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Abstract 

The integration of solar photovoltaic (PV) and electric vehicles (EVs) is increasing apace in residential low voltage networks. 

This rapid deployment has raised concerns to the distribution system operators (DSO) due to the technical issues associated 

with the high penetration of these technologies. In addition, battery energy storage systems (BESS) have attracted many 

prosumers due to their capabilities in cutting electricity bills by achieving a profitable energy arbitrage between the PV 

overgeneration and demand. In this paper, the impact of BESS deployment on a wide scale at the residential level is analysed 

for different operation strategies. Three BESS strategies are simulated for one-year for a residential feeder located in Northern 

Ireland. The results show that the integration of BESS can support the network by mitigating the negative impacts of PVs and 

EVs. However, their unsupervised operation on a wide scale can disadvantage network operation. Hence, heuristic management-

based incentive schemes should be established by DSOs that assure safe network operation and prosumers profitability.   

1 Introduction 

At the low voltage residential network (LVRN), rooftop 

solar photovoltaics (PVs) is giving rise to technical 

challenges with significant overgeneration infeed during the 

summer when the network is typically lightly loaded. In 

addition, the electrification of transport and heat using 

electric vehicles (EVs) and heat-pumps exacerbate the 

situation by increasing the peak demand significantly, 

especially during the winter. The negative impacts of these 

low carbon technologies (LCTs) with high uptakes at the 

LVRN can be observed in voltage violations and unbalance, 

thermal overloading, and high phase and neutral losses [1].  

These challenges have driven distribution system operators 

(DSO) to adopt innovative solutions to mitigate the 

drawbacks of high LCTs penetrations. One of these 

solutions is by incentivizing behind the meter battery energy 

storage systems (BESS) in return for supporting the 

network, such as the project reported in [2]. This project 

proved the efficacy of residential BESS in supporting 

network operation and flexibility. Residential BESS are 

mainly installed to minimize the electricity bill by 
maximizing the PV self-consumption and achieving a 

profitable energy arbitrage in the presence of time of use 

(ToU) tariffs which attracted many prosumers due to the 

unattractiveness of the current renewable incentives.  

It is anticipated that the deployment of residential BESS will 
increase in the next few years due to their ability to reduce 

electricity bills, the downward trend in their capital cost and 

the provision of services to the LVRN [2-7].  The operation 

strategies of these units can greatly affect their benefits to 

the network from the DSO’s perspective. For instance, an 

autonomous BESS installed in a dwelling will be operated 

to maximize the customer’s profitability by charging during 

the PV period and discharges when the demand exceeds the 
generation. This operation scheme does not focus on 

mitigating the overvoltage during the peak PV period, 

instead, the BESS charges when there is excess in the 

generation, hence, the BESS can be fully charged before 

peak PV generation occurs. The same for discharging, the 

BESS discharges when the demand exceeds the generation 

during high ToU tariff without focusing on the peak.  

This operation framework is understandable as the 

customers focus on their profitability; hence, BESS owners 

may be incentivized by the DSO to support LVRN during 

congestion periods. This can be achieved by assigning 

specific units in the LVRN to be ready to (dis)charge 

according to signals from the DSO [4]. However, these 

schemes require expensive and complex ICT infrastructure 

which is not affordable for all networks in addition to high 

compensations paid to the BESS owners. Moreover, other 

methods utilise the look-ahead forecasts to control the BESS 

[5]. However, the forecasting-based methods do not always 

guarantee practical solutions due to the forecasting errors 

besides its associated complexity. Furthermore, 
decentralized control techniques can be applied to support 

network operation [6]. Yet, these techniques require many 

inputs to operate efficiently and not all BESS controllers can 

easily be adjusted for these techniques. The simpler scheme 

is to use heuristic operation strategies by persuading BESS 

owners to operate their units according to pre-defined 

thresholds in return for reasonable compensations [2]. Yet, 
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the selection of these thresholds should be determined 

properly to maximize the benefits.  

It can be observed that several studies addressed the 

management of residential BESS to benefit the LVRN [2-6]. 

However, none of the studies published so far considered the 

long-term operational impact of their methods for the wide-

scale BESS deployment on the LVRN in the presence of 

different LCTs. Regarding the impact of residential BESS 

on the LVRN, the impact of high uptake aggregator-

controlled BESS on the LVRN has been addressed in [7]. 

The study showed that several network violations may exist 

with high penetrations of market-oriented residential BESS. 

Yet, to the authors’ knowledge, the autonomous operation 

impact of high uptake residential BESS on the LVRN has 

not been addressed in the literature to date.  

This paper investigates the impacts of autonomous 

residential BESS deployed on a wide scale for different 

heuristic operation strategies in the presence of PVs and EVs 

on the LVRN. The proposed work considers both the 

customers and DSO benefits. A case study is conducted over 

a full year for an actual LVRN that aims to answer the 

question: How can the residential BESS be operated to 

benefit both the customers as well as the DSO with lower 

costs, incentives, and complexity? 

2 Modelling  

2.1 Test Feeder  

A 397 m feeder with 6 nodes is adopted from a residential 

network located in Northern Ireland representing typical 

LVRN in the UK. The feeder is a three-phase four-wire and 

supplies 30 households distributed on 5 nodes as shown in 

Fig. 1. Each household is supplied by a single-phase, such 

that 2 houses/phase/node. The feeder data and specifications 

were provided by Northern Ireland Electricity Networks 

(NIE Networks), who are the DSO of Northern Ireland. 

 
Fig. 1 Test feeder simplified schematic  

2.2 Load and LCTs Profiles 

2.2.1 Households Consumption 

One-year half-hourly energy profiles for 30 houses were 

obtained from smart meter measurements of Low Carbon 

London (LCL) dataset by UK Power Networks [8]. 

2.2.2 EV Patterns 

In this work, two EV charger ratings are considered; 3 kW 

and 7 kW, and the charging patterns are developed using a 
probabilistic model. The charging start time is treated as a 

cumulative distribution function (CDF) using one-year 

measurements of a residential EV from the LCL dataset [8]. 

For each day, the first hour of the EV charging cycle is 

obtained. Afterwards, the daily values for one year are 

treated as a normal distribution function with (μ = 12.9478, 

σ = 8.4437). The charging end time is determined using the 

EV battery state of charge (SoC) and charger rating. The 

SoC is treated as a CDF (μ = 3.2125, σ = 0.6537) related to 

the daily travel distance assuming that the daily travel 

distance of an EV is identical to the traditional vehicle in 

agreement with [9] using the daily travel data from [10].   

2.2.3 PV Patterns 

Since PV generation patterns tend to be similar in the same 

geographical area, one-year generation PV profile for a 

house located in Northern Ireland was obtained for the 

4 kWp size from [11] and scaled according to each 

household’s PV system. The PV size (𝑃𝑉𝑠𝑖𝑧𝑒
ℎ ) installed at 

each household is calculated using the average daily 

household consumption (𝐸𝑎𝑣𝑔
ℎ,𝑑 ), average sun hours (𝑇𝑎𝑣𝑔

𝑠 ), 

and efficiency (𝜂𝑃𝑉): 

𝑃𝑉𝑠𝑖𝑧𝑒
ℎ =

𝐸𝑎𝑣𝑔
ℎ,𝑑

𝑇𝑎𝑣𝑔
𝑠

 × 𝜂𝑃𝑉                         (1) 

Where 𝜂𝑃𝑉 = 1.2 is an efficiency factor to compensate for 

the PV losses, and 𝑇𝑎𝑣𝑔
𝑠  is taken as 3.3 for Belfast, UK [12].  

2.2.4 BESS Patterns 

To generate BESS patterns, real-time strategies are 

developed that utilize rules and thresholds to (dis)charge the 

BESS. These strategies require the details for a BESS b 

represented in the capacity (𝐸𝑏
 ), maximum depth of 

discharge (DoD), BESS system efficiency (𝜂𝑏
 ), and power 

rating (𝑃𝑏
𝑚𝑎𝑥). These strategies update the SoC at time t as:  

𝑆𝑜𝐶𝑡,𝑏
 

 
=  𝑆𝑜𝐶𝑡−1,𝑏

 

 
+  

𝑃𝑡,𝑏
𝑐ℎ  𝜂𝑏

 𝜏

𝐸𝑏
 −

𝑃𝑡,𝑏
𝑑𝑖 𝜏

𝐸𝑏
 𝜂𝑏

                (2) 

Where 𝑃𝑡,𝑏
𝑐ℎ, and 𝑃𝑡,𝑏

𝑑𝑖  are the charging/discharging powers 

which are limited by the 𝑃𝑏
𝑚𝑎𝑥, and 𝜏 is the time interval. 

The BESS size of each household is determined as:  

𝐸𝑏
ℎ = 𝐸𝑎𝑣𝑔

ℎ,𝑑 × (1 + (100% − 𝐷𝑜𝐷)) × (1 + (100% − 𝜂𝑏
 ))  (3) 

The DoD is taken as 90%, and 𝜂𝑏
  is 95%. The BESS sizes 

obtained from this formula are rounded to the nearest sizes 
available in the UK market for residential lithium-ion BESS. 

3 Methodology  

One-year load profiles are assigned randomly to each house. 

For the EV patterns, 30 yearly EV charging patterns are 

generated (15 for 3 kW charger and 15 for 7 kW charger) 

and assigned randomly to each house. The PV and BESS 

sizes are determined for each house as per the commercial 

practice using Equations (1) and (3). The distribution of 

household’s consumption profiles and LCTs are given in 

Table 1. The Economy 7 ToU dual tariff [13] is adopted with 

17.19 p/kWh day rate and 9.59 p/kWh low rate (1 am-8 am), 

while 5 p/kWh is used for the exported power tariff [14]. 

For the BESS operation strategies, three threshold rule-

based strategies are tested. More details on the threshold 

rule-based strategies can be found in [15]. The first strategy 

(ST1) focuses only on the customer’s profitability, such that 

the BESS charges when the PV generation exceeds the 
households’ net demand (net<0) and discharges when the 

net demand exceeds the generation during high ToU rate 

period (net>0). The second strategy (ST2) focuses on 

benefiting the network with minimum loss in customer’s 
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profitability. This is achieved by adjusting the BESS 

controllers to charge during the spring/summer after 

10:00 AM to assure that the BESS contributes well in 

mitigating the PV peak impact, while during the 

autumn/winter the BESS charges like ST1 due to low PV 

production during these seasons. For the discharging, the 

BESS discharges if the demand exceeded the generation 

after 4:00 PM during the autumn/winter and during the 

spring/summer the BESS discharges like ST1 as the peak 

demand is moderate during these seasons.  

Table 1 Distribution of Households’ consumption, EV 

charger ratings, PV sizes, and BESS sizes 

House 

 # 

Node 

# 

Phase 

# 

Average 

daily load 

[kWh] 

EV charger 

rating 

 [kW] 

PV  

Size  

[kWp] 

BESS 

 

[kWh / kW] 

1 2 A 11.54 3 4.2 13.5 / 5 

2 2 A 17.88 7 6.5 15 / 3.3 

3 2 B 6.06 3 2.2 7.5 / 3.3 

4 2 B 9.36 3 3.4 12.3 / 5.5 

5 2 C 16.6 3 6 15 / 3.3 

6 2 C 20.63 3 7.5 15 / 3.3 

7 3 A 5.02 7 1.8 6.3 / 1.7 

8 3 A 11.93 3 4.3 13.5 / 5 

9 3 B 3.53 7 1.3 4.8 / 2.4 

10 3 B 3.14 7 1.1 4.8 / 2.4 

11 3 C 11.57 7 4.2 13.5 / 5 

12 3 C 7.52 3 2.7 9.6 / 4.2 

13 4 A 12.09 3 4.4 15 / 3.3 

14 4 A 11.17 7 4 13.5 / 5 

15 4 B 12.24 7 4.4 15 / 3.3  

16 4 B 9.01 7 3.3 12.3 / 5.5 

17 4 C 15.75 3 5.7 15 /3.3 

18 4 C 8.51 3 3.1 9.8 /5 

19 5 A 9.69 7 3.5 12.3 / 5.5 

20 5 A 3.54 3 1.3 4.8 / 2.4 

21 5 B 6.11 7 2.2 7 / 3 

22 5 B 4.86 7 1.8 6.3 / 1.7 

23 5 C 10.51 7 3.8 12.3 /5.5 

24 5 C 11.72 3 4.2 13.5 / 5 

25 6 A 9.72 7 3.5 12.3 /5.5 

26 6 A 12.55 3 4.5 15 / 3.3 

27 6 B 7.66 7 2.8 9.6 / 4.2 

28 6 B 17.41 3 6.3 15 / 3.3 

29 6 C 10.6 3 3.8 12.3 / 5.5 

30 6 C 19.26 7 7 15 / 3.3 

The third strategy (ST3) focuses on benefiting the LVRN 

according to a set of thresholds. In the spring/summer, the 

BESS charges after 10:00 AM when the net demand goes 

below the value of 
−𝑃𝑉𝑠𝑖𝑧𝑒

ℎ

𝑇𝑎𝑣𝑔
𝑠𝑠 , where 𝑇𝑎𝑣𝑔

𝑠𝑠  is the average spring 

/summer sun hours (taken as 5 hours for Belfast, UK [12]). 

In the autumn/winter, the BESS charges like ST1. For the 

discharging, the BESS discharges when the demand exceeds 

the value of 
𝐸𝑎𝑣𝑔

ℎ,𝑑

24
  throughout the year, yet the BESS 

discharges after 4:00 PM in the autumn/winter. These 

thresholds are introduced to charge during the PV peak and 

discharge during the peak load when the demand exceeds 

the average hourly consumption value. All the previous 

strategies charge the BESS in the autumn/winter during the 

night-time ToU rate with 50% of BESS residual capacity 

(average PV production drop in autumn/winter w.r.t. 

spring/summer [16]) using fixed power to achieve a 

profitable energy arbitrage by optimizing the ToU tariff. 

One-year time-series power flow simulations have been 

conducted for these cases: 1) 0% LCTs penetration: no PV 

or EV is installed at households. The LCTs penetration level 

is a percentage of the total number of households. 2) 100% 

LCTs: 100% of the households with EV and PV. 3) 100% 

LCTs and 100% BESS: all the households are having EV, 

PV, and BESS. The cases with BESS are conducted for the 

three BESS operation strategies mentioned previously.  

The following indices are considered in the assessment: 1) 

Node phase-to-neutral voltage, 2) Cable loading, 3) Voltage 

unbalance (VU), calculated using the approximated factor of 

the IEC true definition [17], 4) Phase losses, 5) Neutral 

losses, 6) Annual electricity bill, and 5) BESS degradation.  

4 Results and Discussion 

The results show that the deployment of LCTs may cause 

severe violations that should be monitored and handled by 

the DSO. The node voltage rises with the increase of PV 

penetrations along the feeder, however, node 6 (N6) had the 

severest impact due to its far location from the transformer. 

To analyse the impact of LCTs on the node voltage, the 

voltage distribution during PV period (phase c) as a function 

of the occurrence probability for N6 throughout the 

spring/summer is shown in Fig. 2. It is noticed from Fig. 2 

that all the strategies managed to improve the voltage 

distribution around 1 p.u. (240 V). However, ST1 did not 

mitigate the events with high voltages. ST2 achieved better 

results in voltage enhancements compared to ST1. While 

ST3 effectively managed to reduce the occurrence of 

overvoltage events compared to the other strategies.  

 

Fig. 2 N6 voltage (phase c) throughout the spring/summer 
for the case of 100% LCTs with and without BESS   

In the UK, the acceptable voltage limits for the low voltage 

networks defined by ESQCR are +10% / -6% (216.2V – 

253V). According to the previous results, phase c violated 

the 1.1 p.u. limit for different events throughout the year. 

ST1 and ST2 decreased these events by 52%, and 68.5% 

respectively. While ST3 managed to solve all these 

violations. Generally, the three strategies managed to reduce 

the events of voltage above 1.06 p.u. by 65% (ST1), 70.5% 

(ST2), and 84% (ST3). In order to evaluate the impact of 

residential BESS and LCTs on the cable loading. The main 
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feeder (L1) that connects node 1 to node 2 has been observed 

and the probability distribution results are given in Fig. 3. 

 
Fig. 3 L1 loading (phase c) throughout the year for the case 
of 100% LCTs with and without BESS  

As shown in Fig. 3, the existence of PVs and EVs lead to 

elevated cable loading due to the high demand during winter 

and the high reverse power flow during the summer. ST3 

and ST2 optimized the high loading events, however, ST3 

achieved better results by optimizing all the events above 

80% by 54% compared to ST2 (17.6%). It can be observed 

that ST1 did not mitigate cable overloading. This is because 

ST1 solely considers the customer’s profitability and hence, 

peak events would only be mitigated by accident. 

Additionally, it is interesting to observe that with high 
penetration of residential BESS on the network, new peaks 

can be formed during the night-time ToU rate as many units 

are charging at the same time combined with other demands, 

i.e., EV charging and other loads which may lead to 

congestion. This can particularly be observed with ST1 and 

partially with ST2, as during these strategies there is no limit 

for discharging and hence, at the end of the day the BESS 

will be probably completely discharged and ready to charge 

during the night. While for ST3, the BESS may not be fully 

utilised or be idle in the days with low demand and so only 

a small portion of the capacity is charged at night.  

To assess the impact of LCTs and BESS on VU, the VU 

distribution for nodes 5 and 6 are given in Fig. 4. The 

increase of LCTs deployment affects the VU due to the 

unmanaged increase in PV generation and EV demand 

across the phases.  Moreover, the autonomous operation of 

LCTs and BESS may unintentionally improve the voltage 

unbalance across the nodes. However, in some cases, the 

high penetration of these technologies may worsen the VU 

as shown in Fig. 4, especially with ST1 and ST2. 

 
Fig. 4 VU for N5 and N6 throughout the year for the base 

case and the case of 100% LCTs with and without BESS  

Regarding the losses incorporated in the phases and neutral 

(see Fig. 5), the existence of LCTs increases the losses in 

both phases and neutral by 59.5% and 117% respectively. 

The presence of BESS can slightly reduce losses for ST2 and 

ST3 averagely by 8%. However, ST1 leads to an increase in 

phase losses by 8.5% as it does not focus on the peaks 

besides the frequent charging of ST1 during low ToU tariff. 

 
Fig. 5 Total annual energy losses for the LVRN feeder 

To evaluate the impact of residential BESS with different 
strategies on the electricity bill, the annual electricity bill 
with and without the BESS for the case of 100% LCTs is 
shown in Fig. 6 (a). As expected, the best customer 
profitability can be achieved with ST1, as the electricity bill 
increased on average by 5% and 15% for the case of ST2 
and ST3 respectively. The DSO should compensate for this 
loss in profitability for a return of supporting the network by 
operating their units using ST2 or ST3. 

 
Fig. 6 (a) Annual electricity bill for each household, (b) 
residual BESS capacity percentage at the end of 10 years 

Furthermore, BESS degradation is quantified for each 

strategy using the cycling ageing model in [18]. The 

rainflow cycle counting algorithm [19] is used to capture the 

inputs required for the BESS degradation model at the end 

of one-year operation, and the results are scaled for 10 years. 

The residual BESS capacity at the end of 10 years is shown 

in Fig. 6 (b). The results show that the BESS degrades faster 

(a)

(b)
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with ST1 as the BESS operates more frequent than ST2 and 

ST3. For ST3, the BESS preserves its capacity for longer 

periods as the average loss in the BESS capacity throughout 

10 years operation of all the households is 5.3%.  

5 Conclusion 

The integration of LCTs on the LVRN will lead to different 

challenges that should be handled by DSOs as shown in the 

previous analysis. Relying on residential BESS in mitigating 

these challenges is an attractive option due to the associated 

low costs and complexity in addition to the benefits to both 
customers and DSOs. However, the residential BESS should 

be managed properly, especially, on a wide scale. This can 

be achieved unsophisticatedly by operating residential 

BESS to benefit the network (e.g., using ST3) in return for 

reasonable incentives from the DSO.  

From the results, it should be noted that any incentive 

scheme should include network losses and BESS 

degradation. For instance, ST1 will lead to a lower 

electricity bill, fast degradation, and high energy losses, 
while ST3 will lead to a higher electricity bill than ST1, 

slower degradation, and lower energy losses. This should be 

monetized in the incentives as the BESS operates with ST3 

will last longer and has a better impact on network losses 

compared to ST1.  

In the coming years, residential BESS will be a valuable tool 

for achieving net-zero carbon targets. DSOs should 

introduce attractive incentives to encourage customers to 

install these units to benefit the network through proper 

utilization. This will help in mitigating the negative impacts 
of LCTs on the network and may avoid or defer the need for 

conventional reinforcements as well as reducing or 

preventing the curtailments associated with PV 

overgeneration or high demand.   

For future work, the impact of high uptake of controlled EV 

on the LVRN as well as the incentive schemes and policies 

may be investigated in addition to adopting households’ 

consumption profiles and various PV patterns in high 

temporal resolution for the same geographical area to 

provide more accurate results. 
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