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Abstract: Energy communities (EC) are expected to have a pivotal role to reach European decar-
bonization targets. One of the key aspects is the regulatory framework adopted by each Member
State to properly manage such new customers’ aggregation. The paper firstly provides an updated
overview of the EC regulation, focusing on the current Italian legislation. Next, a novel methodology
for the design and management of energy community initiatives is proposed. The procedure firstly
solves a design and operation optimization problem to calculate the best size of energy assets (boiler,
heat pump, photovoltaic, thermal storage) to be installed. Second, a Shapley value-based approach is
exploited to distribute a part of the community’s incomes to members, based on their contribution
to the overall welfare. Results demonstrate that the adopted methodology is effective in ensuring a
proper cash flow for the community, while pushing its members towards energy efficient behaviors.

Keywords: energy communities; energy resource optimization; renewable resources; MILP

1. Introduction
1.1. Energy Communities and the Decentralized Energy Production Paradigm

When talking about energy communities, we generally refer to groups of citizens
who organize themselves to actively contribute to energy transition, producing energy and
meeting their energy needs through the exploitation of renewable sources. This form of
organization has experienced important growth since the 2000s due to the liberalization of
electricity markets, favorable environmental policies, and the falling price of renewable
energy plants. Several successful “bottom-up” projects have been developed over the
past two decades and the evolution process reached an important milestone with the
recognition, from the European Union (EU), of the importance of energy communities
in the energy transition. In fact, with two Directives [1,2], the EU has recently provided
formal definitions for the energy communities and has required all the Member States to
introduce this subject into their national legislations, ensuring an enabling framework to
promote and facilitate their development. The context in which energy communities are
emerging is the huge transformation that electrical systems are undergoing. The paradigm
based on centralized generation is being abandoned in favor of a system based more
and more on distributed generation. According to the Directive of the European Union
2018/2001 [1], “The move towards decentralized energy production has many benefits,
including the utilization of local energy sources, increased local security of energy supply,
shorter transport distances and reduced energy transmission losses. Such decentralization
also fosters community development and cohesion by providing an economical income
sources and creating jobs locally”, resulting in a complex and multidisciplinary problem.
Focusing on the aforementioned elements, decentralized energy production has to deal
with four aspects, discussed in the following.
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1. Local energy sources. The exploitation of local sources should consider all the external-
ities related to architectural and landscape modification or competition with other
local activities such as tourism or agriculture.

2. Local security of energy supply. EU energy dependency rate on foreign countries in 2018
was equal to 58% [3]. Because of this, it is fundamental to consider the impact on
internalization of primary energy procurement.

3. Shorter transport distances and reduced energy transmission losses. While distances, hence
energy losses, of electricity transport decrease, distribution networks become more
complex to be managed.

4. Community development and cohesion. The acceptability of new infrastructure is higher
when decisions (and even investments) are taken collectively. This increases the
awareness of local communities about the positive impact of business initiatives on
social relations and economic activities.

The required change of paradigm in the energy sector would have a wide impact in
all the mentioned aspects of our society. Indeed, energy communities can be a tool to foster
distributed generation, since they naturally have a holistic view on all the aspects of their
local reality. From a purely technological perspective, such a change of paradigm requires
a smart integration of the different energy production, storage, and distribution systems,
in order to meet the various energy needs of the users. This way, the electricity, heating,
and cooling demands can be satisfied by maximizing the possible synergies among the
available energy vectors and networks. This approach is usually called sector coupling and
its implementation is considered as a valuable means to increase the share of renewable
energy sources (RES) into the production mix and so decarbonize our final energy demand.
As an example, heat pumps can be used to convert the electricity produced by photovoltaic
panels to accumulate thermal energy to be used at another time during the day, so reducing
the use of fossil fuels to meet the heating remand.

1.2. Energy Communities in the Italian Regulatory Framework

The Clean Energy Package is a set of eight legislative acts with which the European
Union has reformed its energy policy framework. It contains two definitions of energy
community: renewable energy community (REC), which is defined in the Renewable
Energy Directive 2018/2001 (RED II) [1], and citizen energy community (CEC), which is
contained in the Electricity Market Directive 2019/944 [2].

Italy, as the other European Member States, has to transpose the Directives into its
national law respectively before the 30th December 2020 and the 30th June 2021. Energy
communities have stimulated a great interest in the Italian context and pilot legislative
initiatives have been introduced. In March 2020, Italy implemented the first law anticipat-
ing transposition of Articles 21 and 22 of the RED II [4]. Article 42 of the law is named
“Autoconsumo da fonti rinnovabili” (Self-consumption from renewable sources) and allows
the activation of initiatives of collective self-consumption and renewable energy commu-
nities. The proposed configurations are transitional and two of the main purposes are to
obtain lessons from the regulatory point of view and study the reactions of the various
stakeholders, such as citizens and network operators. This experimental phase has some
limits regarding the time windows for the activation of the project and the characteristics
of the configurations. In order to access this model of experimentation, the plants of the
renewable energy communities or collective self-consumption must have come into opera-
tion after the date of entry into force of Legge n. 8 and within sixty days from what will be
the date of the measure transposing Directive (EU) 2018/2001.

In these new configurations, energy is produced by means of new plants powered by
renewable sources to satisfy members’ consumption. The maximum power of each plant
cannot exceed 200 kW. In the case of RECs, both consumers and generators are connected
to the same low voltage grid, while in the case of collective self-consumption they are
located in the same building. The energy produced is shared using the existing distribution
network. It is interesting to notice that also jointly acting self-consumers formally use
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the distribution network to share energy. Indeed, even if they are located in the same
building, each user is connected to the network by means of a different point of delivery
(POD). The shared energy is equal to the minimum, in each hourly period, between the
electrical energy produced and fed into the grid by the renewable plants of the community
and the electrical energy withdrawn by all the associated end customers. Although, in
the future, participation in RECs will be opened also to existing plants, it is evident that
the legislator wants to use the transitional regime as a tool for creating new renewable
energy sources capacity [5]. Within the REC, however, the members still detain their
end customers rights, such as free choice of their energy retailer and freedom of being
self-consumers. Furthermore, the energy withdrawn from the grid will be charged with
the individual contracts between the members and their retailers. From the commercial
point of view, the energy is retired from the publicly owned company Gestore dei Servizi
Energetici (GSE), that provides revenue comprising the market value plus an incentive for
the amount of energy that results to be shared. The revenues are given to a reference subject,
chosen by the community, and then the members regulate the internal redistribution via
private contracts. It is important to notice that, with the proposed scheme, the current
legislation tries to emulate a “pure” mechanism of energy sharing with another one, that
has the same economic effect for users. Specifically, the energy that is formally “shared” is
actually withdrawn by the GSE, while the members continue to buy the energy from their
retailer. The incentive is intended to give back to the users the value already paid to their
retailers. A more “direct” energy sharing should be based on aggregated net metering.
In this case, the energy produced by the generators of the community should be directly
discounted from the electricity bill of the community members, without the intervention
of a third party (e.g., GSE). Despite the simplicity of the concept, the implementation of
such a model would require important changes in the current regulation. On the contrary,
the scheme of energy sharing chosen for the transitional regime is very simple and allows
immediate implementations. The Authority, with Resolution 318/2020/R/eel [6], defined
that the unitary tariff components related to the transmission and distribution network
are not applicable to the shared energy. Furthermore, it defined that jointly acting self-
consumers receive extra revenue for shared energy, motivated by the reduction of network
losses. This revenue is evaluated as a percentage of the zonal price (1.2% if the generator
is connected to the medium voltage network, 2.6% if it is connected to the low voltage
network). The Ministry of Economic Development identified the incentive tariff to reward
instantaneous self-consumption and to ensure return of investment (“Decreto 16 settembre
2020” [7]). The incentive is differentiated for RECs and jointly acting self-consumers and
will last for 20 years. In Table 1, the economic benefits obtained sharing energy in the two
configurations are summarized.

Table 1. Savings and incentive for the Italian renewable energy communities and jointly acting re-
newable self-consumers (i.e., collective self-consumption: CSC). Saving transmission and distribution
from [6], incentive from [7].

REC CSC

Saving transmission 7.61 EUR/MWh 7.61 EUR/MWh
Saving distribution 0.61 EUR/MWh 0.61 EUR/MWh

Incentive 110.00 EUR/MWh 100.00 EUR/MWh

Total benefit 118.22 EUR/MWh 108.22 EUR/MWh
(+ losses reduction)

1.3. Motivation

To unlock the potential of energy communities, novel models and methodology
are required. The challenge is to merge multi-energy approaches with a multi-player
perspective. Indeed, energy communities may take benefits from sharing electrical and
thermal energy, and this benefit must be fairly distributed among the members of the
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configuration. A novel methodology capable of accounting for both these elements is
proposed in this paper.

In order to illustrate and discuss it, a case study has been chosen. It is representa-
tive of a typical energy community implementation in the Italian framework, that is a
small/medium condominium. However, the considered case study cannot be considered
as representative of the whole Italian context, for which a detailed statistical analysis would
be required.

The paper is organized as follows: Section 2 describes the materials and methods
adopted for the energy community modeling and for the benefits distribution among the
community’s members; Section 3 presents the case study of a condominium in Italy to
which the methodology is applied; in Section 4 the results of the application are reported;
and in Section 5 general conclusions are proposed.

2. Materials and Methods
2.1. Energy Community Model

The modeling of energy communities has been introduced in [8], wherein the approach
proposed was limited to the electrical fluxes. As previously mentioned, in order to make
ECs effectively contribute to the decarbonization of the energy system, it is necessary
to adopt a multi-energy approach, wherein the objective is to maximize the synergies
among different energy sectors (e.g., electricity and heating). To this aim, the advanced
mathematical tools typically used in the field of multi-energy systems (MES) or district-
energy systems (DES) [9–11] can be of help. Such tools are based on optimization algorithms
capable of selecting the proper mix of technologies and their sizes to meet multiple different
energy demands in multiple locations in the most efficient and economically sustainable
manner. In this study, one of such optimization models has been devised to identify the
optimal design of the energy production and storage systems to be installed in an energy
community, so as to guarantee the maximization of the economic benefits for the members
coming from the rational use of energy sources to match the electricity, heating, and cooling
needs of its members and the remuneration of the self-consumption, as it is now foreseen
by the Italian regulatory framework.

The optimization problem has been formulated as a two-stage MILP problem, in-
volving investment decisions (first stage) and operation decisions (second stage). This
two-stage structure is represented by the following compact formulation:

min
x(1)u ,x(2)u,t

TAC = ∑
u∈ U

CINV · x(1)u + ∑
u ∈ U

∑
t∈ T

COP · x(2)u,t (1)

Subject to
A(1)x(1)u = b(1)u ∀ u (2)

A(2)x(2)u,t + A(2)y(2)u,t = b(2)t ∀ u, ∀ t (3)

A(1)x(1)u + A(2)x(2)u,t + A(2)y(2)u,t = b(1,2)
u,t ∀ u, ∀ t (4)

x(1)u ∈ R, y(1)u,t ∈ {0, 1}, x(2)u,t ∈ R , y(2)u,t ∈ {0, 1} (5)

where TAC is the total annualized costs (CAPEX + OPEX), u ∈ U is the set of energy
conversion and storage units, and t ∈ T is the set of time steps considered in the opera-
tion. x(1) and y(1) are the continuous (unit size, storage capacity) and binary (unit yes/no
installation) investment variables, and x(2) and y(2) are the continuous (unit load and con-
sumption, storage level, exchange between the multiple locations) and binary (unit on/off
status) operation variables. There are constraints that account only for the investment stage
(Equation (2)), and they can be the available locations and space for units’ installation.
There are also constraints referring only to the operation stage, as in Equation (3): the
balances between the energy production and demand. Finally, there are constraints that
bind the first and the second stage variables, as in Equation (4), e.g., the maximum and
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minimum loads of the units, which depend on their size. For more details about the energy
conversion and storage technologies comprised in the model, see [12–14].

To reduce the computational complexity of the problem, instead of optimizing all
the hourly time steps in a year (which would be the ideal approach), five representative
days have been considered in this study, each one to represent a typical period/condition:
extreme winter, winter, mid-season, summer, and extreme summer (for further details,
see the following sections). It is worth noticing that, with this approach, in terms of inter-
temporal constraints, the operation of the energy conversion and storage systems is cyclical
on a daily basis; that is, the last time step of the day is linked to the first one (for the energy
storage system, this implies the same initial and final value). The total annual results
are computed by weighting the typical days values, according to the fraction of the year
that they represent. Hence, the OPEX part of the objective function can be formulated
as follows:

min ∑
d∈D

Nd

[
∑
h

∑
i
(ξEB

i,d,h + ξNG
i,d,h − ϕER

i,d,h)

]
(6)

where: the t ∈ T time set is replaced by d ∈ D and h ∈ {1 . . . 24}, which are the sets
of typical days and hours of the day; i ∈ PODs is the set of points of delivery; Nd is
the number of days represented by typical day d; ξEB

i,d,h and ϕER
i,d,h are the electricity bill

and the electricity remuneration, respectively, computed accordingly to the considered
configuration; ξNG

i,d,h is the natural gas bill, whose computation method is independent of
the configuration. The electricity bill features an energy, a power, and a fixed quota, plus
taxes paid on total consumption, and hence ξEB

i,d,h is calculated as the hourly contribution
to the total amount paid in the bill (further details on the electricity remuneration will be
given in the following sections). Similarly, ξNG

i,d,h comprises the fixed and the energy quota,
plus taxes for the natural gas bill.

The constraints of the model enforce the energy balances, the dependence of the energy
conversion systems on the weather conditions (e.g., the specific photovoltaic production
on the irradiation and ambient temperature, the coefficient of performance of the electric
heat pumps on the ambient temperature), the storage management, the exchange profiles
with the grid, and the bills’ calculation.

To sum up, the optimization problem used in this study can be stated as follows:
given (i) a set of available technologies (in terms of installation and operating costs, their
characteristic performance and parameters), which depends on the scenario considered
(see the case study below); (ii) the electricity, heating, and cooling demands of the residents
(see the case study below for the total values and profiles); (iii) the prices and structure of
the bills of natural gas and electricity; (iv) the production profiles of the intermittent RES;
and (v) the renewable self-consumption configuration (condominium members as single
users or part of a community, see the case study below for further details), determine the
optimal design of the energy conversion and storage units and exchange with the grid
so as to minimize the annualized investment and operating costs of the condominium
as a whole.

2.2. Benefit Distribution

The collective self-consumption can be modeled as a cooperative game [15], where
the players are the condominium itself and the set of private users located in the building.
The economic value generated hour by hour depends on the presence and the interaction
between load and production; in particular, on the quantities of energy injected in the
network and shared. The revenue obtained by the configuration can be represented with
the following value function:

v(S) = Einjected · EP + Eshared · Inc (7)

where S is the coalition of players that join the configuration, EP is the value of the energy
injected into the distribution network and is equal to the market price, Inc is the value of the
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incentive according to the Italian regulation (see Table 1). Both the condominium and the
single consumers want to take advantage of the participation in the collective configuration.
The condominium invests in the installation of new generators and equipment and wants to
obtain a return from the investment. On the other hand, when considering consumers, they
have a certain contractual power, as they are necessary to generate the profit (mainly based
on the incentive for shared energy). As a consequence, they can require an appropriate
return for their participation in the collective self-consumption configuration. The objective
of studying the game is to find a stable and fair allocation rule that gives an adequate payoff
to the players, so that each one is encouraged to take part in the EC. The adopted solution
is based on the Shapley value, a well-known solution that reflects the fairest payoff for the
players, taking into account the marginal contribution of each one. Indeed, value should
be distributed among consumers according to their contribution to value generation (not
everyone contributes in the same way). The contribution of a passive user will be zero
if their energy demand occurs at a time when the total load already exceeds the current
production. On the contrary, a user will produce a greater value if they consume the energy
produced by the facilities of the community when there are no other users who require it.
The Shapley value takes into account this effect. For user i it is evaluated as:

Φi(v) = ∑
S⊆N\{i}

|S|!(n− |S| − 1)!
n!

(v(S ∪ {i})− v(S)) (8)

where the marginal contribution (v(S ∪ {i})− v(S)) of the player i in the coalition S is
weighted on the factor |S|!(n−|S|−1)!

n! that considers the possible orders in which player i
can join the coalition S. The distribution rule defines a payoff for each member of the
community.

3. Case Study

The study reported in this paper considers a typical building in the north of Italy, which
features nine apartments occupied by both residential (six) and commercial (three) users;
hence, it entails a total of ten PODs: one for each apartment and a condominium one. In
particular, the residential apartments are supposed to be occupied by two couples of elderly
people, two couples of young workers, and two families with children; the commercial
users are represented by offices. Reasonable reference values of annual demands for each
category of users and the estimate of their daily profiles have been collected from previous
papers and studies [16–21] (see Table 2).

Table 2. Floor area and total yearly electricity, space heating, domestic hot water (DHW), and cooling
demands for each apartment.

Surface
[m2]

Electricity
[kWh]

Space Heating
[kWh]

DHW
[kWh]

Cooling
[kWh]

Old couple 1 80 2700 4744 1160 1205
Old couple 2 80 2700 4744 1160 1205

Young couple 1 80 2400 4744 1115 1194
Young couple 2 80 2400 4744 1262 1194

Family 1 120 3200 7116 1673 1801
Family 2 120 3200 7116 1809 1801
Office 1 120 2923 6982 588 1448
Office 2 100 2338 6277 470 1158
Office 3 140 3507 8379 705 1738

Condominium - 531 - - -

Some hypotheses about occupants’ lifestyle have been introduced to differentiate
such daily profiles among the same typologies of occupants and therefore consider a more
realistic building energy consumption. Some of the considered typical lifestyle types are:
different wake-up, lunch, and or sleep time; out-of-home vs. smart/at-home place of
work; possibility for someone to come home for the lunch break; different intensity of
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the loads’ usages; different opening/closing hours for the offices; different sizes of the
offices (i.e., three-room vs. double-room). These aspects affect both mid and peak load
values throughout the day, ramps up/down in the evening and in the morning as well.
The resulting profiles are reported in Figure 1, whereas the daily peaks and total values
for the electricity, heating, and cooling demand are reported in Tables 3–5, respectively.
As already stated in Section 2.1, yearly demands of electricity, heating power, and cooling
power are represented by means of “typical day” profiles. Typical days have been selected
in order to consider the seasonality of the demands during the year: “Typical day 1”
represents wintertime, “Typical day 2” represents spring/autumn days, while “Typical
day 3” represents summertime. In addition to them, “Typical day 4” represents a harsh
winter day, while “Typical day 5” represents a really hot summer day; their cardinality is
therefore lower, as reported in Tables 3–5.
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Table 3. Electricity demand for each apartment in each typical day, in terms of peak and total electricity demand during the
day. The yearly total demand is calculated by multiplying the total electricity demand of each typical day for its cardinality
(N, according to the nomenclature used in Equation (6)).

Typical Day 1
[N = 117]

Typical Day 2
[N = 124]

Typical Day 3
[N = 118]

Typical Day 4
[N = 3]

Typical Day 5
[N = 3]

Peak
[kW]

Total
[kWh]

Peak
[kW]

Total
[kWh]

Peak
[kW]

Total
[kWh]

Peak
[kW]

Total
[kWh]

Peak
[kW]

Total
[kWh]

Old couple 1 0.65 8.1 0.57 7.1 0.55 7.0 0.65 8.1 0.55 7.0
Old couple 2 0.65 8.1 0.57 7.1 0.55 7.0 0.65 8.1 0.55 7.0

Young couple 1 0.92 7.3 0.82 6.3 0.78 6.1 0.92 7.3 0.78 6.1
Young couple 2 0.85 7.3 0.76 6.3 0.72 6.1 0.85 7.3 0.72 6.1

Family 1 1.04 9.5 0.95 8.7 0.87 8.2 1.04 9.5 0.87 8.2
Family 2 0.77 9.4 0.69 8.7 0.62 8.2 0.77 9.4 0.62 8.2
Office 1 0.63 8.2 0.61 8.0 0.60 7.8 0.63 8.2 0.60 7.8
Office 2 0.50 6.6 0.49 6.4 0.48 6.3 0.50 6.6 0.48 6.3
Office 3 0.76 9.8 0.74 9.6 0.72 9.4 0.76 9.8 0.72 9.4

Condominium 0.17 1.6 0.15 1.4 0.14 1.4 0.17 1.6 0.14 1.4

Yearly total 8872 8631 7966 227 203

Table 4. Heating demand (space heating + domestic hot water) for each apartment in each typical day, in terms of peak and
total heating demand during the day. The yearly total demand is calculated by multiplying the total heating demand of
each typical day for its cardinality (N, according to the nomenclature used in Equation (6)).

Typical Day 1
[N = 117]

Typical Day 2
[N = 124]

Typical Day 3
[N = 118]

Typical Day 4
[N = 3]

Typical Day 5
[N = 3]

Peak
[kW]

Total
[kWh]

Peak
[kW]

Total
[kWh]

Peak
[kW]

Total
[kWh]

Peak
[kW]

Total
[kWh]

Peak
[kW]

Total
[kWh]

Old couple 1 4.58 32.3 1.89 12.6 0.83 3.1 10.45 63.4 0.83 3.1
Old couple 2 4.58 32.3 1.89 12.6 0.94 3.1 10.45 63.4 0.94 3.1

Young couple 1 4.54 32.2 2.04 12.5 0.83 2.9 10.40 62.7 0.83 2.9
Young couple 2 3.90 32.5 1.63 12.9 0.94 3.3 9.55 64.8 0.94 3.3

Family 1 7.14 48.1 3.17 18.9 1.24 4.4 16.12 93.6 1.24 4.4
Family 2 5.03 43.3 3.13 24.1 1.42 4.8 14.23 98.2 1.42 4.8
Office 1 2.75 32.5 2.35 27.8 0.35 1.6 3.47 41.0 0.35 1.6
Office 2 2.44 29.1 2.08 24.8 0.28 1.3 3.08 36.7 0.28 1.3
Office 3 3.29 39.0 2.81 33.4 0.41 1.9 4.16 49.2 0.41 1.9

Condominium 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0

Yearly total 37,586 22,282 3123 1719 79

Table 5. Cooling demand for each apartment in each typical day, in terms of peak power demand and total cooling demand
during the day. The yearly total demand is calculated by multiplying the total cooling demand of each typical day for its
cardinality (N, according to the nomenclature used in Equation (6)).

Typical Day 1
[N = 117]

Typical Day 2
[N = 124]

Typical Day 3
[N = 118]

Typical Day 4
[N = 3]

Typical Day 5
[N = 3]

Peak
[kW]

Total
[kWh]

Peak
[kW]

Total
[kWh]

Peak
[kW]

Peak
[kW]

Total
[kWh]

Peak
[kW]

Total
[kWh]

Peak
[kW]

Old couple 1 0.0 0.0 0.0 0.0 0.95 9.2 0.0 0.0 4.00 39.0
Old couple 2 0.0 0.0 0.0 0.0 0.95 9.2 0.0 0.0 4.00 39.0

Young couple 1 0.0 0.0 0.0 0.0 1.05 9.2 0.0 0.0 4.00 35.2
Young couple 2 0.0 0.0 0.0 0.0 1.04 9.2 0.0 0.0 3.97 36.2

Family 1 0.0 0.0 0.0 0.0 1.48 13.8 0.0 0.0 6.00 56.1
Family 2 0.0 0.0 0.0 0.0 1.36 13.8 0.0 0.0 5.50 56.1
Office 1 0.0 0.0 0.0 0.0 1.61 11.1 0.0 0.0 6.43 44.6
Office 2 0.0 0.0 0.0 0.0 1.29 8.9 0.0 0.0 5.14 35.6
Office 3 0.0 0.0 0.0 0.0 1.93 13.4 0.0 0.0 7.71 53.5

Condominium 0.0 0.0 0.0 0.0 0.00 0.0 0.0 0.0 0.00 0.0

Yearly total 0 0 11,558 0 1186
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Two electrification scenarios have been considered:
A—the condominium can install up to 100 m2 of PV panels on the roof; the cooling

demand is satisfied by individual air conditioning units and the heating demand is satisfied
by a centralized system fed by a natural gas boiler;

B—like A, but the natural gas boiler can be substituted by an electric heat pump (HP),
coupled with thermal energy storage (TES).

For each electrification case, the energy community configuration (EC)—which in
this case, according to the EU nomenclature, it should be named group of jointly acting
renewable self-consumers—is compared to the current Italian economic support scheme for
PV energy production named Scambio Sul Posto (SSP): such an option allows the prosumer
to inject the energy surplus in the grid, and to have it back (when it is required) at given
selling/purchase prices [22]. Within the EC configuration, there is the possibility to share
the PV electricity production between all residents, through the distribution grid, hence
using the so-called virtual model [23]. The quota of shared electricity is incentivized with
the feed-in-tariff foreseen by ARERA resolution 318/2020 [6] and GSE rules [23], whereas
the amount that is injected into the grid and not shared is remunerated at the hourly zonal
price. Within the SSP configuration, the condominium acts as a group of single users who
interact with the public grid independently. The combination of the two electrification
scenarios (A and B) and the two configurations (SSP and EC) gives rise to four cases: A-SSP,
A-EC, B-SSP, and B-EC.

4. Results
4.1. Optimal Design Results

The optimized selection of the energy conversion and storage systems to be installed
in the condominium, to satisfy the energy needs of the users in the four cases, are reported
in Table 6. To the aforementioned four cases (A-SSP, A-EC, B-SSP, and B-EC), two further
cases have been added for the EC configuration, which feature the optimization of the
units assuming there is no bound on the area available for the installation of the PV panels,
which make them not practically feasible, though interesting from a speculative perspective.
Table 6 reports also the results obtained by the objective function of the optimization model
as TAC = OPEX + CAPEX; that is, total annualized costs = operating expenditures +
annualized capital expenditures (for which it has been assumed a discount rate = 1% and
lifetime of the investments = 20 years for PV and TES, 15 years for boiler and HP) in the
considered cases. Values are normalized with respect to the TAC obtained in case A-SSP,
which is the highest. Such results show the logic implemented by the optimization model:
an increase of the CAPEX, due to the installation of better performing equipment, entails
a sensible reduction of the OPEX, which finally leads to an overall reduction of the total
annual costs. Such results become even better when the collective self-consumption scheme
is adopted.

Table 6. Sizes of installed energy systems for each scenario and configuration.

Case Configurations HP BOILER PV TANK TAC OPEX CAPEX
[kWth] [kWth] [m2] [kW] [m3] [p.u.] [p.u.] [p.u.]

A
SSP n.a. 77 2.50 0.38 n.a. 1 0.96 0.04
EC n.a. 77 100 15.00 n.a. 0.91 0.78 0.13

EC-ideal n.a. 77 137 20.55 n.a. 0.90 0.74 0.16

B
B-SSP 32.0 0 94.9 14.24 2.46 0.85 0.64 0.21
B-EC 31.7 0 100 15.00 2.50 0.83 0.62 0.21

EC-ideal 28.4 0 244 36.60 3.75 0.80 0.47 0.34

Table 7 reports the natural gas, electricity, CO2, and economic yearly balances. The elec-
tricity balance is expressed by condominium overall electricity consumption, production,
import, and export; the electricity section features an outlook of the condominium self-
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consumption, expressed in terms of physical self-consumption (i.e., the amount of energy
produced and consumed by the condominium POD) and collective self-consumption (i.e.,
the amount of energy injected by the condominium POD and consumed by the apartments’
POD in the same hour). Values are expressed as a difference with respect to the refer-
ence scenario (wherein no electrification investment is made), except for self-consumption
percentages, which refer to electricity production. Combining the values reported in Ta-
bles 6 and 7, it is possible to notice the potential economic and environmental benefits
coming from the implementation of the EC configuration, which makes the investment in
renewable energy sources, in this case PV, more attractive than the SSP configuration.

Table 7. Results of the annual simulations, in terms of gas consumption, electricity consumption and production, CO2

emissions, and economic performances of the overall condominium.

u.m. Ref.
A B

SSP EC EC-
Ideal SSP EC EC-Ideal

Gas consumption kSm3 9.74 0.00 0.00 0.00 −9.74 −9.74 −9.74

Electricity

consumption MWh 30.09 0.00 0.00 0.00 +17.73 +17.73 +17.73
production MWh 0.00 +0.48 +19.23 +26.34 +18.26 +19.23 +46.84

import MWh 30.09 −0.20 −13.38 −14.89 +11.98 +1.14 −7.24
export MWh 0.00 +0.28 +5.85 +11.45 +12.51 +2.62 +21.82

physical
self-consumption

MWh 0.00 +0.20 +0.27 +0.27 +5.75 +5.07 +9.83
% 0.00 41.15% 1.42% 1.04% 31.49% 26.36% 20.98%

collective
self-consumption

MWh 0.00 0.00 +13.11 +14.62 0.00 +11.55 +15.19
% 0.00 0.00 68.16% 55.50% 0.00 60.04% 32.44%

total
self-consumption

MWh 0.00 +0.198 +13.38 +14.89 +5.75 +16.62 +25.02
% 0.00 41.15% 69.58% 56.53% 31.49% 86.40% 53.42%

CO2

electricity ton 9.93 −0.07 −4.42 −4.92 +3.95 +0.38 −2.39
gas ton 19.14 0.00 0.00 0.00 −19.14 −19.14 −19.14

TOT ton 29.07 −0.07 −4.42 −4.92 −15.18 −18.76 −21.53

Economics

electricity
exchange:

bill (A) k EUR 6.38 −0.03 −0.05 −0.05 +3.12 +3.24 −3.60
remuneration (B) k EUR 0.00 +0.03 +2.63 +3.24 +1.77 +2.16 +3.99

gas (C) k EUR 5.44 0.00 0.00 0.00 −4.86 −4.86 −4.86
TOT (A − B + C) k EUR 11.81 −0.06 −2.68 −3.28 −3.51 −3.78 −12.45

Considering Scenario A, the possibility of sharing the RES production in the EC
configuration leads to the utilization of all the available surfaces for the installation of
PV (100 m2), whereas the SSP configuration features a very limited installed PV surface
(2.5 m2), strictly limited by the low capability of the condominium POD to self-consume
the RES production. On the other hand, in Scenario B, due to the installation of the
PV-HP-TES bundle, the SSP configuration is also able to take advantage of the physical
self-consumption (+5.5 MWh/y with respect to case A) with an optimal PV size of slightly
more than 14 kW (pretty close to the maximum available surface). Indeed, the energy
system design of B-SSP brings about an economic saving of almost 3 k EUR/y and a CO2
emission reduction of around 15 ton/y with respect to case A.

Both in Scenario A and B, the EC configuration allows for a considerable rate of self-
consumption of the PV production: around 70% and 86%, respectively. In case A-EC, such a
self-consumption rate brings about an economic pay-off for the members on the community
(2.68 k EUR/y reduction of operating costs, equal to −23%) and an environmental benefit
as well (4.42 ton/y reduction of CO2 emissions, equal to −15%). In particular, the results in
case B are due to the combination of a more extended electrification (PV-HP-TES) with the
collective self-consumption (see Table 6), which, together, lead to an economic saving of 3.78
k EUR/y and a CO2 emission reduction of almost 18 ton/y with respect to the reference case
(operating costs: −32%; CO2 emissions: −65%). In particular, the effect of the electrification
investment can be estimated by comparing B-EC and A-EC (−1.1 k EUR and −14.3 tCO2),
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whereas the effect of the EC configuration by comparing B-EC and B-SSP (−0.27 k EUR
and −3.6 tCO2). It is worth noticing that the virtual model assumed for the implementation
of the EC configuration, nowadays, does not require any explicit investment.

Finally, given the possibility to install PV panels regardless of any surface limitation
(A-EC-ideal and B-EC-ideal), the model finds the ideally optimal surface to maximize
the energy shared by the members of the community, leading to both the best economic
(operating costs: −28% for the A-EC-ideal and −105% for the B-CE-ideal with respect to
the reference case) and environmental results (CO2 emission: −17% for the A-CE-ideal and
−74% for the B-CE-ideal with respect to the reference case). To be noted is that the lower
percentage of self-consumption displayed in Table 7 for these two ideal cases (around 57%
for the A-EC-ideal and 53% for the B-EC-ideal) with respect to the real cases (around 68%
for the A-EC and 86% for the B-EC) should not be misinterpreted as a negative outcome;
indeed, the total self-consumed energy, in their case, is larger: +1.5 MWh for the A-EC-ideal
and +8.4 MWh for the B-EC-ideal with respect to their A-EC and B-EC counterparts.

4.2. Benefit Distribution Results

The distribution of the remuneration obtained from the energy sold and from the
incentives has been computed with the proposed methodology for the scenarios in which
the energy community is considered (A-EC and B-AC). Each member of the configuration
receives a pay-off that depends on its contribution to the collective self-consumption (i.e., to
the achievement of the incentives). The condominium receives a revenue that depends both
on the energy injected into the grid and on the energy that is shared among the members
of the configuration. Each of the other members receives a payoff for its contribution to
the collective self-consumption. The families and the offices have a direct benefit thanks
to the payoff they receive, but it is worthwhile to mention that also part of the revenues
allocated to the condominium may represent an indirect advantage for them. Indeed, once
the return of the investment is guaranteed, additional profits for the condominium can be
used to cover shared costs for the building management.

The revenues of the passive members of the configuration depend on their contri-
butions to the collective self-consumption and they are reported in Table 8. Considering
Scenario A-EC, the minimum revenue is obtained by the user Young couple 1 and it is
equal to EUR 31, while the higher one is achieved by the user Office 3 and it is equal to
EUR 130. On average, each member receives EUR 71. On the other hand, the condominium
receives the greater part of the generated value (EUR 1987). Indeed, the condominium
is the owner of the PV power plant and its pay-off needs to guarantee the return of the
investment. The Shapley value properly accounts for the importance of the condominium
in the configuration. Specifically, it allocates the entire value of the produced energy to the
condominium (EUR 1231). This constitutes 62.0% of the entire revenue. Moreover, it also
allocates part of the incentive obtained due to the shared energy (54.2%).

When considering Scenario B-EC, the amount of energy physically self-consumed by
the condominium increases and the revenues from the incentive based on the collective
self-consumption decreases. The overall revenue of the configuration decreases from EUR
2627 to EUR 2159. Only EUR 1580 are allocated to the condominium. On the other hand,
in this scenario, the condominium saves the cost of the gas, due to the installation of the
heat pump.
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Table 8. Yearly revenue of each stakeholder of the configuration for Scenario A-EC and Scenario
B-EC (for passive members, the percentage on their yearly electricity bill is reported).

Stakeholder
Scenario

A-EC B-EC

Old couple 1 EUR 60 (9.2%) EUR 54 (8.3%)
Old couple 2 EUR 59 (9.1%) EUR 54 (8.3%)

Young couple 1 EUR 31 (5.4%) EUR 29 (4.9%)
Young couple 2 EUR 38 (6.4%) EUR 34 (5.7%)

Family 1 EUR 60 (7.9%) EUR 55 (7.2%)
Family 2 EUR 74 (9.6%) EUR 67 (8.7%)
Office 1 EUR 106 (15.1%) EUR 96 (13.6%)
Office 2 EUR 81 (13.8%) EUR 73 (12.4%)
Office 3 EUR 130 (16.0%) EUR 118 (14.5%)

Condominium EUR 1987 EUR 1580

Overall EUR 2627 EUR 2159

The revenues of a passive user can be increased if they are able to shift their electricity
consumption in the hours of PV production. The effect of load shifting has been tested for
Scenario A-EC. A simple load shifting model has been implemented, moving a percentage
of the daily load in the hour of PV production according to the following equation:

Loadshi f ted(t) = (1− LS%) · Load(t) + LS% · PV(t) · ∑ Load(t)
∑ PV(t)

(9)

where Load(t) is the daily load profile for the considered user, LS% is the percentage of
load shifted, and PV(t) is the power production profile, scaled by the factor ∑ Load(t)

∑ PV(t) .
The results of the pay-off distribution, in the case Family 1 is performing load shifting,

are reported in Table 9 and are depicted in Figure 2a. It is important to notice that the load
shifting of one user affects the economic results of every stakeholder of the configuration.
For the user itself, the load shifting increases the revenue up to EUR 154, with an increment
of 155% with respect to the same result when considering no load shifting. For all the
other users, the load shifting of Family 1 has a slightly negative effect. This is due to the
competition generated by the distribution rule. The user that shifts its load becomes more
important, in relative terms, with respect to the other members. This effect could stimulate
virtuous behavior, since all the other users are motivated to follow Family 1 and shift also
their load profile. At the same time, the condominium takes benefits for the load shifting
of Family 1 since it increases its payoff to EUR 2081 (+4.7%).

Table 9. Yearly revenue of each stakeholder of the configuration for Scenario A-EC, considering
different levels of load shifting from user Family 1.

Stakeholder
Load Shifting (Only Family 1)

0% 25% 50% 75% 100%

Old couple 1 EUR 60 EUR 58 EUR 57 EUR 57 EUR 56
Old couple 2 EUR 59 EUR 58 EUR 57 EUR 57 EUR 56

Young couple 1 EUR 31 EUR 31 EUR 31 EUR 31 EUR 31
Young couple 2 EUR 38 EUR 38 EUR 37 EUR 37 EUR 37

Family 1 EUR 60 EUR 85 EUR 120 EUR 145 EUR 154
Family 2 EUR 74 EUR 72 EUR 71 EUR 70 EUR 70
Office 1 EUR 106 EUR 104 EUR 101 EUR 100 EUR 100
Office 2 EUR 81 EUR 79 EUR 77 EUR 76 EUR 76
Office 3 EUR 130 EUR 128 EUR 125 EUR 123 EUR 123

Condominium EUR 1987 EUR 2012 EUR 2047 EUR 2073 EUR 2081

Overall EUR 2627 EUR 2666 EUR 2725 EUR 2769 EUR 2783
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in Scenario A-EC: (a) only Family 1 is performing load shifting; (b) all the passive members are
performing load shifting.

As already mentioned, all the users are driven to shift their load to increase (or simply,
not reduce) their pay-off. The effect of the load shifting provided at the same time by all the
users has been tested. The resulting payoffs are reported in Table 10 and in Figure 2b. On
average, the increment of the revenue of each single passive member is 41.7%. Nonetheless,
the effect is strongly different among the users. In particular, the average increment of
the young couples is equal to 129.2%, while for the offices there is an average reduction
of 10.5%. Similarly, to what already observed in the previous case, the improvement of
the performances of some users has a slightly negative effect on the revenues for the users
that are not improving (or improving less). In other words, in the base case, the offices
are awarded for their relative importance in the configuration. Indeed, without any load
shifting they are the only users with relevant load during the hour of PV production, and
they are fundamental to obtain the incentive. When all the users shift their profiles, offices
lose this relative importance, and their revenues are reduced. From the perspective of the
condominium, the load shifting is extremely beneficial, and its revenues increase by 22.3%.
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Table 10. Yearly revenue of each stakeholder of the configuration for Scenario B-EC, considering
different levels of load shifting from all the users.

Stakeholder
Load Shifting (All the Users)

0% 25% 50% 75% 100%

Old couple 1 EUR 60 EUR 71 EUR 87 EUR 82 EUR 81
Old couple 2 EUR 59 EUR 71 EUR 88 EUR 82 EUR 81

Young couple 1 EUR 31 EUR 49 EUR 71 EUR 72 EUR 72
Young couple 2 EUR 38 EUR 55 EUR 77 EUR 77 EUR 77

Family 1 EUR 60 EUR 79 EUR 104 EUR 103 EUR 101
Family 2 EUR 74 EUR 88 EUR 109 EUR 105 EUR 101
Office 1 EUR 106 EUR 107 EUR 113 EUR 99 EUR 94
Office 2 EUR 81 EUR 84 EUR 90 EUR 78 EUR 75
Office 3 EUR 130 EUR 131 EUR 137 EUR 121 EUR 113

Condominium EUR 1987 EUR 2130 EUR 2312 EUR 2410 EUR 2431

Overall EUR 2627 EUR 2867 EUR 3187 EUR 3230 EUR 3226

It is important to point out that the load shifting has a positive result both for the
overall revenues and for the payoff allocated to the condominium. In Figure 3, these
revenues are represented in function of the load shifting percentages. It is possible to see
that revenue increases in both the considered scenarios. If all the members are providing
load shifting, the overall revenues of the configuration saturate to its maximum after a
load shifting percentage equal to 40%. In this condition, the entire energy injected is
collectively self-consumed and the incentive is fully obtained. For a higher load shifting
percentage, the overall revenue is stable, while the condominium payoff slightly increases.
This increment is obtained at a cost of a reduction of the payoff of the single members
(see Figure 2b). This is another positive effect of the distribution rule that, when there is
scarcity of production and abundance of load, stimulates the installation of new generators,
increasing their reward.
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5. Conclusions

The article introduces a novel methodology to address the design and management of
energy community initiatives. In particular, the work is focused on the Italian regulatory
framework. Moving from a first step, where design and operation of energy assets are
optimized to obtain the best cash flow for the condominium, revenues deriving from energy
sharing in EC cases are distributed among the community’s members exploiting a solution
based on the Shapley value. This approach assigns to each final user exactly the marginal
added value of consuming electricity when local production is in excess.
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The main evidence relates two different issues. First, electrification results in being
a convenient option since it grants a cost saving linked to the heat pump replacing a
natural gas-fired boiler, together with a greater opportunity to exploit the local electricity
generation from the PV. Second, the use of Shapley value-based income distribution is
effective in pushing final users to shift their electricity consumption in periods of high PV
generation. This has a twofold positive consequence. On one hand, it reduces the impact
of local overgeneration on distribution networks, thus increasing power system security
and quality of service. On the other hand, it generates efficient behaviors from community
members, that try to obtain higher revenues while increasing, at the same time, also the
overall community incomes.

The reported results are valid for the considered case study, as in general the op-
timization applications are inherently case specific. However, the methodology is fully
scalable and ready to be applied to larger and diversified case studies, to draw more general
considerations, which is possibly sensible on a system level. Nevertheless, this will require
the collection of data that are not readily available, for which a dedicated effort must be
taken into account.
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