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ABSTRACT Centralised, front-of-the-meter battery energy storage systems are an option to support and
add flexibility to distribution networks with increasing distributed photovoltaic systems, which generate
renewable energy locally and help decarbonise the power sector. However, the provision of specific services
at distribution level remains under development for real applications in industry. To this end, this paper
presents an exhaustive techno-economic analysis of the role of front-of-the-meter battery energy storage
systems in primary distribution networks with presence of distributed PV covering: (i) the siting decision
for storage systems using multi-objective genetic algorithm optimisation; (ii) the response when smart
capabilities for PV inverters (e.g., volt-var control) are present; and (iii) the quantification of revenue streams
and compensation schemes that would bring positive profitability when providing distribution-specific
services based on the supply of real and reactive power. The performance of grid-level battery energy storage
technology is evaluated in the IEEE 34-bus system particularised to the distribution code of Northern Ireland,
UK. The techno-economic assessment covers one year of simulations at 1-minute resolution performed
with the simulation tool EPRI OpenDSS and its Python communication interface. The results show that,
besides the technical benefits of centralised battery storage systems, the economic compensation based on
traditional transmission-level services is not sufficient for the profitability of these projects. Several ideas
are explored to improve the profitability of these systems considering the local value and decarbonisation
they add. The findings presented can direct system operators and regulators towards developing schemes to
incentivise centralised battery energy storage projects in distribution networks in the context of distribution-
level services.

INDEX TERMS Battery energy storage systems, distribution network services, distributed solar energy,
flexibility services, photovoltaic power.

I. INTRODUCTION
Solar photovoltaic (PV) technology has experienced the
largest annual capacity additions since 2016 when compared
to other major renewable energy technologies (i.e., hydro and
wind) [1]. This growth in PV technology is visible in electric
distribution networks, where PV systems have more presence
than any other renewable distributed energy resource [2]. The
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integration of distributed PV systems in electric distribution
networks has promoted a transition towards decarbonising
power systems. However, there are certain technical chal-
lenges related to the variability and intermittency of solar
energy that affect power output and its quality, and limit
high-presence scenarios of distributed PV.

The variability and intermittency of solar PV systems can
be mitigated with distributed storage systems, which per-
mit a reduction of renewable energy curtailment and help
operate stably low-inertia power systems, from microgrids
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to large systems, with high shares of non-synchronous vari-
able renewable generation [3]. Among energy storage tech-
nologies, battery energy storage systems (BESS) are the
storage technology with the highest applicability in electric
distribution networks due to: (i) the time-scales required,
from seconds to few hours; (ii) the range of power; and
(iii) the range of energy capacity available [4]. BESS in
distribution networks can be connected to the grid at a larger
scale (centralised) or in smaller scale at the consumer level
(decentralised).

Decentralised storage systems often refer to behind-the-
meter solar PV systems coupled with battery storage systems
at consumer level, where the value resides in increasing
self-consumption to obtain a reduction in utility-bought
energy, demand charges and the potential of a financial return
from providing grid services [5]–[7]. Previous research stud-
ies in several geographical regions showed that the economic
profitability of these systems highly depends on the avail-
ability of favourable incentives, tariffs and schemes [5], [6],
[8], [9]. Nevertheless, the provision of grid services from
small-scale prosumers is nowadays very limited due to the
lack of supporting policy frameworks and the current opera-
tion of power markets conceived for larger generators in the
MW range.

Utility or grid-scale energy storage refers to large stor-
age units located in the low- (LV) or medium-voltage (MV)
distribution network, typically downwards of a distribution
transformer, serving to mitigate the constraints derived from
distributed generation. Grid-scale energy storage can help
stabilise the power networks by reacting to grid demand with
a range of applications related to power quality, ancillary
services or supply of energy in a centralised manner [4].
When compared to decentralised storage, centralised storage
systems in the distribution network can represent a more
cost-effective solution for the planning of the distribution
system in the long-term [10]. In addition, these systems can
minimise losses, thermal loading of power lines, voltage
fluctuations, and increase the reliability for security of sup-
ply [11], [12]. Potentially, grid-scale systems have a more
favourable position economically than smaller-range micro-
generation systems due to the possibility to provide grid
services and participate in electricity markets [13]. In these
systems, the high cost of BESS drives the need for optimising
the location and capacity (a.k.a. the siting and sizing problem
of energy storage systems), and operation of the batteries [4].

To this end, the role of grid-scale energy storage systems
in distribution networks to support distributed PV responds
to multiple considerations. First, the siting and sizing deci-
sion, which affects its performance and it is subject to the
characteristics of the network. As an optimisation prob-
lem, the siting and sizing problem has been proposed as
a mathematical programming method (e.g., mixed integer
linear programming problem [14]), as a heuristic method
(e.g., genetic algorithms [11]) or other common methodolo-
gies such as analytical methods and exhaustive search [15].
These methods include multiple parameters and technical

characteristics as input for these models to respond to the
optimisation functions proposed. A review of the current
literature indicates that studies on this topic focus mainly on
optimising functions related to technical parameters of the
network or storage system, at transmission or distribution
level, and the economic considerations are often overlooked
when addressing the sizing and siting of centralised BESS
[4], [14]. A second consideration regards the applications or
services that BESS can provide, which are typically classified
into power or energy applications attending to the time span
of application [16]. For example, in [14], the authors analysed
the optimal location of BESS considering both primary and
secondary distribution networks and concluded that BESS
can reduce the total purchase cost of energy from the distri-
bution substation.

The third consideration relates to the economic bene-
fit from the grid services offered, and where substantial
value and economic benefit that BESS can provide are
not recognised by the current design standards in distri-
bution systems [12]. Traditional services of generators are
transmission-specific services (e.g., whole-sale of electric-
ity, reserve or voltage/frequency regulation at transmission
system level), where large-scale BESS could help deal with
transient events at high renewable energy penetrations [17].
However, distributed generation, particularly PV, is mostly
located at distribution network level. Therefore, storage sys-
tems deployed to mitigate potential technical issues caused
locally by DG need to consider revenue streams from
distribution-specific services, which reflect the local ben-
efit and value that BESS offer technically. Yet, these ser-
vices at distribution level are scarce. In the case of North-
ern Ireland (UK), distribution level services to provide real
power flexibility are starting to be developed and tested
in several trial zones, e.g., the FLEX project by the local
distribution network operator (NIE Networks) whose trials
start in October 2021 [18]. Studies looking at centralised
BESS at distribution level have explored the provision of
ancillary services for real power supply in MV systems
considering power levelling [19], voltage control [20], and
stacking of multiple ancillary services both in MV systems
(e.g., frequency regulation and energy arbitrage) [21] and
in LV networks (e.g., voltage regulation, energy arbritage
and peak shaving) [22]. Despite voltage regulation through
reactive power supply is key in distribution networks, it is
often omitted in the economic assessments of the literature.
Overall, the majority of related previous studies have shown
how, despite of the technical benefits, the economic viability
of distributed BESS is marginal, limited or negative [19],
[22], [23]. Yet, there are studies in the literature where
the combined investment of BESS and distributed genera-
tion assets is positive (e.g., [14]), or where transmission-
oriented services can bring a positive profitability to BESS
(e.g., [21]) or marginal depending on the economic compen-
sation (e.g., [24]). Nevertheless, a survey of the literature with
a focus on centralised BESS illustrates a gap and urge for fur-
ther development of distribution-oriented services provision.
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TABLE 1. Taxonomy of relevant literature addressing the provision of flexibility services by battery energy storage systems.

Table 1 is a taxonomy table summarising relevant studies
addressing the provision of BESS services in relation to the
approach presented in this paper.

A fourth consideration is related to the distributed genera-
tion’s technology to be integrated in the electricity network.
When considering the integration of solar PV systems, a tradi-
tional approach for new grid assets (e.g., BESS, transformers
or voltage regulators) based on hourly simulation steps is not
sufficient. Solar radiation and, in consequence, PV power
output, change at a second resolution due to diurnal varia-
tions of irradiance and cloud cover changes. Thus, PV inte-
gration studies would require higher temporal resolution
(e.g., sub-minute resolution) to estimate the PV hosting
capacity and the impact on the network. However, the avail-
ability of datasets with such resolution is scarce and the
quasi-dynamic simulations of this type are computionally
intensive. It is considered that simulations with time steps of
1-60 seconds are sufficient to capture the response of typical
distribution equipment (e.g., voltage regulators or on-load
transformer’s tap changers) [25]. Yet, advanced analysis of
PV hosting capacities should not be limited to assessment
in high variable days, but to full-year simulations better
understanding the impact and response of utility equipment
[25], [26]. When considering PV integration in the planning
of distribution networks, the assessment of reliability and risk
analysis can also support micro-grids islanding behaviour,
which is worth noting despite not being within the scope of
this study.

Concurrently, the developments in PV inverter technolo-
gies have largely evolved and new control algorithms are
increasingly implemented. Smart PV inverter controls (e.g.,
constant power factor, Volt-Var, or Volt-Watt) have been
investigated to enable further PV hosting capacities. Single-
phase PV inverters were shown to improve the voltage pro-
files of LV distribution networks through the use of reactive
power control [27]. Similarly, [28] analysed the effect of
smart inverter control algorithms and decentralised behind-
the-meter BESS in PV hosting capacity and showed how
BESS can further enhance PV penetration when combined
with these methods. To that end, the effect that smart
inverters deployment can have in grid assets, such as cen-
tralised BESS, should be investigated when considering
PV integration.

The paper presents a multi-level analysis for the integra-
tion of a centralised BESS in an active distribution network
with high distributed PV generation. The scope of this paper
converges the considerations mentioned above with a focus

on the provision of distribution-specific services by BESS
that enable flexibility and add value locally. To that end,
the assessment presented covers several aspects of grid-scale
BESS and PV integration that are not commonly combined
together in the literature, andwhere itsmethodological contri-
bution lies. Afirst level of the assessment includes the optimal
allocation of the centralised BESS attending to technical
and economic parameters. The assessment then moves into
the role of centralised BESS in the network by looking at:
(i) its effect in the maximum PV hosting capacity; (ii) its role
when smart PV inverters using Volt-Var control are present
in the distribution network; (iii) its provision of flexibility
through real and reactive power supply; and (iv) its equivalent
economic revenue as part of energy markets. The specific
contributions of this study are:
• A siting optimisation method for centralised BESS
based on a no-preference optimisation approach using
genetic algorithm, which considers a global opti-
mal solution estimated from technical and economic
parameters.

• The evaluation of performance for the centralised BESS
response regarding maximum PV hosting capacity, real
and reactive power supply and impact of network
infrastructure, namely, in-line voltage regulators. This
includes the performance over multiple PV penetration
levels and different PV inverter technologies.

• The estimation of compensation schemes for the cen-
tralised BESS that would return a positive profitability
following a break-even estimation method.

• The exploration of several concepts for the retribution
of centralised BESS that could enhance and boost their
profitability providing distributed-specific services in
distribution networks.

The paper is organised as follows: Section II continues
with the description of the methodology used for the paper,
including themathematical formulation, electric network def-
inition and data sources. In Section III, the siting prob-
lem of storage systems is solved to determine the optimal
location of grid-level BESS in the studied distribution net-
work. Sections IV and V then present the technical and
economic performance of grid-level storage, respectively,
with the centralised BESS in the estimated global optimal
location. Section VI continues with a sensitivity analysis
for the economic profitability of the battery storage project.
Section VII discusses the findings based on the results.
Finally, Section VIII presents the conclusions and considera-
tions for future work.
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II. METHODOLOGY
This section presents the methodological aspects permitting
the techno-economic assessment of distributed PV and grid-
scale BESS, including the mathematical modelling, the ele-
ments and characteristics of the simulated power network,
and the cases and scenarios considered in the simulations.
Fig. 1 presents a diagram with an overview of the method-
ology used in this study. A first step corresponds to the
allocation of the centralised BESS following a no-preference
optimisation approach using genetic algorithm, which esti-
mates a global optimal bus from technical and economic
inputs. Then with the BESS solution at the global optimal
bus, the technical (step 2) and economic performance (step 3)
are assessed. The methodology also considers a sensitivity
analysis (step 4) using a parametric approach to evaluate the
changes in the economic profitability of the centralised BESS
attending to variations in macro-economic variables and the
size of the energy storage system.

FIGURE 1. Overview of the methodology used in the assessment of the
centralised BESS, which consisted of 4 steps: 1) the siting decision of the
storage system to find a global optimal bus attending to techo-economic
parameters; 2) the technical performance of the BESS in the network;
3) the economic performance based on the technical solution; and 4) a
sensitivy analysis to capture variations of the proposed characteristics of
the BESS.

This section presents the problem definition in
Section II-A, which includes the definition of the objec-
tive function for the optimisation algorithm addressing the
allocation of the centralised BESS, and it also includes the
optimisation constraints and control algorithms implemented
in the simulations. The test system is then described in

Section II-B. The evaluated cases and scenarios are presented
in Section II-C, and Section II-D presents economic-related
considerations for the assessment of BESS in the network.

A. PROBLEM DEFINITION
The problem definition addressed for the allocation of the
centralised BESS in the distribution network is presented
in this section. The defition of the problem includes the
objective function sought, voltage and loading contraints in
the network, the control of the distributed PV, and the dispatch
algorithms of the centralised BESS.

1) OBJECTIVE FUNCTION
The goal is to optimally locate the grid-level BESS within the
distribution network with high penetration of distributed PV
generation. The optimum location is determined by consid-
ering as a decision variable the bus within the network and
the aim is a global optimal solution, which includes technical
and economic parameters. The multi-parametric optimisation
function follows a no-preference model based on genetic
algorithm and it is given by the objective function shown in
Eq. (1):

min
s.t.x∈B

{a1 · Rx − [a2 · Lx + a3 · Vx + a4 · Cx]− Z (1)

where x is the bus belonging to the set of feasible buses B in
which the storage system can be installed (see Fig. 4) and the
terms of the equation correspond to the normalised score of
each of the multiple variables considered to obtain the global
optimal bus for the grid-scale battery system, which are:

1) The total economic revenue from real and reactive
power supply by the grid-scale BESS (Rx) in a specific
bus x, which is intended to be maximised.

2) The electricity losses in the network (Lx) with the BESS
in a specific bus x, which are aimed to be minimised.

3) The annual number of voltage violations (Vx), includ-
ing under- and over-voltage events, if any, and which
are minimised.

4) The annual energy fed back reaching the substation in
bus 800 through reverse power flows or energy cur-
tailed (Cx) if reverse power flows to the substation were
to be avoided. This annual energy value is also to be
minimised.

The term Z corresponds to the ideal normalised val-
ues, unity. No-preference models are a type of non-linear
methods working with multiple objective functions, where
each objective function is considered equally important [29]
and there are not initially defined optimal solutions, oppo-
site to Pareto-based optimisation models. Our selected
no-preference optimisation model is based on genetic algo-
rithm (GA), which are inspired by the principles of natural
selection and genetics. GAs use random choice to guide a
highly heuristic search and can find global optimal solutions.
In the proposedGAmodel, the optimisation routine initialises
by randomly selecting the site among the permissible nodes
and assigning a fitness score to each solution. The search
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procedure continues until the total cost reaches the lowest
possible value guaranteed by the algorithm, which is con-
trolled in Python programming. GAs have been proposed
in the literature to analyse the siting and sizing decision of
energy storage systems, e.g., [11], [30]. The coefficients a1 to
a4 in Eq. (1), which are weighting factors, were set to unity in
order to consider each variable of the global optimal objective
function equally. The approach to the ESS siting solution
through a no-preference optimisation model permits the use
of multiple different variables, since these are normalised as
part of the model. The normalisation method min-max or
0 to 1 normalisation, which is defined generically by Eq. (2),
is used for the variables to find the most suitable bus as a
solution.

zi =
xi −min(x)

max(x)−min(x)
(2)

The simulations of the test network to find the bus sat-
isfying a global optimal location are performed for each of
the cases with grid-scale storage (i.e. ‘PV PF + BESS’ and
‘PV VV + BESS’) and a PV penetration of 40%, which
corresponds to the median PV penetration level in the range
assessed. These cases and the range of PV penetration levels
analysed are introduced in Section II-C. After defining the
global optimal location for the grid-scale BESS, the techno-
economic assessment is then performed for the whole range
of PV penetrations levels.

2) VOLTAGE PROFILE CONTROL AT PV GENERATION POINTS
The simulations consider two control strategies for the supply
of reactive power from the PV inverters, each of them pre-
sented in a different case. The control strategies are: (i) spec-
ified fixed or constant power factor; and (ii) Volt-Var control.
Both control strategies are common in commercially avail-
able smart PV inverters [28], [31]. Through the variation of
the reactive power output, the PV inverters can help regulate
locally the voltage profile and mitigate the sudden voltage
variations derived from the PV generation.

The specified or constant power factor mode permits
the inverters provide a reactive power corresponding to the
defined power factor (PF). Distributed generators are required
to have a power factor between 0.95 inductive to 0.95 capac-
itive in the Northern Irish distribution code [32]. In this
regards, the simulation uses power factor unity for the case
with PV and grid-scale BESS. However, the hosting capacity
is also tested with both power factor limits in the distribution
code for the case without grid-scale BESS. Therefore, for the
case of PV systems using a constant PF model, the reactive
power output of each PV system pv at a given time-point t is
given by the apparent energy (equal to the real power) and the
angle between voltage and current φ as shown by Eq. (3).

Qt,pv = St,pv · sin(φ) (3)

TheVolt-Varmode in smart solar inverters permits adjust-
ing the reactive power output according to the grid voltage,

so that the inverter contributes to mitigating voltage fluc-
tuations and help avoid potential under- and over-voltage
events. In this mode, real power could be curtailed to facilitate
dispatch of reactive energy. Volt-Var control belongs to the
category of smart-control for PV inverters and can benefit
the network characteristics and extend the hosting capacity
(HC) [28]. The Volt-Var control is defined mathematically by
Eq. (4).

Qt,pv = f (%Vt,pv) (4)

where the reactive power output given by the Volt-Var control
is estimated as function of the percentage of nominal voltage
(%Vt,pv) for each inverter’s point of interconnection at a time
step t , which are presented in Table 2. These settings are
defined according to the operational range of commercially
available smart inverters and where the values V1 to V4 and
Q1 to Q4 correspond to those illustrated in Fig. 2.

TABLE 2. Characteristics of the Volt-Var Control operation for the smart
PV inverters. Source: SMA [31].

FIGURE 2. Reference points for the Volt-Var control of smart inverters.
Reproduced from [31].

3) BESS ACTIVE AND REACTIVE POWER OPERATION
The centralised, grid-scale BESS is presented with indepen-
dent control of its dispatch of real and reactive power. The
real power control responds to the power flow reaching the
bus where installed. When the centralised BESS operates as
a load (charging), its behaviour can be defined as per Eq. 5:

Pcht,eff = Pt,in − Pcht,losstot (5)

where Pcht,eff is the effective charging power for a given time
step t that results from the actual input powerPt,in subtracting
the total charging losses Pcht,losstot . The total losses for the
charging state are given by Eq. (6) and depend on the effi-
ciency of the inverter ηinv and the iddle state losses Pidl .

Pcht,losstot = Pt,in · ηinv + Pidl (6)
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TABLE 3. Characteristics of the grid-scale BESS.

The inverter’s efficiency is considered to followed a linear
relationship as function of of the inverter per unit output. The
details of the relationship are available in Table 3, which also
includes a summary of the characteristics considered for the
grid-scale BESS. The energy stored in the BESS available for
the next simulation time step t +1t is given by:

E(t +1t) = Et + Pcht,eff ·1t (7)

Similarly, when the centralised BESS operates as a gener-
ator (discharging), its behaviour in terms of power output can
be defined by Eq. (8).

Pdcht,eff = Pt,out + Pdcht,losstot (8)

where Pdcht,eff is the effective discharge/output power consid-
ering losses, Pdcht,losstot are the total losses in discharge mode
that include the iddle losses and the inverter’s conversion
efficiency. Similarly to Eq. (7), the energy balance available
for the battery in the next simulation step when discharging
can then be given by Eq. (9):

E(t +1t) = Et − Pdcht,eff ·1t (9)

One of the aims of the grid-level BESS is to limit reverse
power flows within its capacity by using a low-level thresh-
old of power below which the battery will charge, i.e. low
peak-shaving. Another aim is to limit the maximum demand
by performing peak-shaving services. The thresholds used
for the peak-shaving and low peak-shaving were set to the
25th and 75th percentiles of the demand in weekdays for each
of the seasons rounded to the nearest 10.

The reactive power dispatch of the front-of-the-meter
BESS aims to assist with local voltage control through reac-
tive power injection and absorption. To that end, Volt-Var
control is considered for the reactive power dispatch, which
is defined by Eq. (4), and where the operation set-points of
the Volt-Var control for the centralised BESS are shown in
Table 4.

The implementation of these control strategies is embed-
ded within the tool used for the simulation (i.e., OpenDSS
tool). The real power control is implemented with the element
‘StorageController’ defining the charging strategy as ‘low-
peak shaving’ and the discharge as ‘peak shaving’, whereas
the reactive power control follows a Volt-Var strategy and it
is implemented with the element ‘InvControl’. Themaximum

TABLE 4. Characteristics of the Volt-Var control operation for the
grid-scale BESS inverter.

available reactive power output corresponds to the equivalent
kvar remaining from the capacity of the inverter in kVA sub-
tracting the real power output in a given instant. The technical
characteristics of the grid-scale BESS are defined in Table 3,
where the selected inverter’s power output was 950 kW (50%
of the peak demand) and the energy to power ratio is 4, which
is typical in utility-scale storage projects [33]. Therefore,
the techno-economic assessment for the BESS relates to its
location, whereas its size is based on these empiric reference
values from the literature. Besides these selected power and
energy rating, 120 alternative variations of grid-scale BESS
sizes are evaluated in Section VI.

4) CONSTRAINTS
The optimization problem presented is subjected to a number
of equality and inequality constraints for the network opera-
tion and the centralised BESS.

a: NETWORK CONSTRAINTS
There are several constraints considered in the electricity
network, such as the power balance, voltage levels in the
buses of the network and capacity loading in its lines. The
total active and reactive power at any simulation time step
between the substation, distributed PV and centralised BESS
needs to be balanced with the total demand and network
electric losses.

Pgrt +
pv∑
i=1

PPVt,i ± P
BESS
t = PDemandt + Plossest (10)

Qgrt +
pv∑
i=1

QPVt,i ± Q
BESS
t = QDemandt + Qlossest (11)

where Pgrt is the power supplied by the grid at the time t , PPVt,i
is the power from the distributed PV systems, PBESSt is the
BESS power, PDemandt is the electric demand, and Plossest are
the network lossess. Similarly, the subscripts and superscripts
define the balance of reactive power in the network.

The voltage levels within the network are limited to the
threshold 0.85 p.u. to 1.1 p.u. of the nominal voltage, which
correspond to the thresholds for under- and over-voltage
events (distribution code §7.11) [32], [34]. Mathematically,
the voltage constraint in the network buses is defined by
Eq. (12).

0.85VN < Vt,x < 1.1VN , for each bus x = 1, . . . , 34

(12)
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where VN is the nominal voltage of the network and Vt,x is
the actual voltage estimated in each bus x for a timestep t in
the simulation.

Regarding the loading of the power lines, the capacity of
the lines cannot exceeded its nominal current values (Al,N ).
The loading capacity is given by Eq. (13), where At,l is the
current in a line l at a timestep t in the simulation.

At,l ≤ Al,N , for each line l (13)

b: BESS CONSTRAINTS
The centralised battery system is also subject to a number of
constraints. A first constraint is on the BESS power rating,
where charged power (Pcht,eff ) or discharged power (Pdcht,eff ) at
any time step cannot exceed the predefined rating.

PBESSt,eff ≤ P
max
;Pmax ∈ Pcht,eff ,P

dch
t,eff (14)

The maximum power input or output of the battery is also
constraint by the maximum inverter apparent power output
(SBESSt,max) when considering the effective real (P

BESS
t,eff ) and reac-

tive power (QBESSt,eff ) at any time step t .

SBESSt,max ≥ P
BESS
t,eff + Q

BESS
t,eff (15)

The grid-scale BESS will respond to the signals from to
implement peak-shaving and low peak-shaving provided that
its state of charge (SOC) is within the considered operation
limits. These are given by Eq. (16):

SOCmin
t 6 SOCt 6 SOCmax

t (16)

The minimum state of charge at a given time step (SOCmin
t )

is set to 20%, and the maximum state of charge (SOCmax
t ) is

100%. Finally, the battery’s SOC available for the next simu-
lation timestep is derived from its previous step, as follows:

SOCt = SOCt−1 + Pt ·1t/Et (17)

B. NETWORK DEFINITION
The assessment in this paper is performed in a distribution
network system, since it is where distributed PV is generally
connected [2]. The distribution network used in the analysis is
the IEEE 34-bus test feeder, which is an actual feeder located
in Arizona (USA). It has a nominal voltage of 24.9 kV and it
is characterised by lightly-loaded, long lines. It presents two
in-line voltage regulators, an in-line transformer for a short
4.16 kV section, unbalanced loading, and shunt capacitors.
The feeder has both spot (connected in the buses) and dis-
tributed loads (uniformly in the line section) [35]. The full
characteristics of the feeder are available in [36] and [37].
In the simulation, several characteristics of the feeder have
been adapted to the distribution of Northern Ireland. The base
frequency is 50 Hz and the infeed transformer, which does not
have voltage regulation through on-load tap changing, is set
with a supply voltage of 1 p.u. The statutory voltage limits
are also particularised for the distribution code of Northern
Ireland, that is: normal operation are between 0.94 p.u. and

1.06 p.u. (distribution code §13.3.1), and emergency oper-
ation between 0.85 p.u. and 1.1 p.u., which are also the
thresholds for under- and over-voltage events (distribution
code §7.11) [32], [34].

The IEEE 34-bus test feeder is originally defined with
static loads in a single power flow analysis. For its use in a
dynamic simulation, it requires a load profile to multiply the
values of the loads in the feeder. In order to perform dynamic
time-series analysis, the load profiles defined by Elexon’s
profile class 1 - domestic unrestricted customers [38] were
selected. It is a typical UK normalised aggregated profile
for residential consumers widely used in the literature. These
profiles offer half-hourly data classified per season of the year
(i.e. winter, spring, summer, high summer, and autumn) and
day of the week (weekday, Saturday and Sunday). For the
purpose of the simulation, the profiles were linearly upsam-
pled to 1-minute resolution for a period of 1 year. The annual
timeseries at 1-minute resolution with the per-unit profiles
used for the electric load and the PV systems are available as
a supplementary material of this paper.

The network was simulated using the Open Source Dis-
tribution System Simulator OpenDSS [39], which is a tool
developed by the Electric Power Research Institute (EPRI),
and its PythonAPI for processing the results.When simulated
with its defined loads and the designated average normalised
demand profiles, the feeder has a peak load of 1.93 MW
and an annual consumption of 8.28 GWh (including losses).
The total system load in the base case (i.e., without PV) as
observed by the substation is illustrated in Fig. 3 for the week-
days of each meteorological season, where the minimum
annual demand is 433 kW and the percentiles are: 629 kW
(25th), 930 kW (50th) and 1,113 kW (75th).

FIGURE 3. 1-minute electric demand in weekdays per season in the
simulated IEEE 34-bus test feeder. This feeder is originally provided for
static analysis. The dynamic (timeseries) simulation uses the per-unit
load profiles available in [38] estimated with the original load
characteristics of the feeder.

In this study, distributed PV and grid-scale BESS
are deployed in the feeder considering six cases (see
Section II-A2) and fifteen PV penetration scenarios (see
Section II-C). In the IEEE 34-bus test feeder, PV elements
are connected to eight buses to represent multiple distributed
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PV systems connected downstream of those buses and a
grid-scale BESS is also deployed, whose location results from
an optimisation solution presented in Section III. The actual
location of the distributed PV in the feeder is shown in Fig. 4,
where the possible buses considered for the grid-scale storage
are highlighted.

FIGURE 4. Single-line diagram of the studied IEEE 34-node test feeder
with distributed PV and the feasible 3-phase buses considered to host
grid-scale BESS.

C. CASES AND SCENARIOS FOR DISTRIBUTED PV
PENETRATION AND GRID-SCALE STORAGE
1) CASES
Besides the base case without any distributed PV deployed,
six variations of four cases are investigated in the IEEE
34-node test network, these are: (i) PV deployment using
standard inverters with constant power factor output; (ii) PV
inverters with constant power factor and grid-scale BESS;
(iii) PV inverters with smart Volt-Var control; and (iv) PV
inverters with Volt-Var control and grid-scale BESS with
peak-shaving and Volt-Var control. The cases analysed are
summarised in Table 5 and the control strategies for the
distributed PV and the grid-scale battery are described below.

TABLE 5. Cases investigated for the distributed PV and grid-scale storage.

2) SCENARIOS
The simulations evaluate multiple scenarios regarding dis-
tributed PV penetration. Each of the PV generation profiles
deployed in the network corresponds to a different annual
per unit (kW/kWp) profiles modelled in the city of Belfast
and part of the metropolitan area, where the geographical
distance among the locations is similar to the distance of the
cabling in the IEEE 34-bus system. Thus, a total of 8 PV
generation profiles at 1-minute resolution where modelled

using satellite-based irradiance data from the Copernicus
atmosphere monitoring service all-sky radiation service [40].
The procedure to convert solar irradiance observations into
power output used the model proposed by Huld et al. [41]
for silicon technology modules and Faiman’s model [42]
for temperature correction of power output. Details of these
models are available in [41] and [42], respectively.

Table 6 presents the characteristics of the PV systems
connected to the IEEE 34-bus system. It is worth noting
that using multiple time-series permits different PV gener-
ation profiles across the tested network with a per-unit power
output data which can be scaled for each PV penetration
scenario. The resolution of 1-minute simulation steps per-
mits observing the full-operation in network infrastructure
(e.g., in-line voltage regulators) when PV is present [25].
In addition, using 1-minute PV profiles better captures the
variability of solar resource compared to traditional hourly
timesteps used in the yearly-based simulations. Concurrently,
the time span of the simulation over 1 year permits illus-
trating seasonal variabilities and uncertainties when com-
pared to single-day simulation studies focused on worst-case
scenarios.

TABLE 6. Characteristics of the distributed PV systems.

The solar systems deployed inmultiple locations of the net-
work have a total PV capacity that depends on the scenario of
PV penetration level. In this paper, we evaluate 15 scenarios
for PV penetration: 5% to 75% in 5% steps. The penetration
level is defined in terms of energy from the total electric
demand (including losses) in the base case and considering
an average annual PV production of 887 kWh/kWp, which
is the mean value of the 8 PV systems. It is assumed that
the estimated PV capacity is evenly distributed across the 8
connections with distributed PV unless a capacity constraint
would occur (e.g., transformer or line loading limits). The
resulting PV capacities per scenario are presented in Table 7,
where the capacity of PV systems 7 is limited to 349 kWp
after 35% PV penetration in order to avoid over-loading the
step-down transformer (500 kVA with a power factor of 0.8)
supplying that zone.

D. CONSIDERATIONS FOR THE ECONOMIC
ASSESSMENT OF THE NETWORK
The technical evaluation of the grid-scale BESS addresses
the balance of energy for real and reactive power, the reverse
power flow, and the maximum hosting capacity due to volt-
age violations. In addition, the variations in the duty cycle
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TABLE 7. Solar PV capacity per scenario in terms of energy as defined from the base case without PV and capacity for each of the PV systems simulated
in the network.

TABLE 8. Capital and operational expenditures and financial variables for the economic assessment of grid-scale BESS.

of in-line voltage regulators due to PV integration are also
estimated.

Besides this technical evaluation of grid-scale BESS in
mitigating grid constraints and violations, the economic prof-
itability of grid-scale storage is assessed according to: (i) the
BESS costs; (ii) the additional cost of replacing electrical
infrastructure (i.e. voltage regulators); (iii) the equivalent
avoided cost from CO2 emissions in the network; and (iv) the
revenue from grid services provided. The results are reported
for a one-year period, and are evaluated with the following
metrics: (i) net present value (NPV); (ii) discounted payback
period; (iii) internal rate of return (IRR); and (iv) profitability
index (PI). The NPV and the discounted payback period are
used to assess the economic profitability of the grid-scale
BESS project. In addition, two common corporate finance
metrics, such as the IRR and the PI, are also used. The IRR
is defined as the real discount rate that makes the present
value of the future cash flows equal to the investment. The
PI indicates the value you are receiving in exchange for one
unit of currency invested and it is defined by Eq. (18) [43],
where the project should be accepted with a PI higher than
unity.

PI = 1+
NPV
C0

(18)

1) CAPITAL AND OPERATIONAL COSTS
OF GRID-SCALE BESS
The estimation of the cash flow and economic metrics of
the grid-scale BESS as a financial asset requires multiple
inputs regarding the capital and operational expenditures. The
capital costs include direct costs, such as the costs of the
batteries, and indirect costs like labour. In addition, the initial
capital investment includes a contingency budget and the cost
of the grid connection agreement.

The annual operational expenditures are defined as a per-
centage of the capital costs: operation and maintenance costs
are 1.5%; the insurance is 1%; and the taxes on the prop-
erty are 1%. The capital and operational costs are shown
in Table 8. Moreover, the electricity consumed in idle state
by the BESS is priced at a different electricity import rate
depending on the period of the year as defined in Table 9 [44].
Only the electricity in idle state is assumed as a fuel cost, since
the BESS response is based on the network’s demand in order
to provide grid services. A project’s lifetime of 25 years is
considered with a real discount rate of 6%. A replacement of
the batteries every 10 years is considered, which is constant
during the time horizon of the study. The batteries are con-
sidered with a degradation rate in their performance of 0.5%
per year [33].
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TABLE 9. Electricity charges for energy consumed by the grid-scale BESS.
Source: SONI [44].

The initial capital or investment cost (C0) of the project
depends on the direct cost of the batteries, electric material,
labour and installation. In addition, there are other indirect
costs for the development of the project, such as grid connec-
tion charges (Cgc) and contingency budget (Ccnt ). The initial
investment including all these terms can be estimated using
Eq. (19) [46].

C0 = (PBESS · CPC + EBESS · CEC + Cgc) · (1+ Ccnt ) (19)

where PBESS is the rated power of the BESS in kW, CPC is
the power cost per kW, EBESS is the rated energy of the BESS
in kWh, and CEC is the energy cost per kWh including the
cost of the batteries, the labour and installation costs. The
fixed annuity during the lifetime of the project N is defined
from the investment cost and the real discount rate i following
Eq. (20) [46].

AESS =
C0 · i

1− (1+ i)N
(20)

For the economic assessment, an estimation of compen-
sation rates is proposed so that it would return positive eco-
nomic profitability to the centralised BESS investment in
exchange of the provision of real and reactive power supply.
The approached used to determine the compensation rates is
through a break-even point that equals the annual average
compensation of the centralised BESS for real and reactive
power supply and the total costs over the life span of the
project is estimated. This break-even point is given by the
equality in Eq. (21):

N∑
y=1

PY Py + PY
Q
y = AESS · N + Cop (21)

where PY Py denotes the average compensation paid for real

power each year and it is given by Eq. (22). PYQy denotes the
average compensation paid for reactive power supply each
year and it is defined by Eq. (23).Cop are the total operational
costs, including maintenance and spares, during the whole
lifetime of the project. In the average economic compensa-
tions, the energy is estimated from the effective power output,
both real and reactive, based on the timestep1t , where these
are positive values and the units are pence/kWh for real power
supply (PYkwh,t ) and pence/kvarh for reactive power sup-
ply (PYkvarh,t ). The annual variation in power supply of the
battery correlates with the battery performance degradation
rate specified in Table 8 for each year y of the project’s

lifespan (N ).

PY Py = PBESSt,eff ,y ·1t · PYkwh,t (22)

PYQy = QBESSt,eff ,y ·1t · PYkvarh,t (23)

2) COSTS OF THE ELECTRICITY NETWORK
Besides the costs of the grid-scale BESS, the economic
assessment considers other costs of electrical infrastructure,
such as the maintenance and replacement of the in-line volt-
age regulators present in the network. The integration of
distributed PV may change the duty cycles of the voltage
regulators compared to the base case. Thus, a prorated cost of
the in-line voltage regulators during the project’s lifetime is
estimated considering a price of 25,131GBP1 per phase of the
regulator [52] and an additionalmaintenance cost of 5%of the
total cost, i.e. 1,256.55 GBP [53]. The lifetime of the in-line
voltage regulators is estimated from: (i) an scheduled mainte-
nance intervention for the tap changers in voltage regulators
every 100,000 cycles or operations; and (ii) a replacement
of the tap changers or the voltage regulators every 500,000
cycles or operations [54] or 35 years, whichever earlier.

The avoided cost of CO2 emission trading system
allowances is estimated for the 25-year period of the grid-
level BESS. This avoided cost is considered as an income
related to reduction of electricity from the grid due to local
generation of distributed PV in the network, which is subject
to the PV performance degradation of 1% per year. The
annual net PV generation (PV generated minus energy in
reverse power flows/curtailed) is used, together with a cost
per tonne of CO2 of 44GBP/t as for themedian value of future
estimates for 20302 [55] and the grid electricity is assumed
of 339 gCO2/kWh, which corresponds to the latest available
average carbon intensity of grid electricity in Northern Ire-
land (year 2018) [56].

3) REVENUE FROM PROVIDED GRID SERVICES
The services considered by the BESS that provide with
revenue are: (i) real power supply; and (ii) voltage con-
trol/reactive power supply, which are common services
provided by energy storage technology for power systems
applications [16]. In addition, the temporal scale of 1-minute
resolution in the simulation makes feasible the considera-
tion of both power- (e.g., voltage control) and energy-related
(e.g., real power supply) services.

In Northern Ireland, there not currently exist distribution-
specific services. Therefore, the revenue considered is that
equivalent from transmission-specific services. Neverthe-
less, the economic assessment includes in Section V-C and
exploratory analysis of the annual mean prices for real and
reactive power supply in distribution-specific services that
would enable the profitability of grid-scale BESS like the one
investigated.

1A cost of 30,000 CHF with an exchange rate of 1 CHF = 0.84 GBP.
232-65 EUR/t, median 48.5 EUR/t with an exchange rate of

1 EUR = 1.1 GBP.
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For the service of real power supply through energy arbi-
trage performed by the battery system, the income is consid-
ered as a payment for the energy provided (i.e. GBP/MWh)
with the price per unit corresponding to the day-ahead market
price for the same delivery period as provided by the Irish
electricity market operator [57]. The data used corresponds
to the year 2019. Although the use of day-ahead market
electricity prices does not reflect the changes in the intra-day
and balancing markets, it can well serve as an input for an
estimate of real power revenue.

For the service of voltage control and reactive power
supply, the payment is considered in return of the ser-
vices of steady state reactive power considered in the
Irish SEM market, which has a per unit payment equal to
0.23 GBP/Mvarh [58].

III. SITTING DECISION OF GRID-LEVEL STORAGE SYSTEM
The results regarding the siting optimisation problem for the
grid-level storage system are presented in this section. The
global optimal solution includes four objective functions
involving the annual total economic revenue from reactive
and real power supply, the annual energy fed back in reverse
power flows (or annual energy curtailed if that energy was
not to be allowed to flow upstream of the MV substation),
the annual number of over-voltage events, and the electricity
losses in the network.

The impact of the grid-scale BESS location on the objec-
tive variables, before normalising, can be observed for each
considered bus and the four variables in Figure 5. The eco-
nomic revenue reveals that buses downstream of the in-line
voltage regulator no. 2 benefit from much lower revenue
levels (circa 2,000 GBP a year) than those upstream (around
90,000 GBP a year), with the highest being bus 806 in
both cases of PV inverters’ control. Regarding the reverse
power flow or curtailed energy, it can be observed how this
variable is highly affected by the inverters’ control strat-
egy. In presence of inverters using constant PF, the energy
in RPF is higher than with Volt-Var control, since part of
the inverter’s capacity rating is used for reactive power dis-
patch. For the Volt-Var case, the annual revenue and RPF
energy follow a positive relationship, since the grid-scale
BESS observes less local solar generation and it has less
energy to perform energy arbitrage services based on net-
work conditions. The number of over-voltage events and the
annual energy in network losses are similar in both sub-
figures with slightly higher losses in the case with Volt-
Var control. The lowest values for the voltage violations
and the highest for the losses are, again, found down-
stream of the in-line voltage regulator no. 2, which suggests
that the over-voltage violations occur in that zone of the
network.

Among the considered buses, bus 814 was discarded as a
feasible solution as it presented convergence issues in the con-
trol algorithm between the grid-scale BESS and the in-line
voltage regulator. From the remaining 20 buses considered,

FIGURE 5. Variables of the objective functions for each bus considered in
the siting optimisation problem for a PV penetration of 40% in the case
of PV inverters using (a) constant PF and (b) Volt-Var control. The colour
intensity corresponds to the value of the variable. The global optimal
network bus aims to maximise revenue (Rev.) and minimise reverse
power flow (RPF), occurrence of over-voltage events (O/Volts.)
and losses.

the minimum normalised score and thus, the global opti-
mal solution of the no-preference, multi-parametric model is
bus 850 as observed in Figure 6. The solution for bus 850
is common for the presence of both PV inverters using con-
stant PF and Volt-Var control. However, the second and third
ranked buses differ in each case. Bus 802 is the second best
when using constant PF, it however ranks mid-table when the
PV inverters use Volt-Var. This performance in bus 802 illus-
trates the impact of smart control capabilities in PV inverters.
The second overall best bus is bus 830, which ranks third for
the PV VV case and fourth for the PV PF case. In contrast,
the worst bus to locate the grid-scale BESS is bus 832, which
is between the regulator no. 2 and the step-down transformer.
Thus, following the solution of the optimisation model, the
location of the grid-scale BESS can be defined in bus 850 and
the techno-economic assessment with such network layout is
presented in the remainder of the paper. The final layout of
the IEEE 34-bus network with distributed PV and grid-scale
BESS is illustrated in Figure 7.
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FIGURE 6. Performance scores for the grid-scale BESS siting optimisation
problem in the case of PV inverters using (a) constant PF and (b) Volt-Var
control. The global optimal location corresponds to the bus that
minimises the score based on the normalised variables considered in the
no-preference optimisation method. Bus 850 is the best performing bus
in both cases.

FIGURE 7. Single-line diagram of the IEEE 34-node test feeder with
distributed PV and the grid-scale BESS located in bus 850, the global
optimal solution.

IV. TECHNICAL PERFORMANCE OF GRID-LEVEL
STORAGE SYSTEM IN PRESENCE OF DISTRIBUTED PV
This section presents the results of energy- and voltage-related
variables and parameters in the distribution network with a

FIGURE 8. Maximum line voltage in the network per case as function of
PV penetration level.

focus on the technical performance of the grid-level BESS.3

Section IV-A begins by presenting the voltage violations
throughout the 1-year simulation, which lead to estimating
themaximumPVhosting capacity (HC) in the network. Then,
Sections IV-B and IV-C continue with the energy balances for
real and reactive power in the network, respectively, analysing
the response as function of PV penetration up to the levels of
the maximum hosting capacity. Finally, the changes in the
duty cycle of the voltage regulators due to PV penetration are
evaluated regarding the maintenance requirements and earlier
replacement needs as function of PV penetration.

A. VOLTAGE VIOLATIONS IN THE NETWORK
This section analyses the voltage violations, both under-
(≤ 0.85 p.u.) and over-voltage (≥ 1.1 p.u.) events as function
of PV penetration. The six considered cases are compared to
the base case, which does not register any voltage violation.
The assessment of the voltage violations in the network is
the defining factor to establish the maximum PV hosting
capacity of the network for each of the cases. The maximum
voltage reported in the network as function of PV penetration
is presented in Figure 8. It can be observed how over-voltage
conditions are reported in all six cases for PV penetration
levels larger than 35%. The lowest maximum PV hosting
capacity is reached for PV PF 0.95 inductive at 20% PV.
In contrast, the highest maximum PV is 35% for the case PV
VV + BESS. The remaining of the cases find the maximum
PV hosting capacity for a PV penetration of 30%. Among
the cases with fixed PF, the case PF 0.95 capacitive responds
similarly to the PF unity case. It is worth noting that the
grid-scale storage enhances the hosting capacity for the case
Volt-Var control, but it does not improve it for the fixed power
factor control. The Volt-Var control in the inverters permits
higher hosting capacity than constant power factor control,
but only when storage is present in the network. The case

3From section IV on, the results with data about grid-scale BESS refer to
the solution with the battery system in bus 850 as concluded from the result
of the siting optimisation problem.
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without energy storage and PV Volt-Var reports the same
hosting capacity than the case of grid-scale energy storage
and PF inverters, a maximum hosting capacity of 30%. The
simulation results indicate that there are not under-voltage
events in the network for any case nor PV penetration level.
Thus, the maximum PV hosting capacity is solely deter-
mined from the over-voltage events in this network and it
is summarised in Table 10. The analysis of the maximum
voltage levels show that the location in the network where
the maximum voltage levels are registered is bus 814 in all
four cases, which corresponds to the location of the in-line
voltage regulator no. 1. However, when the maximum voltage
levels in the network occur, the minimum voltage levels are
simultaneously found in bus 814, which highlights the effect
that PV can have in highly unbalanced networks. The IEEE
34-node is originally unbalanced, but the PV connected to
single phases upstream and downstream of bus 814 (e.g., PV1
in bus 810.2) makes it even more unbalanced and these are
probably responsible for the hosting capacity limitation in
that bus.

TABLE 10. Summary of maximum PV hosting capacities in the network
attending to voltage violations, including maximum voltage and bus of
over-voltage event.

B. ENERGY BALANCE FOR REAL POWER
This subsection covers the real energy balance in the network
and the changes in the total annual energy supply as function
of PV penetration, including the PV generated, the losses in
the network and the net real power supply of the grid-scale
BESS. This is followed by further results about the energy
losses in the network.

1) REAL POWER BALANCE
The real power supplied by the grid varies depending on the
amount of locally produced solar energy. The annual balance
of energy as function of PV for the cases with Volt-Var oper-
ation is shown in Figure 9 and includes the energy coming
through the substation (denoted as ‘system energy’), the real
power losses in the network, the PV energy consumed in the
network and the PV generation surplus, which is fed back to
the grid as a reverse power flow or it could also represent the
energy curtailed.

The base case provides a reference for the rest of scenarios,
and it has a total annual gross energy of 8.29GWh fromwhich
8.98% correspond to network losses. In Figure 9-a, it is pos-
sible to observe the progressive reduction from the electricity
supplied by the grid as PV local generation increases and it is
consumedwithin the network. Every 5% of PV in the network

FIGURE 9. Annual energy balance of real power in the network as
function of PV penetration with distributed PV using Volt-Var mode, and
without (a) and with (b) grid-scale BESS.

permit a reduction in the system energy of an additional
0.412 GWh. As PV penetration increases, reverse power
flow would occur after 10% PV penetration. The energy
categorised as ‘reverse power flow’ can also be considered
as the curtailment of solar energy in order to avoid feeding
back energy into the grid upstream of the MV substation.
In addition, the network losses, which are examined further
later in this section, reduce moderately as PV penetration
increases.

For the case with grid-scale energy storage in Figure 9-b,
the net energy power flow of the battery comes as a new
variable to the energy balance. The net BESS energy accounts
for the energy consumed while charging (i.e., as a load) plus
the total BESS energy losses (i.e., inverter’s losses and idle
state losses) and subtracting the energy supplied/discharged
(i.e., as a generator). The figure shows that the grid-scale
BESS acts more as a load than a generator and that its con-
tribution is nearly constant as function of the PV penetration
at a value around 0.85 GWh. Compared to the cases without
storage, the BESS reduces the energy fed back into the grid
around 5%.

2) NETWORK LOSSES
The integration of solar PV energy affects the real power
losses in the network as the demand is covered by local
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FIGURE 10. Percentage of real power losses in the network per case as
function of PV penetration.

generation and there is lower loading in power lines and other
electric infrastructure and, in consequence, reduces the resis-
tive losses. In order to obtain better insights about the evo-
lution of the percentage network losses compared to the
base case, the percentage of resistive losses for each case
as function of the PV penetration level is presented in
Figure 10. It can be observed that the losses follow concave
upward curve shapes, which are below the base case losses
(i.e. 8.98%).

The case with grid-scale storage and PV using Volt-Var
controlled inverters reports the lowest losses in the range
assessed, up to a penetration of 35%. The minimum of the
identified concave upward curves are at 20% PV penetration
for the cases PV PF (7.90%) and 25% for the cases PV
PF + BESS (7.64%), PV Volt-Var (7.53%) and PV Volt-
Var + BESS (7.46%). This minimum losses represent a
reduction up to 16.88% compared to the base case. Over-
all, the results suggest that both technologies of distributed
PV can benefit the network in terms of energy losses and
that grid-scale storage can further enhance the reduction of
losses.

C. ENERGY BALANCE FOR REACTIVE POWER
This section presents the balance of reactive energy by evalu-
ating the contribution of the PV inverters and grid-level BESS
as function of the PV penetration level. First, an overall power
balance in the network is introduced, then a break-down of
the contribution of the individual PV inverters deployed in
the feeder is presented.

1) REACTIVE POWER BALANCE
The annual balance of reactive power is presented below
for each case as function of the PV penetration level.
In Figure 11-a, it can be observed for the cases without
grid-level storage how the system’s reactive energy is pre-
dominantly of capacitive nature. The PV inverters provide
both reactive and capacitive reactive energy, particularly the
latter. The leading reactive energy of the inverters contributes
to compensate higher voltage levels produced across the

FIGURE 11. Annual energy balance of reactive power in the network as
function of PV penetration for the case with PV inverters using Volt-Var
mode, and without (a) and with (b) grid-scale BESS.

network buses when injecting PV’s real power. In addition,
the provision of reactive power by the PV inverters helps
compensate the voltage fluctuations occurring during times
without solar generation. For the PV VV case, the capacitive
reactive energy contribution of the PV inverters goes from
3.2% (0.11 Gvarh capacitive at 5% PV) to 32.7% (0.91
Gvarh capacitive at 35% PV) of the total capacitive energy of
the network. Similarly, the PV inverters supply from 24.9%
(64 Mvarh at 35% PV) to 67.2% (49 Mvarh at 20%) of the
inductive reactive energy.

When the grid-level energy storage system is integrated
(see Figure 11-b), the BESS solely provides lagging reactive
energy, which responds to the need of the network for a
compensation to higher voltage levels. The grid-level storage
system increases considerably the volume of lagging reactive
energy and it presents a similar behaviour for all the scenar-
ios. The addition of grid-level BESS minimises the need for
capacitive energy from the grid. Yet, the grid provides a small
amount of capacitive energy for all PV penetration levels,
whose consumption occurs in the main branch of the network
up to bus 814. The net reactive demand evolution is similar
in all the PV penetration range.
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2) REACTIVE POWER SUPPLY OF PV SYSTEMS
Given the substantial contribution of the PV inverters in the
reactive energy balance as observed in Figure 11, the analysis
of the reactive energy supply from the PV inverters can be
further studied by looking at the individual contribution of
each inverter. For the purpose of analysing a break-down of
the reactive energy balance of the PV inverters, the scenario
with a PV penetration of 30% is selected. This PV penetration
level corresponds to the maximum PV hosting capacity for
the cases PV PF, PV VV, PV PF + BESS and it is a feasible
scenario of PV VV + BESS. For the 8 PV systems in the
simulation, the distribution of the reactive power consump-
tion for each case and system is illustrated in Figure 12. For
the cases with constant power factor, the consumption of the
inverters is null. Moderate differences are however observed
in most of the PV systems for the Volt-Var mode with and
without grid-scale BESS.

FIGURE 12. Annual Reactive Energy Consumption of the PV inverters for
the scenario with 30% of PV penetration.

Those inverters with Volt-Var operation adapt their out-
put to the local characteristics of the bus where they are
connected. Consequently, the differences in the dispatch of
the PV inverters with Volt-Var control depend on the loca-
tion within the network. PV1 requires near-zero reactive
energy compensation due to the proximity to the substation
transformer with constant 1 p.u. supply. Similarly, PV3 also
requires near-zero reactive energy operation. In this case,
it may be because of its proximity to voltage regulator 1. The
results suggest that the locations of PV1 and PV3 seldomly
record voltage levels outside of the operational limits of PV
inverter Volt-Var control (from 0.97 p.u. to 1.03 p.u., see
Table 2) throughout the year. In contrast, the rest of the PV
systems require a substantial reactive energy contribution to
locally compensate voltage levels. PV4, PV5 and PV8 require
themost significant dispatch of capacitive reactive energy and
a common characteristic of these PV systems is that these
are the furthest to the substation. As a result of both, lightly-
loaded, long lines and PV penetration, the inverter helps com-
pensate the voltage level by consuming capacitive reactive
energy. PV2 and PV6 behave similarly but their location

requires much less reactive energy, with PV2 dispatching
inductive reactive energy at times. PV7, which is located
downstream of the 4.16 kV step-down transformer, is the
only PV system dispatching only inductive reactive energy.
While the deployment of the grid-scale BESS helps ease the
reactive dispatch of heavily duty-cycled inverters (e.g., PV4
and PV5), it leads to increasing the reactive dispatch needs for
other near-by buses (e.g., PV2 and PV6). Thus, it can be noted
that the characteristics of the network have a direct effect and
determine the behaviour of the inverters connected to it.

D. OPERATION OF IN-LINe VOLTAGE REGULATORS
The injection of PV power can increase the voltage level at the
point of connection and the surrounding buses. In addition,
the rapid fluctuations that PV power output due to irradi-
ance variability can also affect the voltage levels across the
network. This impact can be reflected in electrical infras-
tructure, such as voltage regulators. This section analyses
the variations in the duty cycle of the voltage regulators to
evaluate how distributed PV and grid-scale BESS can alter
their operation and lifetime.

The operations of the tap changers per phase in regulator
no. 1 are shown in Figure 13-a for all cases up to 35% of
PV penetration. The unbalanced nature of the network can
be observed comparing the duty cycle across phases, where
phase A has the highest number of operations throughout the
year. The annual cycles of operation progressively increase as
PV penetration grows and, with the exception of phase C, the
operation per phase are moderately higher than the base case,
where the regulator 1 has 6,881 operations/year in phase A,
4,541 operations/year in phase B and 5,091 operations/year
in phase C. It can be inferred that the Volt-Var control mode
of PV inverters is directly responsible for the reduction in the
cycles of operation and that grid-scale BESS further reduces
the operation of the voltage regulator. The contribution of the
grid-scale BESS is enhanced by the proximity in the network
to the voltage regulator no. 1.

Similarly, Figure 13-b shows the annual operations of the
tap changers per phase in the regulator no. 2 as function of PV
penetration level. It can be observed how in the base case, the
regulator has a more balanced distribution of the annual tap
changers’ operations per phase, i.e. 6,731 in phase A, 4,980 in
phase B and 4,993 in phase C. The impact of PV integration
is similar to that described for the voltage regulator no. 1,
that is, the presence of Volt-Var controlled inverters reduces
the operations when PV is deployed. Grid-scale BESS has
however a lesser effect in reducing the duty cycle of the
voltage regulator no. 2, which even increases in phase C.

The cycles per phase of each in-line voltage regulators due
to the distributed PV and grid-scale energy storage can be
compared to the base case in order to evaluate the impact
on maintenance requirements. The temporal variations in
the scheduled maintenance interventions can be estimated
by considering a routine maintenance interventions for the
tap changers in voltage regulators every 100,000 cycles or
operations [54]. Dividing these reference value by the cycles
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FIGURE 13. Annual number of operations of the tap changers per phase
in the in-line voltage regulators of the network per case and as function
of the PV penetration level.

per phase, a periodic, routine maintenance in the base case
would be required between 14.5 to 22 years approximately.
Similarly, the maintenance periods for each case and PV
penetration can be estimated and the differences examined;
these are presented in Figure 14-a for regulator no. 1 and in
Figure 14-b for regulator no. 2.
Since the duty cycle of the in-line voltage regulators grows

as PV penetration grows, the maintenance requirements have
an inversely proportional relationship to the operation of
the regulators. As a result, most of the cases lead to earlier
maintenance and replacement interventions in the regulators.

For the voltage regulator no. 1, it is possible to observe that
a PV penetration of 5% is the only value that would defer
the intervention for all phases. Phase C is the least affected
phase in regulator 1 and the case PV VV + BESS would
defer the maintenance interventions for penetrations up to
30% inclusive. In contrast, Phase A is the most affected by
the integration of PV and where at 30% and 35% PV (where
the maximum PV hosting capacities occur), the maintenance
would drop to every 6-7 years. Phase B would less affected
than phase A, but the maintenance requirement would also
drop to every 8.5-10 years at the maximum hosting capacities

FIGURE 14. Variation in the periodic scheduled maintenance
interventions for the in-line voltage regulators of the network per phase,
case and as function of the PV penetration level.

ranges. For the voltage regulator no. 2, the picture is similar,
phase A is the most affected with maintenance required every
7.5-9 years, followed by phase B with maintenance needs
every 9.5 to 12.5 years and the least impact is observed in
phase C. Overall, the trend is that Volt-Var control defers the
maintenance requirements compared to fixed (unity) power
factor control. Grid-scale BESS also helps reducing the main-
tenance, particularly in phases where PV inverters are con-
nected. For the simulated network, single-phase PV systems
are solely connected in phases A and B (see Table 6). It is
in those phases where it is possible to observe the better
performance in the cases with Volt-Var control and grid-scale
BESS.

E. SUMMARY OF THE TECHNICAL
PERFORMANCE RESULTS
Throughout this Section IV, the technical performance of the
centralised BESS has been introduced. Below, a recap of the
obtained results is presented before moving into the analysis
of the economic performance in the next section.
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1) PV HOSTING CAPACITY DUE TO VOLTAGE VIOLATIONS
The analysis showed that the maximum PV hosting capacity
in the network was determined by the occurrence of over-
voltage events. The maximum line voltages reported across
the network showed that the centralised BESS favours dis-
tributed small-scale PV penetration, and it enabled a further
5% PV share when smart PV inverters using Volt-Var con-
trol are present. Without smart PV inverters, the PV host-
ing capacity in the network can be enhanced by setting the
inverters in unity or capacitive power factor. Although the
maximum PV hosting capacity may remain the same without
smart inverters, the centralised BESS helps reduce maximum
voltage levels across the network for the same PV penetration
as illustrated in Table 10.

2) REAL POWER SUPPLY
The analysis of the real power balance illustrated that, overall,
the centralised BESS acts as a load and presented a positive
net energy consumption (around 0.85 GWh/year for any PV
penetration level). Within its energy capacity, the centralised
BESS also contributed to reduce the reverse power flow
reaching the substation. It was also reported that PV reduces
the network losses for any penetration level when compared
to the base case, up to 16.88% losses reduction in the best
case. The centralised BESS cuts down the network losses
further than the cases without storage for any control type of
the PV inverters. This was graphically illustrated in Fig. 10.

3) REACTIVE POWER SUPPLY
The reactive power balance was highly influenced by the
centralised BESS (see Fig. 11), which provides the majority
of lagging reactive energy required in the network (around
0.7 GVArh/year for any PV penetration level). When dis-
tributed PV inverters incorporate Volt/Var control, the relative
location of the PV inverters with respect of the network
affects their reactive power supply requirements. In the stud-
ied network, PV inverters mainly dispached leading or capac-
itive reactive energy, which mitigated the injection of real
PV power at their points of connection. It was shown in
Fig. 12 that centralised BESS helps easing the needs for
reactive power dispatch of heavily duty-cycled inverters in the
network, while having the contrary effect in near-by inverters.

4) EFFECT IN NETWORK INFRASTRUCTURE
The integration of PV was reported to increase the duty cycle
of in-line voltage regulators in the network when compared
to the base case without PV. An increased duty cycle in these
network assets represents a devitation in their periodic main-
tenance interventions and their life time, which are required
earlier than without PV presence. To that end, centralised
BESS helped reduce the duty cycle of the in-line voltage
regulators from few hundreds to thousands of cycles per year
depending on the PV penetration levle and the case (with
constant and Volt/Var PV inverters) as reported in Fig. 13.
In consequence, centralised BESS partly mitigated the earlier

wear and tear of the in-line voltage regulators, particularly
those in highly loaded electric phases (see Fig. 14).

V. ECONOMIC PERFORMANCE OF GRID-LEVEL STORAGE
SYSTEM IN PRESENCE OF DISTRIBUTED PV
This section covers the economic profitability of the
grid-scale BESS based on the revenue streams from real and
reactive power supply. First, the annual revenue as function
of PV penetration is analysed, and it is then complemented
with relevant economic metrics for the storage system. The
section continues by analysing the payment rates which
would make profitable grid-scale energy storage systems in
future distribution-specific services. Finally, the economic
impact on the network from the integration of distributed PV
and grid-scale energy storage is assessed.

A. REVENUE STREAMS FROM REAL AND REACTIVE
POWER SUPPLY
The revenue stream from the supply of real and reactive
power follows the methodology described in Section II,
where it is assumed that the grid-level BESS participates
in the whole-sale electricity market for real power sup-
ply and the reactive power supply is paid at a constant
rate of 23 pence/Mvarh as for the ancillary services con-
ceived for generators within the Irish Single Electricity
Market. This compensation would correspond to traditional
transmission-specific services offered to large generation
units.

The total revenue and the breakdown of revenue per type
of energy is presented in Figure 15, where the grid-level
BESS under presence of the PV inverters using Volt-Var
control reports a slightly higher revenue. The figure shows
how real power energy supply represents almost the totality
of the income with a positive linear relationship with sev-
eral slopes as function of the PV penetration. In the con-
trary, the reactive energy supply represents a small share of
the revenue ranging from 890 GBP to 917 GBP per year.
The revenue from reactive energy follow a concave down
increasing trend, which is different for each inverter control

FIGURE 15. Annual total and separated revenue of the grid-scale BESS for
the supply of real and reactive power as function of PV penetration.
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TABLE 11. Annual revenue and economic metrics for the grid-level BESS with a PV penetration equivalent to the maximum hosting capacity of the
network for each of the cases.

strategy and the tipping points are 10-20% PV penetration
depending on the case. The total revenue, which is very
similar for both cases, ranges from 85,709 to 88,630 GBP
per year.

Focusing on the economic revenue at the estimated maxi-
mum PV hosting capacities (see Table 10), the break-down
of the revenue streams is presented in Table 11. The total
revenue would reach nearly 90,000 GBP of which over 98.9%
would come from real power energy dispatch and with dif-
ferences between the cases below 800 GBP. The average
payment for the supply of real power is 38.23 GBP/MWh
(PV PF + BESS) and 38.52 GBP/MWh (PV VV + BESS).

B. ECONOMIC PROFITABILITY METRICS
The economic profitability metrics for the grid-scale BESS
are presented below for the maximum PV hosting capacity
levels, i.e. 30% in presence of constant PF inverters and 35%
when Volt-Var controlled inverters are deployed for the PV.
The assessment includes the following metrics: (i) net present
value (NPV); (ii) internal rate of return (IRR); (iii) discounted
payback period (PB); and (iv) profitability index (PI). The
metrics are estimated considering the battery operation and
revenue of the first year during the lifetime of the project,
which are then subject to degradation factor, discount rates,
etc.

With the capital and operational costs introduced in Table 8
and Table 9, the resulting initial capital investment of the
grid-scale BESS equals to 984,317.36 GBP, which turns into
an annuity of 76,999.92 GBP during the life span of the
project. The annual cost of the electricity consumed dur-
ing idle state reaches 318.74 GBP (PV PF + BESS) and
316.77 GBP (PV VV + BESS) to which the annual O&M,
taxes and insurance costs need to be added. All these costs
lead to the economic metrics presented in Table 11. It can be
observed that the grid-level BESS would not be economically
profitable and would result in a negative profitability with
a net present values around −350,000 GBP. A closer look
to the cash flow over the 25-year period of the project in
Figure 16 reveals that the main factor of the negative prof-
itability of the grid-level BESS is the batteries’ replacement
in the years 10 and 20, which are large withdrawals. It can
be also observed that, despite the BESS performance degra-
dation, the higher electricity prices due to inflation progres-
sively bring increased deposits and positive annual net cash
flows after year 12.

FIGURE 16. Cash-flow for the grid-level BESS (case PV VV + BESS) for a
PV penetration of 35%. After the 12th year, the net cash flow is positive.
However, the replacements of the battery cells in the years 10 and 20 of
the project penalise its economic viability.

C. FINANCIAL BREAK-EVEN THRESHOLD FOR THE
REVENUE OF GRID-SCALE BESS
The economic metrics presented in the previous section show
that grid-scale BESS is not profitable. The payments for the
services to supply real and reactive power in the economic
assessment corresponded to typical values that large gener-
ators with output in the range of MWs would be suitable
to. These services can be illustrative to estimate the prof-
itability with a current framework of TSO-level services.
Nevertheless, these may not reflect the local value added by
distribution-level, front-of-the-meter energy storage projects
that can help locally manage DG. In this subsection, the
annual average payment for the supply of real and reactive
power are explored so that those distribution-specific services
would make profitable the grid-scale BESS project.

Considering the capital and operational costs and financial
variables in Table 8, the annual total revenue that would make
produce the financial break-even point, where NPV=0 and
PI=1, is estimated to be 112,032.65 GBP (PV PF + BESS)
and 112,030.64 GBP (PV VV + BESS). From these annual
revenues and with the real and reactive energy balances pre-
sented in Section IV, the range of prices for each type of
energy that equal the PI=1 andNPV=0 can be estimated. The
results are shown in Figure 17, where it is possible to observe
how any annual average payment per unit for real power
supply over 4.87 p/kWh would lead to a profitable grid-scale
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FIGURE 17. Financial break-even interface (NPV=0, PI=1) for the annual
average real and reactive power received payment rates for grid-scale
BESS. An annual average payment for real power supply higher than
4.87 p/kWh or for reactive power supply higher than 2.88 p/kvarh would
make profitable the grid-scale BESS project considered.

BESS project. Similarly, any annual average payment per
unit for reactive power supply over 2.88 p/kvarh would also
produce economically beneficial results. The graph illustrates
a wide range of possibilities for the definition of potential
received payment rates for grid-scale BESS as exchange for
the provision of local distribution-specific services.

D. ECONOMIC IMPACT ON THE LOCAL POWER NETWORK
AND ITS INFRASTRUCTURE
It was observed in Section IV-D that distributed PV pene-
tration and the presence of grid-scale BESS have an impact
on the operation of the in-line voltage regulators present in
the network. As a result, additional or fewer maintenance
interventions may be required throughout the life span of the
components. Thus, this subsection examines the economic
consequences of an increase in the duty cycles of voltage
regulators during a 35-year period. The prorated costs in the
maintenance and replacement of the in-line voltage regulators
during 35 years are presented in Table 12 for each case at its
maximum PV hosting capacity. The results show that PV PF
is the case that increases the most the overall costs associated
to the voltage regulators, up to 23.2% compared to the base
case. For the same PV penetration, i.e. 30%, the case PV
PF + BESS leads to 7.3% additional cost compared to the
base case. For the cases with Volt-Var control, the additional
costs are less than those with constant power factor operation.
While the additional costs reported by the cases with and
without storage are similar, i.e. 5.6% and 5.5%, respectively,
the case PV VV + BESS would enable 5% of PV energy in
the network. Thus, the result show the benefits of grid-scale
BESS in reducing the economic impact on voltage regulators.
Overall, considering the 35-year period, the cost variations
due to PV integration are low to moderate regarding the
periodic maintenance and earlier replacement of the voltage
regulators.

TABLE 13. Avoided CO2 emissions and avoided equivalent cost of CO2
ETS credits over 25 years due to distributed PV penetration.

Concurrently, the integration of PV in the network brings
forward the decarbonisation of the network and there are
additional avoided costs from the CO2 emission trading
credits acquired within the carbon dioxide emission trading
systems (ETS). An estimate of the economic benefit derived
from this decarbonisation of the network during a 25-year
period is presented in Table 13 and hints large economic
benefits. The results show that the extra PV hosting capacity
enabled by the grid-level storage increases the avoided cost
by 0.4% (2,511.11 GBP) in the PV PF + BESS case com-
pared to the PV PF case, and by 9.7% (63,261.03 GBP) in
the PV VV + BESS case.

Altogether, the lower impact on the in-line voltage reg-
ulators and higher avoided cost due to the decarbonisation
of the network suggest that the network would benefit from
the deployment of a grid-level BESS in combination to dis-
tributed PV, particularly if PV inverters with smart control
capabilities are deployed.

VI. SENSITIVITY ANALYSIS FOR GRID-LEVEL BESS
Following the technical and economic evaluation of the
grid-level battery storage system, this section presents a
sensitivity analysis that examines the variability of certain
macro-economic parameters and the changes in the results
if the battery system had different power output and energy
capacity ratings. For the macro-economic variables, the focus
is placed on the BESS costs per unit of energy and power, and
the real discount rate. For the size sensitivity, the focus is on
the economic profitability of the project.

A. SENSITIVITY TO MACRO-ECONOMIC PARAMETERS
The sensitivity of themacro-economic variables in the project
looks at the variations from −50% to +50% in the cost of
BESS per unit of energy and per unit of power, and the
real discount rate. In order to illustrate the changes in the
economic value, the profitability index (PI) is illustrated as
an overall metric, which if larger than unity would represent
a profitable financial investment (see Eq. (18)).

The results are shown in Figure 18 and illustrate that the
grid-scale BESS would turn into a profitable asset if the
BESS cost per energy would drop 50% to 61 GBP/kWh or
the overall BESS cost would drop at least 35% compared to
the reference costs presented in Table 8. The grid-scale BESS
would be profitable with a price per energy unit equal or lower
than 79.3 GBP/kWh and the price per power unit equal or
lower than 158.6 GBP/kW. The variations in the BESS cost
per power unit and real discount rate would not be enough
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TABLE 12. Costs of the periodic maintenance and replacement of the in-line voltage regulators in GBP during a 35-year period and the variations in cost
per case at the maximum PV hosting capacity.

FIGURE 18. Profitability index as function of variation in BESS capital
costs per unit of power, per unit of energy, in power/energy combined,
and real discount rate. Mainly a high reduction (below 30%) of the
battery’s per-unit combined (power + energy) cost would lead to a
positive profitability.

to make grid-scale storage profitable, which would report the
highest PI equal to 0.81 and 0.91, respectively.

B. SENSITIVITY TO BESS SIZE: RATED OUTPUT
AND CAPACITY
Sizing BESS is, together with the siting, a key decision in
energy storage systems that affects the technical and eco-
nomic capabilities of the asset. In this subsection, the vari-
ation of the profitability index of the project is evaluated
attending to different BESS sizes in terms of rated power
output and energy capacity. Since the initial size of the
battery system was set according to typical values found
in the literature, the sensitivity analysis includes 120 vari-
ations of the BESS size, 119 cases plus the reference case
(i.e. 960 kW and 3,800 kWh evaluated throughout the paper).
The size variations are presented for the grid-level BESS in
presence of Volt-Var controlled inverters for a PV penetration
of 35%, as this is highest maximum hosting capacity in the
cases with storage. The power output of the battery’s inverter
is considered from 0.1 p.u. to 1.5 p.u. at 0.1 steps of the
peak demand in the base case (i.e. 1.9 MW). The capacity is
considered as the number of hours of operation of the battery
from 1 to 8 hours.

Typically, a larger BESS size enables higher technical
capabilities. For example, a larger power output rating would
allow higher peak power output for load shaving purposes.
Similarly, additional capacity to store energy would permit
responding to the network needs, such as longer shifts of
electricity when performing energy arbitrage or peak load
shaving. As a result, the revenue received by a centralised
BESS for the provision of services related to real power sup-
ply would increase if higher operational ratingwere available.
However, the associated capital cost, which is defined per unit
of power or energy, would also raise the initial investment and
the operational costs of the storage systems. The effect on the
economic profitability of the storage project would then be
related to the per unit costs. In other words, what would be
higher: the battery’s per unit revenue or the per unit cost? This
is addressed in this subsection by analysing the economic
profitability of the project attending to multiple combinations
of power and energy rating.

The effect of the economic profitability of the project as
function of the power output and energy capacity ratings is
presented in Figure 19. In the range of BESS sizes anal-
ysed, the only power output with positive profitability for
any battery capacity is 0.1 p.u., where the maximum PI is
found at 1 hour of capacity (PI=14.2). In the studied system,

FIGURE 19. Profitability index as function of the BESS nominal power and
capacity for the PV VV + BESS case and a PV penetration of 35%
(reference scenario marked). An index higher than 1 would represent a
positive profitability.
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a 0.1 p.u. nominal power would correspond to 190 kW. It is
however unlikely the deployment of grid-scale BESS with a
nominal power rating equal to 190 kW in a MV distribution
network, although it could occur in LV networks. Overall,
it is possible to observe how the profitability increases with
both lower nominal power and lower capacity ratings. From
the reference case, reducing the capacity to 2 hours would
make the grid-scale BESS profitable (PI=1.52). Similarly,
reducing the nominal power to 0.3 p.u. would also make
the storage project profitable (PI=1.56). The results suggest
that an increase in the nominal power may report higher
economic benefits than an increase in the energy capacity.
This is probably for the increased cost per unit of energy than
per unit of power in BESS technology.

VII. DISCUSSION
The assessment of grid-scale BESS in presence of distributed
PV in the IEEE 34-node system has been carried from a
techno-economic perspective throughout the paper to evalu-
ate the role of the grid-scale storage solutions in integrating
solar energy. This section discusses the findings and their
implications regarding the integration of PV systems using
smart inverters and the performance of the grid-scale BESS.

A. PV INTEGRATION WITH SMART INVERTER
CAPABILITIES
Distributed PV in the IEEE 34-node system had multiple
smart-control strategies for the dispatch of reactive power by
the inverters. Smart-control capabilities in PV inverters are
considered to enhance the hosting capacity and contribute
to maintain voltage profiles within statutory limits [28].
Constant or fixed power factor using power factor unity,
0.95 inductive and 0.95 capacitive were examined for the
maximum PV hosting capacity. The results showed that the
power factor can have a significant impact on the hosting
capacity limits of a power network. The differences in the
hosting capacity of the network reached 10% among cases
with stand-alone distributed PV (see Table 10), where the
lowest capacity (20%) was found in the case with 0.95 induc-
tive power factor with the remaining 0.95 capacitive and unity
power factors equal to 30%. The lower maximum capacity of
an inductive power factor can be understood as the injection
of real power from the PV can raise the voltage at the point
of connection, which can be further raised by the injection of
inductive reactive energy.

Besides constant power factor control, PV inverters using
Volt-Var control were investigated. Concerning the maximum
hosting capacity, the results reported the same limit of 30%
PV penetration. However, inverters using Volt-Var control
positively contribute to locally supply reactive energy and
reducing the demand of reactive energy to the grid. In addi-
tion, when grid-scale BESS is present, Volt-Var inverters help
enhancing the maximum hosting capacity further than the
case with storage and constant power factor control. Volt-Var
inverters were also shown to reduce the duty cycles, and in
consequence, the economic cost, of in-line voltage regulators

in the network when compared to the constant PF mode.
It is worth noting that the behaviour of smart inverters with
Volt-Var control is conditioned by its location in the network.
Thus, the location of the distributed PV in the network is the
determinant factor for the dispatch of reactive energy by the
inverter as it was illustrated in Figure 12.
Overall, it can be observed that Volt-Var control per se

or combined to other smart-control techniques (e.g., Volt-
Var combined with Volt-Watt) can be more beneficial to the
network than constant, fixed power factor solutions. How-
ever, when smart control for PV inverters is not available,
unity power factor would be a more adequate choice than
any inductive power factor, provided that there were no other
network requirements.

B. TECHNICAL PERFORMANCE OF GRID-LEVEL BESS
The siting decision of energy storage systems was the first
of the topics covered in the IEEE 34-node test feeder, where
a no-preference, multi-parametric optimisation model was
used in order to find a global optimal bus where to allocate
the grid-scale BESS. The multiple variables included were
both technical and economic parameters of the network and
the optimal bus was common in both solutions, with PV using
constant PF and Volt-Var control. Nevertheless, the selection
of other technical variables, the focus on a different temporal
resolution or economic-only parameters would have resulted
in different optimal solutions for the grid-scale storage system
as illustrated by the results, which is aligned with the conclu-
sions in [59] about the most cost-effective location of BESS
considering several technical variables or services. The best
ranked bus to allocate front-of-the-meter storage resulted in
a location in the main branch and towards the centre of the
network, where the bi-directional power flows of distributed
PV could be observed by the grid-scale BESS.

The technical evaluation investigated the energy balance
of real power, where the results showed a reduction of the
network losses compared to the base case when deploying
stand-alone PV and PV plus grid-scale storage. The lowest
system losses were found for the case with grid-scale storage
and PV using Volt-Var at 35% PV penetration (7.46% losses),
which represents a reduction by 16.88% compared to the
base case. The reduction of electric losses observed from the
integration of PV is one of the benefits for the network, which
is in alignment with the literature, e.g., [60]. The energy
balance of reactive power was also evaluated and it presented
considerable changes when introducing grid-scale BESS,
which largely reduced the requirements of capacitive/leading
reactive energy in the network.

Concerning the maximum PV hosting capacity, the com-
bined deployment of inverters controlled by Volt-Var mode
and grid-scale storage enabled a 5% further hosting capac-
ity than the PV Volt-Var mode without storage. Thus, the
introduction of grid-scale BESS favours higher PV penetra-
tion, which is one of the main benefits often searched in
ESS [61], [62]. All the maximum hosting capacities were
above 15%, which is the traditional threshold used in industry
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before require significant interventions in the network [25];
however, the maintenance requirements of electrical infras-
tructure (e.g., in-line voltage regulator) could be moderately
affected with earlier maintenance needed up to 5 years in
advance (see Figure 14). Hence, the results of the assessment
reinforce the idea that advanced studies for solar PV inte-
gration should replace conventional rules-of-thumb [10], [25]
and be integrated as part of the early stages of distribution net-
work planning process to enable requests for PV connections.

Regarding the network analysed, the IEEE 34-bus test
feeder has its origin in Arizona, USA. The configuration
of the network in terms of voltage control (i.e. an in-feed
transformer without voltage regulation and this being imple-
mented by in-line voltage regulators in different locations of
the network) may not correspond to typical networks found
in Northern Ireland and other parts of the UK, where on-
load-tap-changing transformers at substation level would be
used for voltage regulation. Thus, the technical performance
in typical UK-based primary distribution networks (e.g., 33
kV network) may differ to that presented in relation to volt-
age compensation and other depending features, such as the
maximum hosting capacity. Yet, the IEEE 34-node system
provides a test bed for the concept of aggregated impact from
distributed PVwith storage systems at the level of bulk supply
points, which is the focus of this paper.

Overall, centralised, front-of-the-meter BESS in
distribution-level power networks:

1) reduces the system energy losses;
2) enhances the maximum PV hosting capacity;
3) minimises the requirements of capacitive reactive

energy in the network; and
4) helpsmitigate the extra operation of near-by grid assets,

such as in-line voltage regulators, compared to cases
with distributed PV and without storage. The mainte-
nance and replacement costs of in-line voltage regula-
tors increase due to distributed PV, but the additional
cost is low to moderate considering the long lifetime of
power infrastructure.

C. ECONOMIC PERFORMANCE OF GRID-LEVEL BESS
The economic assessment provided with a break-down of the
revenue streams from real and reactive power supply, where
over 98.9% of the revenue came from real power supply.
However, the assessment quantifies the revenue from reactive
power supply, which is generally omitted in the literature [4].
Overall, the economic metrics illustrate that the grid-level
BESS would not be profitable as an asset, primarily driven
by the additional cost of the battery replacements throughout
the life span of the project. Nonetheless, the deployment of
grid-scale BESS in the network with distributed PV helps
minimise the interventions of electrical infrastructure, such
as that of in-line voltage regulators.

A sensitivity analysis for the profitability of the project
was performed based on variations of the size and
macro-economic parameters of the grid-scale battery system.

The findings suggest that higher battery inverter power output
would produce higher benefits than larger energy capacities.
The profitability can turn into positive with variations of
both energy capacity and nominal output rating. Looking at
the evolution of macro-economic variables, a potential high
reduction in the battery cost per unit of energy, which would
align with the most optimistic scenarios for the long-term
future of lithium-ion battery packs [45], would significantly
benefit the profitability of grid-scale BESS projects.

What would it take for profitable grid-level BESS with a focus
on the integration of small-scale distributed PV?
The revenue streams for the supply of real and reac-
tive power were assessed by scaling available services to
large generators (e.g., whole-sale electricity supply and
reactive energy/voltage compensation), which are typical
transmission-level/TSO-based services. The results showed
that TSO-based services are not enough for the economic
profitability of grid-level BESS acting in distribution net-
works. Similar findings were found by Brogan et al. [23]
when analysing the grid-scale BESS for ancillary services,
including to fast-frequency response and operating reserves
(primary, secondary and tertiary reserve) in the Irish power
system. Nonetheless, incorporating and stacking multiple
revenue streams can assist the economic profitability of
grid-level BESS when the financial viability is marginal.

As a result, distribution network-specific services could
be a solution in the future to manage and support the inte-
gration of renewable DG locally. Initiatives related to these
services are starting to be implemented across Europe but are
not currently on-going in the all-island Irish power system.
However, a trial project in Northern Ireland commences in the
last quarter of 2021 (i.e., the FLEX project [18]). In relation to
distribution-specific services by distributed BESS, previous
work in the Irish power system byRaoufMohamed et al. [19]
showed that economic viability of these projects can be again
negative or marginal. To this end, the potential ranges of pay-
ment received by generators due to real and reactive energy
supply were explored to find the financial break-even limit
between positive to negative profitability. The findings show
that an annual average payment for real power supply higher
than 48.7 GBP/MWh (4.87 p/kWh) or for reactive power sup-
ply higher than 28.8 GBP/Mvarh (2.88 p/kvarh) would make
profitable the grid-scale BESS project considered. Besides
these price thresholds, multiple solutions for the payment
received by front-of-the-meter storage systems could be set
according to the linear relationship found.

Concurrently, the paper explored a complementary way to
enhance the profitability of grid-scale energy storage systems
could be by partly or totally account the economic sav-
ings that the storage systems produce in the power network.
PV integration brings a large economic benefit due to the
avoided cost in CO2 emissions trading credits. This benefit is
expanded by the integration of grid-scale BESS (see Table 13)
due to better management of local PV generation (i.e., higher
self-consumption) and extra hosting capacity enabled by the
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storage systems in the case PV VV + BESS (5% additional
PV hosting capacity than with the PV VV case). Thus, any
consideration of the economic added value of the grid-scale
BESS integrated as part of the project’s economics would
help the profitability of front-of-the-meter energy storage
systems, e.g., as a variable payment mechanism depending
on the solar generation in the network. Overall, the implica-
tions of this potential profitability for grid-level BESS would
be related to the design of new services for the case of
distribution-specific compensation.

VIII. CONCLUSION AND FUTURE WORK
This paper constitutes an exhaustive study that permits draw-
ing conclusions about the cost-effectiveness of grid-level
storage systems in presence of stand-alone distributed PV
systems in the context of distribution-specific services. The
assessment included multiple aspects of energy storage sys-
tems, such as: the siting decision of BESS; the technical
characteristics of the network; the economic revenue from
real and reactive energy supply; the economic effect in
the grid infrastructure from decarbonising the network; and
PV hosting capacity with smart control strategies for PV
inverters.

By covering all these topics on grid-level storage and
distributed PV systems simultaneously, and in the same case
study, the results illustrated several technical benefits of
grid-scale BESS in fostering PV integration: (i) it minimises
the real energy supplied by the grid through the substation
around 5%, and cuts down by 125% on average the volume
of reactive energy (including inductive and capacitive reactive
energy); (ii) it reduces the system losses up to 16.88% com-
pared to the base case without PV; and it diminishes the losses
1-3% compared to the cases of PV presence without storage;
(iii) it improves the voltage of the network by reducing the
maximum voltage levels across the network, which enables
further PV hosting capacity by an additional 5% under the
presence of Volt-Var controlled inverters; (iv) it helps mit-
igate the duty cycle of distribution network assets, such as
in-line voltage regulators, which permits extending the period
scheduled maintenance by half a year, and the lifetime of the
devices around 2 years compared to the cases when storage
is not present.

Despite the technical benefits, grid-scale BESS projects
as the studied were not found economic profitable per
se. The cash-flow analysis showed that battery replace-
ments represent large cash withdrawals that affect negatively
the profitability of the project, leading to net present val-
ues over 350,000 GBP and an internal rate of return of
−23.9%. Nevertheless, the paper explored viable compen-
sation rates for distribution-specific services of grid-scale
BESS that could make these assets profitable. It was esti-
mated that annual average payments of 48.7 GBP/MWh and
of 28.8 GBP/Mvarh would make profitable grid-scale BESS
projects as the proposed. Overall, we conclude that the pos-
itive economic profitability of large centralised distributed
BESS lies in developing distribution-specific services that

reflect the local value and flexibility benefits provided. For
example, centralised BESS can reduce by 15.9% the cost
of in-line voltage regulators during their lifetime when PV
systems don’t have smart control capabilities, or it can expand
the PV hosting capacity without increasing the cost when
smart PV inverters are deployed. Moreover, several ideas
based on the impact on electrical infrastructure and decarbon-
isation in the electricity network were assessed to benefit and
enhance the profitability of grid-scale BESS. For instance,
developing compensation schemes that include the additional
avoided cost in CO2 trading credits enabled by centralised
BESS could increase the revenue up to 63,000 GBP during
the project’s lifetime.

As the energy transition continues, distribution network
operators will increasingly face new challenges in deal-
ing with local micro-grids and additional services, such
as inertial support, and islanding detection, compensation
and restoration. It is possible to consider that the transition
from distribution network operators into distribution sys-
tem operators might bring transmission-like services to the
distribution network level. To this end, the results of this
paper can direct system and market operators, and energy
regulators towards developing schemes to incentivise large,
centralised BESS in distribution networks in the context of
distribution-specific serv. The research community and sys-
tem operators can also use this study as a reference and
benchmark our results in future studies in the available IEEE
test feeder. Future research could further analyse planning
implications of grid-level storage in distribution networks in
the context of micro-grids (e.g., reliability and risk analysis).
Future work can also continue exploring distribution-oriented
services as a possibility and the design of market and
ownership schemes that would allow these practices while
ensuring the principles of competence in the electricity mar-
kets and the independence of system operators and market
participants.

APPENDIX
SUPPLEMENTARY MATERIAL
The annual timeseries at 1-minute resolution of the per-unit
profiles used for the electric load and the per-unit power out-
put 8 PV systems are available as a supplementary material.
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