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Abstract—The ever-increasing penetration of distributed re-
newable energy sources, e.g., photovoltaics (PVs), poses new
technical challenges, jeopardizing the reliable operation of power
systems. For this reason, battery energy storage (BES) are
situated alongside PV systems to provide ancillary services (ASs)
to system operators. However, BES operation is often limited
due to the restricted number of operating cycles. In this paper,
a methodology for the assessment of the provision of voltage
regulation and power smoothing services by PV-BES systems is
presented, taking into account the capacity degradation of BES.
The proposed framework involves quasi-static simulations incor-
porating the operating conditions of the distribution network. A
battery aging model is used to estimate the BES capacity loss
caused by both the calendar and the cyclic aging mechanisms.
The updated BES capacity sets new constraints on its operation
and consequently influences the efficiency of the provided ASs.
A parametric analysis is conducted to investigate the impact of
the most critical parameters on the BES capacity degradation.

Index Terms—Ancillary services, battery energy storage sys-
tems, capacity degradation, power smoothing, renewable energy
sources, voltage regulation.
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time instant ¢

Py Feedback power during PS

Pirput Power inserted to the RRL control
Prpp PV output power

P Smoothed PV power

Q Output reactive power of PV/BES

Qmax Maximum reactive power of PV/BES

RR Ramp rate of the current time instant ¢

RRax Maximum permissible ramp rate

RR.in Minimum permissible ramp rate

RTVD Relative time of violations detection index

S Rated apparent power of PV/BES

sf Safety factor

SoC' State-of-Charge

So(Cmax Maximum permissible state-of-charge limit

SoCmin Minimum permissible state-of-charge limit

SoCyet Reference SoC level that BES should reach at
the end of the PS process

SoCinit Initial SoC value

SoCot Daily overall BES SoC profile

SR Required storage range

t Examined time instant

vV Year of the first voltage violation for case
TBES Time period of BES aging analysis

Tiip Elapsed analysis period

ThE End of the long-term analysis period

Tyss Time period of quasi-static simulations

\% Positive-sequence voltage

Vi... 6 Voltage thresholds of the employed droop curves
Vinax Maximum permissible voltage limit
Viain Minimum permissible voltage limit

I. INTRODUCTION

Currently, the conventional passive distribution networks
(DNs) are gradually converted to active systems, due to
the advent of distributed renewable energy sources (DRESs),
especially photovoltaics (PVs) [1], [2]. This transition from
the passive to active operation of DNs contributes to the
development of new ancillary services (ASs) that can exploit
the functionalities of network assets, e.g., battery energy
storage (BES) systems, DRES, etc., to tackle long-term power
quality problems related to the steady operation of DNs [3].
Voltage regulation (VR) and active power smoothing (PS) are
considered as the most important ASs within the DN premise
[4].

Regarding VR, a wide range of VR methods has been
proposed in the literature. Most of the works use either the
BES active power or the reactive power as the only means
for VR. Specifically, in [5] and [6], distributed algorithms
are employed to coordinate BES systems in balanced and
unbalanced DN, respectively. Similarly, the use of the reactive
power of DRESs and BES systems for VR is assessed in
[7] by developing a centralized implementation. An enhanced
solution is evaluated in [8], where the well-established Q (V)
and P(V) droop-based decentralized control schemes are
combined to adjust the active power of BES systems and

the reactive power of DRES to control network voltages by
prioritizing the use of active against reactive power. However,
intense BES utilization for providing ASs has a negative effect
on their lifetime expectancy. To reduce BES usage and in turn
decelerate BES degradation, recently in [9], a low-complexity,
measurement-based VR algorithm is proposed by prioritizing
the use of reactive power against the use of the BES active
power. An alternative solution involves the use of optimization
techniques. Specifically, in [10], [11], the operating setpoints
of DRESs and BES systems are optimally determined to
control the network voltages using generation and demand
forecasts, which, however, may lead to inaccuracies during
the real-time operation. To compensate this, an enhanced
methodology is proposed [12] where feedback controllers and
real-time measurements are used to readjust the operating
setpoints. The efficiency of most of the reported VR techniques
has been evaluated in [9]. Among the most sophisticated
VR methods, the Q(V)) — P(V) [8] is the most established
also from industrial perspective, as it has been adopted by
several manufacturers in commercial converters. However, the
effect of the BES operation on the BES aging mechanism has
not been extensively investigated in any of the above works.
This is taken into account in the optimization-based control
schemes of [13], [14], where the BES capacity degradation is
indirectly included in the mathematical formulation of the op-
timization problem by incorporating an equivalent BES aging
cost. Nevertheless, the long-term BES capacity degradation
has not been examined.

Respectively, various PS techniques have been introduced to
mitigate the output power fluctuations caused by the volatile
and intermittent operation of DRESs. In [15], a ramp-rate
limitation (RRL) method is employed by BES systems, and
in [16] a high-pass filter with adjustable cutoff frequency is
used to smooth the output power of the DRES and achieve
fair SoC' sharing among the network BES units. To smooth
out solar generated power, a Saviztky-Golay filter is employed
in [17], requiring less battery capacity compared to other
filtering-based PS methods. The use of several filtering-based
algorithms for PS has been evaluated in [18]. However, none of
[15] - [18] have taken into account BES capacity degradation.
Conversely, a filtering-based PS algorithm combined with a
SoC feedback strategy is proposed in [19] with aim to restrict
SoC within acceptable limits. In this work the effect of the
proposed PS algorithm on the BES lifetime has been also
evaluated. In a more detailed analysis, the impact of the most
well-established PS methods on the BES system long-term
performance has been investigated in [20], [21]. By performing
a systematic parametric analysis, it has been shown that the
RRL methods outperform the filtering-based techniques in
terms of BES sizing, smoothing, and capacity degradation.

The above studies [5]-[21] solely focus on investigating on
particular type of AS, while some of them also neglect the BES
capacity degradation. The latter is merely done in [22], where
the provision of multiple ASs considering BES degradation
has been examined, but only from an economic evaluation
perspective.



Based on the above discussion, it can be deduced that
literature lacks of an assessment framework where the impact
of the BES degradation on the long-term performance of the
provided ASs can be examined. To fill this gap, this paper
investigates the provision of ASs by PV-BES systems within
a multi-services perspective. A methodology to evaluate the
provision of VR and PS services is proposed. The proposed
methodology combines a BES aging analysis methodology
with quasi-static simulations to replicate the practical oper-
ating conditions of the low-voltage (LV) DN. This is dictated
to improve the accuracy of the final evaluation results. The
battery degradation model of [23] is adopted to estimate the
BES system calendar and cyclic capacity fading, setting in
turn technical constraints to BES operation and consequently
to the effectiveness of the provided ASs.

A preliminary account of this work has been given in [1].
This paper extends the study of [1] by conducting a systematic
parametric analysis to evaluate further the impact of several
factors. More explicitly, results are discussed considering
different values of BES operating temperature, BES size and
simulation time resolution, as well as different BES discharg-
ing strategies.

II. METHODOLOGY

To evaluate the provision of VR and PS ASs by PV-
BES systems to DNs, a quasi-static simulation model is
developed. Long-term performance analysis, e.g., 20 years,
is conducted on the basis of multiple 24-h time simulations.
Special emphasis is given on the modelling endeavor of the
BES system by embedding a battery degradation algorithm
into the simulation model. Considering the coordination of
PS and VR, PS precedes VR in the calculation process. This
can be justified by the fact that VR is performed assuming
smoothed active power injections by the PV-BES systems.
An overview of the proposed methodology is depicted in the
flowcharts of Figs. 1 and 2 and in brief involves the following
main steps:

e Step 1. Import PV, load demand, BES data and DN
topology.

« Step 2: To alleviate PV output power fluctuations during
cloudy days an RRL-based PS algorithm is employed.

o Step 3: A day-ahead planning algorithm is applied to
estimate the available BES capacity and ensure the effec-
tive participation of PV-BES systems in VR actions of
the next day.

o Step 4: Quasi-static simulations are conducted. To pri-
oritize the provided ASs, a battery operating algorithm
(BOA) is deployed. Additionally, the Q(V) — P(V)
droop-based algorithm [8], [24] is used to mitigate pos-
sible voltage violations.

Steps 1-4 are repeated for a number of days in sequence (See
Fig. 2) to create a multi-day simulation pattern of time period
Tiyss-

o Step 5: The simulation pattern of Ty is used to evaluate
the BES capacity loss [23] (See Fig. 2). The BES aging
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Fig. 1. Flowchart of the proposed methodology (quasi-static simulations).
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Fig. 2. Flowchart of the proposed methodology (BES aging analysis).

analysis is conducted regularly with a time period, Tggs;
Tsgs can vary from a day to several years depending on
the preferred analysis accuracy. The BES capacities are
updated and imported in Step 1 to perform the quasi-static
simulations required for the next Tggg, and the elapsed
analysis period (I1¢p) is updated accordingly. Note that,
if Tyss < TBEs, the multi-day pattern is reiterated up to
TBEs.

The above procedure is repeated for every Tggg till either
the end of the long-term analysis period (T73%°) is reached or
the capacity of all BES units is less than 80 % of their nominal
value, indicating their end of life (EoL) [25] (See Fig. 2). In
case a BES reaches the EoL earlier than the rest units, it is
not considered in the simulation model for the rest of T7;E".

A. Power Smoothing Technique

According to the comparative analysis of several PS meth-
ods in [20], [21], RRL techniques can assure effective PS, by
posing less stress to the battery and in turn prolong its lifetime
compared to filtering-based methods. For this reason, in order
to smooth out the PV output power fluctuations an enhanced
RRL-based method is adopted [15]. The RRL control scheme

limits the ramp rate of the PV output power, anpp, at each time
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Fig. 3. Enhanced RRL-based PS technique with SoC' recovery.

instant, ¢, to prevent the violation of the maximum, RR,ax,
and minimum, RR,i, permissible ramp rates. Assuming that
P, ut 1s the power inserted to the RRL control, the ramp rate

n

of the current time instant, RR?, is given by (1):

Pt _ Pt—At
RRt: input sm 1
B vE— (1)

where P!~At is the smoothed value of the previous time

instant. The RRL control calculates the smoothed PV power,

P!, that will be injected into the grid as in (2):
P;%At + At : RRmina RRt S RRmin
Pl = PoAY L At-RR', RRuin < RR' < RRpax

PSt;LAt + At - RRmax; RRt 2 RRmax

2

In this paper, the conventional RRL method is enhanced

by introducing a feedback loop [15] to recover the battery

SoC' towards a pre-specified level, as presented in Fig. 3.

This way the BES is always available to smooth out both

positive and negative PV output variations. To achieve this, a

feedback power, P}b, defined in (3), is subtracted from anpp

and the resulted power is used as input to the RRL control
block.

P, = k(Eyel — Efy) 3)

Here, k is the proportional gain, Ef,, is the energy stored in
the battery at ¢ and £,/ is a reference value of E,, used for
SoC' recovery, calculated as:

or SoCres
ba.tf = 10’6’” Elcjasp (4)

where SoC;¢/ stands for the reference SoC level that BES
should reach at the end of the PS process and ELg is the
capacity of a BES unit devoted for providing PS services.

The BES charges/discharges accordingly at a rate equal to
P}, to cover the difference between the actual and the targeted
smoothed PV output. The integration of P/, considering also
the charging or discharging efficiency (1., or ng4.n) provides
the energy stored to/drained from the battery, that is utilized
by the feedback control loop. Finally, based on the estimated
E} ., the daily profile of the BES energy content (Epg) is
acquired.
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D

Fig. 4. Q(V) — P(V) droop control curve. A positive P (or Q) value
indicates injection to the grid.

B. Voltage Regulation Method

The impact of the provision of VR services on BES capac-
ity degradation is assessed by employing a Q(V) — P(V)
droop control scheme in the proposed methodology. The
Q(V) — P(V) droop has been considered as one of the most
widely-adopted and well-established VR regulation algorithms
[8], [24], being also integrated to commercial inverters. In
this work, the Q(V) — P(V) control scheme of Fig. 4 is
applied to the local controller of the PV-BES systems to
regulate the positive-sequence network voltages as imposed
by the IEEE 1547 Standard [26]. According to Q(V)— P(V),
the output reactive power () of either the PV or the BES
and the output active power (P) of the BES are adjusted
according to the positive-sequence voltage (V) at the point of
interconnection (POI) of each PV-BES system with the grid.
Here, V1, V5, V3, Vi, Vs, Vg denote the voltage thresholds of
each droop curve, Viyin and Viyax stand for the minimum and
maximum permissible voltage limits, and Py, and Quax are
the maximum active and reactive power, respectively, that can
be used by the BES system and/or the PV. Note that, Py, 1S
determined by the rated power of the BES system, and @Qax
is calculated by considering the reactive power capability as

follows:
Qmax = V5% — P? (5)

where S denotes the rated apparent power of either the PV or
BES and P is the instant active power of the unit.

Contrary to [8], in the adopted Q(V) — P(V) method
priority is given to the use of the reactive power against active
power to reduce BES utilization. This is attained by setting
narrower voltage thresholds for the activation of the reactive
power control (Q(V)) compared to the active power control
(P(V)) as shown in Fig. 4. Regarding [24], the main difference
lies on the control of the active power as in [24] PV active
power curtailment is applied.

The main triggering signal for the use of the BES system
active power in the VR process is the positive-sequence volt-
age. As no other inputs are used, the method cannot ensure the
availability of BESs to provide active power support since their
storage capability is limited due to their sizing constraints.
To overcome this issue, a day-ahead planning algorithm is
adopted aiming to ensure that sufficient amount of energy can



be provided or stored by the BESs during the next day |and
consequently their effective participation in the VR process.
In particular, considering overvoltage mitigation, the proposed
algorithm works as follows. Forecasted day-ahead generation
and consumption profiles are used in order to perform quasi-
static simulations employing the proposed VR method.
the conducted simulations, the required storage range (9 R),
i.e., the amount of energy that will be stored during the| VR
process by each BES in the next day, is predicted. To mitigate
possible miscalculations caused by the forecast errors a safety
factor (sf) is assumed to calculate the final value of
Subsequently, a discharging process with constant power is
applied to each BES with non-zero SR during no-generation
periods to reach the required storing capability. Note that a
similar process can be followed for undervoltage mitigatipn.

C. BES Operating Algorithm

The provision of multiple ASs by the same BES |unit
necessitates the deployment of BOA to determine the sequence
of the provided ASs from the BES.

In this study, the BES unit of Fig. 5 is used. The total
available capacity of the BES (E2v2i) is:

SOCm X SOCmin
o0 IO 6)

where Fiof is the nominal capacity of the BES unit, SoC'yin
and SoCy,ax is the minimum and maximum SoC, respectively.
As mentioned above, PS precedes VR in the calculation
process. On this basis, El%‘éa“, i.e., the available capacity pf a
BES unit used for PS services, is only a part of the E2¥i!|and
coincides with ELg described in Section ILA. By adopting
the PS technique, the daily Epg profile due to PS provision
is estimated. From Fig. 5, it is shown that at the end of
the PS process, Epg is equal to E;iif , i.e., the energy value
calculated according to (4). Since PS is achieved, the employed
VR method is activated. For each time-instant ¢, the active
power for VR provision (P{y) should satisfy the condition
of (7), to assure that the operating characteristics of BES are
not violated.

avail __
Etot -

P\I;RSPper_PlgS (7)

Here, PFt,S is the BES active power utilized for PS and P,
is the permissible active power of the BES unit. As both Pyy
and Ppg daily profiles are estimated, the overall BES energy
content (Elot) is:

Eiot = Evr + Eps (8)

where Evyg is the BES energy used for VR provision.

Finally, the daily overall BES SoC profile (SoCiot) is
calculated as SoCio; = 100+ Bt/ Erot and SoCiey is used to
estimate the BES aging utilizing the BES capacity degradation
mechanism described in the following section.

D. BES Degradation Model

The algorithm for the evaluation of the battery degradation
within time period Tpgg is illustrated in Fig. 6. The aging
model of [23] for lithium-ion batteries is adopted to assess

SoC

max cap

‘ 100 tot

E ref

bat

J
/
/
N /50C
S/ 0 min Ecnp

. 100 tot

Fig. 5. BES operation diagram.

the capacity loss, considering both the calendar and the cyclic
aging process of the battery cells. The calendar aging mecha-
nism over period Tggg is modeled by the calendar degradation
factor, f.q;, and is a function of the average SoC' (SoC') and
the average battery temperature (7') over Tggs. The cyclic
degradation over the i-th charging-discharging cycle, fg:yc,
depends on the depth of discharge (DoD), the SoC, and the
T of the cycle. The cyclic aging within Tggg is calculated
as the sum of the capacity degradation caused by all cycles
within Tggg. The DoD, the SoC, the T of each cycle and
the total number of irregular cycles are determined from SoC'
timeseries by using the rainflow algorithm [27]. Finally, the
capacity degradation rate over Tpps, L7PFS, is obtained by

9):

[TBes — 1 _ aseie*ﬂsez‘fd —(1- Oései)@ifd- 9)

where ag.; and Bs.; are parameters determined by experimen-
tal data and f; is the overall degradation factor, calculated
according to (10), for all cycles N within Tpgs.

N
i
The analysis of the capacity fading is conducted at the end
of each time period Tpgs and the updated available capacity
(ET ) is derived by:

max

Elses = (1 — LTees)ED (11)

max

where EO_ is the initial BES capacity.

III. SYSTEM UNDER STUDY

To evaluate the performance of the PS-VR methodology,
simulations are conducted using the IEEE European LV test
feeder [28]. The original test feeder is modified by adding 32
PV-BES systems; the single-line diagram of the network is
depicted in Fig. 7. Two groups of PV-BES systems have been
considered, namely, BT1, where PV-BES units are exclusively
used for PS and BT2, where PV-BES provide both PS and VR
AS. The connection node and the capacity of PVs and BES
are summarized in Tables I and II, respectively. Regarding the
PV-BES operating characteristics, the nominal power factor
of PVs and BESs is considered equal to 0.85, SoC,;, and
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Fig. 6. Algorithm for the analysis of BES capacity degradation.

n
D70 249

O
o34 248 o 234
Q4 264 Q Q225
0383
2080
D73 166 [ 6390
() 11/0.416 kv O, Qurs 0327 -
) sookva 320 619 o 882
O 6760 [1588 869
rosssasaese| 314 1580
s 2190 O 6820 0 845
(& Ay
— O 276 5620 651
387 289 1681 0899
O 6110
342 309 5020 794 Osse
WEC P B - 8840906
349 5630 - 482
S 476 0898
629 = 0
Q  HEa1 763 835
4580 0337
] 453 O 780
u 0)406
556 a7 o
5390 0H 0755
- 896
522
(578 O_0 900
702
g IF-:/a?BTl 750 0
+ 701
O PV+BT2 o O
+ O
= V+B 683 ) _ O
PV+BT1+Load d
817 O 861
B pv+BT2+Load 860

Fig. 7. Single-line diagram of the modified IEEE LV test feeder.

S0Chax of the BESs are 10 % and 90 %, respectively; the
charging/discharging efficiency is 0.95.

Moreover, the long-term impact of the ASs on the BES
capacity degradation is investigated for T3y = 20 years by
adopting the framework described in Section II. In particular,
quasi-static simulations are performed in OpenDSS [29] on
the basis of multiple 24-h time simulations (Fig. 1). The BES
capacity degradation is evaluated considering Tpps = 1 year
(Fig. 2). A six-day simulation pattern (Tgss = 6 days) is
reiterated up to 365 days for every year T1p of the analysis:
24-h sunny and cloudy PV generation profiles with 1-min
resolution are used (A7 = 1 min). During a sunny day, the
units of BT2 are employed to tackle voltage violations, and
the units of BT1 remain idle. On the other hand, on a cloudy
day, BT1 units are used for PS and BT2 units provide both
PS and VR services. The annual cloudy to sunny days ratio
is considered 33.3 %, i.e., two cloudy days within the six-day
simulation pattern. In the conducted analysis, 55 load and 2
generation profiles are used from [28] and [20], respectively.

Considering the day-ahead planning algorithm, sf = 20 %

TABLE I
PVS INSTALLED CAPACITY
Node kWp
70, 166, 234, 247, 248, 388, 403, 447, 453, 482, 556,
567, 580, 588, 619, 651, 763, 785, 845, 861, 869, 884
73, 219, 320, 461, 476, 578, 604, 681, 794, 882 15
TABLE II
BESS INSTALLED CAPACITY
BT1
Node kWh kW
73, 219, 320, 461, 476, 578 3 4.5
70, 247, 166, 234, 248, 388, 403, s 225
447, 453, 556, 785, 763, 861
BT2
Node kWh kW | Node kWh kW
482, 681, 845 10 5 882 25 12.5
567, 580, 588  22.5 7.5 604 45 15
619, 651 30 7.5 794 5 5
869 15 7.5 884 5 2.5

and the available load demand profiles are randomly assigned
at network load nodes to emulate the stochastic behaviour of
LV consumers. The peak load demand of each node is main-
tained equal to the original one [28]. Regarding generation
profiles, a uniform noise within the range of +5 % is added
to the actual adopted profiles. The capacity degradation of each
BES for Tpgg is determined considering an indicative T value
equal to 20 °C. Regarding the properties of the examined PS
and VR control strategies, it is assumed that the preferred SoC'
value at the end of the PS method is Sngjtf =50%, k=2,
RR,in = —1.5 W/s, RR;,0:. = 1.5 W/s, Viuin and Viax
are 0.9 pu and 1.1 pu, respectively, and V; = V5 = 0.91 pu,
V3 =0.92 pu, V4 = 1.08 pu, V5 = V5 = 1.09 pu. Note that
the parameters described in this Section pertain to the baseline
scenario.

IV. RESULTS AND DISCUSSION

In this section, the long-term impact of the BES capacity
degradation to the provided ASs is discussed via quasi-static
simulations. A parametric analysis is conducted to evaluate the
effect of the T, the SoC}, jif , the discharging strategy, the BES
sizing characteristic and the time resolution of the analysis on
the BES aging mechanism and consequently on the provided
ASs.

A. Long-term Assessment

By using the baseline simulation parameters, the long-term
performance of the provided PS and VR services is assessed.
Initially, the daily SoC' profiles for the BT1 unit situated at
node 73 (BT1-73) during a cloudy day of the 1°¢ and the 12"
year of the analysis are presented in Fig. 8a. It can be observed
that the initial SoC' (SoCjy;t) of both curves is 50 %. During
the day, BT1-73 provides PS services and the SoC' varies from
30 % to 60 %. Due to the SoC recovery signal, the SoC' value
at the end of the PS method, i.e., Sng;g , is equal to SoCiust
and the SoC value is 50 %. The impact of BT1-73 operation
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Fig. 9. Six-day SoC profile of indicative BT2 units.

on the PV smoothed output power is depicted in Fig. 8b. It can
be generally seen that similar PS is achieved for the 1°° and
the 12" year, since the two smoothed profiles almost overlap.
The small differences between the corresponding curves in
Figs. 8a and 8b are because of the battery degradation through
the years. Similar remarks are also derived for the rest BT1
units.

In Fig. 9, the SoC profiles of two indicative BT2 units
are plotted for a six-day period of the 1%% year. In particular,
the SoC fluctuations observed in Fig. 9 during 56-66h and
80-90h are due to the provision of PS services during a
cloudy day. The BES system of node 619 (BT2-619) presents
a smoother SoC' profile than the BT2 situated at node 794
(BT2-794). This is attributed to the fact that less active power
is required by BT2-619 for PS compared to that for VR
as this node is one of the most sensitive network nodes in
terms of voltage variations. It can be also realized that the
SoC' profile is influenced by the forecasting load demand
and generation error of the day-ahead planning algorithm
used for the discharging process. More explicitly, as the load
demand and generation forecasts for node 619 are on the
safe side, BT2-619 sufficiently discharges and can absorb the
required energy for the next day VR process. This entails
a SoC = 39.12 % over the six-day analysis period and
consequently on annual basis. However, this is not the case
for BT2-794. The inaccurate prediction of the load demand
and generation, results into an increased SoC, e.g., after 36 h,
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range and the higher the SoC. This is also substantiated by
comparing the corresponding curves of BT2-794 and BT2-619
in Figs. 9 and 10. Finally, from Figs. 8a, 9 and 10, it can
be deduced that BT1 units present lower SoC' variations than
BT2. This is owed to the distinct decreased amounts of storage
capacity required for PS compared to VR.

In Fig. 11, the capacity degradation of indicative BT1 and
BT2 BESs is analysed. With respect to the results of Figs. 9
and 10, it can be inferred that higher SoC' operating values
and wider SoC operating range lead to accelerated BES aging.
Specifically, BT2-794 reaches its EoL at the gth year, while
for BT2-619 a longer lifetime is calculated (up to 14 years),
due to the lower SoC. As BT2-794 and BT2-619 present the
highest and the lowest SoC' of all BES units, i.e., 65.59 %
and 39.12 %, respectively, it can be deduced that the available
capacity of all BES units is reduced by 20 % after 9-14 years.
It is worth noting that the BT2-619 curve presents a slope
change after the 12*" year. In fact, the BES capacity reduces
with a rate of 1.09 % per year up to the 12'* year. After
this year, most BT2 units have already reached their EoL (11
out of 13), and this entails a need for increased support for
VR by BT2-619 and consequently a higher degradation rate,
i.e., 1.37 % per year. By comparing the degradation rate of
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BT1 and BT2 units, it can be seen that the provision of both
PS and VR services does not explicitly result into decreased
BES lifetime expectancy, e.g., BT2-619, BT2-845, compared
to BT1 units.

Further, the provision of ASs by BES units is also evaluated
in monetary terms. Specifically, by solving (12), the BES
equivalent monthly cost (BEMC) is calculated for each BES
unit [31]. This is the cost of owning and operating a BES
unit for each month n and is used as a common basis for
comparison to evaluate the cost-effectiveness of BES units
with unequal lifespans.

EoL

BCAPEX = Z BEMC

T 12)
— (1+dr)

Here, BCAPEX is the BES capital expenditure taken equal
to 310 €/kWh, assuming a value-added tax of 24 % [32];
dr stands for the monthly discount rate and is set equal to
0.908% corresponding to an effective annual discount rate of
6%. In Fig. 12, the estimated BEMC is illustrated by means
of bargraphs for indicative BES units. Considering the BES
capacity degradation results of Fig. 11, it can be realized that
BEMC is indirectly related with the estimated BES lifetime.
More particularly, BES units presenting decelerated BES ag-
ing, e.g., BT2-619, show a lower BEMC' to those reaching
their EoL earlier, e.g., BT2-794 (for BT2-619 and BT2-794
BEMC is 3.61€/kWh and 4.42€ /kWh, respectively).

Finally, in Figs. 13a and 13b, the daily profiles of the
positive-sequence voltage at node 619 for different years are
plotted for sunny and cloudy days, respectively. Differences in
the voltage profiles of Fig. 13a during 20:25 h - 07:00 h, are
due to the discharging process of BT2. In general, overvoltages
are effectively mitigated during the 15° year. Nevertheless,
voltage violations are observed at the 12" and 13*" year.
This is attributed to the fact that most BT2 storage units (11
out of 13) have reached their EoL. Comparing a sunny to a
cloudy day, it can be seen that overvoltages are more likely
to be tackled in the latter case. Finally, the weakness of BT1
and BT2 to provide PS services during a cloudy day of the
13t year is reflected to the corresponding voltage profiles
characterized by intense fluctuations.

B. Effect of Operating Temperature

A parameter of utmost importance that influences the BES
degradation mechanism is 7. To elucidate this, additional

o & =
® = o

1.06

Voltage (pu)

1.04

Year 12 — Year 13| ,

== =Limit- - -Year 1

4 8 12 I16 20 24
-T —15°C T = 20°C [T = 25°C

1.02

Vol&aeg‘.eépu)
B8R a %S

BTI  BT2-482 BT2-681 WP BT2.619 BT2-794 BT2-845
. Voltage profile of node 619 during (a) a sunny and (b) a cloudy day.

I EET-CcmmT—20C T -5 : :

BT1 BT2-482 BT2-681 BT2-604 BT2-619 BT2-794 BT2-845

The extended BES lifetimesforssl’ = 15° C sasults into
RTVD = 41.66 % > 0, indicating that voltage violations
are observed at a later year compared to 7' = 20° C and
consequently enhanced grid performance. For T = 25° C,
violation events are detected earlier than the 12¢" year of T =
20° C (RTV D = —25 %) as less BT2 units are available to
provide VR services due to the accelerated BES aging.

C. Effect of SoC Recovery Mechanism

The effect of SoC}, stf on BES aging and grid performance
is investigated considering also the 30 % and 70 % cases.

In Fig. 15, violin plots are used to analyze the distribution
of the resulting SoC for three indicative BES units. The
corresponding EoL is depicted in Fig. 16. It can be seen
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Note that in case of a cloudy day, BT2 units are discharged
up to 20 % to ensure BES availability for PS provision. DS3
follows a similar rationale to DS1 focusing also on decreasing
BT?2 utilization. This is attained by activating the discharging
process only if the available BES capacity is not adequate to
cover the VR needs of the next day.
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BES ‘aging s gecelerated in cgse b DS3 (Diff gep, 5 40); as it
leads to a wider operating range with increased SoC' values
compared to DS1. Moreover, DS2 outperforms DS1 and DS3
in terms of both BES lifetime expectancy (Diffgor, > 0) and
grid performance (RTV D = 16.66 %), as it forces BT2 units
to operate with decreased SoC' values. Based on the above,
it can be inferred that contrary to NFECs, the operating SoC'
can be used as a reliable index to assess the impact of the
discharging mechanism on the BES lifetime.

E. Effect of BES Sizing

The influence of BES sizing on the BES aging mechanism
is also assessed by increasing the installed BES capacity of
the baseline scenario and setting it equal to 45 kWh for all
BES units. Note that, some BES units present the same BES
capacity in the two cases.

The operating SoC' and the BES lifetime variation (BLV)
of seven indicative BES units are depicted in Figs. 19 and
20, respectively. BLV is defined as the percentage variation
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The present work introduces a framework that provides
the means for assessing the provision of ASs in LV DNs
by PV-BES systems. PV-BES units providing either VR and
B2 0191 (3545 PS services or only PS services are considered. The long-
term impact of the BES capacity degradation on the effective

In case of equal BES sizing, the SoC profile of BT1 provision of ASs is investigated on annual basis by con-
units is Seed! ard0HdT505 %, As- Showimmiso i = 19%|This  ducting multiple 24-h quasi-static simulations. Therefore, due
is attrib a “thapepian i i the consideration is given on the appropriate modelling of the
instlz(i)ﬁ ed BES capacity is increased with respect to the base- BES aging algorithm that is incorporated into the simulation
ity of BT2 units [is model. These considerations are deemed important to replicate

line®$¢enario. Add?al as c
igcreased to 45 kWh, the[operdting $oC gange-is r d realistic operating conditions of the LV DN. To this extend,
whigh|in tum%tend the BES lifetime| reacfjing V Vlues parametric investigations are conducted and their effects are
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up to 1 29%% (see Fig. 20). No at the operpting |SoC' fan quantified. The operating temperature, the SoC' recovery sig-
and fi"eti e of BT2-604 ®maimsalmost unasfected sine¢- t nal, the adopted discharging strategy, the BES size and the
instafled capagjty is equal tQ 43, KWh for bgih ggamined simulation time resolution are considered as parameters in the
scenarios. Moreover, the deceleration of BES aging extends the — analysis.

provision of VR and PS services to a longer time period, e.g. An application of the proposed framework to a modified
RTV D = 50 %, compared to the baseline scenario, improving  version of the IEEE LV test feeder along with the results of
the overall network performance. This is an important outcome the parametric analysis have shown that:

that must be considered by the distribution system operator
during the planning stage where a trade-off must be found
between cost that is mainly driven by the BES sizing and
network performance that is affected by the BES lifetime.

o The provision of both PS and VR services does not
necessarily lead to accelerated BES capacity degradation
compared to the case where only PS is considered.

o The adopted BES aging model is mainly influenced by
the SoC' operating value. Respectively, SoC' is affected
by the BES sizing characteristics and the employed

FE. Effect of Time Resolution

To evaluate the effect of time resolution (A7) on the discharging algorithm. In particular, decreased BES size
performed calculations, additional simulations are conducted results into increased SoC, a wide SoC' operating range
by assuming A7 = 10 min. Note that in the baseline scenario and in turn to accelerated BES capacity degradation. In
A7 = 1 min. The Diffg, for the examined scenarios is the same sense, both BES lifetime expectancy and grid
depicted in Fig. 21 for seven indicative BES units. It can performance are enhanced when the employed discharg-
be seen that increased A7 overestimates the BES lifetime ing strategy leads to low SoC' values.
compared to the baseline scenario. Nevertheless, this is a « To ensure efficient VR services for the whole lifetime of
spurious observation which is attributed to the fact that as A7 the PV units (20 years), at least one BES replacement
increases, valuable information regarding network behavior must be considered.
and BES operation is lost and is not considered in the BES « Higher operating BES temperature leads to a non-linear

aging mechanism, which in turn overestimates BES EoL. decrease of BES lifetime expectancy. However, due to



the accelerated BES aging, less BES units are available
to provide VR hindering the reliable grid operation.

The lifetime of BES units providing only PS services is
mainly affected by the desirable SoC' reference level of
the recovery algorithm. Specifically, higher Sngjtf val-
ues lead to increased SoC' and consequently to decreased
BES lifetime expectancy.

Contrary to NFECs, the operating SoC' can be used
as a reliable index to evaluate the effect of different
discharging strategies on the BES aging.

During the planning phase, distribution system operators
should determine the optimum BES sizing characteristics
on the basis of both the BES cost and the network
performance influenced by the BES lifetime.

The time resolution of the BES aging analysis should
be carefully selected to achieve a good estimation of the
BES lifetime.

The proposed framework constitutes a holistic tool for DN
utilities, aggregators as it allows the evaluation of the impact
of BES degradation on the performance of ASs provided by
PV-BES systems in any type of DN; thus enhancing the power
system analysis and control of modern power systems.
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