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Abstract— Decentralized energy storage systems (ESSs) can 

provide great advantages to low-voltage (LV) distribution 

networks, enhancing the further penetration of photovoltaic (PV) 

systems in existing electrical grids. An ESS can locally absorb the 

PV produced energy during periods of high solar irradiation, 

thus alleviating potential overvoltages in distribution system, 

caused by reverse power flow. This work investigates the impact 

of battery ESSs operation when installed in residential PV 

prosumers. The charging process of the battery is activated when 

PV power exceeds a certain power threshold, mitigating the 

generation peaks in the grid. A sizing method is developed to 

estimate the capacity of ESSs, aiming to maximize prosumer self-

consumption ratio (SCR). The proposed methodology is tested in 

a real LV network with increased PV integration. Results verify 

the effectiveness of the developed method. Overvoltages are 

successfully avoided while prosumers’ SCR is maximized and 

storage utilization is preserved high. The methodology may 

constitute a useful tool for both distribution system operators 

and prosumers having storage systems. 

Keywords—Battery energy storage, low-voltage distribution 

grids, overvoltage, photovoltaic, self-consumption. 

I. INTRODUCTION 

Following European Union (EU) objective of at least 27% 
renewables share among final energy consumption by 2030, 

the recent "winter package" of the European Commission 
promotes new renewable energy resources (RES) integration 
schemes by empowering consumers to self-consume and store 
energy [1]. Additionally, the concept of nearly zero energy 
buildings (NZEB) has been introduced by the Energy 
Performance of Building Directive recast [2]. Considering also 
the requirement in the EU that all new buildings should be 
NZEB from 2020 onwards [2], a considerable amount of 
photovoltaic (PV) installations is expected to be connected to 
the electrical grid.  

The majority of residential PVs are connected to low-
voltage (LV) networks transforming passive distribution 
networks into active ones. Distribution system operators 
(DSOs) may encounter a series of technical issues in their 
attempt to preserve the reliable operation of the system. More 
specifically, high penetration of PVs may cause reverse power 
flow, voltage limit violations and overloading of equipment, 
while it may lead to malfunction of the protection systems [3]. 
Among others, overvoltage incidents that occur during high PV 
generation hours are the main restrictive factor for extending 
the PV hosting capacity of distribution networks [4]. 

To effectively address overvoltage issues caused by high 
PV penetration, several solutions have been proposed in 
literature. Among other solutions, the use of Energy Storage 
Systems (ESSs) in LV networks can mitigate the above-
mentioned problems [5]. In [6], a methodology is presented 
that identifies a power threshold, above which charging of 
ESSs is activated. This power threshold is carefully selected so 
that voltage violations along the feeder are avoided. In [7], 
different battery management scenarios are examined, based on 
forecasts of solar radiation and household load demand. 
Although the proposed method offers a schedule for charging 
and discharging ESS, the impact of prosumer’s installation on 
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the electrical grid is not examined. Predictive charge control 
strategies are developed for stationary PV battery systems in 
[8], however the impact of different control strategies on the 
network is not taken under consideration. 

In this work, a decentralized ESS control strategy is 
utilized, which schedules the battery charging during hours of 
high PV production, ensuring overvoltage mitigation, thus 
offering a peak generation shaving service to the grid. Initially, 
an analysis is performed to identify how this control strategy is 
affected by the installed ESS capacity and the PV penetration 
level of the feeder. Afterwards, a methodology is proposed that 
defines the ideal size of ESS in terms of maximizing the self-
consumption ratio (SCR) [9] of the prosumers. Furthermore, 
the proposed methodology complies to the above-mentioned 
peak shaving control strategy (PSCS). 

Different scenarios are analyzed by simulations on a real 
extended LV network with a high PV installed capacity. The 
ESS sizing methodology can be a useful tool for both system 
operators and prosumers, while the results demonstrate the 
positive impact of PSCS of decentralized ESSs on the LV grid. 

 The remaining of this paper is organized as follows: Firstly, 
Section II describes the PSCS. The methodology for sizing 
ESS is presented in Section III, while Section IV describes the 
system used for simulation studies. Section V demonstrates the 
results from different scenarios tested. Finally, Section VI 
concludes the paper. 

II. ESS CONTROL STRATEGY

 In this work, we consider the use of distributed battery 
ESSs operating at the prosumer side, also known as ESS 
behind-the-meter [10]. The ESS control approach followed in 
this paper includes a local control that complies with certain 
rules set by the DSO and is briefly presented in Algorithm 1. 
Specifically, it is assumed that the DSO sets a certain PV 
generation power as a threshold, above which prosumers may 
start charging their ESS, similar to the control strategy 
proposed in [6]. Following this control strategy, the ESSs 
charging operation mainly occurs during high PV generation 
periods, thus offering a peak generation shaving service. In this 
way, overvoltages along the feeder are effectively addressed, 
and the curtailment of green energy is avoided.  

 The control strategy is explained in detail as follows: the 
ESS controller charges the battery with the excess power ( exP ) 
as defined by (1), under the condition that PV generation 
power exceeds the power threshold ( thrP ), as described in (2).  

ex PV thrP P P     (1) 

peak
thr PVP k P    (2) 

On the other hand, when demand power surpasses the PV 
produced power, battery discharges to cover this difference 
( difP ), which is described as follows: 

dif L PVP P P    (3) 

where, PVP and LP  correspond to prosumer’s generated and 
demand power respectively. Threshold coefficient ( k ) is used 
to calculate each prosumer’s power threshold, varying between 
0 and 1. In this work, k is assumed to be common for all 
prosumers connected to the feeder and set by the DSO. 

peak
PVP corresponds to the monthly peak value of PV generation 

profile. 

 In all cases, the controller ensures that ESS operational 
limits are maintained: (i) charge/discharge power does not 
exceed the rated power of ESS and (ii) battery state-of-charge 
(SOC) is reserved between SoCmin and SoCmax. 

III. ESS SIZING METHOD

The main scope of the ESS control strategy described in 
Section II is to maintain network voltages within the acceptable 
limits set by the local DSO. When the charging process is 
activated during peak generation, a high amount of active 
power is absorbed by the ESS that otherwise would be injected 
to the grid causing undesired overvoltages. For this reason, 
DSO sets parameter k to a specific value for each month, that 
will guarantee the required generation peak shaving for 
overvoltage prevention. However, for the determination of k, 
prosumers’ ESS size (s) should be also taken into account to 
ensure an adequate battery capacity for the energy to be stored 
during peak shaving operation. 

 Since the determination of a suitable value for k is strongly 
related to the ESS size of each prosumer, we follow an iterative 
procedure to determine both values of k and s. Our method 
comprises power flow simulations using prosumer historical 
generation and consumption profiles. The proposed method is 
briefly explained in the flowchart of Fig.1. More specifically, 
the three steps are analyzed as follows: 

Algorithm 1: Pseudocode for the charging/discharging control 

1:    Define battery charge/discharge limits, i.e. 
max
chP ,

max
dischP  

2:    if Generation > Demand && Generation > Threshold 
3:  if Pex <

max
chP

4:  Battery charges at Pex 
5:  else if Pex >

max
chP

6:  Battery charges at max
chP

7:  end if 
8:    else if Generation > Demand && Generation < Threshold 
9:  Battery stays idle 
10:  else if Generation < Demand 
11:  if Demand < max

dischP  
12:  Battery discharges at Pdif 
13:  else if Demand >

max
dischP  

14:  Battery discharges at max
dischP  

15:  end if 
16:  end if 



Step-1: Import of required data. The required inputs for the 
proposed algorithm include the network configuration, as well 
as the annual generation and demand profiles of each 
prosumer. Moreover, the desired period for the analysis is 
imported. We propose the use of a period with high PV 
production for the ESS sizing.  

Step-2: Power flow simulations for various k and s. In this 
step, an exhaustive search [11] is conducted to examine all the 
possible combinations of k and s. It is worth mentioning that 
the same ESS size s is applied for all prosumers. Firstly, 
variables k and s are initialized and a power flow simulation is 
conducted for the selected analysis period to detect possible 
overvoltage incidents. If there are no overvoltages, the 
combination of k and s is saved to accepted solutions. This 
procedure is repeated for all possible combinations of k and s. 
Additionally, prosumers’ SCR is calculated at each iteration. 

Step-3: Determination of ideal ESS size for each prosumer. 
This step determines the ideal ESS size for each value of k, 
ensuring overvoltage prevention. In this step, ESS size is 
calculated under the following two options: 

Option-I) Equal ESS size for all prosumers. This routine 
specifies the lowest ESS capacity required for each k, assuming 
equal size of ESS for all prosumers. Finally, the value of k 
corresponding to the minimum ESS size is exported along with 
the ESS size.  

Option-II) ESS individual size for each prosumer. Through 
Option-I the lowest s and k are actually determined by the 
prosumer presenting the highest overvoltage at the point of 
common coupling, i.e. the prosumer connected at the most 
distant node from the transformer. However, this may result in 
over-dimensioned ESSs considering prosumers that are placed 
closer to the transformer. Option-II is designed to select a 
separate ESS size for each prosumer. More specifically, after 
selecting k value from Option-I, ESS minimum capacity for 

each prosumer is estimated, based on the following criteria:  
(i) overvoltage prevention at the prosumer point of connection 
to the grid, and (ii) maximization of the prosumer’s SCR. The 
proper size for each prosumer is selected from the accepted 
solutions produced by Step-2. After selecting the proper ESS 
size an extra power flow is conducted to validate that 
overvoltage prevention is ensured. 

 After ESS sizing, a simple procedure can be followed to 
better exploit the available capacity of ESSs during the whole 
year. For this purpose, k values are selected for the rest of the 
year using the technique presented in Algorithm 2, in terms of 
a pseudocode. 

IV. SYSTEM UNDER STUDY 

A. LV network configuration 

Different scenarios are analyzed by simulations on a real 
LV network of a Slovenian DSO, namely Elektro Gorenjska 
[12], as presented in Fig. 2. A number of 66 consumers are 
connected to the network. Furthermore, PV systems of 
different size are randomly placed at the prosumers 
installations. PV power and consumption profiles are obtained 
as described in [9]. 

B. Investigated scenarios 

Initially, a time-series simulation is conducted examining 
the case where no ESSs are installed on prosumers, aiming to 
estimate voltage limit violations, using the tool developed in 
[12]. The results showed that the highest overvoltage duration 
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Fig. 2 Single-line diagram of the LV network used for the simulation, [12].  

Algorithm 2: Pseudocode for k determination with predefined 

ESS sizes. 

1:   Import feeder configuration, generation and demand 
profiles, and ESS sizes 

2:   for k = 0 to 100 % 
3:          Calculate node voltages via power flow simulations 
4:   end for 
5:   Select lowest k that ensures overvoltage prevention 

 

Import

• Network configuration

• Generation profiles

• Demand profiles

• Analysis period

Threshold (k)

ESS size (s)

Calculate

• Node voltages 

• Prosumers SCR

via power flow simulations

Ideal ESS size & k

Start

s   smax
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Step 1
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Fig. 1 Proposed ESS sizing method. 

 



appears in July, therefore this month is selected as the analysis 
period for the ESS sizing, using the proposed method of 
Section III. Voltage permissible limits adopted for our 
investigation are defined as 0.95 p.u. and 1.05 p.u. The k and s 
values are varied between 0 - 100% and 0 - 20 kWp, with a 
step of 5% and 5 kWh, respectively. Li-ion battery is the 
chosen technology for ESSs, due to the better performance of 
this technology regarding lifetime, self-discharge rate and 
charge-discharge efficiency. The operating SoC range is 
selected from 20% to 90% of the ESS capacity. 

Three main scenarios are adopted to assess the impact of 
the ESS control strategy of Section II on the voltage profile of 
the network, as analyzed below: 

a) Scenario A: In this scenario, we calculate the ideal ESS 

size for prosumers using Option-I of the proposed method.  

b) Scenario B: Option-II of proposed sizing method is used 

to calculate prosumer’s individual ESS size. 

c) Scenario C: The network operates without ESSs. To 
maintain voltage within the permissible limits, DSO curtails 
active PV power at the point of the prosumer connection to the 
grid, above a predefined threshold, calculated by (2). A similar 
strategy is followed by German DSOs for residential PVs 
below 30 kWp [13]. 

 For the evaluation of ESS control strategy under different 
PV penetration levels of the feeder, four cases are utilized. 
Initially, PV systems within the range of 2.5 and 8 kWp are 
randomly added at 63 prosumers (Case I). Then, the PV 
installed capacity of each installation is increased by 0.5 kWp, 
1 kWp and 1.5 kWp, forming Cases II, III and IV, respectively. 

C. Storage utilization factor 

For the evaluation of battery ESS utilization throughout the 
period of a month, a new key performance indicator is 
introduced, i.e. storage utilization factor (SUF), using (4). 
More specifically, SUF indicates the exploitation of battery 
useful capacity, assuming a full charge discharge cycle per day. 

 
1

n
ch

d

d

i

E

SUF
n C





   (4) 

Where i refers to each prosumer, d denotes the time period of 
a day, n the number of days per selected month,

ch
dE the energy 

charged to the battery each day and C corresponds to the 
useful capacity of the battery. For a full charge and discharge 
cycle during the period of a day, SUF would result in a value 
of 100%, identifying battery’s highest exploitation. It is 
possible that SUF takes a value higher than 100%, indicating 
that battery has changed its operation (charge/discharge 
operation) multiple times during a day. 

 

Fig. 3. Voltage profile across the feeder below node 9. Comparison between 
absence of ESS (red spotted line) and scenario B (blue line), Case I, for the 

time with maximum voltage. SB refers to the source bus (MV side of the 

tranformer) and 1.05 p.u. refers to the upper limit of permittable voltage. 

 

Fig. 4. Storage utilization factor (SUF) of indicative prosumers for July. 

Comparison between Scenario A and B, for Case I. 

V. RESULTS AND DISCUSSION 

Six indicative prosumers are selected for the illustration of 
the results, namely prosumer 1 to 6. Prosumers 1 to 6 are 
connected to bus nodes 18, 9, 60, 75, 15, and 51 of the 
examined network, respectively, as noted in Fig. 2. The 
application of the proposed sizing method to the system under 
study results in the ESS sizes and k values of Table I. As 
discussed in Section IV, the time period of July is selected as 
the analysis period for the ESS sizing. The operation of 
selected ESSs under the PSCS investigated in this work 
guarantee that voltage is preserved within the operating limits, 
as demonstrated in Fig. 3 for a part of the feeder which 
presents the highest overvoltages. 

Focusing on Case I, the method resulted in k = 80%, 
meaning that all prosumers will start charging their batteries 
when their PV power exceeds the 80% of their peak 
production. As PVs size increases (Cases II-IV) the value of k 
is decreasing to absorb the higher power injected to the grid. 
Consequently, the required ESS size increases so that batteries 
can cover the higher energy quantity that should be stored 
when PPV > Pthr. 

 Under Scenario A, Case I, all prosumer ESSs have an equal 
size of 4.5 kWh, which is the lowest battery capacity required 
for the prevention of overvoltage occurrences. In Scenario B,  

TABLE I.  IDEAL ESS SIZE (KWH) FOR INDICATIVE PROSUMERS 

Case ka 
Scenario A  Scenario Bb 

Equal ESS size (s)  1 2 3 4 5 6 

I 80 % 4.5  2.5 2.5 3.5 2 2.5 4.5 
II 75 % 7  3.5 4 5 2.5 4 7 

III 65 % 11  6.5 7 9 6 7 13 

IV 60 % 14.5  9 9.5 9 9.5 9.5 16.5 
a. Values correspond to July. 

b. ESS size is presented per prosumer, for indicative prosumers 1 – 6. 

 



 

Fig. 5. Threshold parameter k throughout the year, under various PV 

penetration levels (Cases I - IV). ESS sizing under Scenario B. 

 

Fig. 6. Storage utilization factor (SUF) of indicative prosumers throughout 

the year, for Scenario B, Case I. 

Option-II of the proposed algorithm was used for ESS sizing, 
thus each prosumer owns an ESS of different capacity. 
Comparing the utilization of the batteries during July, it is 
found that Scenario B results in higher SUF for most 
prosumers than Scenario A. This is also shown in Fig. 4, where 
most prosumers raise their SUF indicating the efficient sizing, 
in terms of battery capacity exploitation. Prosumer 6 presents 
identical SUF for both Scenarios, since both methodology 
options (Option I and II) result in the same ESS capacity. 

 Exploring the utilization of batteries throughout the year, a 
k value is defined per month via Algorithm 2, for the case of 
Scenario B. Fig. 5 illustrates that k is reduced in months with 
low PV production, while it keeps higher values during months 
with higher solar irradiation, aiming to ensure an adequate 
battery capacity for the energy to be stored during peak 
production. On the other hand, during winter months when PV 
production is low, causing no overvoltages, batteries charge as 
soon as PV power exceeds demand (k = 0). Cases II – IV 
follow the same pattern. 

 Fig. 6 illustrates the SUF throughout the year, when ESS 
operate using monthly k of Fig. 5. All prosumers keep a high 
SUF throughout the year, excluding certain occasions during 
winter months, when PV production is not sufficient to fully 
charge the batteries of specific prosumers. Highest SUF are 
observed during months with intermediate PV production 
when k is lower: charging process starts earlier providing 
sufficient PV energy to fully charge the battery. 

 

Fig. 7. Self-consumption rate (SCR) of indicative prosumers a) 1, b) 2, c) 3 

and d) 6, for Scenario B and C, Case IV. 

 

Fig. 8. Self-sufficiency rate (SSR) of indicative prosumers a) 1, b) 2, c) 3 and 

d) 6, for Scenario B and C, Case IV. 

 The application of the proposed sizing method (Option II) 
achieves an enhancement of prosumer self-consumption. Fig. 7 
demonstrates this improvement of SCR comparing Scenario B 
and C, where no batteries are installed on prosumers. The 
integration of ESSs also rises the self-sufficiency of the 
residential installations under study, as illustrated in Fig. 8 by 
the use of SSR indicator [9]. Furthermore, the installation of 
decentralized ESSs eventually results in the prevention of 
green energy curtailment, which is shown in Fig. 9. For 
example, our investigation shows that due to ESSs, a 
curtailment of 23.5% of PV energy is avoided during July, 
concerning Scenario C, Case IV. 

 Finally, when applying Option-II of our proposed sizing 
method, it can be observed that defined ESS size over PV 
installed capacity, “kWh / kWp”, of all prosumer tend to a 
common value, as illustrated in Fig. 10. Here, ratio of all 
prosumers mean value is 0.61 kWh for every PV installed 
kWp. Similarly, Cases II – IV result in a ratio of 0.88, 1.44, 
and 1.73 kWh/kWp, respectively. The common value of this 
ratio could be used as a rule of thumb for the sizing of 
batteries, when utilizing our proposed methodology. 

VI. CONCLUSIONS 

 A sizing methodology for decentralized battery ESSs is 
presented in this paper. The ESS capacity of prosumers 
connected to a LV network is carefully calculated to comply 
with a certain PSCS, that schedules the charge of the batteries 
during peak PV production periods for the mitigation of 



 

Fig. 9. Percentage of curtailed energy per month, corresponding to Scenario 

C, over the potential total PV production of each month. 

 

Fig. 10. ESS capacity to PV installed size ratio under Scenario B, for Case I. 

overvoltages. The proposed method is capable of sizing ESSs 
under two different options: (a) considering equal size for all 
installations, (b) maximizing self-consumption of each 
prosumer. An additional algorithm is developed that calculates 
the required threshold for the PSCS for predefined ESSs sizes. 

For the evaluation of the method, simulations are 
conducted on a real extended LV network configuration, given 
the consumption and generation profiles of connected 
prosumers, assuming high PV penetration. The results show 
that the proposed ESSs sizing ensures the efficient operation of 
batteries, while overvoltages are minimized. Cases of increased 
PV penetration are considered and simulation results show that 
the efficient sizing and operation of decentralized ESSs permits 
the further integration of PVs in active LV networks.  

Additionally, a key performance indicator, i.e. SUF, is 
defined to assess the utilization of installed batteries. It is 
shown that the ESS usable capacity is efficiently exploited 
presenting a high SUF during the year. The developed 
methodology constitutes a useful tool for DSOs, to assess the 

required size of the decentralized ESSs to be connected on the 
grid, aiming at overvoltage mitigation, avoiding the curtailment 
of green energy. Further research will be focused on the 
evaluation of the sizing tool under different decentralized 
control strategies for ESSs and various feeder characteristics. 
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