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a b s t r a c t

The paper presents a procedure for the optimal operation of a community of prosumers connected
to a medium voltage distribution network equipped with generation and storage units that considers
the penalization for low power factor operation, the exploitation of direct exchanges of both active
and reactive power between the prosumers and the provision of reactive power services by the
community to the local distribution system operator and the transmission system operator. The
proposed procedure calculates the maximum and minimum reactive power deviations that each
community participant can provide with respect to the reference profile. A deterministic day-ahead
scheduling problem is considered assuming the forecast of load and photovoltaic production known
without uncertainties. The formulation of the optimization problems and the solution computational
requirements are suitable for the inclusion in a stochastic approach. The effectiveness of the approach
is supported by numerical simulations of the daily scheduling for different test cases.

© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

1.1. Motivations and literature review

Electricity distribution systems are facing innovations and new
peration methods are being introduced with the aim of in-
reasing the production from renewable energy resources, to
educe the climate change impact and promote a sustainable
evelopment. New regulatory frameworks have been set up to in-
rease final user participation in the electricity market in several
arts of the world. The implementation of energy communities
nd direct electricity trading exchange schemes between neigh-
ors has become a new opportunity in Europe and elsewhere.
hese communities and the relevant direct energy transactions
ake fundamental advantage from the deployment of advance
etering infrastructures, storage units to compensate the mis-
atches between consumption and the production by renewable

esources, and the adoption of specific optimization algorithms.
he regulatory framework on energy communities is in evolution
o include different perspectives of the transition to a low carbon
ociety other than the technical aspects of power system oper-
tion, such as environmental issues, eradicating energy poverty,
ustainable development (e.g., [1] and references therein). More-
ver, energy communities are expected to provide services (such
s active and reactive power balancing) to the distribution and
ransmission networks to which they are connected.
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Significant examples of these new regulatory frameworks are
the EU Directive on common rules for the internal electricity
market (2019/944/EU) and the revised Renewable energy direc-
tive (2018/2001/EU) that increase the role of renewables self-
consumers and renewable energy communities [2].

Emerging regulations are fostering the participation of final
users, single or aggregated collectives, in both the energy market
and the ancillary services markets. As an example, the Italian
Regulatory Authority for Energy, Networks and Environment (AR-
ERA) has issued a call for projects for the provisions of local
ancillary services (resolution 352/2021/R/eel), i.e. those useful for
the operation of distribution networks, that completes a previous
resolution (300/2017/R/eel) relevant to global ancillary services,
i.e. those acquired by the transmission system operator, in the
framework of the electricity market regulation (322/2019/R/eel).

These services for the distribution network operation are ex-
pected to be provided by microgrids and energy communities,
with the use of qualified generating and storage units, reactive
power compensation devices, and the implementation of demand
response techniques. Another case will be represented by com-
munities owning or operating the part of the public network to
which the participants are connected (as foreseen, for example,
by the ARERA resolution 120/2022/R/eel), therefore acting as
distribution system operator (DSO) providing services to all the
connected users and to the transmission system operator (TSO).

This paper focuses on provision of reactive power compen-
sation services by a local energy community of prosumers con-
nected to the same medium voltage (MV) distribution network.
icle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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There is a growing literature on this specific topic both for sep-
rately managed final users or prosumers and for communities.
n these studies, reactive and active compliant and non-compliant
ones of operation are often considered, including penalties for
on-compliant absorption of reactive power. Indeed, when a pho-
ovoltaic (PV) system, installed in a final user site, is operated
t unitary power factor, it decreases the local active power de-
and with a corresponding worsening of the power factor of

he site. The presence of penalties for non-compliant absorption
f reactive power is indeed an issue There are several studies
elevant to the reactive power control of distributed generators,
ith specific reference to PV systems, e.g. [3–6] that consider also
he relationship with active power curtailments and transformer
ontrol.
Among the auxiliary services for distribution network opera-

ion, the provision of reactive power flexibility is one of the most
mportant as it can be used to obtain improved voltage profiles,
voiding or postponing the need of expensive voltage control
evices by the DSO (such as static var compensators and voltage
egulators).

The changes of the user reactive power injections or absorp-
ions need to be coordinated with the control of the transformers
quipped with on-load tap changers (OLTC) [7]. Optimization
pproaches have been developed for the reactive power manage-
ent in grids with renewables [8], which need to consider both
-Q inverter capability curves and compliant regions (that may
lso involve the voltage value at the connection bus) defined in
arious countries [9–11].
The preliminary calculation of the maximum deviations with

espect to a reference value [12,13] are useful for DSO and TSO
ecisions relevant to the provision of ancillary services. For the
pecific case of communities equipped with energy storage sys-
ems and aggregated distributed energy resources, [14] focuses
n active load flexibilities and storage capacity sharing and [15]
ocuses on voltages ancillary services with the use of phasor
easurement units for the coordination of the different control
eans.

.2. Contributions and paper organization

This paper presents an optimization model for the scheduling
f the community resources that considers both active and reac-
ive power direct exchanges among the community participants.
ctive power exchanges allow to reduce the energy procurement
osts of the community with respect to the case in which the
sers can only transact with an external energy provider; reac-
ive power exchanges are aimed at reducing the noncompliance
enalties associated with low power factor operation.
A day-ahead scheduling problem of a community connected

o a MV distribution network is considered. It is assumed that
etwork users are members of the same community and have a
ommon provider (identified for simplicity with the utility). The
ransactions among different users of the low voltage network
onnected to the same node of the MV network are aggregated
ithout effects on the results. Daily profiles of the price of the
nergy bought from the utility, price profiles recognized for the
nergy sold to the utility, and penalizations for energy exchanges
ith low power factor are predefined. Direct exchanges of both
ctive and reactive power are allowed among the community
articipants. The proposed optimization procedure of the com-
unity calculates the scheduling of these exchanges through the
V network and the prices of the transactions. The objective of

he procedure minimizes the energy procurement costs of the
ommunity for the next day together with the penalizations for
ow power factor operation. Moreover, specific optimization pro-
edures are used to assess the maximum up and down reactive
2

power variations that can be offered as a flexibility service by the
community to the utility for the following day, being the flexi-
bility reward tariffs predefined. The utility can use the reactive
power flexibility service offered by the community for the online
reactive power/voltage control in the network during the day. As
these optimization procedures calculate the maximum reactive
power increase and decrease at each node and at the substation
that connects the distribution network with the transmission
network, these flexibility capabilities can be exploited for both
the distribution operation (by the DSO) and for the transmission
system at the DSO/TSO interface. In any case, the community is
rewarded by the variation of the reactive power at the connection
points of the participants.

The developed model considers voltage control devices, such
as transformers equipped with OLTC, capacitor banks or static
var compensators, as well as the reactive power injection or
absorption by distributed generators and storage units.

The structure of the paper is the following. Section 2 presents
an overview of the procedures. Section 3 presents the details
of the optimization model for the day-ahead scheduling of the
energy community resources and the calculation of the reference
reactive power profiles. Section 4 deals with the calculation of the
maximum deviations of reactive power exchanges for each com-
munity member with respect to the reference profiles. Section 5
describes the test cases and presents the results. Finally, Section 6
concludes the paper.

2. Structure of the optimization procedures

In this paper we consider a deterministic day-ahead schedul-
ing problem, i.e., the optimization of the energy resources and
control means for the 24 h of the next day with 15 min resolu-
tion, assuming the forecast of load and photovoltaic production
known without uncertainties. The optimization models can be
adopted in scenario-based stochastic approaches and intraday
rolling-horizon procedure (as described in e.g., [16]) able to cope
with uncertainties. The formulation of the optimization problems
and the solution computational requirements are suitable for the
inclusion in a stochastic approach, although this is beyond the
scope of the paper.

The considered scheme includes the following steps.

1. Reference optimization: calculation of the scheduling of
both active and reactive power resources that minimize
the energy procurement costs of the entire community
assuming known tariffs for the active power exchanges
with the external provider and considering the penalties
for the participants that operate with power factor lower
than a predefined limit;

2. Qdown optimization: calculation of the maximum decrease
of reactive power absorption or maximum increase of re-
active power injection at the terminals of each community
participant that minimizes the energy procurement costs
considering the revenues (with predefined e/kvarh price)
from the provision of a reactive power flexibility service
consisting in the decrease with respect to the reactive
power profile (assumed positive when power is absorbed)
calculated in the reference step, according to DSO/TSO re-
quests;

3. Qup optimization: calculation of the maximum increase of
reactive power absorption or maximum decrease of reac-
tive power injection at the terminals of each community
participant that minimizes the energy procurement costs
considering the revenues from the reactive power increase
with respect to the reference profile.
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Fig. 1. Scheme of the procedure.
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Qdown and Qup optimizations are considered independent
ue to the lack of constraints relevant to reactive power com-
ensation decisions taken in different times.
Following the typical local energy community scheme, partic-

pants are allowed to provide active power to other participants.
he role of provider and consumer can vary at each period ac-
ording to the generation and load levels inside each participant.
he proposed optimization model provides the fair price for each
ransaction as the value of the shadows price of equilibrium
onstraints.
In the reference optimization, also reactive power exchanges

mong the participants in the community can be allowed, i.e., a
articipant that absorbs too much reactive power with the re-
pect to active one (as it operates at low power factor), can reduce
he penalty by the help of the reactive power injections of other
articipants. The model is conceived so that also these internal
eactive power exchanges among the community participants
re balanced to avoid excessive reactive power exchanges with
he grid, both positive and negative. Section 5 will show the
esults obtained with and without reactive power compensations
etween community participants for the considered test cases.
The optimization models consider the typical operating con-

traints of the distribution network: maximum bus voltage de-
iations with respect to the reference value, maximum current
imits in the branches, limitation in the OLTC of transformers and
oltage regulators, maximum reactive power of variable capacitor
anks.
In Qdown and Qup optimizations, the voltage control and

eactive power compensation means of the distribution network
i.e., OLTCs and variable capacitor banks) can be operated to
aximize the rewards (this can describe the case of an energy
ommunity that also acts as the operator for the relevant part
f the distribution system) or can be operated to maintain the
oltage profile close to the rated value (as in the typical case of
separate DSO from the community). Section 5 compares the

esults obtained for the two different ways of OLTCs and capacitor
anks operation.
For the power flow representation, we have chosen the con-

ex relaxation approach described in e.g., [17,18], based on the
istFlow method [19], considering an equivalent single-phase
epresentation of the three-phase network assumed as balanced.

Although some downsides (analyzed in e.g., [20,21]) and the
eed of a careful model formulation to guarantee that the so-
ution will meet the equality of the relaxed constraints, this
pproach appears suitable for a first implementation and com-
arison of novel objectives and strategies, to explore the new

cenario characterized by the presence of communities, direct b

3

energy transaction among prosumers, and their participation to
local and global ancillary service markets.

The relationship between load modeling and volt-var opti-
mization can be significant, as shown in e.g., [22] and references
therein. Since the study is focused on reactive power provision
services, the proposed model includes the voltage dependence of
active and reactive power loads represented by the ZIP model
(i.e., combination of constant impedance, constant current, and
constant power loads), other than transformers equipped with
OLTCs, capacitor banks, and the representation of the charging
current of the branch lines (i.e., the line shunt capacitance).

The linear representation of the ZIP model presented in [23]
has been suitably adapted to be included in the DistFlow method.
Moreover, to increase the accuracy of the solution and to avoid
any link between loads and branch currents, the optimization is
included in an iterative procedure in which, at the first calcula-
tion, the ZIP models are evaluated at the voltage of the secondary
side of the feeding OLTC transformers, and in the following it-
erations, loads are represented as constant power calculated at
the bus voltage value of the previous iteration. The optimization
model of the following iterations is simpler than that of the first
iteration, as described in Section 3.9, so to significantly speed up
the calculation. The iterative procedure stops when the maximum
difference between the voltage values in consecutive iterations is
smaller than a predefined tolerance.

The structure of the entire procedure is illustrated in Fig. 1. The
figure indicates the type of the implemented optimization prob-
lems: MIQCP refers to mixed-integer quadratically constrained
programming and QCP refers to quadratically constrained pro-
gramming (without binary variables).

The next two sections describe the optimization model
adopted in this paper for the scheduling of the community re-
sources together with the calculation of the reference reactive
power profiles and the models for the calculation of the maxi-
mum reactive power deviations, respectively.

3. Reference optimization model of the distribution network
with the presence of a local energy community

The T equivalent circuit is adopted as line model, which may
e advantageous with respect to the Π line model, adopted in
ther DistFlow-based optimization models as in, e.g. [24], for the
asier calculation of the currents at the line ends.
The network is assumed to be radial. The number of buses

excluding the connection to the transmission network) and
ranches is the same. The set of the bus and branches is denoted

y Ω . For simplicity, a reference direction is assumed for the
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Fig. 2. Scheme of the model of a generic branch with the connection point of a user.
t

ower flow along the lines from the external grid to the terminal
uses. Each branch is denoted by the index i of the sending bus.
ach time interval ∆t of the considered optimization horizon T is

equal to 15 min. According to the DistFlow method, each generic
branch of the network is represented by the line model connected
to the input terminal or receiving bus, a transformer, a load and a
shunt capacitance connected to the output terminal or receiving
bus, as shown in Fig. 2. vin, vout denote the squared rms values of
the voltages at the receiving and sending bus, respectively, while
vmp and v′

out refer to the internal and the sending bus of the T-
model. uin, uout are the squared rms values of the line currents in
the two terminals of the T-model. z = r + jx is the line series
impedance and jb is the line shunt admittance.

The transformer can be present or not. If present, a trans-
former ratio tOLTC different than 1 is considered while the short
circuit impedance and the magnetizing inductance are modeled
by using the T equivalent circuit.

The community participants can transact with the external
energy provider and among themselves, at prices taken equal to
the marginal costs calculated as shadow prices of specific equal-
ity constraints (described in Section 3.7), under the assumption
that the participants of the community are not in competition.
Extending the approach presented in [25], the exchanges between
participant i and any other participant in time t are represented
by variables PLEC i,t , QLEC i,t , for active and reactive power, respec-
tively. Analogously, the exchanges with the external provider,
which for simplicity we identify with the utility, are described
by variables Pgrid i,t Qgrid i,t . The local active and reactive power
Puser i,t , Quser i,t , measured by the meter at the participant con-
nection, should be equal to the sum of the transaction with the
grid with the community. For each participant, the signs of the
two exchanges with the grid and with the other participants are
constrained to be the same, to avoid reselling. Variables PLEC_in i,t ,
QLEC_in i,t and PLEC_out i,t , QLEC_out i,t allow to represent the power
flows associated with power generated and consumed in the
same t inside the community.

At its point of connection, each community participant absorbs
active and reactive power (nonnegative PL i,t , QL i,t ), injects active
and reactive power by local generator (PG i,t , QG i,t ), BES unit
(PBES i,t , QBES i,t ), and capacitor bank (nonnegative QC i,t ).

3.1. Objective function

The considered objective minimizes the objective function OF
that includes for both total community costs/revenues due to the
transactions (positive or negative) with the utility grid Cgrid i,t , the
penalization (with price µPF ) for the power factor noncompliance

QPF i,t , with the predefined power factor limit pfmin for simplicity

4

considered the same for all the users, the penalization of the
joule power loss in the branches ℓi,t and of the losses of battery
charging and discharging processes ℓBES i,t :

OF =

∑
i∈�

∑
t∈T

(
Cgrid i,t + µPFQPF i,t + µloss i,tℓi,t + µBES i,tℓBES i,t

+ µLEC P̂LEC i,t

)
∆t (1)

where µPF , µloss, µBES , µLEC are the penalization coefficients of
the noncompliance of the minimum power factor, of the branch
power loss, of charge and discharge BES losses, of the internal
power exchanges to avoid the reselling of the power bought from
the grid to the other participants and vice versa. The value of µPF
is assumed known, i.e. fixed by the regulatory authority or the
utility. The values of µloss, µBES and µLEC are selected quite small
so that their contribution to the objective function is negligible
with respect to Cgrid + µPFQPF. In case the obtained solution is
not feasible, the optimization is automatically repeated with two
additional penalization terms that become null when a feasible
solution is obtained, as explained in detail in Section 3.8.

As the number and characteristics of the installed components
are fixed in the considered day-ahead scheduling problem, as well
as the community composition, only the costs that depend on the
decision variables (i.e., the active and reactive power outputs of
the controllable energy resources that are already available in the
system, the transactions among the community participants, and
the OLTC positions) are included.

The objective function does not include generation costs since
we assume here that all the local generation is provided by PV
systems. If generation costs vary with production, they affect
the optimal prices of the transactions among the community
participants as shown in [26] where the presence of biogas units
is considered.

As the price πbuy, t for buying energy from the utility is higher
than the price πsell, t recognized when the community partici-
pants sell energy to the utility at each time t, the feasible region
of cost Cgrid i,t is defined by the minimization of following convex
epigraph

Cgrid i,t ≥ πbuy, tPgrid i,t and Cgrid i,t ≥ πsell, tPgrid i,t πbuy, t ≥ πsell,

(2)

where Pgrid i,t is positive when the participant buys from the
utility.

The area that complies with pfmin is illustrated in Fig. 3, where
Q̂i,t = QG i,t + QC i,t + QBES i,t + QLEC i,t is the sum of reac-
tive power decision variables, i.e. controllable reactive power

resources (QG i,t , QC i,t , QBES i,t ) and reactive power exchanges
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Fig. 3. Operating region that complies with the minimum power factor.

among the users QLEC i,t . According to (1), when the operating
point is outside the compliance area, a penalty is applied propor-
tional to the noncompliance amount QPF i,t . In some regulatory
framework, for small active power consumption or production a
fixed reactive power exchange is allowed without penalization,
as illustrated in [7,11] with reference to Swiss and Belgian regu-
lation. For simplicity, these peculiarities are not included in the
implementation of the model presented in this paper, as customer
penalizations for bus voltage violations.

QG, QBES are constrained by the minimum power factor of the
local generator and BES. QC is fixed or limited by the maximum
output of the switchable capacitor bank (for simplicity, discrete
switching is not represented).

The noncompliance QPF i,t is a nonnegative variable under the
assumption that there is no reward for operating inside the com-
pliance area. As the compliance area shown in Fig. 3 is nonconvex,
the representation of QPF i,t includes a condition on the sign of
Puser i,t (dealt with the inclusion of binary variables):

QPF i,t

≥

{
Qlim 1 i,t − Q̂i,t if Puser i,t ≥ 0 or −Qlim 1 i,t + Q̂i,t if Puser i,t < 0

−Qlim 2 i,t + Q̂i,t if Puser i,t ≥ 0 or Qlim 2 i,t − Q̂i,t if Puser i,t < 0

(3)

where

Qlim 1 i,t = QL i,t − tan[arccos(pfmin)]Puser i,t

Qlim 2 i,t = QL i,t + tan[arccos(pfmin)]Puser i,t
(4)

Joule power loss ℓi,t in each branch is

ℓi,t = 0.5ri uin i,t + 0.5ri uout i,t (5)

Power losses associated with BES discharging and charging (cor-
responding to PBES positive and negative, respectively) are

ℓBES i,t ≥

{
(1 − ηdichargei)PBES i,t

(1 − 1/ηchargei)PBES i,t
(6)

where ηdichargei and ηchargei are efficiency factors lower than one.

PBES is constrained by the maximum power limit of the battery.

5

Nonnegative variable P̂LEC is defined by

P̂LEC i,t ≥

{
PLEC i,t

−PLEC i,t
, (7)

3.2. Coupling constraints

Values of vout i,t , Pout i,t , Qout i ,t , PLEC_out i,t , QLEC_out i ,t should
be equal to the values of vin i+1,t , Pin i+1,t , Qin i+1,t , PLEC_in i+1,t ,
QLEC_in i+1,t considering i as the upstream branch and i + 1 the
downstream one. Generalizing to the case of multiple branches
terminating and originating from the same bus:

vout i∈�r
j ,t

= vin i∈�s
j ,t

= vj,t (8)∑
i∈�r

j

Pout i,t =

∑
i∈�s

j

Pin i,t (9)

∑
i∈�r

j

PLEC_out i,t =

∑
i∈�s

j

PLEC_in i,t (10)

∑
i∈�r

j

Qout i,t =

∑
i∈�s

j

Qin i,t (11)

∑
i∈�r

j

QLEC_out i,t =

∑
i∈�s

j

QLEC_in i,t (12)

where vj,t is the squared voltage of bus j and �r
j , �s

j denote the
sets of branches connected to bus j as the sending and receiving
end, respectively. The squared voltage V 2

0 at the connection point
to the transmission network (slack bus 0) is assumed to be known
and, for simplicity, is here assumed constant during the day.

Transactions between the participants of the community do
not cause any power flow exchange with the utility, i.e.,∑
i∈�0

PLEC_in i,t = 0 (13)

∑
i∈�0

QLEC_in i,t = 0 (14)

3.3. Branch constraints

According to the DistFlow method, for each branch i and time
interval t, the relationships between the voltages at the terminals
and the power flows are given by the following relationships1:

vmp i,t = vin i,t − riPin i,t − xiQin i,t + 0.25(ri2 + xi2)uin i,t

vin i,t − v′
out i,t = 2riPin i,t + 2xiQin i,t − 0.75(ri2 + xi2)uin i,t

−0.25(ri2 + xi2)uout i,t + xibivmp i,t

(15)

where
Pin i,t = P ′

out i,t + 0.5r i uin i,t + 0.5r i uout i,t

Qin i,t = Q ′
out i,t − bivmp i,t + 0.5x i uin i,t + 0.5x i uout i,t

P ′
out i,t = Pout i,t + Puser i,t

Q ′
out i,t = Qout i,t + Quser i,t − Qcap i,t

(16)

being Qcap i,t the reactive power injection of the utility capacitor
bank connected at bus i (as shown in Fig. 2) if present.

Nonnegative variable uin i,t , uout i,t are constrained to be lower
than the square of the maximum branch current limit (I2max i) and

1 As complex power is equal to voltage and conjugate current product, the
um of the squares of the real and imaginary parts gives vin i,t − vmp i,t =

riPin i,t + xiQin i,t − 0.25(ri2 + xi2)uin i,t at node in and vmp i,t − v′
out i,t =

iPmp i,t + xiQmp i,t − 0.25(ri2 + xi2)uout i,t at node mp of Fig. 2, where Pmp i,t =

P − 0.5r u and Q = Q + b v − 0.5x u .
in i,t i in i,t mp i,t in i,t i mp i,t i in i,t
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nonnegative variables vin i,t , vout i,t are constrained between the
square of the minimum and maximum bus voltage limits (V 2

min i,
2
max i).

.4. Cone constraints

As usually done to represent the DistFlow model as a quadrat-
cally constraint problem, the apparent power equalities are re-
axed as
2
in i,t + Q 2

in i,t ≤ vin i,t uin i,t

2
mp i,t + Q ′2

mp i,t ≤ vmp i,t uin i,t

2
mp i,t + Q 2

mp i,t ≤ vmp i,t uout i,t

′2
out i,t + Q ′2

out i,t ≤ v′
out i,t uout i,t

(17)

here

mp i,t = P ′
out i,t + 0.5r i uout i,t

mp i,t = Q ′
out i,t + 0.5x i uout i,t

′
mp i,t = Qmp i,t − bivmp i,t

(18)

n a feasible solution, all (17) should be verified as equalities, as
ell as one of (6). A specific check is automatically performed

n the procedure and if the mismatch is greater than a prede-
ined small tolerance the optimization is repeated as described in
ection 3.8.

.5. OLTC and capacitor constraints

For the branches relevant to OLTC transformers, the con-
traints are
2
minv

′
out i,t ≤ vout i,t ≤ t2maxv

′
out i,t (19)

here tmax and tmin are the upper and lower bounds of tOLTC
for the branches that describes a line tmax = tmin = 1). This
ormulation, for simplicity, does not explicitly represent discrete
teps. A refined result that considers the discrete steps is obtained
y the iterative optimization procedure described in Section 3.9.
We consider two ways to operate the OLTC:

(a) the OLTC ratio is optimized, together with the other deci-
sion variables, to minimize the objective function or

(b) the OLTC tap is chosen to control the voltage by two
linearized constraints (by neglecting ∆V 2

i,t in the first con-
straint and assuming vout close to 1 pu in the second one)

vout i,t = V 2
ri + 2Vri ∆Vi,t

∆Vi,t = sRP ′
out i,t + sXQ ′

out i,t
(20)

where Vr is the rated voltage at the secondary side of
the transformer, sR and sX are positive parameters that
represent the regulator compensation settings. To consider
tmax and tmin, (20) is conditioned by (19) with the in-
clusion of three binary variables (each corresponding to
vout i,t = t2maxv

′
out i,t , vout i,t = t2minv

′
out i,t , and vout i,t

between t2minv
′
out i,t and t2maxv

′
out i,t ) whose sum must be

1.

In (a) the community also operates as a DSO for the network to
hich the participants are connected, in (b) DSO and community
re separated so the DSO operates the transformers to control the
oltage near to the rated value.
Analogously, also the variable capacitor bank can be consid-

red belonging to the community participant connected to the
ame bus or to the utility network. In both cases, the nonnegative
ariable of reactive power injection Q is limited by maximum
Ci,t

6

value QCmaxi. If the capacitor bank belongs to the community
participant, the capacitor reactive power injection is included in
the evaluation of Quser as shown in Fig. 2.

3.6. User plant constraints

The net power for each user is given by:

Puser i,t = PL i,t − PGi,t − PBES i,t + ℓBES i,t

Quser i,t = QL i,t − QGi,t − QBES i,t − QCi,t
(21)

The adopted simple model of the BES unit is represented by:

Ei,t = Ei,t−1 − PBES i,t ∆t for 1 < t < 96

Ei,1 = Emax i − PBES i,t ∆t and Ei,96 = Emax i
(22)

where Ei,t is the energy content constrained by the minimum
and maximum energy levels Emin i, Emax i. In the numerical tests,
Ei,t is assumed equal to Emax i at beginning and the end of the
optimization horizon (t = 1 and t = 96, respectively).

The linearized ZIP model of the load (written in pu) is

PL i,t = PZ i,t vout i,t +
(
PI i,t + ∆PI i,t

)
+ PPi,t

QL i,t = QZ i,t vout i,t +
(
QI i,t + ∆Qi i,t

)
+ QPi,t

(23)

where PZ and QZ represent the consumption at the rated voltage
of the constant impedance component, PI and QI represent the
consumption at the rated voltage of the constant current com-
ponent, PP and QP represent the consumption of the constant
power component, and ∆PI i,t , ∆Qi i,t (different from zero only
when PI i,t and QI i,t are not null) represent the linearized voltage
dependence of the constant current component consumption2:

2
(
∆PI i,t PI i,t + ∆Qi i,t QI i,t

)
= (vout i,t − 1)(PI2i,t + QI

2
i,t )

QI i,t ∆Qi i,t − PI i,t ∆PI i,t = 0
(24)

3.7. Active and reactive power exchanges among the community
participants

As mentioned, each community participant can exchange ac-
tive and reactive power with other participants (PLEC i,t , QLEC i,t )
and with the utility (Pgrid i,t Qgrid i,t ). The balance is

Puser i,t = Pgrid i,t + PLEC i,t (25)

Quser i,t = Qgrid i,t + QLEC i,t if QLEC i,t ≥ 0

Quser i,t = QLEC i,t if QLEC i,t < 0
(26)

The representation of QLEC exchanges includes a condition on
the sign of QLEC i,t (dealt with the inclusion of binary variables),
in order to avoid that one participant may absorb reactive power
from the utility to provide QLEC to other participants who need it
to reduce the noncompliance penalty QPF.

Since it is in general avoided to inject reactive power to the
grid, if not requested, Qgrid i,t is constrained by

Qgrid i,t ≥ 0 (27)

The PLEC i,t and QLEC i,t flows in the network are represented
by

PLEC i,t = PLEC_in i,t − PLEC_out i,t (28)

QLEC i,t = QLEC_in i,t − QLEC_out i,t (29)

2 The first of (24) comes from
(
PI i,t + ∆PI i,t

)2
+

(
QI i,t + ∆Qi i,t

)2
= vout i,t

(PI2i,t + QI
2
i,t ) by neglecting ∆P2

I i,t and ∆Q 2
I i,t and assuming the square of the

voltage reference value equal to 1 pu.
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The shadow prices associated with the active power con-
traints (28) are used to define the prices of the transactions
mong the participants of the community.
In summary, the objective function of the MIQCP reference

roblem is given by (1) with constraints (2)–(29) and the lower
nd upper limits of the variables.

.8. Repeated optimization to achieve a feasible solution

The model described in the previous subsections includes the
wo following relaxations:

(a) the convex representation of the losses in the battery (6)
(b) the conic model of power flows represented by (17)

elaxation (a) is valid when the solution reaches an equality
onditions for at least one constraint of (6). This condition is
acilitated by the minimization of the summation of ℓBES i,t , ex-
plicitly considered in the objective function. However, since the
compliance reactive power limits Qlim1 and Qlim2 depends on the
active power consumption Puser, as shown by (4), and due to the
relationship between Puser and ℓBES shown by (21), in some cases,
the lowest value of the objective function is achieved without
reaching the minimum BES losses condition, if µBES i,t are not
increased so much that the BES power loss minimization term
becomes prevalent. To avoid this issue, in constraint (4) the
calculation of Puser does not include ℓBES.

Relaxation (b) is valid when the solution reaches the equality
onditions for all constraints in (17). The achievement of this
olution is facilitated by the minimization of the branch power
osses explicitly considered in the objective function. However,
ue to the voltage dependence model of the loads (23), (24)
nd the relationship between bus voltages and branch currents
15), in some cases, the lowest value of the objective function is
chieved without reaching the minimum power losses condition,
f µloss i,t are not increased so much that the power loss minimiza-
ion term becomes prevalent. In order to overcome this condition,
n the first optimization (MIQCP), the load consumption is made
ndependent from the branch currents: in (23) and (24) vout i,t
is replaced by variable vload i,t that is equal to the voltage at
the secondary side of the feeding OLTC transformer or to V 2

0 if
here are no OLTC transformers between bus i and slack bus 0.
nalogously, to make the voltage at the secondary side of OLTC
ransformers independent from branch currents, in (19) v′

out i,t is
replaced by V 2

0 or, if there is another upstreaming OLTC, by its
secondary side voltage vout.

If at the end of an optimization neither of the two constraints
(6) is satisfied as equality for some of the BES units, despite the
described countermeasure, the optimization is repeated with the
inclusion of an additional nonnegative penalization in (1), greater
than the difference between ℓBES and the maximum of the right
side terms of (6) calculated by using the PBES i,t values provided
by the previous solution.

Analogously if at the end of an optimization, constraints (17)
are not satisfied as equality for some branches, the optimiza-
tion is repeated by adding a penalization in (1), greater than
the difference between uin , uout and the maximum values of(
P2
in + Q 2

in

)
/vin,

(
P2
mp + Q ′2

mp/vmp

)
and

(
P2
mp + Q 2

mp

)
/vmp,(

P ′2
out + Q ′2

out

)
/v′

out, respectively, evaluated according to the
previous solution.

3.9. Iterative procedure to obtain a refined solution

The iterative procedure mentioned in Fig. 1 improves the
accuracy of the results. The model (1)–(29) is iteratively solved

again with these changes:

7

(a) the voltage at the secondary side of OLTC transformers are
fixed in agreement of the step nearest to the previously
calculated value,

(b) the sign of Puser and the sign of QLEC at each bus are fixed
as previously calculated,

(c) the total power of each load is recalculated by using the
bus voltage value obtained in the previous iteration and all
load types are transformed in constant P.

The iterative procedure ends when the difference between
the bus voltage values in two subsequent iterations becomes
lower than a predefined tolerance. As the binary variable are fixed
the model (1)–(29) becomes a quadratically constrained problem
(QCP).

At the end of this procedure, the reference profile Qref i,t for
each participant is defined equal to the calculated Quser i,t . The
ame reference profile is used in both the Qdown and Qup pro-
edures described in the next sections.

. Calculation of the maximum and minimum reactive power
eviations

To exploit the community willingness to provide a variation
f the reactive power consumptions or injections with respect to
he reference profile, DSO and TSO needs to know the maximum
mount of the reactive power flexibility.
These flexibility limits are calculated by two distinct opti-

ization models, one (Qdown) provides the maximum value
f reactive power consumption decrease or of reactive power
njection increase for each t and i; the other (Qup) provides the
aximum value of reactive power consumption increase or of

eactive power injection decrease for each t and i.
In both optimizations, the objective functions the revenues for

he provision of the flexibilities replace the penalizations for the
oncompliance of the minimum power factor.

.1. Maximum increase of reactive power injection or decrease of
eactive power absorption

The considered objective function of the Qdown problem is

FQdown =

∑
i∈�

∑
t∈T

(
Cgrid i,t − πdownQdown i,t + µloss i,tℓi,t

+ µBES i,tℓBES i,t
)

∆t (30)

where πdown is the amount of money that DSO/TSO gives to the
community for each kvarh of consumption decrease or injection
increase, Qdown is the variation of the reactive power at each t
and i with respect to the reference value Qref calculated by the
reference optimization procedure, i.e.:

Qdown i,t = Qref i,t − Quser i,t (31)

Function (30) is conceived under two assumptions:

(a) reactive power decisions in one period do not have signif-
icant relationship with the reactive power decisions taken
in previous periods,

(b) the inclusion of the reward term does not significantly
affect costs Cgrid (i.e., active power decisions).

Indeed, as shown in the test cases, in general, the replacement
of noncompliance penalization with the flexibility reward does
not significantly modify the value of Cgrid. In cases this is not
true (i.e., when reactive power compensation or voltage control
do affect active power outputs or consumptions), it might be
appropriate to include the expected probability φt that DSO/TSO

will require the activation of the reactive power flexibility at
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period t of the next day in the objective function. With this
hange, the flexibility reward is weighted by φt and the objective
unction also includes the noncompliance penalization weighted
y (1 − φt ). For simplicity, the consideration of this aspect is not
ddressed in the paper.
Problem Qdown includes constraints (2), (5)–(11), (13), (15)–

25), (28), (31). If the OLTC transformers are operated according
o (20), the model is still MIQCP although binary variables are
imited to those relevant to such a constraint. If (20) is not
ncluded (i.e., OLTCs are optimized to minimize the objective
unction), the model does not include binary variables and it is
lassified as QCP.
The same repeated solutions and iterative procedures describe

n Sections 3.8 and 3.9 are also applied in the Qdown procedure,
o achieve a feasible and accurate solution.

.2. Maximum decrease of reactive power injection or increase of
eactive power absorption

Analogously, the objective function of Qup procedure is

FQup =

∑
i∈�

∑
t∈T

(
Cgrid i,t − πupQup i,t + µloss i,tℓi,t

+ µBES i,tℓBES i,t
)

∆t (32)

here πup is the amount of money that DSO/TSO gives to the
community for each kvarh of consumption increase or injection
decrease, Qup is the variation of the reactive power at each t
nd i with respect to the reference value Qref calculated by the
eference optimization procedure, i.e.:

up i,t = Quser i,t − Qref i,t (33)

roblem Qup includes constraints (2), (5)–(11), (13), (15)–(25),
(28), (33). It is a MIQCP or QCP model if (20) is included or not.
The repeated solutions and iterative procedures of Sections 3.8
and 3.9 are applied to achieve a feasible and accurate solution.

5. Model implementation, test cases description and results

The complete procedure of Fig. 1, which illustrates all the
escribed optimization models, has been implemented in AIMMS
eveloper modeling environment [27], using Gurobi 9.5 solvers
MIQCP for the first reference optimization and QCP for Qdown,
up and iterative solutions respectively). The results have been
btained by using a computer equipped with an Intel-i7 and
2 GB of RAM, running 64-bit Windows 10.
The numerical tests included in this paper consider three

ifferent test cases. The complete set of data of the 3 test cases
s included in the Excel file available at https://doi.org/10.17632/
7rnmx7hkn.1. The file contains also the schemes of the net-
orks, the 96 period per unit load profiles used in all the test
ases obtained by the CREST tool [28] using different numbers of
wellings, the daily profiles of πbuy and πsell, and the daily profile
f the ratio between power output and panel surface, assumed
he same for all PV units.

Each prosumer may be equipped with a PV system, a load,
nd a BES unit. All the prosumers belong to the same energy
ommunity. All the calculations refer to a time window of one
ay, divided into 96 periods of 15 min each. Noncompliance
enalty tariff µPF is equal to 5 e/kvarh, flexibility reward tariffs
down and πup are equal to 3 e/kvarh, in agreement with [11].
he minimum power factor value that complies with the re-
uirements is assumed equal to 0.9. The bus voltages values are
onstrained to be inside of the 0.9 pu, 1.1 pu interval.
Regarding the iterations needed to obtain feasible (Section 3.8)

nd accurate (Section 3.9) solutions, a predefined tolerance of
8

1% is adopted for both the branch maximum current limit and
the difference between the bus voltage values in two subsequent
iterations. A 1% value is also set for the mixed integer relative
optimality tolerance of the global optimum gap in the MIQCP
solver.

5.1. Test case A

The test system, adapted from [29], is a 14-bus network, in
which three feeders are connected to the same substation bus.

All the BES units can inject or absorb reactive power as deter-
mined by the optimization procedure. The minimum and maxi-
mum reactive power limits are ±48.43% (0.9 power factor) of the
rated value. All PV units operate at unitary power factor.

The forecasted total energy demand during the day is 349.4
MWh, the PV energy generation is 52.4 MWh (15% of the load),
the total storage capacity installed is equal to 5.5 MWh (10.5% of
the daily PV generation).

For the provision of reactive power, All the BES units can inject
or absorb reactive power as determined by the optimization
procedure. The minimum and maximum reactive power limits
are ±48.43% (0.9 power factor) of the rated value. All PV units
perate at unitary power factor.
Assuming that all variable capacitor banks belong to commu-

ity participants and reactive power exchanges between partici-
ants are allowed, Fig. 4 shows the profiles of PLEC and QLEC during
he day.

Fig. 5 shows the bus voltages, Fig. 6 compares the profile of
he average price of the internal transactions πLEC with πbuy and
πsell, i.e. the prices of the transaction with the external energy
provider. Fig. 6 also shows the profile Pgrid tot, i.e., the sum of
Pgrid, i. As expected, the prices of the internal transactions are
close to πbuy as Pgrid tot always positive during the day. It has been
erified that the both sum of all PLEC i and QLEC i in each period are

null and that the voltage profiles (and the relevant power flows
in the network) corresponds to those provided by Matpower [30].
The same tests have been carried out for all the other test cases.

The calculations are repeated for 4 scenarios that differentiate
for the type of operation of the capacitor banks and whether
QLEC exchanges are allowed (scenario 0 is without community,
i.e., without PLEC; in all the other scenarios PLEC transactions are
allowed):
scenario 0 - all capacitors belong to the utility without commu-
nity;
scenario 1 – all capacitors belong to the prosumers without QLEC
exchanges;
scenario 2 – all capacitors belong to prosumers and QLEC ex-
changes are allowed;
scenario 3 – all capacitors belong to the utility and QLEC exchanges
are allowed;
scenario 4 – all capacitors belong to the utility without QLEC
exchanges.

Table 1, provides the values of the objective function, of the
total daily costs of the exchanges with the energy provider and
the daily value of the power factor noncompliance penalty ob-
tained by the first (MIQCP) and the final of the iterative solutions
(QCP), for the 4 scenarios.

Tables 2 and 3 provide the solution results for the Qdown
and Qup procedures where the rewards corresponding to the
provision of reactive power change with respect to the reference
value replace the noncompliance penalties.

For all the calculations, the computer time is indicated. The
final solutions (denoted in Tables 2 and 3 as final iter.) are
achieved with a single iteration.

https://doi.org/10.17632/47rnmx7hkn.1
https://doi.org/10.17632/47rnmx7hkn.1
https://doi.org/10.17632/47rnmx7hkn.1
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Fig. 4. Profiles of the (a) active and (b) reactive power exchanges between community participants. Test case A.
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Fig. 5. Bus voltage profiles. Test case A.

Fig. 6. Prices of the internal transactions, prices of the transactions with the
external energy provider, cumulative value of the power exchanged with the
energy provider. Test case A.

Fig. 7 compares the profiles of the sum of the Quser i values

alculated by the reference, Qdown, and Qup procedures for the

9

considered scenarios, showing the margins for each period that
can be used as provision of the reactive power flexibility service
by the community.

In Table 1, the comparison between scenarios 1 and 2 and
between scenarios 3 and 4 show the capability of QLEC exchanges
to significantly reduce the noncompliance penalties.

In this case, the optimization of the available capacitor banks
by the prosumers (scenarios 1 and 2) provides a significant ad-
vantage only for the provision of the Qdown reserve, whilst the
penalty in the reference case is not reduced, as shown by the
comparison between scenarios 1 and 4.

In all the scenarios, the energy procurement costs due to the
transactions with the external energy provider are similar, being
higher for scenario 0 (without community) especially for the
reference case in which the voltages are kept high to increase the
active power consumption by the voltage dependent loads and
reduce the noncompliance penalties.

The comparison between scenarios 0 and 4 for the reference
case shows that, in this test case, the decrease of energy pro-
curement costs by the participation in the community leads to
a slightly increase of the noncompliance penalties.

For this test case A, as well as for test case B and C, it
has been verified that participating in the community does not
disadvantage any of the prosumers.

In the case the variable capacitor banks belong to the utility,
if QLEC exchanges are allowed, all the capability of providing
reactive power by the participants is already used in the reference
optimization to reduce noncompliance penalties. Therefore, the
margin allowed for the provision of Qdown services is almost zero
for large part of the day as shown in Fig. 7(c) and the low value
of the corresponding reward in Table 2.

In order to show the sensitivity of the results for different
values of noncompliance penalty and flexibility reward tariffs, Ta-
ble 4 reports the summaries for scenario 3 with µPF = 0.1 e/kvarh
nd µPF = 2.5 e/kvarh (other than 5 e/kvarh as in the previous

results), πdown = πup = 1.5 e/kvarh (other than 3 e/kvarh
s in the previous results). The results show that, as expected,
ecreasing the value of µPF decreases the noncompliance penalty,
hereas lowering πdown/up reduces the flexibility rewards. No
ffect is observed on the overall cost of exchanges with the energy
rovider.

.2. Test case B

Test case B is based on 13-bus IEEE feeder [31]. All the
ranches are considered symmetrical by averaging the non-zero
alues of the diagonal and off diagonal elements of the impedance
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Table 1
Summary of the results for the reference optimization of case study A.

Objective function Cost of exchanges with
the energy provider (ke)

Noncompliance
penalty (ke)

CPU time (s)

Scenario 0 1st solution 230.5 103 114.8 115.6 9.0
Final iter. 228.9 103 114.1 114.7 4.9

Scenario 1 1st solution 229.5 103 113.0 116.4 3.2
Final iter. 227.5 103 112.2 115.2 2.6

Scenario 2 1st solution 112.4 103 112.2 0 3.2
Final iter. 111.6 103 111.5 0 2.4

Scenario 3 1st solution 159.2 103 113.1 45.9 14.7
Final iter. 157.7 103 112.5 45.1 2.2

Scenario 4 1st solution 229.4 103 113.0 116.3 3.0
Final iter. 227.8 103 112.3 115.4 3.0
Table 2
Summary of the results for the Qdown optimization of case study A.

Objective function Cost of exchanges with
the energy provider (ke)

Reward (ke) CPU time (s)

Scenario 0 1st solution 22.9 113.7 90.9 3.4
Final iter. 19.4 113.0 93.8 3.7

Scenario 1 1st solution −278.7 103 112.2 391.0 3.2
Final iter. −281.7 103 111.6 393.5 1.9

Scenario 2 1st solution −175.3 103 112.2 287.7 3.2
Final iter. −178.3 103 111.6 290.1 1.9

Scenario 3 1st solution 89.6 103 112.2 22.8 1.4
Final iter. 86.1 103 111.5 25.6 1.8

Scenario 4 1st solution 21.9 103 112.2 90.4 1.4
Final iter. 18.4 103 111.5 93.3 1.9
Table 3
Summary of the results for the Qup optimization of case study A.

Objective function Cost of exchanges with
the energy provider (ke)

Reward (ke) CPU time (s)

Scenario 0 1st solution −178.8 103 113.7 292.6 3.4
Final iter. −176.1 103 112.9 289.1 3.9

Scenario 1 1st solution −211.4 103 112.2 323.8 5.9
Final iter. −207.9 103 111.2 319.3 2.1

Scenario 2 1st solution −314.7 103 112.2 427.1 6.0
Final iter. −311.3 103 111.2 422.7 2.1

Scenario 3 1st solution −248.5 103 112.2 360.8 6.6
Final iter. −245.8 103 111.4 357.3 1.9

Scenario 4 1st solution −180.8 103 112.2 293.2 6.7
Final iter. −178.1 103 111.4 289.6 2.0
Table 4
Summary of the results for case study A Scenario 3 with different values of reactive power penalty and flexibility reward (in parenthesis, percentage variations with
respect to Tables 1–3).
µPF,
πdown/up(e/kvarh)

Reference Qdown Qup

Cost of exchanges with
the energy provider (ke)

Noncompliance
penalty (ke)

Cost of exchanges with
the energy provider (ke)

Reward (ke) Cost of exchanges with
the energy provider (ke)

Reward (ke)

0.1, 3 111.6 (−0.8) 1.1 (−97.6) 111.5 (0) 26.3 (2.7) 111.4 (0) 356.6 (−0.2)
2.5, 3 112.5 (0) 22.7 (−49.7) 111.5 (0) 25.1 (−2.0) 111.4 (0) 357.7 (0.1)
0.1, 1.5 111.6 (−0.8) 1.1 (−97.6) 111.5 (0) 13.1 (−48.8) 111.4 (0) 178.3 (−50.1)
2.5, 1.5 112.5 (0) 22.7 (−49.7) 111.5 (0) 12.6 (−50.8) 111.4 (0) 178.9 (−49.9)
5, 1.5 112.5 (0) 45.1 (0) 111.5 (0) 12.8 (−50.0) 111.4 (0) 178.7 (−50.0)
and shunt admittance matrices and using the positive sequence
values. The loads are assumed balanced too, increasing the origi-
nal load values indicated in [31].

All the BES units can operate can inject or absorb reactive
ower with minimum and maximum limits equal to ±48.43% of
he rated value. All PV units operates at unitary power factor.

The forecasted total energy demand during the day is 52.5
Wh, the PV energy generation is 24.5 MWh (46.7% of the load),
10
the total storage capacity installed is equal to 1.7 MWh (6.9% of
the daily PV generation).

Both transformers at the substation and the one feeding a low
voltage bus are considered equipped with OLTCs, between 0.9 pu
and 1.1 pu.

Assuming that OLTCs and variable capacitor banks as operated
by the community with QLEC exchanges allowed, Fig. 8 compares
the profile of the average price profile of the internal transactions



T. Harighi, A. Borghetti, F. Napolitano et al. Sustainable Energy, Grids and Networks 34 (2023) 101038

t
n

f
t
w

Fig. 7. Profiles of the cumulative value of the community reactive power calculated by the reference, Qup and Qdown procedures for scenarios: (a) 2 (like 1 not
shown), (b) 3, (c) 4 (like 0 not shown). Test case A.
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Fig. 8. Comparison between the prices of the internal transactions and the prices
of the transactions with the external energy provider. Cumulative value of the
power exchanged with the energy provider. Test case B.

πLEC with the profile of Pgrid tot. As expected, the prices of the
internal transactions are bounded between πbuy and πsell, close
o πbuy when Pgrid tot is positive and close to πsell when Pgrid tot is
egative.
The calculations are repeated for 9 scenarios that differentiate

or the type of operation of the OLTC transformers, of the capaci-
or banks, and whether QLEC exchanges are allowed (scenario 0 is
ithout community, all the other scenarios are with PLEC):
11
cenario 0 - OLTCs operated by the utility, all capacitors belong
o the utility without community;
cenario 1 – OLTCs operated by the utility, all capacitors belong
o the utility without QLEC;
scenario 2 – OLTCs operated by the community, all capacitors
belong to the utility without QLEC;
scenario 3 – OLTCs operated by the utility, all capacitors belong
to the prosumers with QLEC;
scenario 4 – OLTCs operated by the community, all capacitors
belong to the prosumers with QLEC;
scenario 5 – OLTCs operated by the community, all capacitors
belong to the utility with QLEC;
cenario 6 – OLTCs operated by the community, all capacitors
elong to prosumers without QLEC;

scenario 7 – OLTCs operated by the utility, all capacitors belong
to the utility with QLEC;
cenario 8 – OLTCs operated by the utility, all capacitors belong
o prosumers without QLEC.

Table 5 shows the summary of the values of energy procure-
ent cost from the external provider, noncompliance penalty
r reactive power service reward obtained at the last iteration
f the reference, Qdown, and Qup procedures, respectively. The
verage (maximum) computational times in s are: 20.5 (44.4) for
eference optimization, 3.3 (5.6) for Qdown, 3.1 (5.4) for Qup. The
inal solutions are achieved with 1 or 2 iterations.

Fig. 9 compares the profiles of the sum of the Quser i values
calculated by the reference, Qdown, and Qup procedures for the
considered scenarios.

The results of Table 5 show that minimum values of the
noncompliance penalties are achieved when QLEC transactions
are allowed (scenarios 3, 4, 5, and 7), reaching the complete



T. Harighi, A. Borghetti, F. Napolitano et al. Sustainable Energy, Grids and Networks 34 (2023) 101038

t
Q

t
2
t
t
C
t
a

Fig. 9. Profiles of the cumulative value of the reactive powers of the community participants calculated by the reference, Qup and Qdown procedures for scenarios:
(a) 1 (like 0 and 2 not shown), (b) 4 (like 3 not shown), (c) 6 (like 8 not shown), (d) 7 (like 5 not shown). Test case B.
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Table 5
Summary of the results for the reference, Qup and Qdown optimizations of case
study B. CEp indicates the cost of the exchanges with the energy provider, PNC
indicates the noncompliance penalty, R indicates the reward.

Reference Qdown Qup

CEP (ke) PNC (ke) CEP (ke) R (ke) CEP (ke) R (ke)

Scenario 0 12.4 45.5 12.0 20.0 11.9 98.0
Scenario 1 10.8 45.5 10.6 20.5 10.6 97.4
Scenario 2 9.5 40.0 9.4 21.0 12.1 115.1
Scenario 3 10.6 0 10.7 48.0 10.5 131.4
Scenario 4 9.4 0 9.3 35.0 12.0 163.0
Scenario 5 9.5 22.1 9.4 8.7 12.1 127.5
Scenario 6 9.6 39.9 9.4 80.1 12.0 118.0
Scenario 7 10.8 28.0 10.6 7.7 10.5 110.3
Scenario 8 10.7 45.1 10.7 78.1 10.5 101.3

compensation when the capacitor banks belong to the partici-
pants (scenarios 3 and 4).

The effects of the different way of operation of the OLTC
ransformers are quite negligible for both the reference and the
down optimizations.
Higher rewards in the Qup optimization are obtained when

he OLTC transformers are operated by the community (scenario
compared to 1, scenario 4 compared to 3, scenario 5 compared

o 7, and scenario 6 compared to 8). In the Qup optimization of
hese scenarios however, there is also a slight increase of the costs
EP relevant to the transactions with the external energy provider
he Qup optimization (from around 10.5 in scenarios 1,3,7,8 to
round 12 in scenarios 2,4,5,6).
12
When QLEC transactions are allowed and the capacitor banks
elong to the utility (scenarios 5 and 7), the reduction margin
vailable is negligible, resulting in very low rewards in the Qdown
olution, as also illustrated by Fig. 9d).
As expected, other conditions equal, the highest value of the

nergy procurement costs from the external provider are those
ithout community (scenario 0).

.3. Test case C

Test case C is based on 123-bus IEEE feeder [31]. All the lines
re considered balanced with positive sequence parameters ob-
ained by averaging self and mutual impedances and admittances
iven in [31]. The loads are assumed balanced too, by averaging
he single-phase loads. 49 PV units are added at load buses,
ith peak power taken equal to the load power multiplied by a
andomly generated factor with a uniform distribution between
and 2, provided the production/consumption ratio is greater

han 0.9, otherwise taken as zero. The apparent rated power of
he PV inverters is increased by 10% respect to the PV rated
owers. The BES units operate at unitary power factor, while the
V units may exchange the reactive power determined by the
ptimization procedure. With reference to the rated power of the
nverter, the minimum and maximum reactive power limits are
48.43% if the produced active power is larger than 10%, ± 4.84%

therwise.
The forecasted total energy demand during the day is 13.0

Wh, the PV energy generation is 7.3 MWh (56.2% of the load),
he total storage capacity installed is equal to 68 kWh (0.9% of
he daily PV generation).
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Table 6
Summary of the results for the reference, Qup and Qdown optimizations of case study B. CEP indicates the cost of the exchanges
with the energy provider, PNC indicates the noncompliance penalty, R indicates the reward, CPU indicates the total computational
time.

Reference Qdown Qup

CEP (ke) PNC (ke) CPU (s) CEP (ke) R (ke) CPU (s) CEP (ke) R (ke) CPU (s)

Scenario 0 2.9 3.0 135.2 2.9 10.0 43.6 2.9 32.9 43.5
Scenario 1 2.5 3.0 141.3 2.5 9.9 47.4 2.5 33.0 53.2
Scenario 2 2.5 1.7 464.2 2.5 9.5 48.7 2.5 33.5 52.5
Scenario 3 2.4 2.9 153.3 2.4 9.9 54.8 2.6 34.5 49.1
Scenario 4 2.4 1.6 127.7 2.4 8.8 50.8 2.6 35.5 49.2
b
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Fig. 10. Comparison between the prices of the internal transactions and the
prices of the transactions with the external energy provider. Cumulative value
of the power exchanged with the energy provider. Test case C.

The substation transformer and the voltage regulators feeding
buses 14, 26, and 67 are considered equipped with OLTCs, be-
tween 0.9 pu and 1.1 pu. Variable capacitor banks are connected
to buses 83, 88, 90, 92 (with maximum power equal to the
average values indicated in [31] for the three phases).

Assuming that OLTCs and variable capacitor banks are op-
erated by the community with QLEC exchanges allowed, Fig. 10
ompares the average price profile of the internal transactions
LEC with the profile of Pgrid tot and, as in previous test cases, the
rices of the internal transactions are bounded between πbuy and
sell, quite closely following the sign of Pgrid tot.
The calculations are repeated for 5 scenarios that differentiate

hether QLEC exchanges are allowed and how the OLTC and
apacitor banks are operated (scenario 0 is without community,
ll the other scenarios are with PLEC):
cenario 0 – OLTCs and capacitors operated by the utility, without
ommunity;
cenario 1 – OLTCs and capacitors operated by the utility, without
LEC;
cenario 2 – OLTCs and capacitors operated by the utility, with
LEC;
cenario 3 – OLTCs and capacitors operated by the community,
ithout QLEC;
cenario 4 – OLTCs and capacitors operated by the community,
ith QLEC;
Table 6 shows the summary of the values of energy procure-

ent cost from the external provider, noncompliance penalty or
eactive power service reward obtained at the last iteration of the
eference, Qdown, and Qup procedures, respectively, as well as
he total computation time for of the three optimizations. Fig. 11
ompares the profiles of the sum of the Quser i values calculated
13
y the reference, Qdown, and Qup procedures for the considered
cenarios. The final solutions are achieved with 4 or 5 iterations.
The results show that in this case considering the capacitor

anks as included in the prosumers does not provide significant
dvantages due to the limited number and size of the banks.
he operation as a community reduces the energy procurement
osts (CEP values of scenario 0 are the highest). The possibility
o exchange reactive power among the community participants
ignificantly reduces the noncompliance penalties (the PNC values
f scenarios 2 and 4 are the lowest). The values of the energy
rocurement cost, associated with the active power exchanges
ith the external provider, are almost the same in the differ-
nt reactive power optimizations (there is only a slight increase
or the Qup optimization, when OLTCs and capacitor banks are
perated by the community, i.e., in scenarios 3 and 4).

. Conclusions

The paper has presented a procedure for the day-ahead
cheduling of an energy community in which direct exchanges
f both active and reactive power among the participants are
llowed.
Direct transactions of active powers allow to decrease the total

osts due to energy procurement from the external provider with
espect to the case in which each prosumer can only transact
ith the energy provider, under the (usual) assumption that the
urchase tariffs are higher than sale rates. The procedure calcu-
ates the scheduling of the energy resources and the fair prices
f the internal transactions among the community participants
s the shadow prices of the balance constraints. As these prices
re bounded between the purchase and sale rates fixed by the
xternal provider, none of the prosumers suffer an economic
isadvantage in participating in the community.
The reactive power exchanges allow to reduce the noncom-

liance penalties that each prosumer would pay whenever it
perates at a power factor lower than the minimum value fixed
y the energy authority or the utility. The issue of low power
actor operation is of increasing importance with the diffuse
nstallations of PV units that significantly reduce, during the
entral hours of the day, the active power consumption. The
ptimization procedure calculates the scheduling of the avail-
ble reactive power compensation resources, coordinated with
he voltage control means of the network. For this purpose, the
oltage dependence of the loads is considered.
The procedure is completed by the calculation of the maxi-

um and minimum reactive power deviations that can be pro-
ided by the community, following a DSO/TSO request, for each
eriod of the following day. In these calculations, the noncom-
liance penalties are replaced by the revenues provided by the
eactive power flexibility assuming a predefined tariff. The results
btained for three test cases show that the different scheduling of
he reactive power compensation resources has a limited impact
n the energy procurement costs. This conclusion also applies
or lower values of the noncompliance penalties and reactive
ower remuneration than those assumed in the calculations, as
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Fig. 11. Profiles of the cumulative value of the reactive powers of the community participants calculated by the reference, Qup and Qdown procedures for scenarios:
(a) 1 (like 0 and 3 not shown), (b) 2, (c) 4. Test case B.
they would result in smaller reactive power compensation ac-
tions by the community participants. For this reason, and due
to the lack of intertemporal coupling constraints in the reac-
tive power decisions, the assumption of neglecting the probabil-
ity that the flexibility service will be requested during the day
appears reasonable.

The computation times are reasonably low for all the calcula-
tions. This makes the proposed deterministic models suitable to
be included in stochastic procedures that consider the uncertain-
ties related to the PV production and load consumption profiles,
other than the already mentioned probability that DSO/TSO can
require a reactive power reduction or increase during the day.

In this paper, all the users of the network participate in the
same community and share the same energy provider (or at least
the same πbuy, t and πsell, t profiles). Although beyond the scope
of this paper, the presented modeling approach can be applied
for the analysis of systems where the users belong to different
communities or do not participate in any community, with the
presence of multiple energy providers.
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