛾∅ =
𝑟∅

∑ 𝑟∅
3
∅=1

   ;    ∑ 𝛾∅

3

∅=1

= 1       (25) 964 
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Where 𝑟∅ is a random number generated between 0 and 1 for 965 
each phase, and 𝛾∅ is the LCTs loading fraction for each phase 966 
such that the summation of all loading fractions equals 1. The 967 
results of the one-week simulations before and after the BESS 968 
scheduling are illustrated in Figure 16 and Figure 17, while the 969 
improvements summary is given in Table 5. 970 

 971 

Figure 16. U5 total power before and after the BESS scheduling 972 

As shown in Figure 16 – Figure 17, and Table 5, during the 973 
peak, the BESS managed to shave the peaks and solve all the 974 
violations represented in VU, undervoltage, and cable 975 
overloading. During PV generation, the BESS reduced the 976 
reverse power flow by increasing the feeder self consumption 977 
in addition to reducing the overvoltage and the voltage 978 
unbalance. For the days with no violations, the BESS optimized 979 
the network performance by regulating the VU and phase 980 
voltage as well as reducing the stress on the feeders and 981 
minimizing the phase and neutral losses. To summarize the 982 
average improvements over one-week, the daily loss in energy 983 
was reduced by 12% for phases, and 27.4% for neutral, the VU 984 
was optimized by 21%, the voltage was regulated by 13%, and 985 
the cable loading during peak was regulated by 12%.  986 

c) BESS degradation  987 

The proposed approach preserves the BESS lifetime by using 988 
only 70% of the BESS actual capacity that represent the DoD, 989 
which has been shown to maintain the number of BESS cycles 990 
defined by the manufacturers [54], [55]. However, in order to 991 
evaluate the detailed impact of the proposed BESS scheduling 992 
on the degradation, the semi-empirical Li-ion cycling 993 
degradation model in [54] has been adopted to quantify the 994 
BESS state of health (SoH) at the end of lifetime. The BESS 995 

 
Figure 17. Summarized results before and after the BESS incorporation (a) voltage unbalance; (b) phase voltage for critical phases; (c) 

cable loading for critical phases; (d) power loss; (e) BESS power and SoC 
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SoC profile was obtained from the one-week simulation in 996 
Figure 17 and repeated for one-year. Afterwards, the rainflow 997 
counting algorithm [61] has been used to analyze the SoC 998 
profile and extract the data required for the degradation model. 999 
The cycling ageing throughout one-year is illustrated in 1000 
Figure 18.  1001 

 1002 
Figure 18. BESS cycling degradation throughout one year of operation 1003 
using the proposed BESS scheduling algorithm  1004 

The results from the ageing model show that the BESS capacity 1005 
degrades by 3.05%/year with 365 full cycles. By scaling for 10 1006 
years of operation which is the warrantied lifespan of Li-Ion 1007 
BESS [62], the BESS is assumed to reach an SoH value of 1008 
69.51%. This value represents the SoH (residual capacity) at 1009 
the end of 10 years of operation which is adequate as the BESS 1010 
considered to reach the end of life when the residual capacity 1011 
reaches 60% – 80% [54], [63]. The SoH of 69.51% proves the 1012 
effectiveness of the proposed scheduling algorithm in 1013 
preserving the BESS capacity through its warrantied lifetime. 1014 
Note that, in the previous assumption, the degradation was 1015 
calculated assuming that the BESS operates all the year 1016 
according to the simulated one-week case study. However, in 1017 
practice, the BESS may not be required to be used completely 1018 
in daily basis. Thus, the expected BESS SoH at the end of a 1019 
lifetime might be higher in reality.    1020 

d) Discussion 1021 

The previous results show the effectiveness of the BESS and 1022 
the proposed scheduling algorithm in solving all the technical 1023 
violations in addition to optimizing the operation of the LVRN. 1024 
The use of BESS in the LVRN has proven to be very attractive 1025 
due to their wide applications. In addition, in the previous 1026 
simulations, it was assumed that the BESS PCS is operating on 1027 
a unity power factor, this is due to the reactive power effect on 1028 
raising the system voltage, the majority of distributed 1029 
generation and microgeneration units in Northern Ireland are 1030 
not permitted  to inject reactive power and they are operated on 1031 
unity or leading power factor [53]. Equipping the BESS with a 1032 
proper PCS/inverter will allow for absorbing/injecting reactive 1033 

power which will be beneficial in the case of over/under voltage 1034 
in addition to enhancing the power factor and quality. However, 1035 
managing the reactive power should be coordinated with the 1036 
DSO to avoid affecting the network constraints and supply 1037 
security.  1038 

In the previous results, one BESS (47 kWh / 19 kW) was 1039 
installed at the end of the U5 feeder, this BESS can be replaced 1040 
with three BESS of (16 kWh / 7 kW). Each one of these BESS 1041 
should be connected to a phase selector to be able to inject and 1042 
absorb from the three phases. On the other hand, these units can 1043 
be replaced by behind the meter units, by equipping only 25% 1044 
of the households in U5 with a BESS with 7 kWh / 3 kW. 1045 
However, in this case, the connections should be balanced 1046 
across the phases and the DSO should have full management of 1047 
these units. An agreement can be settled between the DSO and 1048 
customers in which the DSO can have full access to these BESS 1049 
by incentivizing the customers through offering a single 1050 
payment as a part of the capital cost or fixed small 1051 
yearly/monthly payments. Recent findings from the Distributed 1052 
Storage & Solar Study by Northern Powergrid [64], have 1053 
shown the effectiveness of residential BESS in shaving the peak 1054 
demand averagely as well as reducing the impact of residential 1055 
solar PV export power. 1056 

It is worth mentioning that the proposed BESS scheduling 1057 
algorithm should be implemented on a look-ahead basis using 1058 
forecasted data, and hence, it can be used for short/long term 1059 
planning. In this paper, the scheduling results were determined 1060 
assuming perfect foresight in order to evaluate the proposed 1061 
scheduling algorithm. However, proper forecasting model 1062 
should be used in practice. Moreover, real-time operation 1063 
methodologies should be investigated to overcome the 1064 
uncertainties associated with forecasting, which can be 1065 
considered an extension of this work. Examples of applicable 1066 
BESS real-time methods have been introduced in [26], [27]. 1067 

7 Conclusion 1068 

This paper investigated the impact of LCTs such as EVs and 1069 
PVs on the low voltage unbalanced residential networks. 1070 
Different LCTs penetrations were tested on real LV residential 1071 
networks located in Northern Ireland for balanced and 1072 
unbalanced distribution of LCTs over the three phases. The 1073 
assessment was conducted by evaluating various critical 1074 
technical indices including voltage unbalance, phase voltage, 1075 
line flow, and phase/neutral losses. The results show that with 1076 
high penetration of unmanaged LCTs, the network security and 1077 
power quality will be threatened. A flexible solution based on 1078 
the community BESS was introduced by proposing a sizing 1079 
algorithm to determine the proper BESS size with minimum 1080 

Table 5. Average improvements for the one-week case study 

Day 
VU 

 [%] 

Voltage 

regulation 

[Phase A] 

Voltage 

regulation 

[Phase B] 

Voltage 

regulation 

[Phase C] 

Cable  

loading 

[Phase A] 

Cable  

loading  

[Phase B] 

Cable  

loading  

[Phase C] 

Phase energy 

loss 

 [%] 

Neutral energy 

loss 

[%]  

1 24.945 14.791 24.850 0.280 15.043 25.307 -2.862 10.663 14.635 

2 25.542 8.159 14.242 13.117 1.882 14.013 12.513 7.189 22.969 

3 19.925 21.521 3.067 0.337 19.012 1.258 0.311 13.902 37.990 

4 10.535 -0.426 20.553 12.079 0.587 20.529 9.946 13.897 35.493 

5 25.511 -1.301 6.826 11.155 -10.522 2.386 12.082 2.505 22.542 

6 19.995 25.817 14.341 1.141 23.065 19.333 1.970 21.815 34.391 

7 18.857 17.259 17.504 8.629 14.922 15.551 14.20 14.395 23.332 
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investment to be installed at the feeder’s end node that supports 1081 
the network during congestion. The scheduling of BESS was 1082 
also introduced via a scheduling algorithm to solve the network 1083 
violations in addition to improving the network power quality. 1084 
The community BESS proved its capability in enhancing the 1085 
network performance and flexibility which supports the secure 1086 
integration of further LCTs.  1087 

The payments that should be received by the BESS owners are 1088 
not yet established by the DSO in Northern Ireland. The BESS 1089 
payments should be profitable to encourage the BESS investors 1090 
to participate in supporting the LVRN. Usually, these payments 1091 
will be structured according to the type of the service as well as 1092 
the availability and utilization. DSOs should introduce 1093 
profitable commercial contracts to attract and encourage energy 1094 
investors to participate in the BESS to accelerate the transition 1095 
towards the net-zero target and low carbon communities. The 1096 
main goal of this paper is to assess the technical impacts of high 1097 
LCTs penetration and the role of community BESS in providing 1098 
different services to support the network operation. However, 1099 
further investigations are required to determine the specific 1100 
payment of each service (e.g., voltage unbalance, voltage 1101 
regulations, peak shaving, … etc.) and the BESS stacked 1102 
revenues in the low voltage networks, which is considered as 1103 
future research.   1104 

Behind the meter units can be considered as a very attractive 1105 
option, however, these units require appropriate monitoring and 1106 
management. Unmanaged residential BESS can act as 1107 
additional demand during charging and as a generation during 1108 
discharging and so can introduce the same technical issues to 1109 
the LVRN operation discussed previously in this paper. Hence, 1110 
proper coordination and management frameworks should be 1111 
introduced to achieve maximum utilization of these resources 1112 
by the DSOs and assuring the profitability of customers, which 1113 
is considered as future research. Demand side management can 1114 
also assist in mitigating the LCTs technical problems. This can 1115 
be achieved by offering incentives to pre-defined customers 1116 
according to their locations in return for their assistance in 1117 
supporting the LVRN operation by reducing/increasing their 1118 
demand at specific times according to signals from the DSOs. 1119 
Additionally, bespoke time of use tariff structures can also 1120 
indirectly enforce customers to reduce their consumption 1121 
during the peak and increase their consumption during the PV 1122 
generation. This will help in mitigating the demand peak and 1123 
reverse power flow. However, other issues may be introduced 1124 
such as voltage unbalance. Hence, dynamic tariff structures can 1125 
be considered as a good option. The tariff structure can also be 1126 
varied over the households in the LVRN to achieve a balance 1127 
in the consumption across the day.  1128 
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