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Abstract—Recent regulatory frameworks in several countries
are introducing energy communities, which are collectives of pro-
sumers and users that exchange active power while maintaining
independence. Users are free to join or not, and to choose their
electricity retailer. This paper considers the presence of multiple
communities in the same distribution network (as allowed by
regulation) and presents a model that independently optimize the
operation of each community and manages network constraints.
The price of the energy transactions between community mem-
bers are determined as shadow prices of balancing constraints.
Day-ahead scheduling results are presented for different commu-
nity configurations and data sets from a real 15 kV distribution
network. The paper analyzes the electricity procurement costs of
both community members and non-members. The results show
the effectiveness in reducing both energy procurement costs and
noncompliance costs for each community. The sensitivity analysis
on the number of ECs shows that as the number of ECs increases,
cost reductions and penalties decrease, approaching the case
without internal transactions within ECs.

Index Terms—Energy community optimization, Distribution
systems, Active and reactive power exchanges, Network con-
straints, Shadow pricing.

NOMENCLATURE

OF*°  Objective function for community ¢

OFPS0 DSO objective function

N Number of buses on the distribution network

M Large number to differentiate violations in DSO model

Df mins #pr Minimum power factor to avoid penalty, noncom-
pliance penalty rate

Vo Voltage at the transmission grid connection point

For user i of community c at time t

Chossii  Fossil fuel unit operating costs

Touyisel Reseller buying/selling tariffs

Py omes Active power of local load/generation/BES system

Qucmes/c Reactive power of local load/generation/BES sys-
tem/capacitor bank

Cyaia  Costs/revenues for energy bought from/sold to retailer

Qpr i,+ Excess reactive power

Pigc, QLec Active and reactive power exchanges within EC

Pyiid, Qeria Active and reactive power exchanges with retailer

Plser, Quser Active and reactive net power

CBES, Tcharge/discharee BES losses, charge/discharge efficiency

E, Eninmax BES stored energy, minimum/maximum limits

QpE> Qlim1/2: Q Reactive power excess, minimum pf limits,
sum of controllable reactive power resources

For node/branch k of the network at time t

Tmax> Auinoue Max. branch current, square current violation

r, x, b, tourc Longitudinal resistance, reactance, shunt sus-
ceptance, and transformer ratio of the branch model

Vininmax> AVUmin/max Minimum/maximum bus voltage limits,
minimum/maximum square voltage violation

v Square rms value of bus voltage

Vinjouwsmp INput/output/central node square voltage

Vit Square voltage at the ideal transformer primary side

Uinout  Input/output branch square voltage

Pijoump Input/output/central node active power

Qinouymp Input/output/central node reactive power

For users connected to node k at time t

P¢, Q° Bus active/reactive power relevant to community ¢

AWPAP P multipliers to limit current/voltage violations

AUVQ ) multipliers to limit current/voltage violations

pPQ  Shadow prices of the P/(Q) constraints at each node

Sets

T Optimization horizon of periods ¢

Q., noEC Users in community ¢ or outside communities

QF Users of community ¢ supplied by bus &

O Subset of €2, served by the same transformer

Qij“/"“t Branches connected to bus j at send/receive end

I. INTRODUCTION

The development of Energy Communities (ECs) of pro-
sumers, facilitated by the evolving regulatory framework, e.g.,
in Europe [1], is expected to facilitate a further integration of
renewable energy sources and the installation of energy storage
systems in distribution networks [2].

There is a growing literature on modeling of energy com-
munities and optimal scheduling of the exchanges among their
members, taking explicitly into account the limits due to the
technical characteristics of the power distribution network.
Local market structures are described, for example, in [3]-
[7] and references therein. Specifically, the model proposed in
[3] takes into account the network constraints by including
three factors in the market mechanism: voltage sensitivity
coefficients, power transfer distribution factors, loss sensitivity
factors. In [4], the proposed peer-to-peer (P2P) platform is
based on the use of locational marginal prices to calculate
network usage charges. In [5] an approach is proposed con-
sisting of three layers: the market layer sending price signals to
the EC controller layer, the controller layer for managing the
energy flow, and the grid layer for studying the impact on the
distribution grid. A Stackelberg-game framework is adopted



in [6] to set prices by the distribution system operator (DSO).
The focus is the optimal operation of distribution networks that
incorporate ECs, by adopting a bi-level optimization scheme.
The pricing scheme proposed in [8] addresses the challenges
of energy trading in a local electricity market through a
decision-making process that includes look-ahead energy stor-
age scheduling. The hosting capacity of a distribution network
in presence of ECs is analyzed in [7] by using Monte Carlo
simulations for the entire year in order to represent different
EC configurations and the effects on energy losses, bus voltage
deviations, and thermal loading of branches. The impact on
the medium voltage (MV) network is reduced when the EC
is operated to minimize the power exchange between the EC
and the external grid for each individual time stamp.

Compared to earlier studies, this paper focuses on the
analysis of the presence of multiple ECs, with members served
by different electricity retailers, in the MV power distribution
network. The analysis is carried out by a specifically devel-
oped procedure that provides the daily optimization of the
communities that consider direct transactions of both active
and reactive power between their members and helps in solv-
ing network congestions. In this approach, each community
minimizes its energy procurement costs through a day-ahead
scheduling of internal transactions among its members and
available energy resources, including battery energy storage
(BES) systems. Members of the same community may be
served by different electricity retailers. Each retailer has dif-
ferent contract terms. Internal transactions are priced using the
shadow prices of the balancing constraints between the power
provided by the electricity retailer and the power received by
other community members.

Preliminary results using the IEEE 123-bus feeder test
system and a centralized optimization approach have been
presented in [9]. This paper extends the model by representing
the use of reactive energy exchanges among members of each
EC to limit the penalties due to minimum power factor (PF)
operations and by adopting an iterative distributed optimiza-
tion procedure based on the augmented Lagrangian method
[10] to take into account violations of network constraints.
Specifically, the objective function of the optimization of each
EC is augmented by the penalization coefficients updated at
each iteration to minimize the violations of both bus voltage
and branch current limits, using a typical sensitivity estimation
[11].

The paper presents the results for different numbers and
configurations of communities, price profiles of electricity
retailers, and network operating constraints. The paper also
shows the computational feasibility of the proposed approach.

II. DAY-AHEAD DISTRIBUTED OPTIMIZATION PROCEDURE

The procedure focuses on the day-ahead optimization for the
next 24 hours, divided into 96 periods of 15 minutes each. The
optimization independently performed for each community
and the set of users outside the communities, called noEC,
with the goal of minimizing the corresponding energy supply

costs. In addition, there is an optimization problem for the
DSO, which takes into account the network constraints and
minimizes the violations of the limits of the branch currents
and the bus voltages. The procedure is iterative and stops when
the violations of the network constraints in the DSO problem
are less than a predefined tolerance or when there are no more
improvements to the solution.

The next two subsections describe in detail the models
implemented for the communities, the noEC set of users, and
the DSO problem.

A. Individual and Collective User Optimization Model

The model is a mixed-integer linear programming problem.
To obtain the day-ahead scheduling of the available energy
resources and of the transactions between the members of
the same community, the following objective function is
minimized:

OF =" { > (Crositit + Cerairt + i Qerir) At
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which includes the operating costs, the penalization for the
low PF operation and the additional terms useful to limit the
network constraint violations. Multipliers A are provided by
the DSO model at each iteration. The noncompliance amount
Qpri, 18 the excess reactive power with respect pfiin. The
value of ppp is assumed to be known, i.e. set by the regulator
or utility.

Clriai,¢ is constrained by:
Cgridi,t 2 Wselli,tpgridi,t 2)

, 1s positive when bought and negative otherwise.

Ceridit = Touyi,t Pyria it

where P4,
Contributions P, and Q5 , to the power at node k of the
network are:

P]:,t = Z Puserz',t Qz‘,t = Z Quseri,t 3)
ieQk i€k
Following the approach presented in [9], the total net con-
sumption (positive) or production (negative) of user i should
balance the sum of the exchanges with the retailer and with
the other members of the same community c:

Puseri,t = Porida,t + PLeci 4

Constraint (4) is associated with the condition that the
sign of Pyeri¢ Peridir and Pigc; is the same (dealt with
the inclusion of binary variables associated with the sign of
Piseri,t). The prices of the Pigc transactions between the
community members are calculated as the shadow prices of
constraint (4).

As Qgriai,¢ is typically constrained to be nonnegative:

Q _ {Qgridi,t + QLECi,t if Quseri,t > 07
users,t —

. 5)
QLEC it if Queerit < 0.



The condition on the sign of Quseri,+ (positive if consumed)
is dealt with through specific binary variables.

For the users of set noEC, the only difference with respect
to the community model is that the exchange between users
is prohibited, i.e. Pigci,+ = 0 and Qrecs,c = 0 if ¢ in noEC.

The exchange between the members of each community
Q) is balanced and the reactive power exchange is limited to
the members of the community that are served by the same
HV/MV transformer:

Z Pipcit =0 Z Qrecit =0

_ _ (6)
1€Q. 1€
The net power for each user is given by:
Puseriy = PLiy — Poiyt — Pesi,t + IBES4,¢ o

Quserit = QL ¢ — Qcit — UBEsit — Qcit

Qq, Qpgs are limited by the minimum PF of the local
generator and the BES. Q)¢ is fixed or limited by the maximum
power of the switchable capacitor bank (discrete switching
is not represented for simplicity). Pggs is positive when the
battery is discharged and is constrained by the maximum
power limit of the battery system.

BES power losses /ggs; ¢+ are
ChEsic = (1 — Tdischarge 1) PoEs 1,¢ if Paesie > 0
ot (1 = 1/7charge ) PpEs i,¢ if Peesi,e <0

where the condition on the sign of Pggs;, is treated with a
specific binary variable. The model of the BES unit is given
by:

®)

E’i,t = Ei,t—l — PBESi,t At for 1 <t < 96
E;i1 = Enaxi — Persi;i At and E; 96 = Emaxi
By defining Q¢ = Qqi,t + Qi + Qpesie + QLeciy, if
the operating condition is not satisfying pf,;,, a penalty is

applied in (1) proportional to the amount of reactive power
excess, denoted as Qpr; ¢

€))

Sgn( user ¢ t) th 1i,t Qi,t
Qprit > (10)
sgn(Puserit) ( Qit — Qlim2i.t
where
Qlim 1i,t — QL it tan (arCCOS pfmin) Puseri,t (1 1)
Qiim2i,t = Qi + tan (arccos p fmin) Puseri,t
B. DSO Model

The DSO problem minimizes the violations of the network
constraints in both bus voltages and branch currents.

The configuration of the MV network is radial, so excluding
the slack bus, which is the substation HV bus, the number of
nodes is equal to the number of buses. A common index k is
used to denote both a branch and the corresponding end.

The model of the network represents each branch with a
balanced T-model, composed of two impedances (called in
and out) each equal to half the longitudinal impedance of the
branch and a shunt admittance in the middle (Fig. 1).

P
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Fig. 1. Generic T-model equivalent circuit
The model adopts the DistFlow approach [12], which uses
the square rms values of the input and output currents i, ¢
and gy k¢, respectively, and the square rms values of the bus
voltages, vy, ;. The nonnegative violations are:

2
Auink,t > Uink,t — Imaxk7
Av >V?

mink,t = Y mink

AUoutk,t > Uoutk R II2nan (12)
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By defining Auy = Zk 1 (AUing ¢ + Auoyer,¢) and Avy, =
Zk 1 (AUmin &t + AVmax k,t), the DSO problem minimizes
the summation of the violations:

Z (Aut + M A’Ut)

teT

OFPS0 = (13)

where M differentiates the maximum branch current violations
from the bus voltage violations.

The application of the balanced DistFlow linearization pre-
sented in [13] to the T-model equations described in [14]
yields, for each branch k, the relationships that relate the
square rms values of the voltages with the power flows are:

1,2, 2
Vmpk,t = Vink,t — "k Pink,t — TiQink,e + 7 (T + T%)Uink,t

/
Vink,t = Vourk,t = 2Tk BPink,t + 20k Qink,t + TebrVmpr,e  (14)
3.2 2 1/,2 2
= 3(rg + o) Uink,e — 7 (7% + %) Uoutk,t
where Pmkt = Poutkt + Puserkt + rkumkt + 5 rkuoutk ts

ka,t Qoutk,t+Quserk,t bkvmpk,t+ xkulnk,t+2 Tk Uout k-
The linear representation of the branch currents is

2 Pkt Prit + 2 Qi gy Qini ket

[(lek t) + (Q?nik,tf]
Uouthk,t = 2p? mp ket Pmpit + 2Qmpthmpkt
— [(Phre) + (@api)’]

that uses the power flow estimate marked with superscript
0, calculated by building the set of all buses that each
branch feeds and then by adding the corresponding bus power,
assuming bus voltages equal to 1 pu, as well as neglecting the
control of on-load tap changers (OLTC), batteries, capacitor
banks, and dispatchable generators.

Uink,t =

5)

The substation transformers have vip+ = VOZ, assumed to
be known and constant throughout the day. They are OLTC
equipped with a tap ratio in the range [tmin, tmax), continuous
for simplicity, so that:

I

/
max Yout k¢ and  Uoutk )t > tmm outk,t (16)

Vout k,t < t



For all the branches that do not represent an OLTC trans-
former voutk,t = Vg .- Generalizing to the case of multiple
branches originating and terminating on the same bus, the node
equilibrium constraints are:

VoutkeQa,t = Vin keQint = Vit

Z Poutk,t = Z Pink,t

keQon keQin a7
E Qoulk,t = E Qin k,t
keQot keQin

The values of the power at each bus are given by the solution
of the optimization problem for each community and the users
outside the community, as defined by (3). The summation gives
the total power at each bus of the network:

Pee= Pfy ity Que=Y Qiy 0%, (8
C c

These constraints are associated with the shadow prices that

are used to update the multipliers of (1) as described below.

C. Multiplier Update

In each iteration, at first the models of the communities and
the noEC users are solved, then the DSO model is solved.
Finally, the A\ multipliers of the previous iteration, indicated
by an upper bar, are updated based on the values of the shadow
prices from (18) and the violations from (12):

—uP N ~VvP ~
Xll‘cl,)t = )‘lli,t + NllftA“t /\Xl,jt = )‘\l;,t + NgtAvt (19)

and analogously for )\ZQt and )\ZQt

The shadow prices relevant to current and voltage violations
are distinguished in pi",, u}iQt and 11", uZQt respectively, by
comparison with a threshold value set according to the M
value introduced in (13). These values are also normalized
(indicated by the hat) with respect to the norm of the corre-
sponding prices for all branches and buses.

III. CASE STUDY AND TEST RESULTS
A. Feeders and User Characteristics

The case study includes 5 real MV feeders (here referred
to as A to E) connected to a 132/15 kV substation, located
in Modena, Italy (Fig. 2). The substation is equipped with
a 50 MVA transformer (T1) and two 25 MVA transformers
(T2 and T3), all with OLTCs. The system includes 134 buses
and branches: 4 in feeder A connected to transformer T2,
27 in feeder B connected to transformer T1, 22 in feeder
C connected to transformer T1, 26 in feeder D connected to
transformer T1, and 55 in feeder E connected to transformer
T3.

Three electricity retailers (Prl, Pr2, and Pr3) with different
price profiles are considered: one (with minimum and maxi-
mum values equal to 0.093 €/kWh and 0.33 €/kWh, respec-
tively) follows the typical wholesale market price behavior
with two peaks in the morning (9-11 am) and in the evening

Fig. 2. Layout of the real MV test network. The HV/MV substation is
indicated by a circle and, the five feeders considered are distinguished by
different colors.

(6-9pm), the second profile (with the same maximum and
minimum values) has a low price during the night and a higher
price during the day, the third is a 10% discount with respect
to the second one. The 7 profiles follow similar patterns,
but with values halved.

For illustrative purposes, ppr is assumed to be equal to
5€/kvarh. The requested pfnin value is assumed to be 0.9.
The bus voltage values are constrained to be within the interval
09pu - 1.1pu.

The load and generation profiles are obtained from the DSO
records at each 15-minute interval, separately for each MV
node, for three days in January and in July, 2023. The weather
data are summarized in Table I [15].

TABLE I
WEATHER DATA

Winter (January) Summer (July)

Property 17 18 19 18 19 20
Cloud Coverage (%) 88.1 84.1 85.5 11 252 341
Solar Radiation (W/m?2) 8 40 13 296 264 303
Temperature (°C) 4.1 3.8 2.6 302 302 274
Wind Speed (km/h) 37.1 132 17.1 148 184 20.5
Precipitations (mm) 3.1 0.2 3.2 0 0 2.6

The data of daily load consumption, PV generation and
the generation from synchronous machines are summarized
in Table II. The voltage dependence of the loads is neglected.
The users have batteries with a total capacity of 675 kWh.

TABLE I
ENERGY CONSUMPTION AND GENERATION DATA

Winter (January) Summer (July)

Property 17 18 19 18 19 20
Load Consumption (MWh) 2679 277.6 269.1 327.8 333.0 3205
PV Generation (MWh) 5.8 6.2 6.0 11.0 106 11.0
in % wrt to Consumption 2.16 223 222 335 318 343
Sync. Generation (MWh) 114 114 106 11.5 115 115




Each user is randomly assigned to one of the three retailers.
Similarly, users are randomly grouped, with equal probability,
into three communities (EC1, EC2, EC3), or are not included
in any community (noEC set). For the sake of simplicity, all
the users connected to the same MV node are considered to
be aggregated, and thus to belong to the same community or
to the noEC set. Table III shows the allocation of the total
energy demand during the three days, the corresponding PV
generation, and the total installed storage capacity.

The test case data are available in an Excel file at [16].

The next subsection presents the results for the three com-
munity configuration described above, referred to as the base
case. Then, the results are compared with the cases where
QLec and also P gc transactions are forbidden, and with
cases characterized by different numbers of communities. All
the results are obtained by implementing of the optimization
procedure in AIMMS with the Gurobi solver. The total com-
putational time for each case is less than 2 minutes (CPU:
Intel core i7, 12700H 5.2Ghz, RAM: 32GB).

TABLE III
ALLOCATION OF THE DEMAND, PV GENERATION, AND BATTERY
STORAGE AS PERCENTAGE OF THE TOTAL THREE-DAY VALUES FOR THE
COMMUNITIES AND THE NOEC SET

Group Demand (%) Generation (%) Installed BES (%)
Winter Summer  Winter  Summer

EC1 26.3 27.2 37.2 33.6 14.8

EC2 15.5 14.1 54 14.2 44.4

EC3 25.3 27.0 17.2 11.5 14.8

noEC 32.9 31.7 40.2 40.7 26.0

B. Base Case Solution

Table IV shows the cost of the energy provided by the
retailers (Pgrig cost) and the cost due to the internal transactions
P gc (negative values indicate revenues) for the three days in
winter and summer for the three communities EC and the three
retailers Pr.

TABLE IV
BASE CASE: ENERGY COSTS IN THOUSANDS OF EUROS FOR EACH
COMMUNITY CONSIDERING THE THREE DIFFERENT RETAILERS ON
WINTER (W) AND SUMMER (S) DAYS

PYEC EC1 EC2 EC3
Cost w S w S w S
Prl Pyia 26.56  31.83 17.62 17.10 30.27 29.63
Pgc -1.77 0.16 094  -1.12  -1.72 -0.67
Pharia 2293 29.72  10.19 8.21 4872  71.19
Pr2 &
P gc 2.83 -0.12 1.05 2.02 1.79 0.67
P3 Pyia 3798 4399 2697 2846 11.50 13.82
Pgc -1.07 -0.04 -0.11 -0.90 -0.06 0

Table V shows the percentage cost reductions in the base
case with respect to the case where both P gc and Qrgc are
prohibited and to the case where only (Q gc transactions are
prohibited. The energy costs include both the costs/revenues
related to the exchanges with the retailers (Pyg) and those
related to the exchanges with other community participants

(P_gc). The table shows that there are more reductions in
winter days than in summer days. In summer, EC2 members
also benefit from community participation due to the presence
of larger battery storage. Often, users having contracts with
Prl and Pr2 benefit more from community participation than
those with contracts with Pr3, which is the cheapest retailer.
The difference between the results obtained in the reference
case and those where only Q; gc transactions are prohibited is
very small, since the energy costs depend on the active power
exchanges.

TABLE V
BASE CASE ENERGY COST REDUCTIONS IN % WITH RESPECT TO THE CASE
WHERE P gc AND QLgc OR ONLY Qpgc EXCHANGES ARE FORBIDDEN

Pr/EC  forbidded ECI EC2 EC3
W S w S w S
Prl  Pc/QLec  5.09 0 262 522 428 115
QLEC 0 0 001 005 -002 022
Pr2 PLEC/QLEC 3.34 2.97 0.01 0.04 0 0
QLEC 0 0 0 -0.13 0 0
Pr3  Pc/Quec 143 -002 022 124 03 0
QLEC 004 -009 0 0.02 0 0

Table VI shows the costs due to minimum PF noncompli-
ance. They are mainly in summer days. The availability of
QLgc transactions is very effective in reducing these costs, as
shown by comparing the base case results with those cases
where these transactions are forbidden.

TABLE VI
NONCOMPLIANCE COSTS (IN EURO) IN THE BASE CASE AND WHEN P ¢
AND QLgc EXCHANGES ARE FORBIDDEN

ECl EC2 EC3
w S w S w S
Base case 0 12009.2 0.1 0 0 187.5
w/o QLEC 13.6  33886.7 9.9 53348 112 15761.6
wlo PLpc/QLec  19.5 338867 9.9 53348 112 15761.6

The goal of reducing the high noncompliance costs may
also affect the P gc transactions. In general, this justifies the
reduced benefit on summer days, when the P pc transactions
are limited to reduce noncompliance costs. This also justifies
the small negative values in Table V. If Qygc are forbidden,
then the noncompliance cost is high. If P gc transactions
are allowed, the optimization also uses P pc transactions to
reduce the noncompliance cost, and the energy cost may
increase slightly compared to the case where transactions are
not allowed.

The energy cost values (in thousands of euros) for the users
in the noEC group are: in winter days, 19.26, 37.73, 59.15, for
the users with contracts with Prl, Pr2, and Pr3, respectively
(total energy cost 116.13); in summer days, 21.54, 40.45,
69.52, for the users with contracts with Prl, Pr2, and Pr3,
respectively (total energy cost 131.52). For the noEC group, in
winter days, the the noncompliance cost is € 125.1; in summer
days, it is €6110.1.



C. Different Number of Communities

For different numbers of communities, Fig. 3 shows the per-
centage difference in energy procurement and noncompliance
costs for users who belong to a community (i.e., those who
do not belong to the noEC set in the base case) with respect
to the case where P gc and Qi gc transactions are prohibited.
The graphs refer to the three-day costs and penalties, in winter
and summer. Without P gc and Q) gc transactions, the energy
procurement and noncompliance costs (in thousands of euros)
are 237.3 and 0.034 for winter days, and 276.3 and 55.0 for
summer days, respectively.

The figure shows that as the number of communities in-
crease, the percentage reductions decrease, meaning that both
costs and penalties approach the values of the case without
P gc and @ gc transactions.

2.0
1.8
1.6
1.4
1.2
1.0
08
06] —winter |

404

reduction in %
reduction in %

n
o
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04 - 0
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a) number of communities b) number of communities

Fig. 3. Percentage reduction of a) energy procurement cost and b) noncom-
pliance penalties, varying the number of communities, with respect to the case
in which P gc and Qgc transactions are forbidden.

IV. CONCLUSIONS

The paper presents a framework for analyzing the effects of
multiple energy communities in the same distribution network,
while preserving the user’s free decision to join or not to join
and its autonomous choice of electricity retailer.

The presented day-ahead optimization procedure takes into
account the network constraints and provides the prices of
the internal transactions as the shadow prices of the power
balancing constraints for each user.

In addition, the procedure also allows reactive power ex-
changes between members of the same community other than
active power. These reactive power transactions are performed
to reduce the costs for low PF operation.

The procedure is applied to a real MV distribution network,
considering the consumption and generation profiles of three
days in winter and summer. The results show the effectiveness
in reducing both energy procurement costs and noncompliance
costs for each community. The sensitivity analysis on the
number of ECs shows that as the number of ECs increases,
cost reductions and penalties decrease, approaching the case
without internal transactions within ECs.

The scheme also appears to be suitable for investigating
the provision of flexibility services to the DSO, e.g., for
congestion management in the network, as well as the in-
teraction between ECs and transmission network, the effects
of the presence ECs on the energy market behavior, and the

socio-economic implications for different stakeholders. These
aspects are not covered in this paper as they deserve further
investigation.
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