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Abstract

Passive distribution networks tend to become active, due to the high penetration of pho-
tovoltaic units, battery energy storage utilization and their combined active participation
to distribution network operation. In this paper, a framework for the assessment of the
impact of photovoltaic and battery energy storage systems on voltage profiles, power
losses and reverse power flow phenomena of active distribution networks is proposed.
Also, the utilization of photovoltaic and battery energy storage systems is evaluated. The
proposed methodology is applied to statistically analyse results obtained from annual
timeseries power flow calculations in a real 18-bus low-voltage network over a range
of operating conditions; the obtained results are quantified using a set of probabilistic
indices. The proposed framework can be a useful tool for distribution system operators
to identify operational challenges and ensure the optimal exploitation of end-user and
network assets.

1 INTRODUCTION

The need for clean and sustainable power becomes more crit-
ical than ever due to the negative environmental impact of the
conventional power plants. For this reason, in the last decades,
the installation of distributed generation (DG), and especially
photovoltaics (PVs) in the low-voltage (LV) distribution net-
work has been significantly increased leading to the gradual
conversion of the conventional passive distribution networks
to active ones [1]. In particular according to [2], active dis-
tribution networks (ADNs) are “distribution networks with a sig-

nificant amount of distributed generation (DG) which at specific peri-

ods of time (e.g. at minimum loading conditions) is a net exporter of

active power, but at other times (e.g. at maximum loading conditions)

may be a net importer of active power”. In this context, DGs can
contribute to reduced network power losses, voltage profile
improvement and participate in the distribution network oper-
ation by providing ancillary services [3,4]. Nevertheless, the
increasing penetration of DGs in ADNs poses unprecedented
technical challenges to the network operators, jeopardizing the
reliable operation of power systems, for example, power fluctua-
tions [5], voltage rise [6,7] and network component overloading
[8].
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Therefore, the systematic evaluation of the impact of DG
units on the performance of ADNs is very important. For this
purpose, index-based approaches have been proposed to quan-
tify the impact of DG units on the critical operating parameters
of ADNs. Specifically, in [9] the technical benefits of DG incor-
poration regarding voltage profiles, line losses and environmen-
tal reduction are quantified by employing a set of probabilis-
tic indicators. In [10] an index-based methodology is proposed
to correlate reverse power flow (RPF) incidents to voltage limit
violations. In [11], a comprehensive framework is presented to
assess the effect of residential PVs on a real LV network. The
framework utilizes a set of technical indicators regarding voltage
violations and network congestion phenomena to identify the
most cost-effective grid reinforcement investment ensuring the
reliable grid operation. However, both [10] and [11] investigate
only three-phase balanced networks. Furthermore, in [12,13] a
set of indices is proposed to evaluate the impact of net-zero
energy buildings (NZEBs) on the performance of the electricity
grid.

Moreover, the rapidly developing battery energy storage
(BES) technology [14] at the residential level, alongside PV sys-
tems, can improve the household selfsufficiency and provide
a variety of ancillary services [15]. In the relevant literature,
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several papers [16–20] can be found, investigating the impact
of PV-BES systems on the performance of ADNs. In [16],
the effect of roof-top solar PVs and residential BES systems
on a South African LV network is examined to identify the
least penetrative size of units improving the technical and eco-
nomic performance of the utility grid and end-users. In [17],
a methodology is proposed to evaluate the impact of PV-BES
on power losses and voltage profiles in an Australian LV net-
work. Nevertheless, in both the above analyses, there are no
technical indices utilized to systematically quantify the bene-
fits of residential PV-BES systems. In [18], the impact of vary-
ing capacity sizes of BES systems on load matching capabili-
ties of residential prosumers is investigated utilizing well-known
load matching indicators. However, the impact of BES on grid
parameters is not evaluated. In [19], the effect of BES and
PV systems operation is examined employing a voltage stability
and quality index. In addition, in [20], apart from the system-
atic evaluation of network voltages using performance indica-
tors, the power flow through network elements is also assessed.
Although, both [19,20] focus on the analysis of the network per-
formance; the effect of BES utilization on LV prosumers is not
considered.

According to the above analysis, it can be deduced that lit-
erature lacks a comprehensive methodology to investigate dif-
ferent technical aspects emerged in modern LV networks, both
from the end-user’s and also from the system operator’s per-
spective. This paper aims to fill this gap by introducing a gener-
alized framework for the impact assessment of PV-BES systems
on both end-users’ behaviour and the operation of ADNs. The
proposed framework is generalized in the sense that it can be
applied to any LV network regardless of its configuration, oper-
ating conditions, PV and/or BES system control strategies etc.
In particular, the main strengths and contributions are summa-
rized below:

1. The proposed framework involves statistical analysis of tech-
nical indices calculated by performing timeseries power flow
simulations on annual basis. Furthermore, a set of probabilis-
tic indices is introduced to evaluate the load matching capa-
bilities and PV-BES system utilization of end-users (end-
user-oriented analysis) as well as to quantify the impact of
PV-BES systems on the network performance, in terms of
voltage profiles, power losses and RPF incidents (network-
oriented analysis). The proposed indices are partly adopted
from literature and modified in a probabilistic manner, or
mostly new ones are developed based on a previous study of
the authors [21].

2. The proposed approach can constitute a generalized tool
useful for both end-users and system operators. Specifically,
end-user analysis can be used to investigate the integration
of PV-BES systems and evaluate different types of demand-
side measures [22]. Network-oriented analysis can provide
valuable information during the network planning phase by
identifying operational challenges and ensure the optimal
exploitation of network assets on the basis of PV-BES sys-
tem control strategies.

FIGURE 1 Flowchart of the proposed methodology

The rest of the paper is organized as follows: In Section 2, the
proposed methodology and evaluation indices are presented.
The simulation model and the examined network operating sce-
narios are described in Sections 3 and 4, respectively. Results are
analysed and discussed in Section 5. Finally, Section 6 summa-
rizes the most important remarks of this work.

2 METHODOLOGY

The proposed framework is depicted in the flowchart of
Figure 1. The core of the methodology is the statistical
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analysis of the results and the evaluation indices obtained on
the basis of quasi-static analysis of LV ADNs. This involves the
following main steps:

1. Quasi-static simulations: timeseries power flow analysis is
conducted by using annual load and PV production time-
series; different scenarios and end-user operating conditions
are considered. The annual timeseries of power demand and
PV production, the grid configuration as well as the required
parameters regarding the operating scenario are used as
inputs to the power flow problem. In this step, BES system
degradation is also estimated.

2. End-user-oriented analysis: this analysis focuses on the eval-
uation of the end-users and the corresponding PV-BES sys-
tem performance. This is achieved by calculating three load
matching indices proposed in the relevant literature as well as
by introducing a new index regarding BES system utilization.
In this step, BES degradation is also evaluated.

3. Network-oriented analysis: the impact of the examined sce-
narios on the grid operation is assessed by analysing the
calculated voltage levels, power losses and active or reac-
tive power flows at the distribution transformer. In partic-
ular, voltage assessment is performed in terms of voltage
magnitude results as well as of a set of probabilistic indices.
The impact of PV-BES systems on the ADN power losses
is investigated in terms of decomposition to distribution
line and BES losses. Finally, RPF incidents are examined by
means of statistical analysis.

All steps of the proposed framework are described in detail
in the following subsections.

2.1 End-user-oriented analysis

Different indices have been proposed to evaluate the sizing of
PV systems according to the end-user’s load profile [23]. How-
ever, the everincreasing installation of BES systems necessitates
revisiting the existing indices describing their load matching
capabilities [23]. In this context, the revisited self-consumption
rate (SCR) is defined in (1) to evaluate the PV produced energy
that is directly consumed on-site or stored in the BES system
[23].

SCR (%) =
C + E

B +C + D
. (1)

Accordingly, to assess the load energy covered by the PV pro-
duction and the BES stored energy, the revisited self-sufficiency
rate (SSR) index is used [23]:

SSR (%) =
C + E

A +C + E + F
. (2)

Here, as it is shown in Figure 2, Α and F denote the load
energy covered by the grid, Β and C indicate the excess of
the PV produced energy and the self-consumed energy, respec-

FIGURE 2 Daily power profiles of typical PV-BES prosumer

tively; D and E stand for the surplus PV energy stored in the
BES and the energy supplied to the load by the BES, respec-
tively.

SCR and SSR can be used to qualitatively evaluate the PV pro-
duction share [22]. Considering quantitative analysis, the loss of
load probability (LOLP) is adopted, expressing the percentage
of time (tPnet>0) that the PV and BES system do not cover load
demand [22]; LOLP is calculated as:

LOLP (%) =
tPnet>0

T
, (3)

where Pnet is the netted power at the prosumer’s bus and T is
the time under consideration. Note that, if Pnet is positive, the
PV-BES prosumer consumes energy from the grid.

To specifically evaluate the performance of the BES system,
the battery utilization index (BUI) is introduced; BUI is the
ratio of the annual energy yield (Ech/disch) during BES charg-
ing/discharging process to the annual energy yield (Erated) on
the basis of BES rated characteristics, as shown in (4):

BUI (%) = Ech∕disch
/

Erated, (4)

where Ech/disch and Erated are calculated by (5) and (6).

Ech∕disch (kWh) =
8760∑
k=1

E
ch∕disch
oper (k), (5)

Erated (kWh) = 365 ⋅ Emax ⋅ DoD, (6)

where Eoper is the charging/discharging energy during the BES
operation, DoD is the maximum depth of discharge, and Emax
is the maximum energy content (capacity) of the BES.

2.2 Network-oriented analysis

Initially, as a general assessment of the network voltage perfor-
mance, the voltages at buses, where end-users are connected,
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are statistically analysed by using cumulative distribution func-
tions (CDFs). The scope of this analysis is to identify general
trends in the overall system performance. In this context, the
voltage level quantification index (VLQI) is also adopted, to
systematically quantify the impact of the PV/PV-BES systems.
The VLQI was originally introduced in [9]. Nevertheless, the
implementation therein assumes that all network buses are of
the same importance, which is not valid in real distribution net-
works. To consider the behaviour of the most critical network
buses accordingly, the VLQI is modified by introducing sensi-
tivity theory. Moreover, the VLQI is extended to be applied for
statistical analysis. The proposed probabilistic VLQI is defined
as:

VLQI =
1

8760
⋅

8760∑
k=1

(∑N

n=1 vn (k) wn

)
ADN(PV∕PV−BES)(∑N

n=1 vn (k) wn

)
Passive

, (7)

where k is the discrete time step, N is the number of network
buses, vn is the normalized positive-sequence voltage at bus n

and wn is the sensitivity of bus n with respect to active power
variations of the same bus (𝜕Vn∕𝜕Pn); it is derived by means of
(8) [6]:

[
Δ𝛿

ΔV

]
= J−1

[
ΔP

ΔQ

]
=

⎡⎢⎢⎢⎢⎣

(
𝜕𝛿n

𝜕Pn

)
N×N

(
𝜕𝛿n

𝜕Qn

)
N×N(

𝜕Vn

𝜕Pn

)
N×N

(
𝜕Vn

𝜕Qn

)
N×N

⎤⎥⎥⎥⎥⎦
[
ΔP

ΔQ

]
.

(8)

Here, J−1 is the inverse 2Ν × 2N Jacobian matrix

with elements, the partial derivatives, (
𝜕𝛿n

𝜕Pn

)N×N , (
𝜕𝛿n

𝜕Qn

)N×N ,

(
𝜕Vn

𝜕Pn

)N×N and (
𝜕Vn

𝜕Qn

)N×N ; ΔV is the voltage magnitude and

angle (Δδ) variations with respect to active (ΔP) and reactive
(ΔQ) power changes. Alternatively, for the calculation of wn a
simplified approach can be adopted [24]:

wn = −
1

Vnom

∑
ab∈[T F sd ,n]

Rab, (9)

where Vnom is the nominal network voltage at the end-user’s
side and Rab is the total resistance of the path ab, connecting the
secondary of the distribution transformer to bus n. Note that, in
(7) the numerator corresponds to ADN operation, that is, end-
users with PV or PV-BES systems, while the denominator to
passive operation.

Voltage sensitivity can be also studied on the basis of 𝜎2
n,h

, the

mean voltage variance index. 𝜎2
n,h

has been introduced to statis-
tically analyse voltage variations during the day; it is defined for
each network bus as:

𝜎2
n,h
=

1
D − 1

D∑
d=1

||Vn (d , h) − V̄n (h)||2, (10)

where D is the total number of days, that is, 365, Vn(d,h) is the
voltage magnitude of bus n at day d and hour h, while V̄ (h) is
the annual mean voltage for hour h. It should be noted that, by
using wn and 𝜎2

n,h
the most critical buses, in terms of sensitivity

to voltage changes can be identified. In this sense, the network
operators can target their analysis to these buses, instead of per-
forming network global assessment.

Furthermore, to evaluate the severity of the voltage unbal-
ance caused by single-phase or unbalanced loads, a set of indices
is used; it contains the zero- and negative-sequence voltage
unbalance factors, defined by (11) and (12), respectively [25].

VU F0(%) =
V0

V1
⋅ 100% , (11)

VU F2(%) =
V2

V1
⋅ 100% , (12)

where V0, V1 and V2 are the zero-, positive- and negative-
sequence voltages, respectively.

For the evaluation of the effect of the PV-BES operation on
the total ADN power losses, the losses reduction index (LRI)
and the losses to load ratio (LLR), defined in (13) and (14),
respectively, are used.

LRI (%) =
ΣPLosses(ADN)

ΣPLosses(PassiveNetwork)
, (13)

LLR(%) =
ΣPLosses(ADN)

ΣPLoad
, (14)

where ΣPLosses(ADN) and ΣPLosses(PasssiveNetwork)are the system
losses (line and BES system losses) for ADN and passive net-
work operation, respectively; ΣPLoadis the total load demand.
Both indices can be used to determine the optimal PV pen-
etration level in terms of minimum system losses. Note that,
LRI and LLR were originally proposed to evaluate the impact
of DGs on distribution networks [9,26]. In this work, LRI and
LLR are modified to analyse PV-BES prosumers; thus, apart
from line losses, BES losses are also included in (13) and (14).

Finally, increased DG penetration in LV grids may result
in undesired RPF in terms of upstream network power flows.
Therefore, the analysis of active or reactive power at the sec-
ondary of distribution transformers can provide valuable infor-
mation to the system operator to identify possible cases of RPF,
assess their severity and ensure the reliable operation of the grid
without violating technical limitations.

In this regard, Quantile-Quantile (Q-Q) plots are used. A Q-
Q plot is a graphical method for determining whether two sets
of sample data, for example., Q1 and Q2, correspond to the same
distribution, by plotting their quantiles against each other. If the
compared distributions are similar, the samples in the Q-Q plot
follow a linear pattern, that is, y = x. This implies that, Q-Q
plots can be used as graphical means to analyse the shape of
the data distribution and extract statistical measures [27]. In this
sense, the impact of different operating scenarios on the power
flow at the distribution transformer is systematically assessed by
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FIGURE 3 Single-line diagram of the ADN

investigating the similarities or differences between the corre-
sponding active power data.

3 SIMULATION MODEL

In this section, the input data of the proposed framework, that
is, the test network, the load and PV production data, the BES
characteristics and control strategies, as well as the modelling of
the BES are described. The simulation model and used data are
available in [28].

3.1 System under study

Annual timeseries simulations of 1-h resolution (8760 samples)
are conducted in the Open Distribution System Simulator
(OpenDSS) software. OpenDSS is an open-source multipur-
pose distribution system analysis tool and it is mainly utilized to
solve the power flow problem in power systems employing an
iterative power flow algorithm, namely the “Current Injections
Mode” [29]. Data postprocessing of the timeseries has been
applied to remove possible corrupted measurements, caused
by instrument failures, communication errors or telemetry loss.
The single-line diagram of the examined ADN is depicted
in Figure 3. Note that, the number in the brackets denotes
the network bus number. The examined ADN is a radial
three-phase LV network with a base frequency 50 Hz, con-
sisting of 18 buses and a 630 kVA, 20 kV/0.69 kV delta-wye
distribution transformer. The positive- and zero-sequence line
impedances are: Z1 = 0.215 + j0.334 Ω/km and Z0 = 0.363 +

FIGURE 4 Daily average profile patterns of each load class

j1.556Ω/km, respectively. The ADN consists of 11 three-phase
residential end-users classified into two main groups, that is,
Group #1 and Group #2. Group #1 contains end-users L1–L5
(denoted with blue), each of 15.66 kVA rated apparent power
(S) and power factor (pf) 0.96 lagging; Group #2 corresponds to
L6–L11 (denoted with red), each of S = 9.49 kVA and pf = 0.95.

3.2 Load timeseries

Annual residential electricity profiles from the National Renew-
able Energy Laboratory (NREL) dataset are used. Specifically,
electricity data of the West Coast region of USA are selected,
since this region presents high resemblance to the Mediter-
ranean climate [30]. Load data of 2528 households are catego-
rized into four main load classes, namely Res. 1–4. By averaging
the annual profiles of the end-users belonging to the same load
class, the representative (mean) annual profile (8760 samples) of
the load class is obtained. Each of the load classes is then nor-
malized based on the corresponding maximum power and the
normalized timeseries is generated. For ease of simplicity the
daily profile (24 samples) of each load class, based on the nor-
malized timeseries, is plotted in Figure 4 as the average of the
samples corresponding to the same time interval of the day.

3.3 PV timeseries

The annual PV timeseries are obtained by the online simula-
tion tool of [31], allowing to perform calculations of the hourly
power output of PV systems. The PV model input is the hourly
incident solar irradiation for 35o tilt and 180o azimuth of PV
modules located in the region of Xanthi, Greece; the generated
power is calculated, assuming 10% PV system losses and PV
size 1 kWp, corresponding to 1 p.u. base. In Figure 5 the aver-
age daily profile of PV production in p.u. is presented.
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FIGURE 5 Average daily production profile

3.4 BES modelling

Each ADN prosumer can also employ a BES system. The BES
modelling is described by the energy content (E) at each time
instant t, given in (15):

E (t ) = E (t − 1) + 𝜂c ⋅ Pc (t ) ⋅ Δt −
1
𝜂d

⋅ Pd (t ) ⋅ Δt , (15)

where Δt is the time step, Pc and Pd are the BES charging and
discharging power, respectively; ηc and ηd are the corresponding
charging and discharging BES efficiency.

In addition, the aging model proposed in [32] is used to esti-
mate according to (16) the capacity degradation of lithium-ion
BES under different control strategies (CSs).

capd p = 1 − 𝛼e−𝛽⋅ fd − (1 − 𝛼) e− fd . (16)

Here, capd denotes the BES capacity degradation during time
period p, α and β are parameters determined by experimental
data and fd is the degradation rate factor. The last parameter
depends on: (a) the state of charge (SoC) of the BES, (b) the
depth of discharge (DoD), (c) the BES temperature, (d) the cal-
endar degradation rate and (e) the number of cycles over the
BES system lifetime obtained by the rainflow counting algo-
rithm [33].

Among a variety of BES CSs, two of the most well-
established CSs are examined, namely CS1 and CS2. These CSs
have been employed to demonstrate the application of the pro-
posed assessment framework under specific network operat-
ing conditions. Nevertheless, the proposed framework is gen-
eralized, thus different types of BES control schemes, man-
agement strategies (aggregated or individual) and optimization
techniques for BES utilization [34–36] can be incorporated
to evaluate their effectiveness and applicability under different
cases. The examined CSs are further discussed in detail:

BES CS1: This CS is widely used by prosumers to max-
imize their self-consumption. According to this CS,

Algorithm 1 BES CS1

1: if Pload ≥ PPV

2: BES discharges

3: else

4: BES charges

5: end if

Algorithm 2 BES CS2

1: if PPV ≥ 0.7⋅ΡPVnominal

2: BES charges

3: else if PPV = 0

4: BES discharges

5: end if

the BES charges when the load demand (Pload) is
lower than the generated PV power (PPV). Other-
wise, the BES discharges. Algorithm 1 summarizes this
procedure.

BES CS2: This strategy is designed by taking into account
only the PV generated power. It is a common con-
trol scheme employed in Germany to avoid excessive
PV production [37]. Specifically, when the generated
power exceeds 70% of the nominal PV peak power
(PPVnominal), the BES starts charging. Otherwise, if there
is no PV production, the BES discharges. This process
is described by Algorithm 2.

The BES operation is constrained by its characteristics,
depending on the technological type. The BES characteris-
tics are also incorporated in the simulation model. Specifi-
cally, for Group #1 a 10 kWh lithium-ion manganese oxide
(LMO) BES is assumed with characteristics: Pc = Pd = 5 kW,
ηc = ηd = 95% and DoD = 80%. Accordingly, for Group
#2, a 6 kWh LMO BES is used with Pc = Pd = 3 kW,
ηc = ηd = 95% and DoD = 80%. Note that for both
prosumer types, the BES are sized according to the corre-
sponding end-user’s demand. Specifically, the Pc and Pd are
selected to cover 33% of the maximum load demand. Addi-
tionally, the BES power to energy ratio is considered equal to
50%.

4 SIMULATION PROCEDURE

Several scenarios are performed and the effect of various
parameters to the ADN performance is evaluated. The exam-
ined network operating scenarios are:

∙ Passive network (reference): all network LV end-users con-
sume energy.

∙ PV ADN: all LV end-users are PV prosumers.
∙ PV-BES ADN: all LV end-users are PV-BES prosumers.
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TABLE 1 Examined cases of BES parameters

Capacity (kWh) Power (kW)

Group Group

Case Description #1 #2 #1 #2

1 Reference case 10 6 5 3

2 Power decrease (50%) 10 6 2.5 1.5

3 Power increase (50%) 10 6 7.5 4.5

4 Capacity and power increase
(50%)

15 9 7.5 4.5

5 Capacity and power increase
(100%)

20 12 10 6

TABLE 2 Load allocation across three phases

Phase Group #1 Group #2

A 40% 20%

B 35% 30%

C 25% 50%

At each scenario, the PV penetration level, that is, the per-
centage of the PV size to the load nominal apparent power at
each bus as well as BES characteristics, that is, power and max-
imum energy content were assumed varying. The PV penetra-
tion ranges from 50% to 100%; the examined cases regarding
the BES characteristics are described in Table 1. Note that, in
all cases the same load and PV production timeseries is applied
to all end-users.

Additionally, a set of simulations to assess network unbal-
ance conditions are performed. In particular, Group #1 and
Group #2 load is assumed being allocated unevenly to the sys-
tem three-phases according to Table 2.

5 RESULTS

In this section, results obtained for the different network oper-
ating scenarios and cases of BES characteristics are analysed in
terms of load-matching, PV-BES utilization, voltage profiles,
power losses and RPF incidents.

5.1 End-user-oriented analysis

5.1.1 Load matching assessment

First, the load matching capabilities of the end-users are exam-
ined. In Figure 6 the SCR variation against PV penetration is
presented for all cases and load patterns; both BES CS1 and
CS2 are considered. Note that, SCR is calculated on annual
basis. In general, the use of the BES system improves SCR;
this is more marked for higher penetration levels. In addition,
as PV penetration increases SCR decreases, since B and D of (1)

increase accordingly. Comparing CS1 and CS2, it can be real-
ized that SCR is higher in the former case. This is attributed
to the fact that in CS1 priority is given to the coverage of load
demand, resulting into higher amount of selfconsumed energy
and consequently to lower PV energy surplus and stored energy
in the BES system. Regarding the effect of BES characteristics
for CS1, it is shown that for Cases 2 and 3, that is, BES power
modification, SCR is almost similar to that of the reference Case
1. In addition, SCR increases as BES capacity increases (Cases
4 and 5), since higher amount of BES energy is available to
cover the load demand. Considering CS2 it can be observed
that for low penetration levels SCR acquires higher values as the
power to energy ratio of BES decreases. On the other hand, for
higher penetration levels, for example, >80%, it is shown that
SCR increases with BES capacity. Similar results have been also
obtained for SSR, thus are not further analysed.

The annual LOLP against PV penetration is plotted in Fig-
ures 7(a) and 7(b) for BES CS1 and CS2, respectively, assum-
ing Res. 4. It can be generally seen that LOLP is a decreasing
function of PV penetration. In particular, considering CS1 the
use of BES systems results to lower LOLP than that for the
PV ADN scenario. This becomes more marked as the BES
capacity and/or power increases. Considering CS2, results in
Figure 7(b) are not that evident. For low penetration levels, a
different behaviour is observed compared to CS1, that is, higher
LOLP by using BES systems. For Cases 1, 4 and 5, that is, BES
systems with power to energy ratio equal to 50%, as the pene-
tration level increases LOLP decreases and becomes lower than
that for the PV ADN scenario. For Cases 2 and 3 and high pen-
etration levels LOLP remains higher than that of the PV ADN;
as the power to energy ratio of BES increases LOLP acquires
higher values than that presented for lower power to energy
ratio of BES. From the above analysis, it can be generally con-
cluded that prosumers employing CS2 absorb more often elec-
tricity from the grid (higher LOLP) compared to PV ADN and
CS1 scenarios, since CS2 prioritizes the BES charging process
according to the PV production over the load demand. Similar
conclusions can be also drawn for load patterns Res. 1–3.

5.1.2 BES utilization

In Figure 8, BUI variation of charging process against PV pen-
etration is examined for different cases of CS1. Similar results
emerged for BUI variation of discharging process; thus, results
are not presented. It is evident that BUI is generally an increas-
ing function with PV penetration. Comparing the results of the
four load patterns, it can be observed that as PV penetration
increases BUI curves tend to 80%, regarding Res. 1, 3 and 4;
the corresponding BUI level for Res. 2 is 70%. For low penetra-
tion levels the highest BUI is observed for Res. 4. This occurs
due to the relatively high misalignment between the load and
production profiles, leading to increased BES operation. BUI

curves for Cases 1 - 3 overlap; for Cases 4 and 5, that is, cases of
increased BES capacity, lower values are calculated. This reveals
that an increase of the BES power and/or capacity may result
into unnecessary investment costs.
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FIGURE 6 SCR against PV penetration for different cases (details are given in each subplot)

FIGURE 7 LOLP against PV penetration for Res. 4 assuming (a) BES
CS1 and (b) BES CS2

BUI variation with PV penetration for BES CS2 is depicted
in Figure 9. Similar results are obtained for all load patterns,
since under CS2 the BES operation depends only on the PV
production. It is shown that for Cases 1 and 2, BUI remains con-
stant against PV penetration, acquiring values equal to ∼64%
and 59%, respectively. Comparing these cases, it can be deduced
that BES power reduction by 50% results only into a slight
BUI decrease (5%). For Cases 3, 4 and 5, the same behaviour
is observed as for BES CS1.

From the comparative assessment of the BUI results regard-
ing BES CS1 and CS2, it can be concluded that for low pene-
tration levels higher BES utilization is achieved under BES CS2;
the opposite behaviour is observed as PV penetration increases.

Finally, indicative results of the capacity degradation of BES
CS1 and CS2 with PV penetration are presented in Figures 10(a)

FIGURE 8 BUI (charging process) against PV penetration for (a) Res. 1
(b) Res. 2 (c) Res. 3 (d) Res. 4. BES CS1

and 10(b), respectively. Owing to annual analysis, the formation
of the solid electrolyte interphase occurred at the early operat-
ing cycles of BES has a strong impact on capacity degradation.
For this reason, the acquired capd1 is in the range of 4.5% to
6.5% (considered relatively high). Also, it can be realized that
the results of Figures 10(a) and 10(b) present a similar trend as
those of Figures 8(d) and 9, respectively. This implies that there
is a strong correlation between BES utilization and capacity
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FIGURE 9 BUI (charging process) against PV penetration for BES CS2

FIGURE 10 capd1 against PV penetration for Res. 4 (a) BES CS1 (b)
BES CS2

degradation, that is, higher BES utilization leads to higher BES
capacity degradation.

5.2 Network-oriented analysis

5.2.1 Voltage assessment

The voltage performance of the overall network is evaluated
by means of CDF plots. The CDF random variable is the
voltage magnitude results of L1L11. PV ADN and PV-BES
ADN operation (Case 1) are compared, considering different
PV penetration levels. In all simulations Res. 4 load pattern is
employed and the resulting CDFs are summarized in Figure 11.
As expected, the voltage rise probability increases with PV pen-
etration level due to the increased reverse power flow. However,
BES utilization improves the ADN voltage profiles. This can
be justified by the fact that the use of BES reduces the amount
of the reverse power flowing to the grid during high production
periods. Similar remarks are also concluded for load patterns
Res. 1–3.

The overall system voltage performance is also examined by
calculating VLQI. The VLQI of the annual network voltages
against PV penetration is plotted in Figure 12 considering dif-
ferent cases; results are presented for the four load patterns. It
is shown that for low penetration levels, VLQI acquires lower
values for CS2 compared to CS1; as PV penetration increases,
CS2 results into higher voltage rise. Additionally, for cases of

FIGURE 11 CDF for varying PV penetration level

FIGURE 12 VLQI against PV penetration for (a) Res. 1, (b) Res. 2, (c)
Res. 3, (d) Res. 4
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FIGURE 13 Sensitivity of load buses for Res. 4 (passive network)

FIGURE 14 Sensitivity of Bus No. 17 against PV penetration for Res. 4
(Case 1)

decreased BES power, that is, Case 2, VLQI becomes higher
compared to reference Case 1. On the contrary, VLQI decreases
with increasing BES capacity and power, that is, Cases 3–5; this
is evident for both BES strategies. This can be justified by the
fact that the increased BES capacity and power provides an
additional flexibility to the grid, leading to reduced network volt-
ages, since the reverse power flow is decreased during high pro-
duction periods.

In addition, the simplified and the exact approaches for the
calculation of wn are compared in Figure 13. Note that, load pat-
tern Res. 4 is considered. Similar results are obtained by using
the two approaches. Differences between the simplified and the
exact approach are in the range of 1.69% to 2.43%. Note that,
the lowest difference is observed for bus No. 7, that is, the
bus presenting the lowest sensitivity. On the other hand, bus
No. 17, that is, the most distant bus of the feeder, presents
the highest sensitivity to voltage against active power changes
as well as the highest difference. The sensitivity of this bus is
further analysed in Figure 14 for different operating scenar-
ios. It can be realized that wn is a decreasing function against
PV penetration. In addition, it is not significantly affected by
BES systems. Similar remarks are derived also for load patterns
Res. 1–3.

FIGURE 15 Voltage variance of buses for Res. 4 (Case 1)

The voltage sensitivity is also examined by using σ2
n ,h. Results

for all network buses are illustrated in Figure 15, by using colour
maps. PV-BES ADN (CS1 and CS2) as well as PV ADN opera-
tion are considered, assuming load pattern Res. 4 and 50%, 70%
and 100% PV penetration. As expected, significant voltage vari-
ation is observed for all cases at bus No. 17. It can be also real-
ized that voltage variations are more often during the day for
PV-BES ADN operation; this is more evident for CS2. Lower
σ2

n ,h is observed when CS1 applies, resulting into smoother
voltage profiles compared to CS2.

Finally, in order to investigate voltage unbalance the load allo-
cation of Table 2 is assumed for all end-users. The obtained
annual VUF0 and VUF2 results are averaged and plotted
against PV penetration in Figures 16 and 17, respectively. Dif-
ferent load patterns and operating scenarios (PV ADN, CS1
and CS2) are examined, assuming BES characteristics of Case
1. In general, Res. 2 pattern results into the highest VUF0

and VUF2, while Res. 4 into the lowest ones. The use of
three-phase PV-BES systems practically does influence the
voltage unbalance; in fact, no voltage mitigation technique
has been used. Specifically, considering maximum PV pene-
tration, VUF0 and VUF2 is improved only by 2% and 4.5%,
respectively. The overlapping VUF0 and VUF2 curves for
the three operating scenarios are also attributed to the lack
of voltage mitigation technique application. The slight differ-
ences are due to deviations in the active power flows, influ-
encing the positive-sequence voltage and consequently the cal-
culation of VUF0 and VUF2 by means of (11) and (12),
respectively.
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FIGURE 16 VUF0 against PV penetration for (a) Res. 1 (b) Res. 2 (c) Res.
3 (d) Res. 4. (Case 1)

FIGURE 17 VUF2 against PV penetration for (a) Res. 1 (b) Res. 2 (c) Res.
3 (d) Res. 4. (Case 1)

5.2.2 Power losses evaluation

System losses are evaluated by investigating the LRI varia-
tion against PV penetration in Figure 18 for different cases.
Results generally reveal that system losses are mostly affected
by CS1, since in this case they are an increasing function
of PV penetration. On the other hand, regarding CS2 LRI

results are practically unaffected. For low penetration levels,
the LRI acquires higher values for CS2 than CS1. This is due
to the more often use of the BES system in CS2, resulting
consequently into higher BES losses. The opposite behaviour
is observed for higher penetration levels, for example, >80%.
Regarding the effect of BES characteristics, it is shown that
for Cases 2 and 3, that is, BES power modification from
reference Case 1, LRI is similar to that of Case 1; this is
evident for both BES strategies. However, for Cases 4 and
5 LRI acquires higher values, especially with increasing PV
penetration. The reason behind this lies on the use of a BES
with increased installed capacity and maximum output power.
More specifically, this type of BES can handle larger amounts of

energy during the day. Thus, the corresponding BES losses are
significantly increased leading to higher values of LRI. Similar
results as above can be concluded for LLR, thus results are not
presented.

In Figure 19 the total system losses are decomposed to distri-
bution line (left y-axis) and BES (right y-axis) losses. Their vari-
ation against PV penetration is analysed for Case 1, assuming
load patterns Res. 1–4. Line losses for patterns Res. 1, 3 and 4
decrease up to a certain value of the penetration level; above this
value line losses start to increase, due to reverse power flow as a
result of energy excess from prosumers. On the other hand, line
losses for load pattern Res. 2 is a decreasing function of PV pen-
etration. Annual line losses can be also evaluated in monetary
terms; thus the results of Figure 19 correspond to a cost from
388.84€ to 813.93€ considering the tariffs of the Greek electric-
ity market [38]. Also, comparing PV-BES ADN and PV ADN
operation it can be observed that PV-BES operation results into
reduced line losses, especially when CS2 is applied; the corre-
sponding profit ranges from 10.13€ to 52.68€ per year. Con-
trary to CS1, in CS2, the BES charges only for high levels of
PV production, absorbing the surplus energy and preventing it
from being injected into the grid which causes additional losses.
From Figure 19 it can be also deduced that the annual line and
the corresponding BES losses can be generally regarded com-
parable.

It should be indicated that BES system losses analysis pro-
vides information concerning the end-user; thus, can be directly
associated to the corresponding BUI investigations. For exam-
ple, the increased BES losses in CS1 to CS2 correspond to
higher BUI results in Figure 8.

5.2.3 RPF analysis

The variation of the active power flow at the secondary of the
distribution transformer (PTF) between operating scenarios is
compared by means of Q-Q plots, identifying possible RPF
incidents. In Figure 20 CS1 and CS2 are compared for differ-
ent PV penetration levels. Note that, PTF lower than zero indi-
cates RPF from the LV ADN to the upstream MV network.
As expected, more RPF incidents occur as the PV penetration
increases (more cases of active power flow with negative value).
From this figure it can be also inferred that CS2 leads to more
RPF incidents compared to CS1. This is attributed to the fact
that there are more occurrences of PV production and load
matching (PTF ≈ 0 kW) for CS1 than for CS2.

Next, the impact of load profiles on PTF is examined in
Figure 21 for different scenarios (details are given on the fig-
ure); Res. 2 and Res. 4 are compared, corresponding to the high-
est and lowest average demand from the examined load pat-
terns. For CS1 (see Figures 21(a) and 21(c)) more RPF incidents
occur when Res. 4 is considered instead of Res. 2. However, for
CS2 similar results are obtained for the two cases (Figures 21(b)
and 21(d)); PTF is slightly influenced by the prosumer’s profile
pattern, since under CS2 the charging and discharging process
of the BES system is mainly influenced by the PV production
profile.
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FIGURE 18 LRI against PV penetration for different cases

FIGURE 19 Annual grid and BES energy losses with PV penetration
(Case 1)

Finally, in Figures 22 and 23 the impact of BES characteristics
on PTF is investigated for CS1 and CS2, respectively. Res. 4 and
PV penetration equal to 80% are considered. For CS1, more
RPF incidents occur for decreased BES power, that is, Case 2
(Figure 22(a)). By increasing the BES power, that is, Case 3, the
comparison with Case 1 in Figure 22(b) shows that the corre-
sponding PTF results practically overlap, since BES utilization
is similar for these cases (see BUI in Figure 8(d)). From Fig-
ures 22(c) and 22(d), it can be deduced that BES systems with
higher capacity, that is, Cases 4 and 5 result in less RPF inci-
dents. On the other hand, for CS2 generally linear Q-Q plots
are derived in Figure 23. This reveals that PTF and consequently
RPF incidents are not practically influenced by the BES char-
acteristics. Small differences are attributed to the different BES

FIGURE 20 Q-Q plot of PTF between CS1 and CS2 for PV penetration
level (a) 50%, (b) 70%, (c) 80% and (d) 100% for Res. 4 (Case 1)

utilization as also indicated by the corresponding BUI results
(see Figure 9).

Regarding the reactive power flow at the distribution trans-
former, the comparison of the examined scenarios leads to lin-
ear Q–Q plots, since no reactive power control is employed in
this analysis; thus, the corresponding results are not presented.
It should be also indicated that, all the above remarks are also
concluded for load patterns Res. 1–3.

6 CONCLUSION

A generalized framework for the probabilistic performance
assessment of LV ADNs with PV-BES systems is proposed in
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FIGURE 21 Q-Q plot of PTF between Res. 4 and Res. 2 for different
BES control strategies and PV penetration levels (α) CS1 - 50%, (b) CS2 - 50%,
(c) CS1 - 80% and (d) CS2 - 80% (Case 1)

FIGURE 22 Q-Q plot of CS1 PTF results. Comparison between Case 1
and (a) Case 2, (b) Case 3, (c) Case 4, (d) Case 5

this paper. The proposed framework is considered generalized
in the sense that it can be applied to any network configuration
and incorporate any type of PV and/or BES control schemes,
centralized or decentralized optimization techniques etc. Time-
series power flow calculations are conducted on annual basis
and results are statistically analysed considering a wide range
of operating conditions and test cases. A set of probabilistic
indices is developed, consisting of already known or newly
introduced in this work, and a BES capacity degradation model
is employed to evaluate the impact of PV-BES systems on the
performance of individual end-users as well as of the overall
network.

FIGURE 23 Q-Q plot of CS2 PTF results. Comparison between Case 1
and (a) Case 2, (b) Case 3, (c) Case 4, (d) Case 5

The application of the proposed framework to a LV ADN
has shown that defined indices SCR, SSR and LOLP can be
used to evaluate the onsite production share of the PV-BES sys-
tem on the local demand of end-users. Furthermore, to assess
the BES system applicability a new index has been introduced,
namely BUI. In addition, the employment of a BES degrada-
tion model has shown that there is a strong correlation between
BES utilization and BES aging. Specifically, it has been verified
that lower BES utilization, that is, lower values of BUI, leads to
decelerated cyclic aging of BES and subsequently in calendar life
expansion.

Network-oriented analysis demonstrated that the proposed
probabilistic voltage assessment method can assist the evalu-
ation of voltage levels and indicate the most proper operating
scenario in terms of voltage profile improvement. Preliminary
analysis of voltage sensitivity is conducted by using sensitivity
factor wn. Results indicate that accurate estimates of wn are
obtained by using a simplified and computational efficient
approach. In this context, the developed voltage variance index
can also help distribution system operators to identify and verify
the most sensitive buses to voltage variations; this enables them
to take measures regarding the system limits. In general, it has
been observed that the increasing penetration of PV units leads
to increased voltage levels. This issue is settled by BES utiliza-
tion leading to improved voltage profiles as well as decreased
voltage levels. Moreover, voltage unbalance has been examined
by adopting the VUF0 and VUF2 indices. Both negative and
zero sequence voltage unbalances are strongly influenced by the
load pattern profile. LRI and LLR indices have been adopted to
determine the optimal PV penetration level in order to achieve
minimum system losses. According to the obtained results,
a general trend can be identified for line losses behaviour.
Specifically, line losses decrease up to a certain value of the
PV penetration level, while above this value line losses start to
increase, due to reverse power flow. The exact value of the PV
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penetration level minimizing line losses is depended on various
parameters, for example, the examined network configuration,
load/production profiles of end-users etc. In addition, it has
been observed that the employment of BES by LV prosumers
leads to further decrease of the overall network losses. How-
ever, it is also worth noting that annual BES losses can be
comparable to distribution line losses; thus, must be taken into
account in the analysis. Finally, RPF incidents at the distribution
substation were graphically identified by means of Q-Q plots.

A systematic step-by-step procedure to assess in a proba-
bilistic manner the performance of all network assets and iden-
tify underlying tendencies has been introduced. The proposed
framework can constitute a useful tool to distribution system
operators to coordinate further their operation and take future
mutually beneficial corrective measures. In addition, end-users
can analyse their load-matching behaviour and investigate their
capability to achieve higher financial benefits and provide ancil-
lary services to the network, especially, if participate in the
energy market by employing special trading models, for exam-
ple, peer-to-peer trading.

Finally, it should be indicated that the proposed frame-
work can be also applied in terms of Monte Carlo simula-
tions to take into account system uncertainties, for example, in
load/generation. Moreover, it can be extended to evaluate the
economic impact of PV-BES systems, considering specific elec-
tricity policies and thus contribute further to the better under-
standing of their effect in modern LV networks.
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